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ABSTRACT 
Energy crisis has been the most important global agenda in the last few decades due to 

the depletion of conventional sources of energy, increasing environmental pollution and 

rise in population. To reduce the wastage of energy and to balance the energy demand 

and supply, various researches have been performed on the storage of energy from the 

renewable energy sources and waste heat from flue gases and other industrial processes. 

Different researchers have worked on the identification, development and application 

of various types of heat storage materials and heat storage units to store the energy 

trapped by solar water heater, solar air heater etc. However, these studies show that 

most of the energy storage materials are synthetic, costlier and have poor thermal 

properties which restrict their use for wide range of applications. Looking to the 

limitations of energy storage materials and systems researchers are trying to identify 

new, natural and green energy storage materials. 

In the present study pure beeswax and its composite with expanded graphite (EG) (2-

10 wt. %) has been tried as new phase change materials (PCMs) along with natural 

graphite as sensible heat storage material. Two thermal storage units, one small scale 

of capacity 2.5 kg and second large size of capacity 18-22 kg were developed and used 

in the study to evaluate heat storage potential of beeswax and its composite with 

expanded graphite. The performance in terms of efficiency has also been evaluated for 

both the developed units.  

Physical, chemical and thermal characterization of beeswax and synthesized composite 

were performed using X-ray diffraction (XRD), scanning electron microscope (SEM), 

fourier transform infrared (FTIR), differential scanning calorimetry (DSC) and 

thermogravimetric analysis (TGA). Initially plain water has been used as Heat Transfer 

Fluid (HTF) at  four different flow rates (0.25 LPM, 0.5 LPM, LPM and 1.0 LPM) and 

four fluid inlet temperatures (60 ºC, 70 ºC, 80 ºC, 90 °C) to study the time required for 

charging the unit (charging time)  with beeswax, its composite and natural graphite. 

Apart from the plain water other three heat transfer fluids such as expanded 

graphite/water suspension (0.05 wt. %-1.0 wt. %), Al2O3/water suspension (0.2 vol. %-

2.0 vol. %) and exhaust gases have also been used to study the charging behavior of 

beeswax and its composite in large thermal storage unit. 
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 Increase in flow rate of hot water from 0.25 LPM to 1.0 LPM reduced the charging 

time of beeswax and its composite by 16.39% and 13.92% respectively at 80 °C inlet 

fluid temperature. Also, the charging time for beeswax and its composite reduced by 

10.25% and 12.94% respectively with increase in inlet fluid temperature from 60 °C to 

90 °C at fixed flow rate of 0.5 LPM. Suitable results in terms of efficiency were 

obtained in the study at 0.5 LPM and 80°C inlet fluid temperature.  

Increased concentration of EG/water suspension (0.05 wt. % -1.0 wt. %) and alumina 

nanofluid (0.2 vol.  %-2.0 vol. %) resulted in reduction of charging time by 2.72-

15.42% and 3.6% to 10.0% respectively for beeswax and 5.33% to 14.66% and 2.66 % 

to 13.33% respectively for composite material at 0.5 LPM and 80 °C inlet fluid 

temperature. 

Increased fluid flow rates and inlet fluid temperatures also reduced the charging time 

of graphite bed (sensible heat storage) by 38.46% and 17.94% respectively and increase 

in concentration of nano-fluids and expanded graphite/water suspension has reduced 

the charging time of graphite by 7.14-14.28% and 14.28-23.82% respectively. 

Modelling and simulation of PCMs and natural graphite in both thermal storage units 

was carried out using COMSOL Multiphysics software to study the movement of solid-

liquid interface of the PCM during melting and to determine the melting time and 

charging time of PCM and natural graphite. Simulation results found to be in good 

agreement with the experimental results. 

The results of this study show that beeswax, a natural PCM and its composite with 

expanded graphite with improved thermal properties can be used as potential thermal 

storage materials for low temperature applications. 
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Our society is presently facing energy crisis which is going to further increase due to 

rapidly depleting fossil fuel reserves, hike in fuel prices and environmental issues like 

global warming, climate change, loss of biodiversity, deforestation, ozone layer 

depletion etc. In one study, it was estimated that by the end of 2035, world energy 

demand will increase from its present value (2014) of 12.50 giga tons of oil 

equivalent (GTOE) to 25 giga tons of oil equivalent (GTOE) [1]. Recent studies on 

emission have revealed a sharp increase in greenhouse gases in environment. It is 

estimated that by the year 2400 about 5,000 giga tons of carbon will be released in 

environment starting from industrial revolution, keeping rates of fossil fuel 

consumption and carbon-sequestration constant [2].  It has been reported that due to 

enhanced emission of greenhouse gases there is average rise in global temperature at 

the rate of 0.15-0.20 °C per decade [3,4]. Another concern with rise in greenhouse 

gases in the environment is the depletion of ozone layer which led to increase in 

environmental and health problems [5,6]. To address these environmental issues and 

to tackle increased energy demand it is important to use our conventional sources 

wisely by saving and storing excess energy available in the form of waste heat and 

solar thermal energy effectively. 

It was found that about 50-55% of energy produced from primary energy sources is 

lost as heat from various sources like flue gases, server rooms, industries, vehicle 

exhaust etc. In addition to primary energy sources, renewable energy sources like 

solar energy which is intermittent in nature, unpredictable, diffused and depend on 

weather conditions need to be stored for constant supply and improve energy 

utilization and reuse whenever required [7]. Energy storage not only saves energy but 

also bridges the gap between energy demand and supply and also helps in energy 

conservation. The key role of energy storage is to provide continuous energy supply at 

low cost by improving system performance and reducing energy wastage. 

 Properly selected energy storage materials can make energy system cost effective by 

efficient energy storage and discharge. Energy storage materials can be used with 

building materials to maintain the indoor temperature. These materials can also be 

applied to the wall of chimneys where it can absorb waste heat coming out with flue 

gases.  
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At present the most common form of energy storage are batteries or cells [8,9] which 

are quite efficient but harmful to the environment due to acid contents [10]. In last 

few decades other energy storage technologies such as Photo-voltaic systems [11, 12], 

Photovoltaic/thermal hybrid system [13], Supercapacitors [14], Hydrogen storage 

system [15,16], Mechanical energy storage [17,18], Chemical energy storage [19], 

and Thermal energy storage [20,21] have been identified, investigated and used for 

energy storage. Although photovoltaic systems directly convert solar energy into 

electricity, but are effective only during sun shine or daytime, which limit their use 

during off sun shine hours. Photovoltaic/thermal hybrid systems store energy in the 

form of heat for later use but are costlier in application due to high cost of 

manufacturing and large space requirement for installation of solar panels [13,22]. 

Industrial application of Supercapacitor has been also limited due to its high cost. 

 Hydrogen energy storage is expensive due to high safety requirements for its storage 

and handling because of high flammability of hydrogen gas. Materials with specific 

properties such as high permeability of hydrogen and mechanical stability of storage 

vessel are required for pressurized hydrogen storage [23,24]. Mechanical energy 

storage systems like pumped hydro power (PHP) and compressed air energy storage 

(CAES) are efficient in nature, but their generation and storage are limited to some 

geographical sites [18]. Chemical energy storage in form of conventional fuels like 

petrol and diesel have affected environment through pollution [25]. Thermal energy 

storage (TES) systems on the other hand were found to be the safest and cheaper 

means to store energy which have diverted the attention of whole world for its study 

and exploration. The TES systems are economically viable with relatively low capital 

cost, can store large quantities of energy without any major hazards with small (∼0.05 

to 1 %) daily self-discharge loss [26,27].  

Thermal energy storage systems (sensible heat and latent heat) can be used to store 

energy from the sun and also waste heat from other sources. In solar thermal power 

plants integration of thermal energy storage system have reduced fluctuations between 

demand and supply [28]. Solar thermal energy storage systems have been used for 

pre-heating applications in industries [29]. For every thermal storage system there are 

two basic characteristics. First, the energy storage time with acceptable losses and 

second, energy stored per unit volume. The energy stored per unit volume not only 
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depends on geometry of the system but also depends on physio-chemical 

characteristics of energy storage materials used. An efficient thermal storage system 

should have high energy density that can be achieved through proper designing and 

selection of appropriate storage material. The application of efficient thermal storage 

materials not only helps in storage of direct solar energy but also useful in managing 

heating and cooling load to reduce fossil fuel consumption. In many cold countries 

heating and cooling are fundamental requirement of energy and shares a large 

percentage in their total energy consumption. It was estimated that about 45% of total 

energy in Swedish service and residential sector are used for cooling and heating [30]. 

Therefore, by the application of an efficient thermal energy storage system this energy 

requirement can be reduced. 

1.1 Thermal energy storage  

Thermal energy storage systems are divided into various categories based on nature of 

storage materials used: Sensible heat storage, Thermo-chemical heat storage, and 

Latent heat storage. 

1.1.1 Sensible heat storage  

In sensible heat storage system the amount of heat stored depends on the mass and 

specific heat of storage material apart from temperature change as per equation 1.1. 

                                                Q = m Cp dT                                                            (1.1) 

Where, m = mass of storage material (kg), Cp = specific heat of material (kJ/kg.K), dT 

= temperature difference (K).  

Materials used for an efficient sensible heat storage system should have high specific   

heat capacity, long term stability in terms of thermal cycling and should be 

compatible to the container material in which storage takes place [31]. A variety of 

materials have been used in the past for sensible heat storage such as water, rock 

pebbles, sand and concrete. [32]. In addition to these materials, metals like 

aluminium, copper, lead, iron etc. were also tried for thermal storage. Application of 

metals with high thermal conductivity had reduced the charging and discharging time 

of storage system. However, these metals have less heat capacity, high density and are 

expensive in terms of application [33]. Rocks pebbles and sand though cheaper but 
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were found to be less efficient due to their low thermal conductivity [34]. Water the 

most common sensible heat storage material from last few decades for solar ponds 

and coolant for various industrial processes [35,36] has drawback of low boiling point 

and dissolved impurities. From literature survey it was found that most of the sensible 

heat storage materials were having less heat capacity and therefore, required more 

mass/volume of the material which makes the system heavier and bulky. Therefore, 

there is a need of exploration of new materials or modification of existing ones in 

terms of heat storage properties. The commonly used sensible heat storage systems 

are solar pond [35,37], solar water heater [36,38] and solar air heater [39,40] etc. 

1.1.2 Thermochemical energy storage 

Thermochemical energy storage system involves either endothermic or exothermic 

reversible chemical reactions as per equation 1.2, 

                                             A + B  C + Q                                                          (1.2) 

Where, A and B are the chemical species while C is the product, Q is the heat 

released/absorbed in the process.   

Energy storage in a thermochemical storage process involves addition or liberation of 

another chemical species such as salt hydrate which store thermal energy with the 

liberation of water molecules. The stored energy can be reused latter by hydration of 

the chemical species [41,42]. Other than hydration and dehydration reactions, 

thermochemical energy can be stored at high temperature through the reduction and 

oxidation of metal oxide [43,44] . Thermochemical energy storage shows the 

promising results in terms of energy density for future applications. However, due to 

corrosive nature of salts, high initial cost, periodic degradation of chemical species 

and handling of chemicals for scale up process restrict thermochemical storage for 

wider range of applications and need to be investigated in detail [45].  

1.1.3 Latent heat storage 

Latent heat storage system stores heat using materials which undergo phase change 

also known as phase change materials (PCMs), and can store more heat as compared 

to sensible heat storage material [46]. The amount of heat stored in latent heat storage 
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systems depends on the mass and latent heat of the materials as expressed in equation 

1.3,  

                                 Q = m. L                                                                       (1.3) 

Where, m = mass of the material (kg), L = latent heat of phase change (kJ/kg). 

The advantage of latent heat storage system is that it stores heat energy with high 

energy density at constant temperature and therefore these systems are compact in 

size as compared to the sensible heat storage systems. Based on the application and 

storage materials these systems store energy both in low and high temperature range. 

Latent heat storage system has been of great interest in last few years due to its 

application in waste heat recovery [29], solar energy utilization [28] and passive 

cooling [31]. 

A phase change material (PCM) used in latent heat storage unit should be non-

reactive, non-toxic, should have low vapor pressure, good thermal cycling stability, 

good latent heat, good specific heat and a range of melting point that promotes 

thermal storage at wide temperature range [20,46]. Based on the chemical 

composition PCMs are divided as organic phase change materials and inorganic phase 

change materials. Organic phase change materials composed of hydrocarbons and 

their derivatives with good latent heat and poor thermal conductivity. These materials 

generally consist of low melting point range and suitable for low temperature thermal 

storage applications.  Examples of organic phase change materials are paraffin, fatty-

acids, fatty-alcohols, esters etc. [26]. Paraffin is the most commonly used organic 

phase change material for thermal energy storage. However, being a petroleum 

product its cost is high and its production process also involves carcinogenic catalyst 

[47]. Other organic phase change materials such as fatty acids, fatty alcohols and 

esters were investigated for low temperature thermal storage. However, their high 

production cost limited their use for wide range of thermal storage applications. 

Beeswax, a natural material which is used for various applications such as 

manufacturing of candles, sculptures and for fruit coatings is also listed as phase 

change material in literatures [48–50]. However, a little work is available in regarding 

the application of beeswax as phase change material and investigated in the present 

research. 
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Inorganic phase change materials such as nitrate salts, metals and salt hydrates having 

high latent heat of fusion were used for high temperature thermal storage applications 

like concentrated solar plant (CSP) [43]. The major drawback associated with 

inorganic phase change material is corrosive nature of salts which can degrade the 

container wall of thermal storage units [44]. Looking to these drawbacks of existing 

phase change materials there is a strong need to identify and explore new phase 

change materials having low cost, natural in occurrence, and having all the desired 

properties of an potential phase change material for efficient thermal energy storage. 

1.2 Indian scenario on thermal storage 

With the title of eleventh largest economy in the world, India stands fourth in terms of 

energy purchasing power within the world [51]. India receives 500,000 GWh of solar 

energy every year with daily radiation of 4-7 kWh per square meter per day in most of 

the part of the country [52,53]. However, due to intermittent nature, low energy 

density and lack of technical expertise only a little part of the incident solar energy 

(6%) is converted into the electricity by photovoltaics at present. In terms of solar 

thermal power production India stands at third rank in the world. Under Jawaharlal 

Nehru National Solar Mission (JNNSM), India set the target of 20,000 MW of grid 

solar power (including solar thermal systems and solar photovoltaics) and 2000 MW 

of off-grid capacity includes 20 million solar lightning systems and 20 million square 

meter of solar thermal area by 2022. In India total nine concentrated solar thermal 

power plants are either under construction or in operational stage with total capacity 

of 526 MW [51,54,55] . In addition to this, various companies like Promethean power 

systems, Cristopia energy systems pvt. ltd. and Calmac industries have installed 

thermal storage systems in different parts of the country for wider range of 

applications such as dairy, cooling towers etc. Promethean power systems have 

installed 2.5 MWh of thermal energy storage system in rural India for preservation of 

milk. The company is manufacturing chiller units based on PCM to store 28 kWh of 

energy in the form of ice [56]. Similarly thermal storage equipment of Calmac 

industries have been installed in cities like Bangalore, Delhi and Chennai with cooling 

storage capacity of 12 MW [57]. India is also focusing to reduce power consumption 

by regulating indoor temperature of buildings through thermal storage [58,59]. In 
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order to save off-peak hour energy and to supply same during peak hour Tata power 

enrolled a thermal storage unit of capacity over 15,000 TRH and achieved a load shift 

of more than 3.6 million units of energy from peak to off-peak hours [60].  

Due to slow pace of thermal energy storage initiatives in India there is need to 

promote research and development in low temperature thermal storage area such as 

solar water heaters, solar air heaters, materials for temperature control of buildings 

etc. In the colder parts of the country like Jammu and Kashmir and Himalayan region 

where there is low temperature for most of the time around the year, low temperature 

PCM can be integrated as construction materials of building to store the thermal 

energy during day time and release it during evening and night [61,62].  

1.3 Global scenario on thermal storage 

In last few decades major share (79.3%) of the total energy was supplied from fossil 

fuels such as oil, coal and natural gas while a limited part (11.2%) of energy was met 

through renewable sources. This wide gap in energy supply and increasing 

environmental problem such as global warming diverted the attention of whole world 

towards the expansion of renewable sources of energy as well as storage of energy 

[63] to reduce the consumption of fossil fuels and related environment impact. It is 

estimated that about two third of the total energy consumed by the world by the end of 

2035 will be generated from natural gas and renewable sources of the energy [64].  

European OECD (Organization for Economic Co-operation and Development) 

countries has committed to reduce greenhouse gas emission by 20% (as compared to 

1990) upto 2020 and 80% to 95% by the year 2050 [65]. At present renewable energy 

sources are expanding their share of power generation and with the present pace of 

energy generation it is estimated that renewable sources will contribute 6.5 PWh to 

11.0 PWh globally in 2020 [63]. To meet these targets and to counter the limitations 

of renewable energy sources such as non-uniform distribution, periodic availability 

and unpredictable weather conditions, researchers around the world is focusing on 

development of efficient energy storage technologies.  

At present molten salt thermal energy storage is the second largest storage method 

with the capacity of 2.6 GW after pumped hydroelectric storage [66]. As per the 
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report of Department of Energy, U.S. (DOE-US, 2013) total 1206 energy storage 

facilities with total capacities of 184 GW are presently available around the world. 

However, more than half of these facilities are under development and efforts are in 

place to make them operational as soon as possible. Thermal storage technology and 

its application was in predominant stage in USA in mid-1990 and begun to appear in 

Asia, Australia, Europe and South America. In USA about 1500-2000 thermal energy 

storage systems are installed to maintain the indoor temperature of buildings. Chilled 

water thermal energy storage system (9100 kWh) was installed in Texas with 1500 

kW of chiller plant to meet chilling load requirement which could otherwise require a 

2600 kW of energy [32].  

In country like Saudi Arabia which has a daily peak load of more than 17000 MW and 

30% electricity wastage, use of air conditioning systems during summer represent 

60% of total energy demand of the country. To reduce this peak energy demand Saudi 

Consolidated Electric Companies (SCECO) proposed the use of thermal energy 

storage system with their HVAC installations. It is estimated that application of TES 

(Thermal energy storage) system in a large commercial complex can reduce the peak 

cooling load demand between 30-40% and peak electricity demand between 10-20%. 

Gas turbines are the power generating unit in Saudi Arabia and their output is 

dependent on ambient temperature which is usually higher in this country. It was 

found that integration of TES  

system with gas turbine could reduce the inlet temperature by 5 °C and increase the 

generator output by 30% [32]. In addition to this various works related to the 

application of phase change materials with building materials, solar water heaters and 

solar air heaters are under investigation to enhance the dependency on renewable 

energy, reduce wastage of energy and reduce fossil fuel consumption especially in 

colder countries [67–69].  

1.4 Origin of the problem 

Thermal energy storage systems are under investigation from last few decades due to 

their good energy density for storage of solar thermal energy [20,46]. In addition to 

the solar thermal energy there are other sources which release waste heat that can be 

stored and use whenever required. These sources include flue gases from industrial 
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processes [70], hot gases from chimneys [71], exhaust gas from engines [72] and hot 

liquid effluent from process industries. It was found that about 50-55% of energy 

produced from primary energy sources is lost as heat from these sources. This waste 

heat can be capture by using phase change material for various pre-heating 

applications in industries and automobiles [73–76]. However, most of the present 

phase change materials are less efficient and costlier which restrict them for wide 

range of applications. To overcome these issues there is need to identify and 

investigate new, efficient and environment friendly phase change material or to 

modify existing material for improved thermal properties. In addition to improvement 

in thermal storage materials the geometries of thermal storage system has to be 

explored for its improved performance. In literature various geometries such as 

cylindrical shell and tube type, concentric type units with attached fins etc. has been 

reported [77–79] Some of these geometries were found to be efficient in nature but 

they were having less heat capacity. In order to simplify the design of thermal storage 

unit and to enhance its heat capacity as well as efficiency there is need to study and 

test some new geometries and designs using PCMs as heat storage material. 

1.5 Need of the study 

Various phase change materials like paraffin, fatty acids, fatty alcohols etc. were 

investigated for low temperature thermal storage applications [20,26,27]. However, 

these materials are somewhat costlier and production of paraffin generates toxic 

byproducts. Looking to these limitations of presently available phase change materials 

there is need to identify and investigate new phase change materials which are natural 

in origin, cheaper in cost, having good latent heat and can be used for domestic 

application to store thermal energy. In present work an attempt has been made to 

identify an efficient phase change material for low temperature thermal energy 

storage and to improve its thermal properties for further enhancement of its heat 

storage capacity. Along with PCM, geometry of a thermal storage unit (TSU) also 

plays significant role for an efficient thermal storage system. Various geometries of 

TSU such as cylindrical shell with single tube, multiple tube, concentric type etc. 

were investigated in literature.  However, work on rectangular geometry with 

embedded helical coil is very limited and need to be investigated.  
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1.6 Scope of present research 

a) Present study is focused on the identification and utilization of a new phase change 

material which is natural and whose thermal properties are better than that of the 

similar conventional PCM. Attempt has been made to improve thermal properties 

of identified PCM by making its composite. 

b) Design and fabrication of rectangular helical coil embedded heat storage unit. 

c) Performance evaluation of developed unit with sensible heat storage material and 

PCMs.  

d) Performance evaluation and optimization of operating parameters (HTF flow rate, 

initial temperature of HTF etc.) with different heat transfer fluids such as plain 

water, expanded graphite/water suspension, Al2O3/water nanofluid and engine 

exhaust gases.  

e) Simulation of thermal storage unit using COMSOL Multiphysics. 

1.7 Thesis organization 

For the convenience in understanding, the thesis is divided into six chapters as 

follows: 

Chapter 1: Introduction 

In chapter 1 various aspect of thermal storage technologies such as thermal storage 

materials, their classification, Indian and global scenario on thermal storage technique 

have been introduced. The origin of problem along with need and scope of present 

research have been highlighted. 

Chapter 2: Literature review 

In chapter 2 a detailed literature review related to the thermal storage technology has 

been presented. Studies on different types of thermal storage materials, their 

classification and applications are presented in this chapter. Various thermal storage 

Systems with their merits and demerits have been discussed. Research gap have been 

identified and thesis objectives have been framed. 
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Chapter 3: Material and methods 

In chapter 3 various materials used and the experimental methodology adopted for 

present research is presented. In particular, this chapter elaborates methods/techniques 

used in preparation of expanded graphite, preparation of composite material from 

beeswax and their characterization. The details regarding preparation of Al2O3/water 

nanofluid, preparation of expanded graphite/water suspension and construction of 

experimental setup have been presented in this chapter. Parametric studies on 

beeswax, composite and packed bed of natural graphite have been discussed. 

Procedure and duration of experiments performed on different heat storage materials 

at different flow rates (0.25 LPM-1.0 LPM) and inlet fluid temperatures (60 °C-90 °C) 

have been detailed in this chapter. Detailed methodology adopted in running the setup 

for its performance evaluation and parameter optimization has been reported. All the 

analysis and characterization techniques with involved equipment information have 

been added in this chapter.  In the design and construction of experimental set-up an 

effort was made to simplify and optimize the current scope of the work with available 

experimental resources in our lab. Details of simulation studies using COMSOL


are 

also incorporated in this chapter. 

Chapter 4: Results and discussion 

In chapter 4 results of physical, chemical and thermal characterization of phase 

change materials have been discussed. Results of thermal performance analysis of 

developed setup with different heat storage material at different parametric conditions 

are presented and explained. Simulation results of COMSOL


 on different heat 

storage materials and their comparison with experimental data are presented. 

Chapter 5: Conclusion 

In Chapter 5 summary of work done and its conclusion are presented along with 

future research scope of the study.



 
 

 
 

CHAPTER 2 

LITERATURE REVIEW  
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Energy storage is one of the major concerns in the present century due to the shortage 

of conventional sources of energy and non-uniform distribution of renewable energy 

like solar energy, wind energy, geothermal energy, energy from ocean currents etc. 

With increasing gap between energy demand and supply there is need to develop 

efficient energy storage systems for uninterrupted power supply [79,80]. At present 

there are varieties of energy storage systems available and being studied 

experimentally, numerically, and mathematically by different researchers are 

discussed in this chapter. 

2.1 Energy storage technology 

There are various types of energy storage technologies presently available to store 

energy from both conventional and renewable sources of energy. These technologies 

are broadly classified on the basis of their operation and form of the energy stored as 

shown in Figure 2.1.  

 

 

Figure 2.1 Different types of energy storage technologies [82] 

2.1.1 Mechanical energy storage  

In mechanical energy storage systems, energy is stored in the form of potential energy 

and mainly consists of pumped hydro energy storage (PHES) and compressed air 

energy storage (CAES). In PHES water is pumped from a low level reservoir to a high 
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level reservoir during off peak period utilizing surplus energy which converts 

electrical energy into potential energy. During peak energy demands, this potential 

energy is converted back into electricity by using dynamo. PHES is pollution free and 

having better conversion efficiency (65-80%) depends on the type of instrument used 

in the process [82].However, the main limitation of this technology is the requirement 

of geographical site with height difference in the level of two water reservoir and a 

large volume of water. Depending on the size, the capacity of PHES can be in 

between 1000-3000 MW with 70-80% efficiency [83] . It is estimated that about7 GW 

of pumped hydro heat storage (PHES) system is under deployment in European 

network while various other project are under planning stage in U.S.A. and Japan 

[17]. PHES can be integrated with other renewable energy generating sources like on 

Gran Canarias Island a PHES system is connected to the wind farm with output of 

20.40 MW to convert extra electricity produced from wind turbine into the potential 

energy of water for future use [84]. Various other such systems where PHES is 

integrated with renewable energy sources are available in the literature [85–87]. 

Another form of mechanical energy storage is compressed air energy storage (CAES), 

where ambient air is compressed using excess electric power in underground cavern. 

During peak demand period this compressed air is heated and expanded in an 

expansion turbine attached to a generator for power production [88] and reported 

efficiency of CAES is found to be 70-80% [89]. Different applications of CAES 

systems for storage of surplus energy are studied by different researchers [90–93]. 

2.1.2 Chemical energy storage  

In chemical energy storage, energy is stored in the form of some chemical species like 

electrochemical storage, thermochemical storage and conventional fuels. 

Electrochemical storage involves conversion of electrical energy to chemical energy 

and vice versa, in the case of conventional batteries such as lead acid batteries [94], 

lithium ion batteries [95] and flow batteries [96]. Electrochemical energy storage 

systems are compact in size and efficient in nature. However, their major drawback is 

the environmental pollution which occurred due to the presence of heavy metals and 

concentrated acids in their contents and therefore, required safe disposal [96,97].  

In thermochemical energy storage systems heat is absorbed and released with 

chemical reactions [99] in the form of hydration-dehydration reactions and oxidation-
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reduction reactions . In a study Neises et al. 2012 [100] studied a solar rotatory kiln 

with cobalt oxide which reduced with the absorption of solar thermal energy during 

day time and again re-oxidized during off sun period with liberation of heat for kiln 

operation. Other thermochemical energy storage systems are studied using chemical 

species such as ammonia [100,101], BaO2/BaO [103], calcium oxide-calcium 

hydroxide [104],  etc. 

Conventional fuel is also one of the forms of chemical energy where energy is stored 

in the bonds of chemical species. The stored chemical energy is released when 

chemical species undergo transformations during combustion. Other forms of 

chemical energy storage are hydrogen storage [104,105], methane storage [106,107], 

biofuels [108,109] and petroleum gases [110, 111] etc. 

2.1.3 Thermal energy storage  

 Sensible heat storage system and Latent heat storage systems are the two forms of 

thermal energy storage system. 

Heat stored in a sensible heat storage system depends on the temperature and quantity 

of heat storage material and therefore, these systems are bulkier in size [113]. Latent 

heat storage systems, stores energy in the form of latent heat of material followed by 

phase change [114].  The amount of the latent heat stored is greater as compared to 

the sensible heat as the latent heat is usually more than the specific heat. The materials 

used in latent heat storage systems are commonly known as Phase Change Materials 

(PCMs) [26]. 

2.2 Studies on sensible heat storage  

Sensible heat storage systems are being investigated by the different researchers in 

various parts of the world from the last few decades in order to enhance their 

efficiency [31,114] and identify new sensible heat storage materials.  

2.2.1 Sensible heat storage materials 

A variety of materials have been used in the past for sensible heat storage which is 

classified as liquid and solid heat storage materials. A list of different sensible heat 

storage materials used along with their properties is presented in Table 2.1.These 

materials include metals like aluminum, copper, lead etc. [115,116] which are having 
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high thermal conductivity with less charging and discharging time. However, metals 

have low heat capacity, high mass density and high cost which restrict their use for 

wider applications. It is observed from Table 2.1 that water is a good sensible heat 

storage media due to its high thermal capacity and high energy density [117,118]. 

However, due to its high vapor pressure, it requires insulation as well as pressure 

withstanding container for high temperature operation. Some building materials are 

also studied as sensible heat storage materials to construct thermal controlled 

buildings or energy efficient buildings [120–122]. However, due to low thermal 

conductivity these materials require further investigations for different applications. 

Table 2.1 Sensible heat storage materials and their thermal properties at 20 °C 

Material Thermal 

capacity 

(kJ/kg.K) 

Thermal 

conductivity 

(W/m.K) 

Density 

(kg/m
3
) 

Energy density 

(kJ/m
3
) 

Ref. 

Aluminum 0.945 238.4 2700 2551.50 [116] 

Copper 0.419 372 8300 3477.70 [115] 

Iron 0.465 59.3 7850 3650.25 [117] 

Lead 0.131 35.25 11340 1485.54 [117] 

Brick 0.840 0.5 1800 1512 [120] 

Concrete 0.879 1.279 2200 1933.80 [123] 

Granite 0.892 2.9 2750 2453 [121] 

Graphite 0.609 155 2200 13339.80 [122] 

Limestone 0.741 2.2 2500 1852.50 [124] 

Sandstone 0.710 1.8 2200 1562 [124] 

Slag 0.836 0.57 2700 2257.20 [124] 

Soil (Clay) 0.880 1.28 1450 1276 [124] 

Soil (Gravelly) 1.840 0.59 2040 3753.60 [124] 

Water 4.183 0.609 998.3 4175.88 [124] 

 

2.2.2 Sensible heat storage systems 

Different sensible heat storage systems are also investigated for obtaining efficient 

heat storage system. A very good example of a large size sensible heat storage system 

is solar pond. A  natural solar pond was spotted at Medve lake located in 

Transylvania, Hungary and water temperature upto 70 °C was observed at a depth of 
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1.32 m at the end of summer season due to the presence of salt (NaCl) at the bottom 

of the lake with salt concentration of 26% [125]. This type of natural lake having salt 

gradient formed the basis for the research and development in the area of artificial 

solar ponds.  

Velmurugun et al. 2009 [126] examined in different set of experiments the 

productivity of solar pond connected with stepped solar still , single basin solar still 

and wicked type solar still one by one respectively. To enhance the solar pond 

productivity pebbles, baffle plates, fins and sponges were added to the solar stills 

during experiments and results showed 80% productivity in first experiment when 

both fin and sponges were used in the both the solar stills and 78% productivity in 

second experiment when fins and sponges were used in stepped solar stills. In an 

another study  by  Karakilcik et al. 2006 [127] on a solar pond (surface area 4 m
2
 and 

depth 1.5 m ) built at Cukurova University in Adana and different temperatures were 

measured in the months of January, May and August. Results of the study showed that 

temperature difference was the main factor for heat transfer and maximum thermal 

efficiency of 4.50% was achieved in August for upper convective zone, 13.80% for 

non-convective zone and 28.10% for heat storage zone. These three zones of the solar 

pond also played important role in other applications rather than maintaining thermal 

gradient of the solar pond. Singh et al. 2011 [128] combined the thermosiphon and 

thermoelectric module for generation of electricity from solar pond. Results showed 

that proposed gravity assisted thermosiphon-thermoelectric module (TTM module) 

provided maximum power of 3.2 W obtained at 13.4 V and 0.24 A when the 

temperature difference of 27 °C was maintained across 16 thermoelectric cells.  

In a salt gradient solar pond, different salts showed different effect on thermal 

gradient. In a study, Berkani et al. 2015 [129] compared three solar ponds with three 

different salts i.e. NaCl, Na2CO3 and CaCl2 based solar pond performed better in 

terms of thermal storage and stability as compared to the other two salts. In another 

similar work, Bozkurt et al. 2015[130]  analyzed the potential of sodium and 

magnesium chloride for their application in solar pond and found the storage 

efficiency of 27.40% and 25.41% for respective ponds. 

Solar ponds also showed their potential when applied with heat exchangers, flat plate 

collectors and other sensible heat based structures for thermal storage. Tundee et al. 
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2010 [131] studied the removal of heat from lower convective zone by a pipe heat 

exchanger using R134 as heat transfer fluid and found 43% increase in effectiveness 

when air velocity was decreased from from 5 m/s to 1 m/s. In a similar study, Bozkurt 

et al. 2012 [132] investigated the performance of solar pond integrated with a 

collector system. They built a cylindrical solar pond (radius 0.80 m and depth 2.0 m) 

with four flat plate collectors (1.90 m x 0.90 m) to trap solar thermal energy. The 

system was found to be more productive as compared to stand alone solar pond and 

the experimental efficiency of four collectors (1, 2, 3, 4) were found to be 21.30%, 

23.60%, 24.28% and 26.52% respectively. 

A low temperature direct contact type membrane distillation driven by solar pond was 

studied by Suarez et al. 2015 [133]. The study showed that about 70% of thermal 

energy from solar pond was utilized to drive the desalination process in which half of 

the heat was utilized to transfer water to the other side of the membrane, while the 

remaining heat was lost by conduction through the membrane. Solar pond has many 

applications, however, the major drawbacks of solar pond are large space requirement 

and low efficiency which limits their commercial use. 

Some other sensible heat storage systems are investigated on fixed bed of thermal 

storage materials. Prasad et al. 2013 [113] designed and tested a cylindrical thermal 

storage unit with embedded tubes within the bed of three different kinds of materials 

i.e. concrete, cast steel and cast iron. Parametric study was carried out by making 

variations in number of fins on charging tubes and flow rate of HTF. Results of the 

study showed 35.48% reduction in charging time with four fins and 41.41% of 

charging time with six fins configuration. It was also found that with increase in the 

flow rate of heat transfer fluid charging time of cast steel and cast iron was reduced 

while there is less effect of flow rate was observed on the charging time of concrete. 

In an another study Zagnesh et al. 2012 [134] investigated charging and discharging 

of packed bed of rocks which was buried in the ground by passing air as heat transfer 

fluid from a concentrated solar plant (CSP). Results of the study showed 95% 

efficiency of fixed bed with repeated charging and discharging cycles and offered the 

temperature above 590 °C in discharging phase. The same work was repeated with 

same bed of rocks with exhaust gas as HTF from industrial process [135]. In this 

study the maximum efficiency of thermal storage system was found to be 95% and it 

was observed that the efficiency of the bed could increase with decrease in tank 
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diameter to height ratio as well as the diameter of rock. However, with increase in bed 

height a pressure drop was also observed across the bed which enhanced the 

requirement of pumping power for HTF flow. 

Yuan et al. 2012 [136] studied the effect of water/cement (w/c) ratio and graphite 

content on mechanical and thermal properties of composite aluminate cement to 

optimize its use for solar parabolic trough power plant as thermal storage material and 

found that both thermal conductivity and volume heat capacity of aluminate cement 

increased with decrease in w/c ratio and increase in graphite content. In another study, 

Kuravi et. al. 2013 [137] studied sensible energy storage system made up of high 

density storage bricks for its use as central receiver of CSP. Parametric studies at 

different inlet temperatures (300 °C-600 °C) and flow rates (50-90 ft
3
/min) were 

performed using air as heat transfer fluid and results showed reduced charging time of 

the bed with increase in mass flow rate and observed 90% charging efficiency and 

80% stratification efficiency of the bed. 

 Sensible heat storage systems studied by different researchers for wide range of 

applications [138–140]. However, their deployment to achieve present energy target 

require more investment, larger space and regular maintenance. Looking to these 

drawbacks of conventional sensible heat storage system researchers have diverted 

their attention to identify thermal storage system which is portable, compact, cheaper, 

efficient and longer  life with less maintenance. A latent heat storage system can meet 

these requirements and which is studied to make them commercially viable.  

2.3 Studies on latent heat storage  

Latent heat storage systems are considered as a promising option for thermal energy 

storage as compared to the sensible heat storage systems due to their compactness and  

high energy density [46]. Figure 2.2 depicts the application of a simple latent heat 

storage system and its integration with process industries where it can also store waste 

heat and redistribute it for pre- heating applications. Performance of a latent heat 

storage system depends on the type of storage material and geometry of heat storage 

system. Investigations carried out in different studies to improve the thermal 

performance of latent heat storage systems are presented here. 
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Figure 2.2 Solar thermal storage and distribution system  

 

 2.3.1 Phase change materials 

Energy storage materials used in latent heat storage systems are also known as phase 

change materials (PCMs) as they store and liberate heat with change in phase of 

material [20,140]. A phase change material should have a desired phase change 

temperature, high latent heat of fusion, good thermal conductivity, high energy 

density, small volume change, long term chemical stability, non-toxicity, low vapor 

pressure and cheaper in cost. It is reported that PCMs can store 5 to 14 times more 

heat energy as compared to sensible heat storage materials at constant temperature 

[27,141,142] . 

On the basis of their chemical composition PCMs are of two types- Organic phase 

change materials and Inorganic phase change materials as shown in Figure 2.3. 

i) Organic phase change materials 

Organic phase change materials are composed of hydrocarbons and their derivatives.  

The melting points of organic PCMs are generally lower and these materials can 

undergo various cycles of melting and freezing without phase segregation. Organic 
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phase change materials are further divided into paraffin, non-paraffin and eutectic 

mixture [27,46].  

 

Figure 2.3 Classification of phase change materials 

a) Paraffin and their composites 

Paraffin is the petroleum derivative that consists of mixture of straight chain 

hydrocarbons. The melting point and latent heat of paraffin increases with increase in 

carbon chain and reaches a asymptotic value (generally after C100) [144–147]. 

In past few decades paraffin have been used in many commercial applications such as 

manufacture of candles [148], clinical purpose [149],in paint and dye industry [150] 

etc. In recent years paraffin is identified as an appropriate PCM for different thermal 

storage applications. Kaygusuz et al. 2005 [151] studied the thermal performance of 

paraffin wax in a concentric pipe latent heat storage system and observed that the 

melting and solidification of paraffin take place at 38 °C-43 °C and 36 °C-42 °C 

respectively rather than at a constant temperature. He et al. 2002 [152] investigated 

the technical grade paraffin rubitherm RT5 (melting point = 7 °C and heat of fusion = 

158.3 kJ/kg) and found it suitable for cold storage applications. In an another study by 

Kaouskaou et al. 2010 [76], binary mixture of  hexadecane-tetradecane was 

investigated in a differential scanning calorimetry (DSC) cell and noticed dependency 

Phase change materials 

Organic 

Paraffin 

Non-paraffin 

Eutectic of 
organic PCMs 

Inorganic 

Metallic 

Nitrate salts 

Eutectic of 
inorganic PCMs  
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of phase change temperature on the heating rate and mixture composition. Goia et al. 

2016 [153] studied the effect of solar radiation on aging process of paraffin in a 

glazing system and found 5% decrease in the latent heat of paraffin with 1.5 °C 

reduction in cooling point and 2°C reduction in melting point after the time span of 

one year.  

In a study, Akagun et al. 2008 [154] investigated the melting and solidification 

characteristics of paraffin wax in a concentric shell and tube type thermal storage unit 

at four different inlet fluid temperatures (60 °C, 65 °C, 70 °C, 75 °C) and three flow 

rates (4 kg/min, 6 kg/min and 8 kg/min) and found that charging time of paraffin 

decreased with increase in inlet fluid temperature and mass flow rate. It was also 

observed that with 5° inclination of shell surface melting time of paraffin reduced by 

30%. Sharma et al. 2002 [155] studied the effect of thermal cycle on stability of 

paraffin wax over acetamide and stearic acid and observed that after 1500 accelerated 

thermal cycles, paraffin and acetamide showed good thermal stability in terms of 

melting point and less variation in latent heat of fusion as compared to stearic acid.  

 In some of the investigations paraffin wax was encapsulated to improve the heat 

transfer and in a study by Nemeth et al. 2015 [156] alginated shell was used to 

prepare the double layered capsules of paraffin. This encapsulated paraffin wax 

showed good thermal stability with melting and freezing latent heat values of 95 J/kg 

and 91.7 J/kg respectively.  In another work, Karkri et al. 2015 [157] prepared and 

studied the capsules of paraffin wax (M.P. 42 °C) within the shell of melamine 

formaldehyde resin and found that the thermal conductivity and diffusivity of PCM 

decreased with increase in resin content of the capsule while latent heat, sensible heat 

and total heat of the microcapsules increased with the increase of paraffin wax content 

in the capsule. Memon et al. 2015 [158] prepared a light weight aggregate to 

encapsulate paraffin for temperature control of buildings. Results showed that the 

strength of microcapsules incorporated concrete had better comprehensive strength 

and volume stability. 

As PCM, pure paraffin proved to be a good thermal energy storage material. 

However, the major disadvantage associated with the use of paraffin wax is its lower 

thermal conductivity which increases the charging/discharging time and reduces the 

efficiency of latent heat storage system. To enhance the thermal conductivity of 
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paraffin wax high thermal conductivity materials like expanded graphite, metallic 

nanoparticles, carbon nanotubes etc. were added and their thermal performance were 

studied by different researchers. Table 2.2 shows composites of paraffin wax with the 

addition of high thermal conductivity materials as used in different studies. 

Table 2.2 Composites of paraffin wax used in various studies as PCM 

Composite Thermal 

conductivity 

(W/m.K) 

Observation Ref. 

Paraffin wax (80 wt. %) 

with nano magnetite (20 

wt. %) 

0.40 Addition of 20% nano-magnetite 

enhanced the thermal conductivity of 

paraffin by 67%. 

Use of 10% nano-magnetite increased 

the composite cost by 20%. 

[159] 

Liquid 

paraffin/aluminium foam 

Solid paraffin/aluminium 

foam 

46.04 

46.12 

Thermal conductivity of composite 

increased up to 218 times as 

compared to the pure paraffin with 

26% drop in heat fluxes. 

[160] 

Liquid paraffin/copper 

foam 

3.11 Copper form reduced the charging 

time of composite by 40%. 

[161] 

Paraffin (80 wt. %)/ 

graphite (20 wt. %) in 

form of foam, fibers and 

fins) 

0.97 Faster heat transfer was observed in 

case of graphite fins as compared to 

its fibers and foam 

[162] 

Paraffin (80 wt. %)/ 

waste graphite (20 wt. %) 

Paraffin (80 wt. %)/ 

SFG75 (Timrex powder) 

(20 wt. %) 

a) 0.42 

b) 0.90 

Thermal conductivity enhancement 

of paraffin with fresh graphite and 

waste graphite was found to be 300% 

and 91% respectively. 

[163] 

a) Paraffin (90 wt. 

%)/expanded graphite 

(10 wt. %) 

b) Paraffin (90 wt. 

%)/graphite (10 wt. 

%) 

a) 0.93 

b) 0.56 

Expanded graphite and natural 

graphite enhanced the thermal 

conductivity of paraffin by 300% and 

150% respectively as compared to 

pure paraffin. 

[164] 

Paraffin with expanded 

graphite (2 wt. %, 4 wt. 

%, 7 wt. % and 10 wt. %) 

0.29, 0.51, 

0.68, 0.81 

respectively 

Thermal conductivity of paraffin 

increased with graphite content and 

no leakage of paraffin was observed 

up to 10% wt. of graphite. 

[165] 

Paraffin with TiO2 (1-4 

wt. %) 

0.7 With increase in TiO2 loading phase 

change temperature increases with 

decrease in latent heat capacity.  

[166] 

Paraffin with exfoliated 

graphite nanoplatelets  

0.34, 0.43, 

0.51, 0.68, 

Addition of XGnP enhanced the 

thermal conductivity of PCM while 

[167] 
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(XGnP) (1 wt. %, 2 wt. 

%, 3 wt. %, 5 wt. % and 

7 wt. %) 

0.80 

respectively 

does not affect its latent heat. 

Paraffin (40%) with light 

low density polyethylene 

(60%) and expanded 

graphite (15wt. %) 

1.32 Thermal conductivity of composite 

increased while latent heat decreased 

with increase in expanded graphite 

content in composite. 

[168] 

Paraffin with kaoline 

(60%) 

0.41 The latent heat of composite was 

119.49 J/g while the phase change 

temperature was 62.4 °C 

[169] 

Paraffin with multiwalled 

carbon nanotubes 

0.33 Addition of 2% wt. of multiwalled 

carbon nanotubes enhanced the 

thermal conductivity of paraffin by 

35%. 

[170] 

 

It is observed from Table 2.2 that thermal conductivity of paraffin wax changed with 

the addition of high thermal conductivity materials. However, each additive has its 

significant role to enhance the thermal property of paraffin wax.  In a work Sahan et 

al. 2015 [159] added nano-magnetite (nanoparticles of magnetite, k=9.7 W/m.K) to 

enhance the thermal conductivity of paraffin by providing metallic surface for faster 

heat transfer. In a study by Wang et al. 2014 [166] a composite of paraffin wax with 

TiO2 nanoparticles (2 nm diameter) was prepared and its thermal performance was 

studied and results showed that  up to 1% loading of nanoparticles the phase change 

temperature of PCM decreased with increase in latent heat and with particle loading 

more than 2% melting point of PCM increased with decreased latent heat. Similarly 

Nourani et al. 2016 [171] prepared the nano composite of paraffin and aluminium 

oxide nanoparticles (2.5, 5, 7.5 and 10% wt.) using sodium stearoyl lactyrate as 

surfactant and found that with the addition of 10% Al2O3 nanoparticles, thermal 

conductivity and melting rate of composite enhanced by 31% and 27% respectively.   

Metals foams were also tried with paraffin wax to enhance its thermal properties for 

efficient thermal storage. In a study, Aluminium foam (k = 218 W/m.K) was added to 

the paraffin to enhance its thermal conductivity [160] and results showed that in the 

prepared composite, heat conduction through aluminium foam was more dominant as 

compared to the natural convection in molten composite which actually enhanced the 

thermal conductivity of the composite. In another study, Wang et al. 2016 [161] 

prepared a composite of paraffin with copper foam with pore size of 2-3 nm and 

porosity of 97.3% and observed that the addition of copper foam reduced the melting 
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time of composite (M.P. = 42.24 °C, L = 170.4 kJ/kg) by 40% as compared to pure 

paraffin wax. Studies shows that metallic nanoparticles and metal foams proved to be 

good enhancer of thermal conductivity of organic PCMs [172–174]. However, due to 

high cost of these additive materials composite material is not commercially viable for 

thermal storage systems and their high mass density adds weight to the system. 

 In addition to the nanoparticles and metal foams there are some other additives such 

as carbon nanotubes, expanded graphite and exfoliated graphite nano-platelets, which 

are lighter in weight, having high thermal conductivity and cheaper in cost, and these 

materials were also tried with paraffin wax to enhance its thermal properties. In a 

study Fethi et al. 2015 [162] prepared the composite of paraffin wax with different 

forms of graphite (foams, fibers and fins) and investigated its thermal properties and 

results showed that with the addition of graphite content (15 wt. %) in the composite 

its thermal conductivity increased and latent heat decreased. In another study Lacheb 

et al. 2014 [157] prepared the composites of paraffin wax with waste graphite 

(obtained from industry) and fresh graphite with 20 wt. %  of graphite in each case. 

Results showed 300% and 91% enhancement in thermal conductivity of paraffin wax 

with fresh graphite and waste graphite respectively. Raza et al. 2016 [175] prepared 

the composite of paraffin wax at different weight percent of expanded graphite i.e. 5 

wt. %, 10 wt. %, and 15 wt. % and tested them for its thermal conductivity and 

thermal performance. It was found that for 5 wt. %, 10 wt. %, 15wt. % of expanded 

graphite, thermal conductivity of composite enhanced by 4 times, 6 times and 6.5 

times respectively as compared to pure paraffin.  

Wang et al. 2009 [170] prepared the composite of paraffin wax at different weight 

percentage of multi-walled carbon nanotubes and found that with 2% mass fraction of 

carbon nanotubes the thermal conductivity of paraffin wax enhanced by 35% in solid 

phase and 40% in liquid phase. In a similar kind of work Cui et al. 2011[176] 

prepared the composites of paraffin wax with carbon nanofibers and carbon nanotubes 

each with mass fraction of 1 wt. %, 2 wt. %, 5 wt. %, and 10 wt. % Results showed 

that thermal conductivity of composite material increased with the amount of carbon 

nanotubes and carbon nanofibers.  It was also found that composites with carbon 

nanofibers had more thermal conductivity than the composites with carbon nanotubes. 

Various other similar studies with graphite, expanded graphite and carbon nanotubes 

are carried out [173,177–179] which proved that these materials are the promising 
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option to enhance the thermal conductivity of PCMs. However, due to high 

production cost of carbon nanotubes their applications are limited while the low cost 

of expanded graphite dominates its applications for wide range of thermal storage 

materials. 

b) Non-paraffin and their composites  

Non paraffin materials consist of various other organic materials like fatty acids, fatty 

alcohols, amines, glycolic acids etc. These materials have good latent heat and low 

melting point. However, similar to paraffin wax these materials also have poor 

thermal conductivity and to improve their thermal performance, materials with high 

thermal conductivity such as metallic nanoparticles, metal foams, expanded graphite, 

carbon nanotubes etc. were added. Various non-paraffinic materials and their 

composites investigated in different studies are shown in Table 2.3. 

   Table 2.3 Non-paraffin and their composite for thermal storage 

Non-Paraffin and composite Melting 

point 

(°C) 

Latent heat 

(kJ/kg) 

Thermal 

conductivity 

(W/m.K) 

Ref. 

Polyglycol E600 22 127.20 0.21 [180] 

Polyethylene glycol 6000 64.20 231 0.30 [181] 

Vinyl stearate 29 122 0.25 [21] 

Butyl Stearate 19 140 0.21 [182] 

1-Dodecanol 26 200 0.16 [183] 

n-Octadecane 28 243.50 0.14 [184] 

Palmitic acid 57.80 185.40 0.16 [185] 

Palmitic acid (41.1%) with SiO2 59.76 85.11 n.a.* [186] 

Palmitic acid (50.11%) with 

graphene oxide 

60.05 101.40 1.02 [187] 

Palmitic acid (91.94%) with 

graphene nanoplatelets (GNPs) 

61.16 188.90 2.11 [187] 

Palmitic acid (80%) with 

expanded graphite (20%) 

60.88 148.36 0.42 [188] 

Capric acid 32 152.70 0.15 [189] 

Caprylic acid 16 148 0.14 [190] 

a) Stearic acid with expanded 

graphite (2%, 4%, 7% and 

10%)  

b) Stearic acid with carbon 

nanofibers (2%, 4%, 7% and 

10%) 

68.80 a) 183.10 

b) 184.60 

a) 0.79 

b) 0.61 

[191] 

Stearic acid (83%) with expanded 

graphite 

53.12 155.70 n.a.* [192] 
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a) Stearic acid 

/polymethylmethacrylate(PMMA) 

b) Palmitic acid/PMMA 

c) Myristic acid/PMMA 

d) Lauric acid/PMMA 

67.31 

59.98 

51.00 

40.96 

187.72 

173.89 

166.56 

149.55 

n.a. [193] 

Stearic acid with modified 

expanded vermiculite 

65.90 146.80 0.58 [194] 

Myristic acid  51.50 204.50 n.a. [195] 

Lauric acid (70%)/vermiculite 

with 10% expanded graphite 

41.88 126.80 0.81 [196] 

Polyethylene glycol with 

expanded graphite (4, 6, 8, 10 wt. 

%) 

50.40, 46.90, 

42.90, 41.80 

respectively 

165.10, 

153.20, 

116.20, 

108.10 

respectively 

2.10, 2.91, 

4.53, 6.11 

respectively 

[169] 

Polyethylene glycol with 

expanded graphite (10 %) 

61.46 161.20 1.32 [197] 

Stearic acid (51.80) with  

polymethylmethacrylate 

60.40 92.10 n.a. [198] 

    * not available 

Sharma et al. 2016 [181] studied the change in thermal properties of polyethylene 

glycol 6000 for 1500 thermal cycles of charging and discharging and found 6.5% 

reduction in melting point. It was also observed that after 500 cycles, 1000 cycles and 

1500 cycles latent heat of PCM reduced by 19%, 22% and 25% respectively while no 

change in chemical structure was observed in Fourier transform infra-red (FTIR) 

analysis. In another study Lv et al. 2016 [169] prepared the composites of 

polyethylene glycol (PEG) with expanded graphite to enhance its thermal 

conductivity and found that the  melting time of composites with 4 wt. %, 6 wt. %, 8 

wt. % and 10 wt. % of expanded graphite was reduced by 46.32%, 30.89%, 15.49% 

and 4.82% respectively. In a similar study [197] composite of PEG and expanded 

graphite (10%) was prepared and investigated for its thermal properties. Result 

showed that thermal conductivity, melting point and latent heat of composite was 

found to be 1.32 W/m.K, 61.46 °C and 161.2 J/g respectively. All these studies 

showed that PEG and its composite with expanded graphite can be used as possible 

thermal storage material and require detail investigation before use. 

In some other investigations fatty acids have been used as phase change material for 

latent heat storage. Sari et. al. 2002 [185] studied the thermal performance of Palmitic 

acid within a concentric tube type thermal storage unit and found significant reduction 

in its melting and solidification behavior when PCM tube was aligned in horizontal 

position as compared to vertical position with 53.3% heat storage efficiency. Sharma 
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et al. 2016 [199] investigated the Palmitic acid for 1500 thermal cycles and observed 

the change in melting temperature by 3.27% and latent heat of fusion by 17.80%. 

Fang et al. 2011[186] prepared the composite of Palmitic acid (41.1 %wt.) with 

silicon dioxide and studied its thermal and chemical properties. Scanning electron 

micrographs (SEM) of composite showed that palmitic acid was well dispersed within 

the porous structure of SiO2. DSC analysis of composite revealed the melting point 

and latent heat of composite as 59.76 °C and 60.55 kJ/kg respectively. Mehrali et al. 

2013 [187] prepared the composite of Palmitic acid with graphene oxide to enhance 

its thermal conductivity by 1.02 W/m.K which is three time more as compared to that 

of pure Palmitic acid (0.21/m.K). From DSC analysis the melting point and latent heat 

of composite was found to be 60.05 °C and 101.49 kJ/kg respectively. Similar 

composites of Palmitic acid was prepared by addition of materials with high thermal 

conductivity such as graphene nanoplates, expanded graphite etc. and investigated for 

their thermal properties [200–202].  

 Konukulu et al. 2014 [190] prepared the microcapsules of caprylic acid with different 

types of shell materials such as urea-formaldehyde (UF) resin, urea-melamine (UM) 

resin and urea-melamine-formaldehyde (UMF) acid and found that the microcapsules 

with UF shell were more stable for thermal storage applications. Similarly, Alkan et 

al. 2008 [193] encapsulated different fatty acids such as Stearic acid (SA), Palmitic 

acid (PA), Myristic acid (MA) and Lauric acid (LA) with poly-methyl methacrylate 

(PMMA) and studied them as thermal storage material.  The share of fatty acid in a 

micro-capsule was maintained at 80% and it was found that at the temperatures above 

the melting point of PCM, these microcapsules did not change their shape and remain 

stable. 

 Lauric acid was also used with vermiculite in form of composite [196]. The melting 

point and latent heat of composite was found to be 41.88 °C and 87.21 kJ/kg 

respectively. 10% of expanded graphite was further added to this composite to 

increase its thermal conductivity from 0.49 W/m.K to 0.81 W/m.K.  In another work,  

Karaipekli et al. 2007 [191] prepared  the composite of stearic acid with expanded 

graphite and carbon fibers with 2%, 4%, 7% and 10% wt. of each carbon material. 

Result of the study showed that with addition of 10 wt. % expanded graphite and 

carbon fiber the thermal conductivity of composite enhanced by 266% and 206% 

respectively. It was also found that with the addition of expanded graphite and carbon 
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fibers the latent heat of stearic acid (198.8 J/g) decreased to 183.1 J/g and 184.6 J/g 

respectively. In other work composite of stearic acid and expanded graphite (25 wt. 

%) was prepared and tested by Wu et al. 2016 [203] . In this study it was found that 

addition of expanded graphite can enhance the thermal conductivity of composite up 

to 23.27 W/m.K.  Similarly various other fatty acids such as Myristic acid, Lauric acid 

etc. were also studied as potential phase change materials [200, 201].However, it was 

found that fatty acids are very costlier and having low thermal conductivity which 

limits their wider range of applications. Findings from the studies showed that 

eutectic mixture of fatty acids is more efficient in terms of melting point and latent 

heat as compared to individual fatty acids. Some eutectic mixtures of fatty acids and 

their composites are presented in Table 2.4 as phase change materials. 

Table 2.4: Eutectic mixtures of fatty acids and their composite for thermal storage 

Eutectic Mixture of 

fatty acids 

Melting 

point 

(°C) 

Latent 

heat 

(kJ/kg) 

Observations Ref. 

Capric acid (65.12 wt. %) 

and Lauric acid (34.88 wt. 

%) 

19.10 35.24 Variation in melting point 

and latent heat was 

observed after 360 

thermal cycles. 

[206] 

a) Lauric acid: stearic acid 

(75.50:24.50 wt. %),  

b) Myristic acid and 

palmitic acid (58:42 wt. %),  

c) Palmitic acid and stearic 

acid (64.20:35.80 wt. %) 

      a) 37.00 

 

b) 42.60 

 

c)  52.37 

a) 182.70 

 

b) 169.70 

 

c) 181.70 

The melting point and 

latent heat of each 

eutectic mixture is less 

than the melting point 

and latent heat of 

individual fatty acid.  

[207] 

a) Lauric acid-Myristic acid 

(LA, 66 wt. %-MA, 34 wt. 

%) 

b) Lauric acid-Palmitic acid 

(LA, 69 wt. %-PA, wt. %) 

c) Myristic acid-Stearic acid 

(MA, 64 wt. %-SA, 36 wt. 

%)   

a) 34.20°C 

b) 35.20°C 

c) 44.10°C 

 

166.80  

166.30   

182.40  

Prepared mixtures were 

found to be suitable for 

low temperature solar 

thermal application.  

[208] 

Myristic acid (64% wt.) - 

Stearic acid (36% wt.) 

44.13 182.40 The melting point of 

eutectic mixture is less 

than the individual fatty 

acids i.e 67.83 °C for 

myristic acid and 52.32 

°C for stearic acid. 

[209] 

Palmitic acid (64.2 wt. %)- 

Stearic acid (35.8 wt. %) 

52.30 181.70 Prepared eutectic mixture 

was found to be suitable 

for passive space heating 

and domestic water 

[210] 
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heating application. 

Eutectic mixture of myristic 

acid (58.40 wt. %) and 

palmitic acid (41.60 wt. %) 

42.60 169.70 This eutectic mixture has 

potential for low 

temperature thermal 

storage. 

[211] 

Eutectic mixture of capric 

acid, 76.50 wt. % and 

palmitic acid, 23.50 wt. %  

21.85 171.22 Prepared composite had 

long term thermal 

stability which may be 

due to chemical 

impurities or chemical 

degradation of PCM 

[212] 

Lauric acid– Palmitic acid 35.20 166.30 Prepared mixture of 

Lauric acid-palmitic acid 

can be a potential 

material for thermal 

energy storage in terms of 

its thermal properties. 

[213] 

Myristic acid (70 wt.%)-

Palmitic acid (30 wt. %) 

with 5 wt. % of sodium 

myristate. 

n.a* n.a. Addition of surfactant 

enhanced thermal 

conductivity as well as 

latent heat of PCM 

[214] 

a) Myristic acid Palmitic 

acid with sodium myristate 

b) Myristic acid Palmitic 

acid with Sodium palmitate 

41.36 179.12 Both eutectic mixtures 

showed little degradation 

in thermal properties after 

3600 thermal cycles. 

Both mixtures were found 

to be useful in terms of 

thermal stability and 

economy. 

[215] 

Capric-Myristic acid (50 

wt. %) / Expanded perlite 

composite (40 wt. %)/ 

Expanded graphite (10 wt. 

%) 

 

n.a. n.a. Addition of expanded 

perlite and expanded 

graphite increased the 

thermal conductivity of 

eutectic mixture by 60%. 

[216] 

 * not available 

Shilei et al. 2006 [206] studied the eutectic mixture of Capric acid (64.12% wt.) and 

Lauric acid (34.88% wt.) in wall boards of heating, ventilation and air conditioning 

(HVAC) systems. Characterization of these materials showed melting point and latent 

heat as 19.108 °C and 35.23 J/g respectively. It was found that after 360 thermal 

cycles the melting point and latent heat of eutectic mixture reduced to 18.35 °C and 

35.06 J/g respectively which proved that the mixture had good thermal stability as 

PCM for its application in HVAC system. In the series of binary mixtures, Sari et al. 

2004 [207] prepared and tested the binary mixtures of different fatty acids such as  

Lauric acid (LA) and Stearic acid (SA), Myristic acid(MA) and Palmitic acid (PA), 

Palmitic acid (PA) and Stearic acid (SA). DSC analysis showed that the melting point 

and latent heat of  LA-SA (75.50:24.50 wt. %) MA-PA(58:42 wt. %) and PA-SA 
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(64.20 :35.80 wt. %) were found to be 37.00 °C, 42.60 °C, 52.30 °C  and 182.70 J/g, 

169.70 J/g, 181.70 J/g respectively.   

 In another study, Sari et al. 2005 [208] prepared and characterized the eutectic 

mixture of Lauric acid (66 wt. %)- Myristic acid (34 wt. %), Lauric acid (69 wt. %)- 

Palmitic acid (31 wt. %), Myristic acid (64 wt. %)- Stearic acid (36 wt. %) using 

DSC. The melting point and latent heat of LA-MA, LA-PA and MA-SA mixtures 

were found to be 34.2 °C, 35.2 °C and 44.10 °C and 166.80 J/g, 166.30 J/g, 182.40 J/g 

respectively. Results showed that after 146 thermal cycles the change in the melting 

points and latent heat were found in the range of -0.31-14 °C and 0.9-2.4% for LA-

MA mixture, -0.40-0.23 °C and 1.5-3% for LA-PA mixture,  1.11 °C-0.26 °C and -

1.10 -2.20% for MA-SA mixture.  

Baran et al 2003 studied a eutectic mixture of Palmitic acid (PA, 64.2 wt. %) and 

Stearic acid (SA, 35.8 wt. %) for low temperature thermal storage application and 

found it to be stable after various thermal cycles. Fauzi et al. 2015 [215] prepared and 

studied the eutectic mixture of Myristic acid/Palmitic acid with Sodium myristate 

(MA/PA/SM) and Myristic acid/Palmitic acid with Sodium palmitate (MA/PA/SP). 

Thermal properties of both the eutectics were analyzed after 3600 thermal cycles and 

it was found that the melting point of MA/PA/SM and MA/PA/SP increased by 1.54 

°C and 1.39 °C respectively while 2.84% and 6.70%   reduction in the latent heat of 

fusion was observed for MA/PA/SM and MA/PA/SP respectively after 3600 cycles. 

Various other studies on eutectic mixtures of fatty acids with improved thermal 

properties have been found in literature which proved their potential as thermal 

storage material for wider range of applications [189,210,213].  

Available studies showed the potential of eutectic mixture as phase change materials. 

However, their lower thermal conductivity required the addition of material with high 

thermal conductivity. Table 2.5 listed the outcomes by different researchers on 

composites of eutectic mixture for thermal storage application. 

Wang et. al. 2010 [217] prepared the composites of eutectic mixtures such as Capric 

acid-Lauric acid, Capric acid-Myristic acid and Lauric acid-Myristic acid with poly 

methyl methacrylate (PMMA) and tested them for their comprehensive strength and 

thermal stability. The ratio of each eutectic mixture with PMMA in case of each 

composite was maintained as 50:50. This study showed maximum strength with latent 
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heat of 113.2 kJ/kg for the prepared composite material. Thermo gravimetric analysis 

(TGA) results of all these composites at high temperature revealed their better thermal 

resistance as compared to pure fatty acids and were found to be the suitable building 

materials. In another work composite of Capric acid-Myristic acid (CA-MA) eutectic 

mixture with vermiculite was prepared by vaccum impregnation method [218] and 

characterized for its surface properties which showed that up to 20% of CA-MA could 

be retained within the pores of vermiculite without any leakage. To enhance the 

thermal conductivity of CA/MA/vermiculite composite 2% of expanded graphite was 

added to it. Measured thermal conductivity of CA-MA, CA-MA/vermiculite and CA-

MA/vermiculite/expanded graphite was found to be 0.15, 0.12 and 0.22 W/m.K 

respectively and  it was observed that melting point of composite was reduced by -

1.75 °C after 3000 thermal cycles. 

Table 2.5 Composite of eutectic mixture of fatty acids for thermal storage application 

Composites Melting 

point 

(°C) 

Latent 

heat 

(kJ/kg) 

Observation Ref. 

a) Capric acid-Lauric 

acid/Polymethylmethacryl

ate (PMMA) 

b) Capric acid-Myristic 

acid/PMMA 

c) Capric acid-Stearic 

acid/PMMA, 

d) Lauric acid-Myristic 

acid/PMMA 

a)  21.11 

b)  25.16 

c) 26.38 

d) 34.81 

a) 76.30 

b) 69.32 

c) 59.29 

d) 80.75 

 

All the composite in were 

found to be suitable for 

building applications in 

terms of thermal stability 

and comprehensive strength 

[217] 

Capric acid-Myristic 

acid/vermiculite composite 

with 2% expanded 

graphite 

23.35 27.46 After 3000 thermal cycles 

little variation in thermal 

properties of composite was 

observed 

[218] 

Lauric-Myristic-Palmitic 

acid with expanded 

graphite 

31.41 145.80 The composite was having 

low melting point and 

suitable for low temperature 

thermal storage 

[219] 

Lauric acid-Stearic acid 

(43.5 wt. %) with 

expanded perlite 

33.00 131.30 Euctectic mixture of  Lauric 

acid  and stearic acid (7:3) 

was suitable for temperature 

control in buildings 

[220] 

Capric-Palmitic-Stearic 

acid with expanded 

graphite 

21.33 131.70 Thermal properties of the 

proposed eutectic showed 

little variation after 500 

cycles and found to be 

suitable for thermal energy 

storage. 

[221] 

Myristic (54%)-Stearic 42.70 148.12 Carbon nanotubes (15%) [222] 
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acid with carbon 

nanotubes (15%) 

increased the thermal 

conductivity of eutectic from 

0.173 W/m.K to 0.283 

W/m.K. 

Capric-Lauric acid  with 

diatomite 

16.74 66.81 Latent heat of composite 

depends on the PCM content 

of eutectic mixture. 

[223] 

Capric-Palmitic acid with 

attapulgite composite 

21.71 48.20 Optimum amount of eutectic 

that can be absorbed onto the 

surface of attapulgaite was 

found to be 35%. 

[224] 

a) Malic-Palmitic-Sodium 

palmitate/Shorea 

javanica (3%) 

b) Myristic-palmitic-

sodium stearate/ Shorea 

javanica (3%) 

a)  41.92 

b) 41.91 

a)  176.23 

b) 176.19 

In case of both the 

composites, 3% addition of 

shorea javanica found to be 

suitable in terms of both 

latent heat and thermal 

conductivity. 

[225] 

Palmitic-Capric acid 

(12:88) with diatomite 

(33%, 50% and 66%) and 

expanded graphite (3%, 

5%) 

28.90-29.60 90-149 With addition of 5% of 

expanded graphite thermal 

conductivity of composite 

was enhanced by 25.2% as 

compared to the pure 

eutectic. 

[226] 

Myristic-Palmitic-Stearic 

acid (52.2:29.4:4.18) with 

expanded graphite (13:1) 

41.64 153.50 After multiple thermal 

cycles melting point and 

latent heat of composite was 

reduced by 0.28°C and -

1.63% respectively. 

[227] 

Capric acid-Lauric acid 

with expanded graphite 

11.13 115.91 Thermal conductivity of 

eutectic mixture with 5% of 

expanded graphite was 

enhanced by 22 times that of 

the pure acids and found to 

be more stable. 

[226] 

 

In a similar study Zhang et al. 2013 [219] prepared the composite with the eutectic 

mixture of Lauric (LA,55.24%) -Myristic (MA,29.74%)-Palmitic acid (PA,15.02%) 

and expanded graphite (EG) for thermal storage application. The mass ratio of 

eutectic mixture to EG was maintained as 18:1 with 94.7% absorption of eutectic 

mixture. Thermal characterization of this composite revealed its melting point and 

latent heat as 31.41 °C and 145.8 J/g respectively.  

Carbon nanotubes were also used to prepare the composite of eutectic mixtures of 

fatty acids for low temperature thermal energy storage. Tang et al. 2016 [222] 

prepared the composite with binary eutectic mixture of Myristic acid (54 wt. %) 

Stearic acid (46 wt. %) and carbon nanotubes. Carbon nanotubes at different mass 

percentage i.e. 3%, 6%, 9%, 12% and 15% were tried with this eutectic mixture and it 
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was found that the minimum 9% mass fraction of carbon nanotubes could be added 

eutectics without stratification. Thermal conductivity analysis of composites with 9%, 

12% and 15%   mass fraction of carbon nanotubes showed 23.2%, 49.4% and 63.7% 

increase in thermal conductivity in solid state and 15.6%, 32.0% and 39.7% in the 

liquid state respectively. 

Some other composites of eutectic acids are also available in literatures where non-

carbon materials were added to fatty acids as support material for faster conduction of 

heat. Zhang et al. 2016 [221] prepared a composite of ternary mixture of Capric acid 

(CA, 79.3% wt.)-Palmitic acid (PA, 14.7 wt. %)-Stearic acid (SA, 6.0 wt.%) with 

attapulgite and characterized  it for its thermal and chemical properties. The melting 

point and latent heat of composite was found to be 21.33 °C and 131.7 kJ/kg 

respectively suitable for low temperature application. In similar kind of  work [226] 

composite of Palmitic-Capric acid eutectic mixture was prepared with diatomite at 

ratio of 2:1 which was found to be thermally stable after various thermal cycles. 

 In one other investigation, Fauzi et. al. 2016 [225] prepared the composite of 

Myristic acid-Palmitic acid-Sodium palmitate with Shorea javanica (MA/PA/SP/SJ) 

and Myristic acid-Stearic acid-Sodium palmitate with Shorea javanica 

(MA/SA/SP/SJ). Shorea javanica also known as damar gum harvested from tropical 

forest of Indonesia, and used as porous material and thermal conductivity enhancer in 

this study. Composites of both the eutectic with 1%, 2%, 3%, 4%  and 5% mass 

percentage of shorea javanica was prepared and tested for its thermal properties. 

Results showed that in both the composites melting point and latent heat of fusion of 

eutectic was reduced while thermal conductivity increased with increase in mass 

percentage of shorea javanica up to 3% wt. after which no significant increase in 

thermal conductivity was observed. Thermal conductivity values for MA/PA/SP/SJ 

and MA/SA/SP/SJ with 3% wt. of shorea javanica was found to be 0.52 W/m K and 

0.56 W/m K respectively.  

The available studies show that the organic PCMs including individual fatty acids or 

their eutectics could be a good option for low temperature thermal storage application. 

However, due to their high cost of production, application of these organic materials 

for wide range of applications are limited and there is a need to identify some new 

phase change material which is locally and naturally available and cheaper in cost. 
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In this work natural beeswax is introduced as a new phase change material for latent 

heat storage and to enhance its thermal conductivity expanded graphite was added. 

Beeswax is obtained from honey bees consisting of fatty acids (mainly palmitic acid, 

tetracosanoic acid and oleic acid), long chain of alkanes, monoesters (C24 to C34), 

diesters, and hydroxyl-monoesters [228] and mainly used for making sculptures, 

candles and also in food and medical industries for surface coatings.  Beeswax also 

finds potential application in the field of drug delivery and proved more efficient as 

compared to other waxes in faster release of drugs [225, 226]. Despite of its wide 

applications in the food, medical and other sectors the application of beeswax as 

thermal storage material is not studied much. 

Natural beeswax is non-toxic, non-corrosive, having low melting point (60 ºC-68 ºC), 

high latent heat of transition (145-178 kJ/kg), small volume change, low vapor 

pressure and long term chemical stability almost similar to conventional paraffin [20, 

227]. Being a natural product its cost is quite less as compared to other organic 

materials and its production and degradation does not involve any toxic byproduct 

which makes it a sustainable product [232] and could be a potential substitute in place 

of paraffin and other organic PCMs as latent heat storage material. 

ii) Inorganic phase change materials 

Inorganic phase change materials include various salt hydrates and metallics. The 

melting point of inorganic PCM’s is generally higher as compared to organic PCM 

and therefore useful for high temperature thermal storage applications. They also have 

high latent heat of fusion which does not undergo degradation with repeated cycles of 

charging and discharging as observed in the case of organic PCMs. A list of different 

inorganic PCMs which is used as potential phase change material is included in Table 

2.6. 

Due to high energy density, salt hydrates such as CaCl2.6H2O, MgCl2.6H2O, Na2S.5 

H2O, Na2S.9 H2O etc. are some of the potential inorganic PCMs for high temperature 

thermal storage uses. There are various investigations performed on these hydrates to 

study their thermal storage performance. Tyagi et al. 2014 [233] studied the thermal 

stability of CaCl2.6H2O after 1000 thermal cycles and found very little variation in its 

melting point (24 °C) and latent heat (140 kJ/kg) which was reduced to 23.26 °C and 

125.4 kJ/kg respectively. 
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Table 2.6 List of inorganic materials used for thermal storage application 

Inorganic 

PCM’s 

Melting 

point 

(°C) 

Latent 

heat 

kJ/kg 

Observation Ref. 

CaCl2.6H2O 24 140 After repeating thermal cycles small 

variation was observed in the thermal 

properties of salt. 

[233] 

MgCl2.6H2O 110.80 137.96 Little variation in thermal properties was 

observed after 1000 thermal cycles and 

solidification occurred without super 

cooling. 

[234] 

Zn(NO3)2.6H2O 36.10 146.95 Salt with moderate thermal performance. [235] 

Na2HPO4.12H2

O 

38 278.84 Salt of high thermal performance.  [235] 

Na2SO4.10H2O 32.40 254 Salt of high thermal performance with  

low cost. 

[235] 

KNO3 -NaNO3 260 118  Salt with 3 times more sensible heat and 

a uniform latent heat over the melting 

range (220 °C-262 °C). 

[236] 

LiNO3 or 

CaNO3 with 

KNO3/NaNO3 

130 130.61 Addition of calcium nitrate and lithium 

nitrate reduce the melting point of mixture 

to 130 °C.  Combined viscosity of LiNO3 

and CaNO3 is less than the viscosity of 

individual salts. 

[237] 

LiNO3-NaNO3-

KNO3 

121 140.50 Oxygen environment had favorable effect 

on nitrate/nitrite environment and thermal 

stability of mixture was limited up to 500 

°C. 

[238] 

NaNO3-KNO3  220 122.89 Natural convections were strong in pure 

salts while weakened for its composite 

form. Heat retrieval time was reduced by 

28.8% and 19.3% for composite with 

copper foam and nickel foam 

respectively.  

[239] 

Na2CO3-NaCl 637 283.30 After 50-100 thermal cycles significant 

weight loss of PCM was observed with 

marginal variation in its thermos-physical 

properties. 

[240] 

NaCl–CaCl2–

MgCl2  

424 190 The proposed mixture with good latent 

heat and low viscosity was used as phase 

change material 

[241] 

NaCl–KCl–

ZnCl2 

Eutectic mixture 

250 70 Eutectic mixture at different ratios of salts 

The working temperature range for 

mixture lies in between 250 °C to 800 °C.  

[242] 

LiF–Na2CO3–

K2CO3, eutectic 

ternary system 

421.25 222.84 The low melting point and relatively high 

heat capacity of the mixture (1.90 J/K) 

makes it a suitable PCM. The 

experimental enthalpy was found to be 

38.7% lower than the calculated indicates 

the formation of cluster during phase 

transformation. 

[243] 
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Sebaii et al. 2011 [234] tested the thermal stability of MgCl2.6H2O for indoor solar 

cooking  and found that after 1000 thermal cycles of melting and solidification, the 

melting point of MgCl2.6H2O slightly raised from 110.80 °C to 115.39 °C and its 

latent heat of fusion decreased from 137.96 kJ/kg to 130.28 kJ/kg.  

Canbazoglu et al. 2005 [235] studied the heat storage performance of a solar water 

heater consist of salt hydrates such as zinc nitrate hexahydrate (Zn(NO3)2.6H2O), 

disodium hydrogen phosphate dodecahydrate (Na2HPO4.12H2O), calcium chloride 

hexahydrate (MgCl2.6H2O ) and sodium sulfate decahydrate  (Na2SO4.10H2O) and 

observed that the amount of accumulated heat by solar heater with PCM was 2.59-

3.45 times greater than the conventional solar energy storage system without PCM. It 

was also observed that disodium hydrogen phosphate dodecahydrate and sodium 

sulphate decahydrate were the salts with high thermal energy storage performance 

which required lower tank volume and less insulation material during application. 

In another study, Martin et al. 2013 [236] prepared the non-eutectic mixture of KNO3 

(30%)-NaNO3 (70%) and studied its thermos-physical properties. Results of the study 

showed the melting point range and sensible heat of the mixture was 220 °C-260 °C 

and 1.55 kJ/kg.K respectively and no segregation in the melting range was observed 

even after 90 thermal cycles. However, sensible heat of the proposed mixture was 

raised by 3 times in this melting range and it can be used as replacement of sensible 

heat storage material for high temperature thermal storage. 

 Findings from various studies revealed that the properties of nitrate salt mixture 

depends on its composition and can be altered by subsequent addition or removal of 

one or more salt. Fernandez et al. 2015 [237] studied the effect of addition of LiNO3 

and CaNO3 on the thermal storage performance of sodium nitrate and potassium 

nitrate. During the study 20% LiNO3 + 52% KNO3 + 28% NaNO3 and 30% LiNO3 + 

10% Ca(NO3)2 + 60% KNO3 salt mixtures were prepared and tested for their thermal 

and physical properties . Results showed that the  melting point of these mixtures 

were in the range of  130.15 °C-586.32 °C and 132 °C-571 °C respectively and their 

specific heat were 1.091 J/g °C and 1.395 J/g°C  respectively. In a similar study by 

Olivaris et al. 2013 [238] thermal properties of LiNO3-NaNO3-KNO3 were studied by 

DSC analysis, mass spectrometry and thermogravimetric. The nitrite/nitrate 

equilibrium under different environmental conditions such as argon environment, 
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oxygen environment and air environment were also studied and results showed that 

the evolution of NO occurred at 325 °C in argon environment, at 425 °C in nitrogen 

environment and at 540 °C in oxygen environment and therefore, presence of oxygen 

environment is good for nitrite/nitrate equilibrium. The salt mixture was found to be 

less stable at 500 °C in air environment. 

Chloride salts were also studied for various thermal storage applications and in one 

study Wei et al. 2015 [241] prepared a ternary mixture of NaCl, CaCl2 and MgCl2 for 

high temperature (above 550 °C) thermal storage applications. The density of 

proposed mixture (M.P. 424 °C) was decreased linearly with increase in temperature 

from 500°C-750°C and it was thermally stable after various thermal cycles. In another 

study, [240] a binary eutectic mixture of Na2CO3 (59.45 wt. %)-NaCl (50.55 wt. %) 

was prepared and studied by simultaneous thermal analyzer (STA) which gave 

melting point and latent heat of mixture as 637 °C and 283.3 J/g respectively. The 

thermal stability of this mixture was found to be more in CO2 environment as 

compared to N2 environment up to 700 °C temperature. 

Another category of inorganic phase change materials are metallic which are metals 

with low melting point. The properties of metallic are low heat of fusion, low specific 

heat. Although metallic having high thermal conductivity are not considered for 

thermal storage applications due to their high mass density [61,199]. 

Results of the studies carried out by the different researchers on inorganic materials 

like salts and their mixtures showed that these inorganic materials are suitable for 

high temperature thermal storage. However, there are certain drawbacks of using 

inorganic materials for thermal energy storage such as low thermal conductivity, 

corrosion of container wall, and high cost. Various materials with high thermal 

conductivity were tried with inorganic PCM to enhance its thermal conductivity such 

as nanoparticles [172], expanded graphite [177], multiwall carbon nanotubes [170] 

etc. Out of these additives, graphite and expanded graphite are preferable due to their 

light weight and high thermal conductivity.  A list of composites of inorganic phase 

change materials investigated by different researchers is compiled and presented in 

Table 2.7. 
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Table 2.7 Composites of inorganic phase change materials 

Inorganic composite Thermal 

conductivity 

(W/m.K) 

Observation Ref. 

KNO3/NaNO3-graphite 

composite (80 wt. %/20 wt. 

%) 

20 Thermal conductivity of mixture was 

raised with the addition of expanded 

graphite 

[244] 

Non-eutectic mixture KNO3 

(30 wt. %)/NaNO3 (70 wt. %) 

0.50 Salt mixture had wide temperature 

range between 220-260 °C for melting 

and freezing cycle 

[236] 

Na2CO3/MgO with multiwall 

carbon nanotubes (0.5 wt. %) 

1.13 Addition of carbon nanotubes 

improved the thermal conductivity of 

mixture but reduced its thermal 

stability. 

[245] 

Attapulgite granulate 

impregnate with the mixture 

of MgSO4 (20 wt. %)  and 

MgCl2 (80 wt. %) 

n.a.
* 

Heat of absorption increased with   the 

amount of MgCl2.  

[246] 

LiNO3/KCl (70 wt. %)-

expanded graphite 

 

15 Expanded graphite increased the 

thermal conductivity of composite with 

decreased latent heat 

[247] 

a) LiNO3–KCl/EG 

b) LiNO3–NaNO3/EG 

c) LiNO3–NaCl/EG 

a) 5.59 

b) 6.61 

c) 4.71 

Addition of expanded graphite 

enhanced thermal conductivity of 

binary salts by 4.9-6.9 times as 

compared to the pure salts  

[248] 

NaCl–CaCl2/Expanded 

graphite (20 wt. %) 

4.93 The proposed composite showed 

promising results 701% increase in 

thermal conductivity as compared to 

the pure chloride bi-eutectics. 

[249] 

 NaNO3/Expanded Perlite 

 

 

 

1.14 Increase in expanded perlite content 

from 10 to 60% decreased the thermal 

conductivity of the composite. 

[250] 

*
n.a.

 

Acem et al. 2010 [244] tried various percentages of expanded graphite (15%-20%) 

with the eutectic mixture of KNO3/NaNO3 and found that the cold compression 

technique for composite preparation was more efficient to improve the thermal 

conductivity of the salts. It was also observed that for graphite percentage of 15 wt. % 

to 20 wt. %, thermal conductivity of composite salt enhanced by 20 times as 

compared to pure salts. In a similar kind of work, Huang et al. 2014 [247] prepared a 

composite of LiNO3/KCl and expanded graphite having melting point equal to 200 °C 

and observed that addition of expanded graphite did not has significant effect on the 

melting point of the salt, however, its latent heat value was reduced from 178.10 to 

142.14 J/g. and thermal conductivity of composite was increased by 15 W/m.K.  
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Zhong et al. 2014 [248] also prepared the composites of LiNO3–KCl (58.1-48.9%),  

LiNO3–NaNO3 (49-51%)   and LiNO3–NaCl (87-13%) with expanded graphite and 

notice that at different mass percentages of expanded graphite thermal conductivity of 

composites raised by 4.6-6.9 times as compared to the pure salts. Due to low cost, 

lithium salts were also considered as potential salt for thermal storage applications 

and preferred by most of the researchers. 

Some researchers also tried metallic nanoparticles with molten salts to enhance their 

thermal conductivity. Myres et al. 2016 [251] doped the nitrate salts with cupric oxide 

nanoparticles and studied its thermal properties. In this study it was found that thermal 

diffusivity of potassium nitrate and sodium nitrate increased up to 300 °C and 150 °C 

respectively and there is not much observed variation  in the stability of these salts 

with the addition of CuO nanoparticles. In a similar kind of work [252] composite of 

NaCl and alumina nanoparticles were prepared and tested for its thermal properties 

and found that alumina nanoparticles prevented the leakage of NaCl from the 

composite. The enthalpy of prepared composite was measured as 362 kJ/kg. Similar 

other works are available with the addition of metallic nanoparticles to enhance the 

thermal properties of salts [253,254]. Findings of the studies showed that composites 

of inorganic materials could be promising options for high temperature thermal 

energy storage. However, due to high cost and corrosive nature their applications for 

wider applications are still restricted and need to be re-evaluated on large scale before 

commercial use. 

2.3.2 Latent heat storage system 

Performance of latent heat storage system significantly depends upon the heat storage 

material used in the application and the system geometry. Selection of heat storage 

material is based on the temperature range of application. For low temperature 

thermal storage applications, organic PCMs and their mixtures are preferable while 

for high temperature thermal storage inorganic PCMs can be used. Geometry of a heat 

storage unit should provide maximum surface area for the heat transfer between 

source and PCM. Different geometrical designs of thermal storage unit studied by the 

researchers are presented in Table 2.8. These designs include cylindrical or 

rectangular heat storage unit consisting of single tube, multiple tubes and triplex tube 

for the flow of HTF. In some geometrical arrangements fins were added with the 



LITERATURE REVIEW                                      40 
 

 
 

tubes to increase the surface area for heat transfer.  However, addition of fins increase 

weight of the system and reduced the amount of PCM used in the storage unit which 

decreased overall heat storage capacity of the system. Material used for PCM 

container should be well insulated from outside and it should not react with the phase 

change material.  

Table 2.8 Different geometrical designs used for thermal storage unit 

Geometry and  

container 

material 

PCM used Parameters 

studied 

Observations Ref. 

Horizontal 

cylinder of acrylic 

plastic with copper 

pipe containing 

longitudinal and 

angular fins 

Dodecanoic acid Effect of inlet 

temperature, flow 

rate of HTF and 

configuration of 

fins 

In both fin arrangement 

conduction is dominant 

followed by 

convection, high inlet 

temperature reduces 

melting time, flow rate 

did not have 

considerable effect on 

melting profile of 

PCM.  

[255] 

Vertical 

cylindrical of 

acrylic plastic with 

two copper pipe 

connected to 

longitudinal fins 

Dodecanoic acid Simultaneous 

charging and 

discharging rates 

Simultaneous heat 

transfer limited by solid 

PCM between two 

pipes, high flow rate of 

cold HTF allows better 

heat recovery. 

Uncertainty in input 

energy and energy 

recovery is large. 

[256] 

Double tube heat 

storage container 

with outer tube 

made of steel for 

PCM storage 

while inner tube of 

brass for flow of 

HTF 

Paraffin wax Effect of 

increasing inlet 

temperature and 

mass flow rate on 

charging and 

discharging 

process of PCM 

Heat flow rate increase 

by 25% and 11% 

during melting and 

solidification on 

increase and decrease 

of HTF temperature by 

2ºC. Increase in 4ºC of 

temperature of inlet 

water reduce the 

melting time by 31%. 

[257] 

Vertically 

arranged 

cylindrical 

enclosure with 

vertical pipe along 

its axis 

Paraffin wax Analysis of PCM 

melting process 

with natural 

convection, 

duration of 

melting followed 

by time dependent 

numerical 

simulations. 

Numerical simulation 

validated the features 

predicted by theory. 

[258] 

Cylindrical shell Paraffin wax Melting profile of Melting process [77] 
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and tube type with 

inner copper tube 

for HTF flow and 

outer shell part 

made of 

polypropylene  

paraffin wax were 

studied at different 

values of 

eccentricity i.e. e 

= 10mm, 20mm 

and 30mm. 

dominated by 

conduction followed by 

convection and more 

enhanced in upper part 

of shell.  

67% decrease in 

melting time was 

observed in case of 

eccentric geometry = 

30mm than concentric 

geometry. 

Triplex tube heat 

exchanger with 

outer, inner and 

middle tubes made 

of copper with 

PCM filled 

between the inner 

tube and middle 

tube while HTF 

flows between the 

middle tube and 

outer tube. 

RT82 Heat enhancement 

techniques were 

studied using 

inside outside 

tube, effect of fin 

length on 

enhancement 

technique was 

studied. 

No considerable effect 

on melting rate of PCM 

in both the three 

enhancement 

techniques. 

Complete melting was 

reduced to 43.3% as 

compare to TTHX 

without fin. 

[259] 

Fin and Tube Heat 

exchanger with 

space between the 

rectangular shell 

and between the 

fins filled with 

PCM 

R35 Flow rate, Inlet 

temperature of 

HTF and effect of 

fin pitch on 

charging and 

discharging 

process. 

Increasing flow rate 

from 0.2 L/min to 0.4 

L/min at temperature 

60 ºC showed 

significant change in 

PCM melting time 

while further increase 

in flow rate reduces it. 

Melting time also 

reduces on increasing 

fin pitch. 

[260] 

Studied two 

systems 

a) Shell and 

tube type 

with 

copper 

tube 

embedded 

along with 

aluminium 

fins 

(PCM-

HX). 

b) Embedded 

copper 

tube in the 

highly 

conductiv

e graphite-

wax 

PT43 wax Comparison of 

technology to 

enhance the 

thermal 

conductivity of 

wax was studied, 

economics of 

system, charging 

discharging time, 

inlet and outlet 

temperature of 

HTF were also 

studied. 

PCM HX and Copper 

tube in composite both 

performed well in their 

operations. PCM-HX 

only occupies 38% of 

water storage volume 

as compare to the 

copper tube based unit.  

The PCM unit can store 

5 times more energy 

than water in useful 

range 40ºC-52ºC. 

[261] 
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composite 

Flat plate latent 

heat storage. HTF 

flow in the 

chamber between 

the flat carbon 

steel. 

Mobiltherm 603 

Thermal 

conductivity(0.12

2 W/K) 

Temperature 

gradients, flow 

rates and insertion 

of heat transfer 

structures 

Insertion of various 

heat transfer structures 

provide phase change 

discharge time between 

2 to 8 hours. Flat 

plate’s collector offers 

wide range of 

flexibility with HTF, 

insertion of heat 

transfer enhancement 

structure. 

[262] 

Flat plate latent 

heat storage unit 

with flat slabs of 

phase change 

material. 

Carbonate 

salts(solar salts), 

liquid sodium,  

air, CO2 and 

steam 

Comparison 

between liquid and 

gaseous HTF, heat 

transfer 

characteristics 

between the slabs, 

heat transfer rates 

and liquid fraction 

profiles were 

studied 

Liquid sodium delivers 

maximum 99.4% 

electrical energy to grid 

relative to the ideal 

cases. 

Solar salts achieved 

93.6% of electricity 

delivered while air, 

CO2 and steam delivers 

87.9% and 91.3% of 

electricity delivered. 

 [263] 

Vertical stacks of 

rectangular 

cavities filled with 

PCM 

Rubitherm 

RT28HC 

Micronal 

DS5001X 

(Microencapsula

ted) PCM 

 

Time required for 

melting and 

solidification was 

studied, control 

temperature value 

on hot surface of 

test sample and 

period of thermal 

regulation was 

studied. 

Microencapsulated 

PCM (Micronal 

DS5001X) accelerated 

the charging process 

with no thermal 

stratification. 

Control temperature 

regulation and thermal 

regulation period both 

reduced in 

microencapsulated 

form. Sub cooling 

effect cannot be 

neglected in case of 

free PCM 

[264] 

Rectangular 

container with one 

wall made up of 

aluminium alloy. 

Holes were dig 

from the 

aluminium plate 

side to allow water 

to pass through the 

wall as HTF. 

Lauric acid Melt fraction, 

temporal heat 

storage, heat 

transfer 

characteristics. 

Melting initiated by 

conduction followed by 

convection. In liquid 

state of PCM 

stratification of 

temperature occurs led 

to depression of 

convection. 

[265] 

Liu et al. 2014 [263] studied the heat transfer effect in a horizontal acrylic cylindrical 

container with single copper tube having longitudinal and axial fins and observed that 

with increase in inlet fluid temperature the melting time of PCM reduced and no 
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effect was observed with the variation in flow rate. Same effect on melting time of 

PCM was also observed on vertical heat storage unit with cylindrical geometry. 

In another study by Mat et al. 2013 [259], heat transfer fluid was passed through the 

center and outer part of phase change material (known as triplex tube heat exchanger 

unit) to reduce charging time of heat storage. However, in such assembly heat loss 

was observed from the outer surface of the unit when it was not properly insulated 

and therefore, such geometry was not a attractive option for heat storage application.  

Cano et al. 2016 [266] designed and studied a tube in tube type of heat exchanger 

with outer iron tube (diameter 82 mm) and inner steel tube (diameter 17 mm) and 

found that PCM Rubitherm RT42 was a good material in terms of storing highest 

amount of energy transferred from heat transfer fluid i.e. water and the microcapsules 

of PCM 35 slurry was found to be suitable for counter flow heat storage system. Khan 

et al. 2016 [267] tested the thermal storage performance of a shell and tube type 

thermal storage unit with paraffin wax. Parametric investigation analyzed effect on 

performance due to number of tubes, length and thickness of longitudinal fins, 

material of shell and inner temperature of heat transfer fluid. Results of the study 

showed that with increase in the number of tubes from 9 to 21 thermal performance of 

latent heat system enhanced with 48.5% reduction in melting time. It was also 

observed that the Fin length of the system has more dominant effect on the thermal 

performance of the system and with increase in fin thickness from 1mm to 5 mm the 

thermal storage capacity of the system reduced by 5.7%. Regarding the material of the 

shell and tube system, fins and tubes made up of copper, aluminium and aluminiun 

6063 showed better performance for heat storage as compared to steel AISI 4340. 

Hence results of this study provide us with variety of data regarding the materials and 

parameters for an efficient thermal storage.  

In another study by Murray et al. 2014 [256], on vertical shell and tube type thermal 

storage unit with finned tubes, it was observed that flow rates of the HTF affected the 

charging time of phase change material. Similarly Jesumathy et al. 2014 [257] studied 

the thermal performance of paraffin wax in horizontal double pipe heat storage unit. 

The outer tube of heat storage unit was made up of steel with inner diameter of 98 

mm and wall thickness of 7 mm. while the inner tube carrying HTF was made up of 

brass with inner diameter of 43 mm. It was observed from the study that the heat 
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transfer coefficient between HTF and PCM was affected by Reynolds number more 

frequently during charging process than the solidification process. and heat flow 

process during melting and solidification was increased by 25% and 11% 

respectively. The heat storage system studied was efficient in terms of the melting and 

solidification of PCM with reasonable charging time. 

Rectangular shell and tube assembly unit was studied by Rahimi et al. 2014 [260]  to 

consider the effect of fins, fluid flow rate and inlet temperature. Fins were employed 

to enhance the heat transfer and to reduce the charging time.  Results of the study 

showed that increase in flow rate reduced the melting time of PCM as well as the 

thermal efficiency of TSU.  

Different geometries of thermal storage units are studied by various researchers using 

different phase change materials and results are available in literature [268–270]. The 

efficiency of thermal storage systems also depends on the geometry of thermal storage 

unit. It was found that for cylindrical thermal storage units with straight tube the 

efficiency was found in the range of 68-74% [257,258], while for geometries with fin 

assembly and Flat plate based thermal storage systems efficiency were determined as 

80-88% and 85-91% respectively [260,263,264].This variations were due to enhanced 

surface area for heat transfer. However, thermal storage unit with rectangular shell 

and tube geometry using embedded helical coil is not much used in the studies.  

2.4 Numerical and Simulation studies  

Various works have also been reported on the analytical solutions of latent heat 

storage unit.  Becheri et al. 2015 [271] performed analytical study on shell and tube 

type latent heat storage unit considering the effect of various parameters like flow 

rate, outer tube diameter and tube length on the charging time of the paraffin wax and 

obtained analytical solution by exponential integral function and variable separation 

method.  Results of the study showed that as compared to the numerical solutions, 

analytical solutions showed reduced charging time of PCM and geometrical 

parameters such as tube diameter and tube length played important role in 

optimization of thermal storage performance. Lorente et al. 2015 [272] performed 

numerical and analytical study on phase change material filled inside a vertical 

cylindrical enclosure integrated with concentric heater and observed that performance 
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of thermal storage unit was dependent on geometrical parameters like spiral pitch, 

diameter of the spiral coil and number of spiral turns.  

A study was carried out by Pirasaci et. al. 2016 [273] to observe the effect of heat 

storage unit design on its performance and they used a novel model in which both 

latent heat as well as sensible heat of phase change material was considered and it was 

found that the length of the storage unit, diameter of the tubes and flow rate of heat 

transfer fluid had significant effect on the effectiveness of the tube while distance 

between the tubes did not have much effect on the performance of thermal storage 

unit.  Niyas et al. 2017 [274] prepared a mathematical model to study the performance 

characteristics of a shell and tube type latent heat storage system using effective heat 

capacity method in which latent heat of material and Boussineq approximation was 

used to add the buoyancy effect in the molten layer of PCM. The governing equations 

involved in this model were solved by finite element based software COMSOL 

Multiphysics 4.3a and results showed that the charging of PCM was a convection 

dominant process and discharging was a conduction dominant process. It was also 

found that both charging and discharging process were affected by inlet fluid 

temperature rather than its flow rate.  

Aadmi et al. 2014 [275] studied the melting characteristics of PCM based on epoxy 

resin paraffin wax both experimentally and numerically. COMSOL Multiphysics 4.3 

was used to simulate the thermal storage system and it was found that natural 

convection, contact melting and melting temperature of PCM had evident effect on 

melting process. Simulation results showed good agreement with the numerical 

values. In another study Manfrid et al. 2016 conducted a simulation study of solar 

power plant associated with a latent heat storage and a ORC (Organic Rankine Cycle) 

unit using TRANSYS and found that the present system was able to provide power 

for 78.5% of time with weekly average efficiency of 13.4% for ORC unit and 3.4% 

for whole plant. 

Mousa et al. 2016 [276] developed a mathematical model for desalination of water 

using PCM and effect of various parameters like melting point, flow rate and solar 

intensity on the productivity of unit was expressed in terms of fresh water produced 

per day. From this study it was observed that with decrease in flow rates and increase 

in solar intensity, the productivity of system increased. Other many similar studies 
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were carried out on latent heat storage systems using various simulators like 

COMSOL, TRANSYS, FLUENT, CFD, MATLAB etc. and in most of the cases 

simulated results were in good agreement with the experimental results [277–279]. 

2.5 Summary of literature review and research gap identified 

Based on the literature survey following research gaps have been identified: 

a) Investigations of heat storage system have been performed using organic phase 

change materials such as paraffin, fatty acid and fatty alcohols. These phase 

change materials are synthetic, harmful, costlier and therefore find limited 

applications. As such no detail study has been carried out on beeswax as heat 

storage material, which is naturally available. 

b) Composites of synthetic organic phase change materials using additives with high 

thermal conductivity are reported in many studies. However, natural composite of 

beeswax is not studied properly and need to be investigated. 

c) Different geometries of thermal storage unit such as cylindrical shell with straight 

single tube, cylindrical shell with straight multiple tubes, rectangular shell with 

straight single tube etc. (with and without fins) have been  mainly used in the 

studies. Studies on rectangular shell with embedded helical tube are not available 

and need to be investigated. 

d) In most of the studies on heat storage unit water, oil, nanofluids etc. have been 

commonly used as heat transfer fluid and few more heat transfer fluids need to be 

studied for better performance.  

2.6 Objectives of present research 

As per literature review gap between energy demand and supply is widening day by 

day and there is need to develop energy storage systems for meeting uninterrupted 

power requirement. Conventional energy sources are depleting and renewable energy 

is non-uniformly distributed so to tackle these issues energy storage systems is 

required. Many types of energy storage systems have been studied by different 

researchers and these systems have many limitations. Based on the literature survey 
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few research gaps have been identified and in the present study an attempt has been 

made to bridge the identified gaps. 

 In this study natural beeswax is introduced as a new phase material and its composite 

with expanded graphite was developed to analyze the chemical, physical and thermal 

properties and present research work has following objectives: 

1. Identification and preparation of composite of beeswax as thermal storage material. 

2. Characterization of thermal storage material. 

3. Development of experimental set up. 

4. Parametric, performance and simulation study on thermal storage unit. 



 
 

 
 

CHAPTER 3 

MATERIALS AND  

METHODOLOGY  
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 Introduction 

In this chapter details regarding materials and methodologies adopted for the 

preparation of additive material expanded graphite, composite of beeswax with 

expanded graphite as phase change material and heat transfer fluids such as 

suspension of expanded graphite in water and Al2O3/water nanofluids are presented. 

Details about the design and fabrication of small and large scale experimental setup 

used in the study are also included in this chapter. Both experimental set ups were 

developed at the Chemical Engineering Department, Malaviya National Institute of 

Technology (MNIT), Jaipur. The small scale rectangular setup with single straight 

tube was designed to test and compare the potential of beeswax as phase change 

material while large scale rectangular shell and tube type thermal storage unit with 

helical tube was used to study the heat storage characteristics of beeswax and its 

composite along with thermal performance. Characterization methods adopted for 

natural graphite, beeswax and composite materials are discussed with specifications 

of the instruments used.  Characterization studies were carried out at Material 

Research Center (MRC) in MNIT Jaipur using sophisticated instruments such as 

SEM, XRD, FTIR, TGA etc. 

3.1 Materials used 

The variety of materials and chemicals used in the present study such as Natural 

graphite (Make-Ases Chemicals, India), nitric acid (65% concentration, Make-

Qualikems, India), glacial acetic acid (99.5% concentration, Make-Qualikems, India),  

potassium permanganate (99% concentration, Make-Qualikems, India) and natural 

beeswax (Beeswax, (Make-Qualikems, India), Glasswares (Make-Borosil) were 

purchased from local market of Jaipur, Rajasthan (India). In addition to these 

materials various instruments were also used at lab scale such as weighing machine 

(Make- Pascoscale, Precision-±0.0001 g), pelletizer, microwave oven (Make-

Samsung, CE1031L), digital oven (Make- Shivam Instruments, India, Model-SHI- 

102)  and hot plate magnetic stirrer (Make-Remi, 300 W, Model-Q19-A).   

3.2 Preparation of expanded graphite  

Natural graphite (NG) with average particle size of 200 μm was used to prepare 

expanded graphite through chemical oxidation method suggested by Zeng et al. 2014 
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[280] with some modifications. Preparation method involved mixing of natural 

graphite with nitric acid (3 ml/g of NG), glacial acetic acid (3 ml/g of NG) and 

potassium permanganate (0.25g/g of NG) in a 1000 ml beaker. The ratio of nitric acid 

and glacial acetic acid per gram of graphite was fixed at 1:1 (3ml/g graphite each) to 

obtained optimum expansion ratio for expanded graphite. This mixture was stirred on 

hot plate magnetic stirrer at 45 °C for 90 minutes in order to obtain intercalated 

material (Nitric acid/acetic acid/graphite intercalation compound) also known as 

expandable graphite. This intercalated compound was washed three times with 

distilled water and then dried in digital oven at 60°C overnight. Expanded graphite 

was then obtained from irradiation of the expandable graphite inside microwave oven 

at 900 W for 60 seconds per 0.20 g sample mass. Due to hygroscopic nature of 

expanded graphite, it was stored in an air tight container for further use. Figure 3.1 

depicts the physical appearance of natural graphite and expanded graphite used in the 

experiments. 

 

Figure 3.1 Physical appearance of a) Natural graphite b) Expanded graphite 

3.3 Preparation of beeswax/expanded graphite composite 

Beeswax is a natural product generated by honeybee/Apis and was melted in a 1000 

ml beaker using hot plate maintained at 70 °C i.e. above its melting point (60 °C). To 

improve its thermal conductivity, expanded graphite powder was then added to 

molten beeswax followed by continuous stirring over magnetic stirrer at low rpm 

(400-500 rpm) for about one hour to ensure homogeneous dispersion. The reason 
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behind using low rpm of magnetic stirrer was to prevent the breakage of soft structure 

of expanded graphite inside molten beeswax due to agitation. Composites of beeswax 

with different weight percent of expanded graphite (5%, 10%, 15%, 20%) were 

prepared to analyze the variation in thermal conductivity with the percentage of 

expanded graphite. The prepared composite with best thermal properties was then 

filled in the thermal storage unit and allowed to cool down at room temperature. 

Composites of beeswax with different weight percentages (5%, 10%, 15%, 20%) of 

natural graphite were also prepared and the variation in thermal conductivity with 

percentage of natural graphite is studied. Both types of composites of beeswax were 

tested for their physical and thermal properties. The characteristics of beeswax 

composite with expanded graphite found to be superior as compared to natural 

graphite composite and beeswax/expanded graphite composite was selected for 

further detail experimental studies. 

3.4 Preparation of expanded graphite/ water heat transfer fluid 

Expanded graphite (EG)/water suspension was prepared by the direct addition of 

expanded graphite in the distilled water. To prepare 0.05 wt. % suspensions, 1.5 liters 

of distilled water was taken in a glass beaker of 2 liters capacity and 0.75 grams of 

expanded graphite was added to it after weighing accurately using electronic balance 

(Make-Pascoscale, Precision-±0.0001 g). Homogeneous mixture of this solution was 

obtained through constant stirring over magnetic stirrer at 500 rpm for 30 minutes. 

Low rpm was used due to soft structure of expanded graphite which might have 

degraded on vigorous mixing. The homogeneous suspension was then transferred to 

the hot water tank attached to the experimental set up for pumping to the thermal 

storage unit. The required volume of (10 Liters) expanded graphite/water suspension 

was thus prepared for three different concentrations of 0.05 wt. %, 0.5 wt. %  and 1 

wt. %. Physical appearance of prepared sample of EG/water suspension is shown in 

Figure 3.2. 
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Figure 3.2 Sample of homogeneous EG/water suspension just after preparation 

 

3.5 Preparation of Al2O3/water nanofluid 

 

Al2O3/water nanofluid was prepared from concentrated aluminum oxide dispersion 

(Make – Nanoshell, India) having 20 wt. % of 30 nm alumina nanoparticles. To 

prepare aluminium oxide nano-fluid, required volume (V) of aluminium dispersion of 

alumina nanoparticles as per equation 3.1 was added to fixed volume of distilled 

water in a 1 liter conical flask and stirred continuously for1 hour on magnetic stirrer. 

The suspension was then transferred to the ultrasonic vibrator (Labman Scientific 

Instruments, India) for 1 hour. Using this method alumina nanofluid at different 

concentrations i.e. 0.2 vol. %, 0.5 vol. %, 1.0 vol. % and 2.0 vol. % were prepared and 

used for studying the thermal performance of PCM stored in thermal storage unit.  

Repeating the same procedure 10 L of Al2O3 nano-fluid was prepared for its 

application as HTF. Figure 3.3 shows the sample of homogeneous aluminum 

nanofluid just after the preparation.   

 

                                     𝑉 =  
100 𝑚𝑙

20 𝑔𝑚
 𝑋 𝑤𝑡% 𝑋 10 𝑋 10 𝐿                                      (3.1)  

 

where, V = volume of aluminum nanoparticles dispersion required for nanofluid 

preparation (ml) wt. % = equivalent weight percentage of solution of nanofluid.The 

prepared HTF was then used for studying thermal performance of phase change 

material. 
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Figure 3.3 Sample of homogeneous Al2O3/water nanofluid just after preparation 

 

3.6 Properties of Graphite, PCM and HTF samples 

Physical, chemical and thermal properties of prepared samples of graphite, pure 

beeswax, beeswax/ expanded graphite composite, beeswax/natural graphite 

composite, EG/water suspension and Al2O3 nanofluid were determined using standard 

methods/correlations.  

3.6.1 Thermal Conductivity 

Thermal conductivities of natural graphite, beeswax and the prepared composite 

samples were measured by desktop thermal conductivity meter (Make – Hot Disk, 

Model –TPS500). To analyze the thermal conductivity, each sample was prepared 

into disk shape cylindrical pellet (10 mm diameter and 4 mm thick) using pelletizer. 

These pellets were then tested using Kapton sensor within thermal conductivity meter. 

For analysis, one face of each pellet was placed on an insulator and the Kapton 

insulated probe with spiral sensor was placed on the other face and  each sample was 

tested 5 times using same method and then the average of their thermal conductivity 

values was taken as  average thermal conductivity of the sample. The standard 

deviation of the thermal conductivity meter was provided by manufacturer as ±4%. 

Thermal conductivity of expanded graphite/water suspension and Al2O3/water 

nanofluid was calculated [Appendix II] by using Hamilton and Crosser Model as 

shown in equation 3.2 [275, 276]. This model was developed for calculation of 

thermal conductivity of heterogeneous phase as function of particle shape, 
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concentration and thermal conductivities of both continuous and discontinuous phase. 

The model is valid when the ratio of thermal conductivity of discontinues phase to 

thermal conductivity of continuous phase is more than 100. In this study the ratio of 

thermal conductivity of expanded graphite to water obtained was 154 and therefore, 

the model could be implemented. 

                                  
𝐾𝑒𝑓𝑓

𝐾𝑓
=  

𝐾𝑝+(𝑛−1)𝐾𝑓−(𝑛−1)∅(𝐾𝑓−𝐾𝑝)

𝐾𝑝+(𝑛−1)𝐾𝑓+∅(𝐾𝑓−𝐾𝑝)
                                           (3.2) 

Where keff = effective thermal conductivity of solution (W/m.K), kp = thermal 

conductivity of particle (W/m.K), kf = thermal conductivity of base fluid (W/m.K),. n 

= 3/ψ, where ψ = sphericity of particle, ø = volume fraction of particle.  

Thermal conductivity of molten beeswax and composite was measured at 70 °C i.e. at 

the temperature above the melting point of beeswax (59.6 °C) and expanded 

graphite/beeswax composite (57.8 °C). To measure the thermal conductivity both 

materials were heated above its melting point in a 100 ml beaker and the Kapton 

sensor with 3 mm of spiral coil was then put in the liquid and reading was then taken 

on the instrument. During observation data obtained after 1 sec was not considered to 

avoid convection effect which may takes place in the molten phase change material. 

3.6.2 Specific heat capacity 

Heat capacity of beeswax and its composite was measured by DSC analysis. Effective 

heat capacity of expanded graphite and Al2O3/water nanofluid was estimated using 

equation 3.3. 

                               𝜌𝑒𝑓𝑓𝐶𝑝𝑒𝑓𝑓
= (1 − ∅)𝜌𝑓𝐶𝑝𝑓

+  ∅ 𝐶𝑝𝜌𝑝                                     (3.3) 

where, 𝐶𝑝𝑒𝑓𝑓
 = effective heat capacity of HTF (kJ/kg.K), 𝐶𝑝𝑓

 =  heat capacity of 

homogeneous phase (kJ/kg.K), 𝐶𝑝 = effective heat capacity of heterogeneous phase 

(J/kg.K). 

3.6.3 Density 

Density of both the additive materials i.e. natural graphite and expanded graphite was 

estimated by tapping method in which expanded graphite powder was filled in a 250 

ml cylinder and tapping of cylinder was carried out till there is no change in volume 

was observed. The density (ρ) of expanded graphite was then calculated by the 
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equation (3.4) where, m = mass of expanded graphite which occupied the 250 ml 

volume of cylinder (gm), v = volume of cylinder (250 ml). 

                                                        ρ = m/v                                                              (3.4) 

The density of base fluid i.e. water was measured using 100 ml of measuring cylinder. 

To begin the experiment, mass of empty cylinder was measured and then filled with 

water up-to the mark of 100 ml and its mass was taken again. To calculate the density 

of water mass of empty cylinder was subtracted from filled cylinder and the obtained 

mass was then divided by 100 ml.  

Effective density of expanded graphite/water suspension and Al2O3 nanofluid was 

determined by equation (3.5) [282] where,  𝜌𝑒𝑓𝑓 = effective density of HTF (kg m
-3

), 

∅ = volume fraction of solute, 𝜌𝑓 = density of base fluid (kg m
-3

),  𝜌𝑝 = density of 

solute (kg m
-3

). 

                                                 𝜌𝑒𝑓𝑓 = (1 − ∅)𝜌𝑓 +  ∅𝜌𝑝                                        (3.5) 

3.6.4 Viscosity of HTF 

Viscosity of expanded graphite/water suspension and Al2O3/water nanofluid was 

calculated using the equation (3.6) and equation (3.7) [282].  

 

𝜇𝑒𝑓𝑓 =  𝜇𝑓(1 + 2.5∅ + 10.05∅2)                                        (3.6) 

𝜇𝑒𝑓𝑓 =  𝜇𝑓(1 + 2.5∅)                                                           (3.7)                             

Where,𝜇𝑒𝑓𝑓 = effective viscosity (N.S/m
2
)
 
,𝜇𝑓 = viscosity of base fluid (N.S/m

2
),∅ =

 volume fraction of solute. 

3.7 Characterization of samples 

Physical, chemical and thermal characterization of samples were carried out using 

different techniques such  as scanning electron microscopy (SEM),  fourier transform 

infra-red (FTIR), X-ray diffraction (XRD), thermogravimetric analysis (TGA) and 

differential scanning microscopy (DSC). 

3.7.1 Physical and chemical characterization of samples 

Scanning electron microscopy (SEM) was used to visually inspect the surface of the 

samples used in this study. SEM analysis of all the samples was done on a scanning 

electron microscope (Make – FEI, Model- Nova NanoFE-SEM 450). Before starting 
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the SEM analysis of natural graphite and expanded graphite, the samples of both 

materials were dried at 80 °C in a digital oven for 24 hours to remove moisture. No 

coating was required for natural graphite, expanded graphite, beeswax and composite 

and therefore all the prepared samples were mounted without coating on double 

coated carbon tape and placed in sample holder one by one for analysis (resolution, 

800X-5000X).  Figure 3.4 showing the SEM instrument available at MRC and used 

for the analysis. 

 

Figure 3.4 Nova NanoFESEM -450 SEM for surface morphology analysis 

Fourier Transform Infra-Red (FTIR) spectroscopy was performed to identify the 

molecular structures present within the samples of beeswax and its composite with 

expanded graphite. FT-IR analysis of natural and expanded graphite was also done to 

identify the impurities or any additional chemical species that might be present in 

these materials. For this study an FTIR spectrometer (Make – Perkin Elmer, Model- 

FT-IR spectrum 2) as shown in Figure 3.5 was used with scanning measurement range 

of 4000-400 cm
-1

 for solid samples in the form of KBr (Potassium Bromide) pellet.  

Samples of natural and expanded graphite were dried at 80°C in a digital oven for 24 

hours to remove any traces of moisture while beeswax and its composites samples 

were tested directly. Before analysis, KBr which shows no absorption of IR and 

provide uniformity (0.2-1% ratio with sample) was added to all the samples and then 

cylindrical pellets (7 mm diameter) of mixture were prepared. Pellets of all prepared 

samples were then tested within the wavelength of 4000-400 cm
-1

.  
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Figure 3.5 Perkin Elmer, Model- FT-IR spectrum 2 

X-Ray diffraction of samples was carried out to analyze the composition and structure 

of prepared samples with 2θ value varying from 10° to 90° using X-Ray 

Diffractometer (Made – Pananalytical, Model- Xpert pro). 10 mm specimen of each 

sample was prepared and tested on XRD instrument with copper as anode material. 

The generator settings of XRD instrument was maintained at 40 mA and 40 kV. To 

perform the XRD analysis, each sample was placed on sample plate in form of thin 

layer which was then placed on sample stage of XRD instrument. X-ray was allowed 

to fall on the sample for analysis and plots thus obtained were analyzed. Figure 3.6 

shows the Xpert-pro diffractometer used for XRD analysis of prepared samples. 

 

Figure 3.6 Xpert-pro diffractometer  

3.7.2 Thermal characterization of samples 

Differential scanning calorimetry (DSC) and Thermogravimetric analysis (TGA) of 

natural graphite, expanded graphite, beeswax and its composite was performed to 
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study their thermal properties. DSC (Make-Perkin Elmer, Model-Pyris 6 DSC), was 

carried out by placing 4 mg of beeswax in the alumina sample pan of the instrument. 

The pan with sample was then placed inside the instrument. Inert environment during 

the analysis was maintained by passing nitrogen gas at rate of 50 mL/min and melting 

characteristics were studied by heating the sample at a rate of 5 ºC per minute starting 

from 10 °C up to 250 ºC. Linear baseline correction for alumina sample pan was 

performed before calculating latent heat for the samples. After complete melting of 

the beeswax, the sample was again cooled at the rate of 5 ºC per minute in order to 

study its solidification/cooling characteristics. Same procedure was performed with 

composite keeping the sample size of 4 mg. Figure 3.7 showing the Pyris 6 DSC 

instrument used for this analysis. 

 

Figure 3.7 Pris 6 DSC instrument 

Thermal gravimetric analysis of beeswax and its composite with expanded graphite 

was performed on TGA-DTA instrument (Made – Perkin Elmer, Model – STA 6000).  

Temperature for analysis was kept in the range of 10 °C-400 °C by maintaining 

constant heating rate of 10 °C/min. To initiate the analysis about 25.61 mg of 

beeswax was weighed accurately to fill the sample holder (ceramic crucible) then the 

crucible with sample was placed within the instrument for TGA analysis. An inert 

environment was maintained during the study by flowing nitrogen gas at the flow rate 

of 20 ml/minute. The temperature versus mass loss graph was obtained for further 

analysis and same procedure was adopted for composite material with sample size of 

19.80 mg. The difference in sample size was due to different densities of the samples 

with fixed volume of crucible. Figure 3.8 showing the TGA instrument used for the 

study. 
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Figure 3.8 Perkin Elmer, Model – STA 6000 TGA instrument  

3.8 Calibration of thermocouples  
 

K-type thermocouples were used for temperature measurement of material in thermal 

storage unit. The calibration of thermocouples was done by using DAQ (Data 

Acquisition system) card, as shown in Figure 3.9, DAQNI 9211 a data acquisition 

device used for calibration was first connected with four 70 cm long thermocouples to 

measure the temperature of the reference (Ice). It was assumed that readings of the 

DAQ card are accurate and therefore, temperature of each thermocouple was recorded 

using ice as reference (melting point 0°C). Then the thermocouples were attached to 

the temperature display which was used in the experiments and temperature of the 

melting ice was recorded. The difference in the temperature recorded by DAQ card 

and the reading of temperature display was noted as deviation of each thermocouple. 

The deviation of each thermocouple was found to be in the range of ±0.2 °C to  ±0.5 

°C. 

 

Figure 3.9 DAQNI 9211 card for thermocouple calibration 
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3.9 Development of small thermal storage unit 

A small scale horizontal rectangular shell and tube type thermal storage unit was 

designed and fabricated in order to study the thermal storage characteristics of 

beeswax and beeswax/expanded graphite composite upto 2.5 kg mass. The heat 

storage unit of dimension 310 mm x 95 mm x 85 mm was fabricated using plywood 

(2.5 mm thick) and was lined internally with 10 mm thick asbestos sheet to provide 

heat insulation.  This unit was connected to hot water tank made up of stainless steel 

(Capacity-100 L) with embedded electric heater (2kW, Make–Bajaj, India) through 

pump (Power-1/2 hp,  Make-Crompton, India), brass valves (3 nos.) and rotameter 

(measurement range – 0-10 LPM, Make-Star flow) as shown in Figure 3.10. Hot 

water was allowed to pass through a straight copper tube (I.D. = 8 mm, O.D. = 9 mm) 

located at the center of the unit. Calibrated K- type thermocouples (Material-Ni-Cr, 

Accuracy ± 0.3 ºC, Range: -200 ºC to 1350 ºC) were used to measure temperatures of 

storage material at nine location in the thermal storage unit along with inlet and outlet 

temperature of hot water. The position of different thermocouples used in the thermal 

storage unit is shown in Figure 3.11. During the experimentation, the inlet 

temperature and flow rate of hot water was kept constant at 80 ºC and 120 L/hr 

respectively to record the thermal behavior of material. Figure 3.12 depicts the actual 

picture of small scale TSU fabricated in the lab. 

 

Figure 3.10 Schematic diagram of shell and tube type experimental set up-small TSU 
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Figure 3.11 Thermocouple position in small TSU 

 

 

(a) 

 

(b) 

Figure 3.12 Photograph of small scale thermal storage unit (a) Interior view (b) exterior 

view 
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3.10 Thermal performance evaluation  

In the initial set of experiments thermal performance analysis of beeswax and its 

composite with expanded graphite was performed by using small TSU. To begin the 

experiment, about 2.5 kg of molten beeswax was filled in small thermal storage unit 

and allowed to solidify at room temperature. Plain water as heat transfer fluid was 

then passed through the central tube of TSU using centrifugal pump. The inlet 

temperature and flow rate of inlet fluid was maintained at 80 °C and 2 LPM with the 

help of temperature controller attached with hot water tank and rotameter 

respectively. The heat transfer fluid (water) was allowed to flow through the TSU till 

the constant temperature is observed in all the thermocouples. The temperatures of 

nine thermocouples which were placed axially and vertically along the TSU and at 

inlet and outlet of copper tube were recorded for every 15 minutes from the beginning 

of experiment and the performance of unit was analyzed in terms of charging time. In 

the next stage of experiment same procedure is adopted for studying thermal 

performance of composite of beeswax (2.5 kg). 

3.11 Development of large scale thermal storage unit 

A large scale rectangular shell with embedded helical tube type thermal storage unit 

(Figure 3.13) was designed and fabricated to perform experimental study for thermal 

performance of beeswax, natural graphite and composite beeswax/expanded graphite. 

The rectangular shell (610 mm x 360 mm x 450 mm) of thermal storage unit was  

made using teak wood (20mm thick, k = 0.12-0.04 W/m K)  to prevent heat loss due 

to low thermal conductivity of wood [78] and inner side of the shell was well 

insulated using thermocol (25 mm thick, k = 0.033W/m K) [79] followed by layer of 

asbestos (10 mm thick, k = 0.08 W/m K) to avoid any heat loss from TSU to the 

ambient air. A helical coil having 13 turns of copper tube (I.D. = 8 mm, O.D. = 9mm) 

with pitch of 3 cm and coil diameter of 110.6 mm was placed at the center of the 

rectangular shell. The unit was connected to (Figure 3.13) a hot water tank made of 

stainless steel  (capacity 100 L) with immerged electric heater (2 kW,  Make- Bajaj 

India), glass rotameter (1 LPM–10 LPM), a centrifugal pump (1/2 hp, Make – 

Crompton, India) and brass valves. Nine k-type thermocouples (Ni-Cr based) with 

accuracy of ±0.2 ºC (Figure 3.14) were placed along vertical and axial positions at 

equal distances within heat storage material inside the thermal storage unit to record 
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variation in the temperature during charging and discharging cycle. Two more 

thermocouples were placed at the inlet and outlet of helical copper tube of the TSU in 

order to measure inlet and outlet temperature of heat transfer fluid. Figure 3.15 

represents the picture of actual setup fabricated in the lab and Figure 3.16 showing the 

inside view of TSU with helical coil before and after filling beeswax. Geometry of 

helical coil is defined using following parameters: 

1. Curvature ratio - a dimensionless parameter of the coil defined as the ratio of inner  

diameter of the tube to coil diameter, 𝛿 =
𝑑𝑖

2𝑅𝑐
                                                          (3.8) 

2.  Non-dimensional pitch, 𝛾 = 𝑏/2𝜋𝑅𝑐                                                                  (3.9) 

3.  Reynolds number, 𝑅𝑒 =
𝜌𝑣𝑑𝑖

µ
                                                                             (3.10) 

4.  Dean number, 𝐷𝑒 = 𝑅𝑒 (
𝑑𝑖

2𝑅𝑐
)

0.5

                                                                        (3.11) 

Where, di = inner diameter of copper tube (m), Rc = radius of curvature of the helical 

coil (m), v = velocity of HTF (m/s), µ = viscosity of HTF (N S/m
2
), b = pitch of 

helical coil (m/s). 

 

Figure 3.13 Schematic diagram of shell and tube type thermal storage unit-large TSU 
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Figure 3.14 Position of nine thermocouples inside PCM in large TSU 

 

 

Figure 3.15 Photograph of large scale thermal storage unit 
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Figure 3.16 Inside view of large TSU (a) empty (b) with beeswax (c) with composite  

3.12 Uncertainty analysis 

There may be some uncertainties in the experimental results due to uncertainties in 

measurements of various parameters while conducting experiments. The uncertainty 

may be in the measurement of temperature by k-type thermocouples, flow rate by 

rotameter and in thermal conductivity meter reading. Therefore, an uncertainty 

analysis was performed on various measured data and thermocouples used (Appendix 

III). Uncertainty for rotameter is provided by manufacturer as 2%. Error bar was 

calculated using set of data obtained for 0.5 LPM and 80°C to find out the error 

generated in the readings of the graph. 

3.13 Effect of operating parameters 

The effect of various operating parameters such as fluid flow rate, inlet fluid 

temperature, types of HTF and concentration of solids in HTF was studied on thermal 

performance of TSU containing graphite, beeswax and composite.  

3.13.1 Performance evaluation of beeswax in large TSU 

To begin the experiment hot molten beeswax of about 18 kg was filled in the shell 

part of thermal storage unit and allowed to solidify at room temperature. Thermal 

performance of beeswax in the large TSU using plain water, expanded graphite/water 
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suspensions, Al2O3/water suspensions as HTF was evaluated by varying inlet fluid 

temperatures and flow rates. 

3.13.1.1 Using plain water as HTF 

The hot plain water from hot water tank was allowed to pass through the thermal 

storage unit at various inlet temperatures and flow rates (Table 3.1). For each 

constant inlet temperature of fluid maintained with the help of temperature controller 

attached to hot water tank, different flow rates of heat transfer fluid (through 

rotameter) were allowed through helical coil. The charging time of beeswax at each 

set of parameter was recorded as time required for reaching constant temperature of 

all the thermocouples and its thermal profiles were prepared. The amount of heat 

stored by the unit was also calculated. 

Discharging profile was obtained just after completion of charging by passing cold 

plain water at the flow rate of 0.5 LPM and 20°C. During discharging the 

temperatures at all the thermocouples were recorded at the time interval of 5 min. as 

well as inlet and outlet temperature of HTF to calculate the amount of heat recovered 

from TSU. 

Table 3.1 Flow parameters of plain water to evaluate thermal performance of beeswax 

 

 

 

 

3.13.1.2 Using expanded graphite/water suspension as HTF 

In this set of experiments, expanded graphite /water suspensions at different 

concentrations (0.05% wt., 0.5% wt. and 1.0% wt.) were prepare and used to study the 

thermal performance of beeswax. Before beginning of experiment both the coil and 

external tubes of TSU were cleaned by passing distilled water through them at high 

flow rate of 2-3 LPM to remove any traces of impurities that may settle on the wall of 

the tube. The EG/water suspension (fixed concentration) was allowed to flow through 

the helical coil of unit  at the flow rate of 0.5 LPM and inlet fluid temperature of 

Inlet Temperature (°C) Flow rates (LPM) 

60 Variable : 0.25, 0.50, 0.75, 1.0 

70 Variable: 0.25, 0.50, 0.75, 1.0 

80 Variable : 0.25, 0.50, 0.75, 1.0 

90 Variable: 0.25, 0.50, 0.75, 1.0 
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80°C. The temperatures at nine different positions of TSU were recorded at the time 

interval of every 15 minutes and plotted for analysis. 

 3.13.1.3 Using Al2O3/water suspension as HTF 

Al2O3/water suspensions at different concentrations (0.2% vol., 0.5% vol., 1.0% vol., 

2.0 vol. %) were prepared and used to study the thermal performance of beeswax. 

Tubes were cleaned by passing distilled water at high flow rate (2-3 LPM).  Each 

concentration of prepared suspension was passed through the helical coil of TSU 

using centrifugal pump keeping constant flow rate and inlet temperature at 0.5 LPM 

and 80 °C respectively. Temperature at nine different positions of TSU were recorded 

at the time interval of every 15 minutes and analyzed. 

3.13.2 Performance evaluation of beeswax/expanded graphite composite in large 

TSU 

To begin the experimental study on composite material, previously used  hot molten 

beeswax was removed from the unit and composite of beeswax/expanded graphite 

was filled (18 kg) in the shell of large size thermal storage unit and allowed to solidify 

at room temperature. During the study plain water, expanded graphite/water 

suspensions, Al2O3/water suspensions and exhaust gas from engine were used as HTF 

to evaluate thermal performance by varying inlet fluid temperatures and flow rates. 

 3.13.2.1 Using plain water as HTF 

The hot water was passed through the helical coil of TSU until the temperatures at all 

the thermocouples become constant. The charging time of composite was noted at all 

the different combinations of fluid flow parameters such as flow rates and inlet fluid 

temperatures as mentioned in table 3.1 and respective charging profiles were 

developed to understand the melting behavior of composite. 

After the complete  charging of thermal storage unit, discharging of composite 

material was done by passing cold water  (at 20 °C±0.2 °C) through the TSU using 

centrifugal pump keeping the constant flow rate of 0.5 LPM.  Temperatures at all the 

nine thermocouples were recorded and plotted against time in order to obtain 

discharging profile of composite.  
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3.13.2.2 Using expanded graphite/water suspension as HTF 

 Prepared beeswax/expanded graphite composite was tested using expanded 

graphite/water suspension of different concentrations (0.05 wt. %, 0.5 wt. % and 1.0  

wt. %) in order to study the variation in charging time. The HTF was passed through 

the helical coil at fixed flow rate of 0.5 LPM and constant inlet temperature of 80°C 

respectively. The concentration greater than 1.0 wt. % of expanded graphite was not 

used due to the slurry formation which could block the helical tube and can affect the 

overall working of TSU. The variations in thermocouple temperatures were recorded 

till constant temperature is observed. Thermal profile of composite at different 

concentrations of HTF was studied by plotting graph between the time and 

temperature at different thermocouples. 

3.13.2.3 Using Al2O3/water suspension as HTF 

 Thermal profiles of composite were also plotted by recording temperatures at nine 

different thermocouples using Al2O3/water suspension of different concentration (0.2 

vol. %, 0.5 vol. %, 1.0 vol., 2.0 vol. %) of alumina particles  at the flow rate of 0.5 

LPM and inlet fluid temperature of 80 °C. Higher concentrations of alumina particles 

results settling and agglomeration that may clog the pipes and hinder the smooth 

working. 

3.13.2.4 Using exhaust gas from petrol engine 

Thermal storage performance of composite material was also evaluated using exhaust 

gas of C.I. engine as heat transfer fluid. The basic aim of this was to store the waste 

heat from exhaust gases in PCM. The exhaust line of two stroke stationary C.I. engine 

(Make-Honda, Power – 7.9 HP, Speed – 3600 rpm) was connected to the input of 

thermal storage unit which allowed the exhaust gases to pass through helical coil of 

TSU embedded in beeswax/expanded graphite composite. The assembly of TSU with 

C.I. engine is shown in Figure 3.17. Once the gas started to come out from the outlet 

of TSU the temperature at nine thermocouples placed in axial and vertical direction of 

TSU began to increase and was recorded at an interval of 15 minutes. Thermal profile 

of composite was studied for calculation of heat stored from exhaust gases and 

efficiency of TSU. 
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Figure 3.17 Assembly of petrol engine with large TSU 

3.13.3 Performance evaluation of natural graphite in large TSU 

Natural graphite powder (22 kg) was filled inside the shell part of thermal storage unit 

for the determination of its heat storage capacity as sensible heat storage material. The 

heat transfer fluid was passed through the thermal storage unit using a centrifugal 

pump. All the three types of heat transfer fluids i.e. plain water, EG/water suspension, 

Al2O3/water suspension were used to study the thermal storage behavior of natural 

graphite. 

Plain water was used at different flow rates (0.25 LPM, 0.5 LPM, 0.75 LPM and 1.0 

LPM) and different inlet fluid temperatures (60 °C, 70 °C, 80 °C, 90 °C) to study the 

charging time of natural graphite. Expanded graphite/water suspension at various 

concentrations (0.05  wt. %, 0.5 wt. % and 1.0 wt. %) were used as HTF to study 

relationship between the concentration of expanded graphite in water and charging 

time of natural graphite. Similarly, charging time of natural graphite was obtained at 

different concentration of alumina nanofluids i.e. 0.2 vol. %, 0.5 vol. %, 1.0 vol. %, 

2.0 vol.% In all these cases heat transfer fluid was filled in a hot water tank  and 

passed through the circulation loop of TSU. The variation in temperatures at nine 

different thermocouples was recorded at the time interval of 5 minutes for all the 

parameters. 

3.14 Efficiency of large TSU 

Energy stored in the thermal storage unit with natural graphite, pure beeswax and its 

composite was calculated as the cumulative of instantaneous heat transfer from HTF 



MATERIAL AND METHODS 69 
 

 
 

to storage material [43] considering no heat losses from TSU. Inlet and outlet 

temperatures of HTF were recorded by data logger at an interval of every 15 min and 

5 min for PCM and natural graphite respectively. Efficiency calculation was 

performed using various basic equations of heat transfer as given below:   

Q ̇  the instantaneous energy (kJ/s) available for storage in the PCM (beeswax and its 

composite) from HTF can be calculated using equation 3.12 as : 

                                   Q̇ =  ṁ CP(Tin – Tout)                                                         (3.12) 

The total useful energy (Qa) (kJ) for charging is the cumulative of instantaneous 

energy and can be calculated using equation 3.13: 

                                                       Qa  = [ṁ Cp Σ(Tin – Tout)]. Δt                  (3.13) 

Total energy stored (Qw) (kJ) by PCM during the charging process can be estimated 

using equation 3.14 : 

                               Qw  =  mw [C𝑝𝑠 (Tm – Ti)  +  L +  Cpl(Tf  −  Tm) ]                        (3.14) 

Thermal storage efficiency (η) of TSU with beeswax and composite was calculated 

using equation 3.15. 

                                            η =
𝑄𝑤

𝑄𝑎
                                                                         (3.15) 

Energy stored in the thermal storage unit with natural graphite as sensible heat storage 

material was calculated using above equations 3.12 and 3.13 with equation 3.16.  

Total energy stored (Qg) (kJ) by graphite during the charging process was calculated 

using equation 3.16: 

                                                                 Qg  =  mwC𝑝𝑔 (Tf – Ti)                                             (3.16) 

Thermal storage efficiency of TSU with natural graphite was obtained from equation 

3.17:    

                                                        η =
𝑄𝑤

𝑄𝑎
                                                             (3.17)     

 Where, ṁ = mass flow rate (kg/s), mw = mass of heat storage material (kg), Cps = 

specific heat of solid PCM (kJ/kg.K), Cpl = specific heat of liquid PCM (kJ/kg.K), Cpg 

= specific heat of graphite (kJ/kg.K),   Ti = initial temperature of  natural graphite(K), 

Tf = final temperature of natural graphite (K). 

3.15 Determination heat transfer coefficient of large TSU 

Overall heat transfer coefficient (Uo) (W/m
2
.K) between the coil and beeswax was 

calculated using equation 3.20:  
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                                              𝑈𝑜 =
𝑄𝑎

𝐴𝑠𝛥𝑇𝑚𝑒𝑎𝑛
                                                (3.20).  

ΔTmean= Log mean temperature difference = 
(𝑇𝑖𝑛−𝑇𝑏)−(𝑇𝑜𝑢𝑡−𝑇𝑏)

ln 
(𝑇𝑖𝑛−𝑇𝑏)

(𝑇𝑜𝑢𝑡−𝑇𝑏)

 

Where, Tin = Inlet fluid temperature (K), Tb = bulk temperature (K), Tout = Outlet 

temperature of HTF (K). 

Overall heat transfer coefficient based on outside area of tube and in terms of internal 

and external heat transfer coefficient can also be  represented by equation 3.21: 

                                         
1

  𝑈𝑜
=

𝐴𝑜

𝐴𝑖ℎ𝑖
+

𝐴𝑜 ln
𝑑𝑜
𝑑𝑖

2𝜋𝑘𝐿
+

1

ℎ𝑜
                               (3.21) 

Where, Ao = external surface area of the tube (m
2
), Ai = internal surface area of the 

tube (m
2
), hi = internal heat transfer coefficient (W/m

2
.K), ho = external heat transfer 

coefficient (W/m
2
.K), do = outer diameter of the tube (m), di  = inner diameter of the 

tube (m). 

Internal heat transfer coefficient from copper helical tube was calculated using Nussle 

number correlation as given in equation 3.22 [283] 

      Nui = 0.152 De
0.431 Pr1.06 γ−0.277                                       (3.22)     

The above correlation is applicable for tube side heat transfer calculation for constant 

temperature boundary conditions i.e. constant HTF inlet temperature and low dean 

number (De<3000).  

For the determination of external heat transfer coefficient (ho) between copper tube 

and beeswax correlation expressed as equation 3.23 [284] was used:  

                      𝑁𝑢𝑜 = 0.381 (𝑅𝑎)0.293                                                                  (3.23) 

where Ra = Gr.Pr = Rayleigh number.    

 

3.16 Modelling and simulation  

Modelling and simulation of small and large thermal storage unit was carried out for 

predicting thermal performance using COMSOL Multiphysics


 software version 5.2a 

and simulation results were validated with experimental results. The COMSOL 

software is a simulator and solver package based on finite element method that is used 

effectively to solve large number of engineering problems. 

Input geometrical parameters used for creating model geometry in COMSOL software 

for TSU were taken from the Table 3.2. In actual experimental set-up PCM was filled 
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in the shell part of thermal storage unit and a helical tube was passed through the 

center of the unit. In modelling of TSU the dimension of PCM block was taken for the 

study rather than the dimension of TSU. Thermo-physical properties of beeswax and 

composite materials were defined in the blank material section of COMSOL software.  

‘Heat study in Fluids’ physics was selected as study module for PCM materials and 

‘Heat transfer in solid’ physics was selected for natural graphite and during the 

simulation following assumptions were made: 

 The tube surface is maintained at uniform temperature throughout the tube 

length. 

 Pressure drop across tube length is negligible. 

 The velocity profile of the fluid is fully developed and remains same for 

complete tube length. 

 Fluid is incompressible and flow in the tube is laminar. 

All the simulation studies were carried out at the constant flow rate of 0.5 LPM and 

fixed inlet fluid temperature of 80°C and simulation results were validated against the 

3 experimental data sets for beeswax and composite materials.  

Initial temperature of PCM domain and packed bed of natural graphite  was taken 

equal to ambient temperature of 25°C.  

Initial boundary condition for the tube was taken as 0.5 LPM flow rate and 80°C as 

fluid temperature.  

Free triangular mesh was selected for all the geometric model consists of 73042 

domain elements and 9878 boundary elements. The computation time for PCM 

simulation and natural graphite simulation was 7 hours and 3.5 hours respectively for 

an DELL workstation with CORE i5 processor.  

Table 3.2 Geometrical properties for thermal storage units 

Geometrical property Small TSU Large TSU 

L XB X H 285 mm x 70 mm x 60 mm 

(excluding insulation) 

500 mm x 340 mm x 250 

mm (excluding insulation) 

Inner diameter of tube 8 mm 8 mm 

Outer diameter of tube 9 mm 9 mm 

Number of tubes 1 1 
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Geometry of tube Straight Helical 

Mass of PCM 2.5 kg 18 kg 

 

To simulate the heat transfer fluid flowing through the copper tube, inbuilt continuity 

equation (3.24) and momentum equation (3.25) in COMSOL software were used: 

                                              
𝜕𝜌 

𝜕𝑡
+ ∇  ∙  (ρu) = 0                                                 (3.24) 

 

                
𝜕𝜌𝑢

𝜕𝑡
+  𝜌(𝑢 ∙ 𝛻)𝑢 − 𝛻 ∙ [µ(𝛻𝑢) + (𝛻𝑢)𝑇] + ∇p = 0                             (3.25) 

Heat transfer from HTF to the inner wall of the tube was through forced convection 

and energy balance equation for this is given by equation 3.26. 

                           𝜌𝐶𝑝
𝜕𝑇

𝜕𝑡
+  𝜌𝐶𝑝𝑢. ∇𝑇 =  ∇. (𝑘∇𝑇)                                                 (3.26) 

After the convective heat transfer from HTF to tube wall, the heat transfer further 

takes place from tube wall to PCM through conduction as represented by equation 

3.27 

                                                      𝜌𝐶𝑝
𝜕𝑇

𝜕𝑡
=  ∇. (𝑘∇𝑇)                                           (3.27) 

After heat conduction to PCM, the melting of phase change material occurred,( if 𝜑 is 

the fraction of liquid phase of PCM) then the heat enthalpy equation for the phase 

change material is expressed by equation 3.28. 

                                                    𝐻 = (1 − 𝜑)𝐻𝑃1 +  𝜑𝐻𝑃2                                  (3.28) 

Where 𝐻𝑃1 = Enthalpy of phase 1, 𝐻𝑃2 = Enthalpy of phase 2. 

Differentiation of equation 3.28 with respect to temperature will provide the equation 

for specific heat as : 

                   𝐶𝑒𝑓𝑓 = (1 − 𝜑)
𝑑𝐻𝑃1

𝑑𝑇
+  𝜑 

𝑑𝐻𝑃2

𝑑𝑇
+ (𝐻𝑃2 − 𝐻𝑝1)

𝑑𝜑

𝑑𝑇
                            (3.29)                                          

Equation 3.29 can be represented as : 

                                  𝐶𝑒𝑓𝑓 = (1 − 𝜑)𝐶𝑝1 +  𝜑 𝐶𝑝2 + (𝐻𝑃2 − 𝐻𝑝1)
𝑑𝜑

𝑑𝑇
                                 (3.30) 
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                                    𝐶𝑒𝑓𝑓 = (1 − 𝜑)𝐶𝑝1 +  𝜑 𝐶𝑝2 + (𝐻𝑃2 − 𝐻𝑝1)
𝑑𝛼

𝑑𝑇
                            (3.29) 

The effective thermal conductivity of PCM during phase change process is given by 

equation 3.31.  

                                                 𝑘 = (1 − 𝜑)𝑘1 +  𝜑𝑘2                                          (3.31) 

Effective density of PCM during the melting process is given by equation 3.32. 

                                           𝜌 =
(1− 𝛼)𝜌1𝐶𝑃1+ 𝛼 𝜌2𝐶𝑃2

(1− 𝛼)𝐶𝑃1+ 𝛼𝐶𝑃2
                                     (3.32) 

Where, ρ1 = density of PCM in solid phase,  ρ2 = density of solid in liquid 

phase, Cp1 = specific heat of solid phase, Cp2 = specific heat of liquid phase. 

Using these modeling equations from 3.24-3.31, a mathematical model for the 

TSU having PCM with embedded tube was developed for both TSU and 

simulated. The simulation results obtained were validated with experimental 

results 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

CHAPTER 4 

RESULTS AND DISCUSSION  
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Introduction 

In this chapter results of various physical, chemical and thermal characterization 

analysis such as scanning electron microscopy (SEM), X-ray diffraction (XRD), 

Fourier infra-red transform (FTIR), Differential scanning calorimetry (DSC) and 

Thermal gravimetric analysis(TGA) performed on the samples of pure beeswax, 

besswax/expanded graphite composite, expanded graphite and natural graphite are 

presented and discussed. In addition to this thermal storage performance of beeswax, 

composite of beeswax and natural graphite during charging and discharging in 

thermal storage unit are presented here. Comparison between the thermal performance 

of beeswax and composite material has been made and thermos-physical phenomena 

during charging and discharging of PCMs are presented. 

4.1 Sample characterization  

Samples of pure beeswax, natural graphite, expanded graphite and composites of 

beeswax/expanded graphite, beeswax/natural graphite were prepared and 

characterized for physical, chemical and thermal behavior as per the standard 

methodology [173, 279, 280]. The results of different characterizations are presented 

here. 

4.1.1 SEM analysis of samples 

Scanning electron microscopy of natural graphite, expanded graphite, beeswax and 

composite materials were carried out to study surface characteristic, surface 

morphology etc. SEM micrographs of natural graphite and expanded graphite are 

shown in Figure 4.1. The SEM image in Figure 4.1 (a) reveals that the micro structure 

of natural graphite is compact due to improper intra layer separation with smaller 

surface area. Due to this compact structure the density of natural graphite is higher 

(1289 kg/m
3
) and it could not form composite with molten beeswax due to its early 

settlement in molten composite rather than forming a homogeneous mixture. The 

SEM image of expanded graphite in Figure 4.1(b) shows clearly visible separation 

between the layers due to intercalation. These separations between layers of expanded 

graphite eased the absorption of molten beeswax and hence provided sufficiently 

large surface area for heat transfer. Density of expanded graphite found to be 46 

kg/m
3   

which is quite lesser as compared to the natural graphite and therefore formed 
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a homogeneous composite material with beeswax. Similar layer separations/ 

microstructures were also observed in expanded graphite  by different researchers due 

to intercalation [173, 279]. 

SEM micrographs of beeswax and composite material are shown in Figure 4.2 at the 

resolution of 2000X. The micrograph of beeswax in Figure 4.2(a) is showing 

superimposed plates of amorphous and heterogeneous polymers containing mainly 

fatty acids along with esters and hydrocarbons. Figure 4.2(b) is showing the 

micrograph of composite material in which expanded graphite (10%) has been 

homogenously distributed within the matrix of beeswax. The molten beeswax is 

absorbed on the layers of expanded graphite to provide a continuous network for heat 

transfer. The white scattered pattern observed in the composite image represents the 

portion of beeswax coming out of the gaps of expanded graphite.  

 

Figure 4.1 SEM micrographs of (a) Natural graphite (b) Expanded graphite 

 

Figure 4.2 SEM micrographs of (a) Beeswax (b) Composite of beeswax and expanded 

graphite (10 %) 
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4.1.2 FTIR analysis of samples  

FTIR spectra of beeswax, expanded graphite and beeswax/expanded graphite 

composite (with 10% of EG) are depicted in Figure 4.3. Peak observed at wavelength 

of 3446 cm
-1

 for expanded graphite represents –O-H stretching mode while peak at 

2846 cm
-1

 represents -C-H stretch of the alkane bonds present in the hexagonal 

structure of the graphite. Peak noticed at 1382 cm
-1

 represents the symmetric N-O 

stretch which may be due to presence of nitro group, while peak at 1646 cm
-1

 

represents -C≡C stretch. Similar peaks were observed and reported by the researchers 

in their studies for FTIR analysis of expanded graphite [287] .FTIR spectra of 

beeswax shows peaks at 2922 cm
-1

 and 2852 cm
-1

 representing C-H stretch i.e. 

presence of alkane/HC chain in the structure of beeswax. Peaks at 1742 cm
-1

 reflect 

the presence of ester, while peaks at 1104 cm
-1

 and 718cm
-1

 represent alkene and 

amide groups. Similar FTIR spectra for beeswax were reported in the studies [281, 

282]. FTIR spectra of composite material is much similar to FTIR spectra of beeswax 

due to merging of peaks of expanded graphite (3446 cm
-1

, 2916 cm
-1

) within the 

peaks of composite (3444 cm
-1

, 2916 cm
-1

). Absence of any new peak in the FTIR of 

composite material confirms that composite of beeswax and expanded graphite is just 

a combination of two materials rather than a chemically new material. 

 

Figure 4.3 FTIR spectrums of beeswax, expanded graphite and composite (10% EG) 
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4.1.3 XRD analysis of samples 

XRD analysis of samples were performed and Figure 4.4 represents the XRD graphs 

of natural graphite and expanded graphite showing the maximum counts at 2θ = 

26.25° for natural graphite with d-spacing value of 3.3639 A° and 2θ = 26.49° for 

expanded graphite with d-spacing value of 3.3947A°.  The values for the 

characteristic peak of natural graphite  and expanded graphite is due to the diffraction 

of 002 with d-spacing values of 3.38 A° while after intercalation separation of 

multilayers occurred at the c-axis of the crystal as also suggested by the different 

researchers [173, 279, 283]. This suggested that chemical oxidation, hot drying and 

microwave treatment during preparation of expanded graphite process did not alter 

the order of the multilayer of graphite and thus maintained their proper d-spacing 

values. Absence of any new peak in the XRD pattern of expanded graphite also 

proved that no new chemical species was formed during the formation of expanded 

graphite. 

 

Figure 4.4 XRD graphs of natural graphite and expanded graphite 
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Figure 4.5 represents the XRD pattern obtained for beeswax, composite and expanded 

graphite and observed one high intensity peak at 2θ = 21.57° (d spacing = 4.1185), 

and two low intensity peaks at 2θ = 23.89° (d spacing = 3.6997 A°) and 2θ = 44.64° 

(d spacing = 2.0298A°) of the composite are corresponding to the peaks found in 

beeswax at 2θ = 21.16°, 23.53° and 44.64° with d-spacing values 4.1981A°, 3.7805A° 

and 2.0294A° respectively. Similar peaks were reported in XRD pattern of beeswax in 

the studies and these peaks represent the orthorhombic crystal structure of beeswax 

[284, 285].The peak at 2θ = 26.91° with d-spacing value of 3.3127A° in composite 

representing the corresponding peak of expanded graphite (2θ = 26.49°, d = 3.3947). 

Thus the XRD results in the present study confirmed that the composite prepared is a 

homogeneous mixture of beeswax and expanded graphite. No new peaks were 

observed in the XRD pattern of the composite which showed the formation of no new 

chemical species.   

 

Figure 4.5 XRD pattern for beeswax, composite and expanded graphite 
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4.2 Thermal characterization of samples 

Thermal properties of beeswax and its composite with expanded graphite were 

studied with the help of thermal conductivity meter, Thermal gravimetric analysis 

(TGA) and Differential scanning calorimetry (DSC). 

4.2.1 Thermal conductivity of samples 

Composites of beeswax with different weight percentage of natural graphite and 

expanded graphite were prepared in order to enhance the thermal conductivity of pure 

beeswax. The thermal conductivity of these samples were measured and plotted as 

shown in Figure 4.6. Higher thermal conductivity of beeswax/expanded graphite 

composite was observed as compared to beeswax/natural graphite composites. It may 

be due to the presence of continuous matrix of expanded graphite throughout  the 

beeswax which enhanced the heat flow through the composite (beeswax/expanded 

graphite) while in other case  (beeswax/natural graphite composite) discontinuous 

phase of natural graphite leads to lower heat flow.  Composites of beeswax/natural 

graphite found to be non-homogenous during molten state due to settlement of natural 

graphite. Optimum weight percentage of expanded graphite was 10 % as further 

addition of expanded graphite results in cracks in the composite material, which 

creates air pockets and reduces the thermal conductivity.  

The thermal conductivity of composite with 10 wt. % of expanded graphite was found 

to be 0.63 W/m.K which is 117 % higher as compared to thermal conductivity of pure 

beeswax (0.29 W/m.K) and similar thermal conductivity enhancement of PCMs were 

observed in the studies with the addition of expanded graphite [188, 223, 286] . Due 

to settlement of natural graphite in the molten beeswax, the composite of 

beeswax/natural graphite was not prepared for experimental studies. The magnitude 

of errors was found to be 1-3% for thermal conductivity. 
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Figure 4.6 Thermal conductivity of composites with different proportion of graphite 

4.2.2 DSC results of samples 

Differential Scanning calorimetry (DSC) analysis of beeswax and its composite were 

carried out and Figure 4.7 shows the DSC result for fixed mass of beeswax samples 

i.e. 4 mg  (sample 1 and sample 2). The peak observed at 42.4 ºC represents either 

some kind of solid-solid phase transition or melting of some other organic component 

of beeswax. Another peak noticed at 59.6 ºC shows solid-liquid phase transition that 

might have occurred during melting and hence, represents the melting point of the 

beeswax. The melting and solidification temperature were found to be same for both 

the samples (sample 1 and sample 2) with 2% deviation in heat flow. From DSC 

analysis melting point and freezing point  of beeswax were found to be 59.8 ± 0.5 ºC  

and  56.4 ± 0.5 ºC respectively, while the measured value (Appendix III) of latent heat 

of melting was 214 kJ/kg in the temperature range of 30.8 °C to 68 °C.  
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Figure 4.7 DSC curve of beeswax and its melting behavior  

Figure 4.8 represents the DSC curve of beeswax/expanded graphite composite. The 

peak observed at 41.6 °C either represents the solid-solid transition occurred in the 

composite with temperature rise or may be due to melting of some other organic 

component present in the beeswax. Broad peak noticed at 57.3 °C represents the 

melting temperature of composite which is lower than pure beeswax due to presence 

of expanded graphite in it. The freezing point and latent heat of composite was found 

to be 57.1 °C and 198 kJ/kg respectively. The lower value of latent heat of composite 

was due to reduced amount of beeswax due to the addition of expanded graphite in 

the composite. 

DSC curve of the beeswax and beeswax/expanded graphite composite for the melting 

cycle was compared and shown in Figure 4.9 and it is observed that the addition of 

expanded graphite results in lower value of melting point of the beeswax/expanded 

graphite composite. With 10% addition of expanded graphite to the beeswax 8.8% 

reduction in the latent heat of PCM (beeswax) was observed.  
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Figure 4.8 DSC curve for beeswax/expanded graphite composite 

 

 

Figure 4.9 DSC comparisons for beeswax and composite material 
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4.2.3 TGA analysis of samples  

TGA analysis of beeswax and composite was carried out and Figure 4.10 represents 

the graph obtained during TGA analysis of beeswax in which no weight loss was 

observed with rise in temperature  up to 215 ºC (with standard deviation of ±1.8%), 

confirms its thermal stability up to this temperature. After 215 ºC there is continuous 

mass reduction of beeswax with further rise in temperature, which could be due to 

vaporization of beeswax by degradation of hydrocarbons. At 443 °C of temperature 

complete weight loss of beeswax was observed. Stability of beeswax up to 215 ºC 

makes it suitable material to be used for domestic and solar applications that works in 

the low temperature range (60 ºC-90 ºC). 

Figure 4.11 represents the TGA analysis of composite material. In case of composite 

material no weight loss was observed during heating from 10 °C up to 236.8 °C after 

which its thermal degradation started which may be due to conversion/degradation of 

higher hydrocarbons to the smaller one. It was also observed that after 412.8 °C only 

11.87% mass of composite material remained and no further degradation was 

observed. This remaining material represents the added graphite and other residuals of 

beeswax which adhered to graphite after thermal degradation of beeswax. Therefore, 

TGA analysis also confirmed the better thermal stability of composite compared to 

natural beeswax and can be used as PCM for low temperature thermal storage 

applications. 

 

Figure 4.10 TGA curve for beeswax 
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Figure 4.11 TGA curve for beeswax/expanded graphite composite 

Physical and thermal properties of beeswax and its composite were measured and 

presented in Table 4.1. Density of beeswax and its composite are different due to 

lower density of expanded graphite. Reduction in specific heat was also observed for 

composite material due to presence of lower specific heat of expanded graphite 

material. Thermal properties obtained from TGA analysis shows that composite using 

high thermal conductivity material such as expanded graphite is a better heat transfer 

material compared to pure beeswax. 

   Table 4.1 Properties of beeswax and its composite with expanded graphite (10%) 

Properties Beeswax Composite Natural 

Graphite 

Expanded 

Graphite 

Density 971.80 kg/m
3
 835.20 kg/m

3
 1250 kg/m

3
 46 kg/m

3
 

Melting point 59.6 °C 57.3 °C - - 

Thermal 

conductivity 

0.29 W/m.K 0.63 W/m.K 97 W/m.K 97 W/m.K 

Specific heat 2.60 kJ/kg.K 1.70 kJ/kg.K 0.866 kJ/kg.K 0.866 kJ/kg.K 

Latent heat 214 kJ/kg 198 kJ/kg - - 
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4.3 Performance evaluation of phase change material in small TSU 

Thermal energy storage performance of beeswax and beeswax/expanded graphite 

composite is performed in a rectangular shell and tube heat storage unit (Capacity 

PCM 2.5 kg). Shell part of this storage unit contained beeswax and its composite in 

separate studies as phase change material while hot water passed through the central 

copper tube and nine temperatures at three axial locations were measured using 

calibrated k type thermocouples along with hot water inlet and outlet temperature. 

Figure 4.12 shows the temperature variation at nine locations with time for beeswax 

and it is observed that the time taken by beeswax to reach the melting point increases 

from inlet (at T4 point, 360 min), middle point (at T5 point, 540 min) to outlet (at T6 

point, 780 min) due to continuous reduction in temperature gradient between the hot 

water and beeswax. Similar patterns for increase in melting time of the beeswax was 

observed for the axial points above (T1:810 min, T2:840 min, T3:1140 min) and 

below the tube (T7:840 min, T8:870 min, T9:11260 min).  

However, in case of composite of beeswax and expanded graphite as the melting time 

was reduced at all the points along the axis (T4:200 min, T5:250 min, T6:330 min) 

and parallel to the axis at top (T1:540 min, T2:600 min, T3:630 min) and bottom 

positions (T7:450 min, T8:480 min and T9:720 min) as shown in Figure 4.13.  After a 

certain time the PCM in the shell reaches to the same temperature at almost all the 

points due to convection effect. All the nine thermocouples reached at constant 

temperature in 1020 min in case of composite as compared to pure beeswax (1430 

min). The reduction in melting time in case of composite was due to enhanced 

thermal conductivity of beeswax due to the addition of expanded graphite. It is 

observed from Figure 4.13 that the temperature at the middle location (T4) of heat 

transfer unit rose most rapidly as compared to other locations i.e. T1 and T7. It was 

due to the large temperature difference between hot water and phase change material 

at middle location which caused good heat condction, while in upper and lower 

location of heat transfer unit heat transferred through conduction followed by 

convection. It is also observed in thermal profiles of both the PCM that temperature at 

lower location (T7) initially increased rapidly upto the melting point and then slowed 

down as compared to the upper location (T1). During this process the phase change 
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material melted first at middle location and moved down to lower location due to 

gravitation effect and transfered heat and raised temperature at the lower material. 

              

                              

    Figure 4.12 Thermal profile of beeswax at nine locations in small TSU 

 

 

            

 

 

 

 

 

 

 

                

Figure 4.13 Thermal profile of composite at nine locations in small TSU 
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  Figure 4.14 Comparison of charging time of beeswax and composite at thermocouple 

T3 

When the temperature of lower material reaches to melting point the convection heat 

tarnsfer becomes dominant and forces the molten phase change material to move 

upwards of the unit. Temperature rise of the upper material in the unit is due to 

combined effect of conduction from middle location followed by convection from the 

middle and the lower material of the unit. 

It is observed from Figure 4.13 that the temperature at the middle location (T4) of 

heat transfer unit rose most rapidly as compared to other locations i.e. T1 and T7. It 

was due to the large temperature difference between hot water and phase change 

material at middle location which caused good heat condction, while in upper and 

lower location of heat transfer unit heat transferred through conduction followed by 

convection. It is also observed in thermal profiles of both the PCM that temperature at 

lower location (T7) initially increased rapidly upto the melting point and then slowed 

down as compared to the upper location (T1). During this process the phase change 

material melted first at middle location and moved down to lower location due to 

gravitation effect and transfered heat and raised temperature at the lower material. 
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upwards of the unit. Temperature rise of the upper material in the unit is due to 

combined effect of conduction from middle location followed by convection from the 

middle and the lower material of the unit. The time taken by beeswax to attain a 

constant temperature of 72 ºC for complete material was 1430 min, as compared to 

1020 min (for constant temperature of 75 ºC) in case of composite material as shown 

in Figure 4.14. The reduction in charging time to reach constant temperature in whole 

composite material was due to the presence of interconnected network of expanded 

graphite which enhanced thermal conductivity. 

4.4 Performance evaluation of large scale TSU with beeswax  

Experimental study on small TSU using beeswax and its composite showed good 

results. To conduct detail thermal performance study on graphite, beeswax and 

composite as heat storage materials using various heat transfer fluids such as water, 

alumina nanofluid, expanded graphite water solution and engine exhaust gases a large 

TSU was developed. The large thermal storage unit can store 18 kg of PCM in 

rectangular shell with helical embedded tube for carrying hot heat transfer fluid.  

4.4.1 Repeatability of results 

At the beginning of experimental study, in order to ensure repeatability and 

consistency of data repeated experiments were performed three times at constant flow 

rate of 0.5 LPM±0.01 LPM and 80 °C of inlet temperature. The temperature variation 

of beeswax (PCM) with time at three different positions of thermocouples (T3, T6, 

and T9) along the vertical line in middle of large TSU were obtained and analyzed for 

variation in reading of thermocouple for same set of data as shown in Figure 4.15. 

The error was estimated (0.6%-1.2%) and readings (10 min-20 min) were further 

corrected accordingly. 
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       (a)           (b) 

  

          (c) 

Figure 4.15 Temperature variation measured at three different positions of 

thermocouples 

4.4.2 Using plain water as HTF 

Thermal storage performance of beeswax is studied in large TSU by passing hot water 

through the helical tube of TSU at different flow rates such as 0.25 LPM, 0.5 LPM, 

0.75 LPM, 1 LPM and different inlet fluid temperatures i.e. 60 °C, 70 °C, 80 °C, and 

90 °C. 

i) Effect of flow rate on charging time 

Temperature variation at position T3 of TSU at different flow rates and different inlet 

fluid temperature is shown in Figure 4.16. It is observed that an increase in flow rate 

of HTF has reduced the charging time of beeswax at constant inlet fluid temperature. 

From Figure 4.16 (c) the charging time of beeswax obtained is 1830 min, 1650 min, 
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1590 min, 1530 min at the flow rate of 0.25 LPM, 0.50 LPM, 0.75 LPM and 1.0 LPM 

respectively for inlet fluid temperature of 80°C. Thus, it is noticed that charging time 

reduced from 1830 min to 1530 min when flow rate increased from 0.25 LPM to 1.0 

LPM. Similar reduction in charging time is observed with increase in fluid velocity 

for different inlet temperatures of 60 °C, 70 °C, and 90 °C as shown in Figure 4.16 (a), 

(b), (d).  

Decrease in the charging time of beeswax with increase in fluid flow rate is due to 

increase in Reynolds number which correspondingly enhanced the heat transfer 

coefficient inside the tube as shown in Table 4.2. The value of Reynold’s number for 

each flow is also lying below the critical Reynold’s number of helical coil i.e. 9289 

(Appendix III) and therefore the flow pattern is lying in laminar region [293]. The 

increased heat transfer coefficient at higher fluid flow rates promotes faster heat 

transfer from fluid inside the tube to the tube surface which in turn increased charging 

rate of the beeswax. The values of charging times (position T3) obtained at four 

different flow rates of water and four different inlet fluid temperatures are given in 

Table 4.3.   

Higher fluid flow rates give lower charging time of beeswax, however, at higher flow 

rates the storage efficiency of thermal storage system decreases and maximum storage 

efficiency is obtained at 0.5 LPM as shown in Figure 4.17. The efficiency of TSU 

found to be 83.4%, 84.2%, 72% and 58.3% at flow rates of 0.25 LPM, 0.5 LPM, 0.75 

LPM and 1.0 LPM respectively at constant inlet fluid temperature of 80 °C. In the 

present experimental study flow rate of 0.5 LPM and above are considered while at 

lower flow rate of 0.25 LPM a large pressure drop is observed that hindered the fluid 

flow hence not considered in further studies.  

Variation of energy available from hot HTF and energy stored by beeswax at different 

flow rates at constant inlet temperature of 80 °C is shown in Figure 4.18 and it is 

observed that the amount of available energy has increased with the increase in flow 

rate due to the enhanced enthalpy content of the fluid (higher mass flow rate) while 

the energy stored by the beeswax almost remained constant with flow rate. Due to this 

energy difference the storage efficiency of the system reduced with increase in flow 

rate. 
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Various other researchers have also noticed the reduction in charging time of phase 

change material with increase in the flow rate of HTF. Akagun et al. 2008 [154] 

studied the melting and solidification profile of paraffin in shell and tube type heat 

exchanger and observed that the melting time of PCM was reduced by 30% with 

increase in flow rates (4 kg/min, 6 kg/min and 8 kg/min). In an another study, Sari et 

al. 2001 [195] also observed the effect of flow rates (1.6, 2, 3, and 6 kg/min) on the 

thermal performance of energy storage system with myristic acid as phase change 

material and noticed that with six times increase in flow rate, the melting time of 

myristic acid reduced by 35%. Similar investigation at different flow rates (1.2-6 

kg/min) was performed on stearic acid [211] and found  20% decrease in the melting 

time with six times increase in the flow rate. However, in all these studies it is also 

suggested that the lower flow rates are more rational and practical for thermal storage 

applications due to requirement of less pumping power. 
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                 (d) 

Figure 4.16 Effect of water flow rate on charging time of beeswax at different inlet 

temperature 

 

Figure 4.17 Efficiency of large TSU with beeswax at different flow rates of water 
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Figure 4.18 Variation of energy available and energy stored at different flow rates 

of water 

 

 

Table 4.2 Reynold’s number and heat transfer coefficient at different water flow rates at 

inlet fluid temperature of 80 °C 

Flow rate 

(LPM) 

Reynold’s 

No. 

Critical 

Reynold’s 

No. 

Internal heat 

transfer coefficient 

(W/m
2
.K) 

Overall heat 

transfer coefficient  

(W/m
2
.K) 

Flow 

type 

0.25  1818 9289 842.52 225 Laminar 

0.50 3613 9289 1134 245 Laminar 

0.75 5431 9289 1351 254 Laminar 

1.00 7249 9289 2695.91 284 Laminar 

 

ii) Effect of inlet fluid temperature on charging time 

Temperature variation of beeswax at position T3 in large thermal storage unit with 

time at different inlet fluid temperatures (60 °C, 70 °C, 80 °C and 90 °C) are shown in 

Figure 4.19 keeping fluid flow rate constant. Charging time of beeswax reduced with 
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increase in the inlet fluid temperature and minimum charging time is obtained at 

highest inlet fluid temperature of 90 °C. From Figure 4.19 (a) it is observed that the 

charging time of beeswax is recorded as 1935 min, 1890 min, 1830 min and 1785 min 

for the inlet fluid temperature of 60 °C, 70 °C, 80 °C and 90 °C respectively at 

constant flow rate of 0.25 LPM. Similarly the charging time of beeswax obtained is 

1755 min, 1695 min, 1650 min and 1575 min for the inlet fluid temperature of 60 °C, 

70 °C, 80 °C and 90 °C respectively (Figure 4.19 (b))  at the flow rate of 0.5 LPM.  

Decrease in charging time of beeswax with increase in inlet fluid temperature is due 

to higher temperature difference between the HTF and PCM which causes faster heat 

transfer. Similar variations in charging time with inlet temperatures were also 

observed on other two flow rates (0.75 LPM and 1.0 LPM) as shown in Figure 4.19 

(c),(d) and Table 4.3. 

              Table 4.3 Charging time of beeswax at different parametric conditions 

Flow rate 

(LPM) 

Inlet temperature 

(°C) 

Charging time 

(min) 

0.25 

 

60 °C 1935 

70 °C  1890 

80 °C 1830 

90 °C 1785 

0.50 

60 °C 1755 

70 °C  1695 

80 °C 1650 

90 °C 1575 

0.75 

60 °C 1620 

70 °C  1680 

80 °C 1590 

90 °C 1545 

1.00 

60 °C 1560 

70 °C  1545 

80 °C 1530 

90 °C 1490 

 

It is also observed from Figure 4.19 that temperature rise pattern at T3 is similar for 

all the inlet fluid velocities. Due to poor thermal conductivity of beeswax (0.29 

W/m.K) heat transfer rate in beeswax through conduction is slower till the complete 

melting of beeswax. After melting convective heat transfer comes into play and 
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become dominant contributor for heat transfer leading to upward movement of molten 

beeswax due to buoyancy forces. At the inlet fluid temperature of 60 °C, the slow rise 

in temperature of beeswax is observed and the maximum temperature rise of 57 °C is 

noticed which is lower than melting point (59.8 °C) of beeswax which leads to 

incomplete melting of beeswax for all the flow rates and therefore it is preferable to 

use inlet fluid temperature higher than the melting point of PCM. 

Decrease in charging time of PCM with increase in inlet fluid temperature is also 

observed by many researchers [257,294]. Yazici et al. 2014 [77] studied the melting 

behavior of paraffin wax in a horizontal shell and tube type thermal storage unit at 

different inlet fluid temperatures (75 °C, 80 °C and 85 °C) at the constant mass flow 

rate of 850 kg/h and observed 67% decrease in the melting time of PCM. Rathode et 

al. 2013 [79] also studied the thermal behavior of paraffin wax within a shell and tube 

type heat exchanger and found that the time required to reach complete melting 

increased by 22% when inlet fluid temperature decreased from 85 °C to 80 °C. 

Similarly charging time of paraffin wax increased by 78% when temperature of inlet 

fluid lowered from 85 °C to 75 °C. In an another work, Avci et al. 2013 [294]on 

paraffin wax in horizontal shell and tube type thermal storage system also showed that 

with increase in inlet temperature (75 °C, 80 °C and 85 °C)  of HTF the charging time 

of PCM had decreased. Jesumathy et al. 2014 [257] also studied the effect of inlet 

temperature on charging time of paraffin wax in double latent heat storage unit and 

found that the charging time of PCM (Paraffin wax) reduced by 31% with increase in 

temperature from 70 °C to 74 °C.   

Results of the present study show that higher inlet fluid temperatures are suitable for 

faster charging of beeswax. However, it is difficult to maintain a constant flow rate at 

the inlet fluid temperature of 90 °C due to the steam formation in helical tube which 

leads to frequent temperature drop and pressure drop within the helical coil of TSU. 

Therefore, in order to work efficiently and effectively, further experimental studies 

were performed at inlet fluid temperature of 80 °C. The efficiency of large TSU at 

different inlet fluid temperature is shown in Figure 4.20 and it is observed that with 

increase in the inlet fluid temperature of HTF, efficiency of TSU has increased. 

However, there is no much variation in the efficiencies at inlet fluid temperature of 80 
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°C and 90 °C due to formation of steam at high inlet fluid temperature which restrict 

the flow of HTF at 90 °C which results in reduced efficiency. 
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             (d) 

Figure 4.19 Effect of inlet water temperature on charging time of beeswax at 

different flow rates 

 

Figure 4.20 Storage efficiency of large TSU at different inlet water temperatures 

iii) Thermal profile of beeswax 

The thermal profiles of beeswax at different inlet fluid temperatures (60 °C, 70 °C,   

80 °C, 90 °C) are presented in Figure 4.21 at fixed fluid flow rate of 0.5 LPM which is 

showing the temperature  variation with time for nine thermocouples of  thermal 

storage unit. 

 For better understanding, the thermal profile of beeswax at the flow rate of 0.5 LPM 

and 80°C (Figure 4.21 (c)) is divided into temperature distribution profiles in axial 

and vertical directions of TSU as shown in Figure 4.22 and Figure 4.23 respectively. 
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As hot HTF is passing through helical coil from left to right so melting process begins 

at the left end of TSU i.e. T1, T4, T7 as compared to right end, with smaller melting 

time on the left side beeswax. The melting pattern was found to be similar for 

thermocouple positions along the axis at the middle position of coil (T4, T5, T6) and 

below the coil (T7, T8, T9) as shown in Figure 4.22 b) and Figure 4.22 c) 

respectively.  

It is also observed that time taken by beeswax to reach the melting point at bottom 

(T7) of the thermal storage unit was the smallest as compared to the middle (T4) and 

top thermocouples (T1) as shown in Figure 4.23 a) and in the beginning heat transfer 

between HTF and beeswax is through conduction. Since, beeswax at positon T1 and 

T7 are in contact with the helical coil and T4 is away from the coil so melting at T1 

and T7 begins first as compared to position T4 and the molten beeswax moves 

downward due to gravitational effect and transfers heat to the bottom part of the 

thermal storage unit which leads to faster rise in the temperature of the bottom 

beeswax (T7). Then molten beeswax from bottom part starts moving up due to 

bouncy effect which causes additional heat transfer to beeswax at position T4 and T1 

along with conduction through solid beeswax. The mode of heat transfer and melting 

pattern are similar for all three vertical planes (T1, T4, T7) as shown in Figure 4.23. 

Thus there are two dimensional movements in the PCM in rectangular TSU i.e. from 

left to right and top to bottom. 
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         (c) 

 

              (d) 

Figure 4.21 Thermal profile of beeswax at different inlet water temperatures 
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    (b) 

 

        (c)  

Figure 4.22 Temperature distributions in large TSU with beewax along 

horizontal planes 
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                (a) 

 

                                                                    (b) 

 

                                                                   (c)  

Figure 4.23 Temperature distributions in large TSU with beeswax along vertical planes 
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Thermal profile of beeswax at inlet fluid temperature of 60 °C (Figure 4.21 (a)) 

showed the similar pattern for temperature rise when compared with other 

temperature profiles. However, during experimentation it was observed that the 

beeswax did not melt completely when HTF was passed at inlet temperature of 60 °C 

due to the less temperature difference between HTF and beeswax. It was also 

observed that the temperature of HTF (60 °C) is not enough to begin the strong 

convection within the beeswax and conduction part is dominant here throughout the 

charging process and all thermocouples were reached the constant temperature at 

1935 min. In all the thermal profiles of beeswax (Figure 4.21) at different inlet 

temperatures it was observed that the temperature of lower most part of the system 

raised first followed by middle and upper part which showed the convection effect on 

thermal performance of the system. It was also observed form Figure 4.21 that 

temperature profile of upper most thermocouples are almost linear this is due to slow 

melting rate of beeswax at the upper part initiated by conduction for most of the time 

and then followed by convection due to the movement of liquid phase. Thermal 

profiles of beeswax at all the inlet fluid temperature was almost similar except their 

charging time which proved that the convection plays dominant role in the charging 

of beeswax.  

iv) Discharging profile of beeswax 

Once, all the nine thermocouples reached to saturation temperature in the beeswax 

then solidification pattern was studied by observing temperature variation in the 

beeswax. For this solidification study i.e. discharging of thermal storage unit, cold 

water at 20 °C was passed at the flow rate of 0.5 LPM through helical coil from left to 

right in exactly same manner immediately after the completion of charging process. 

During discharging process water coming out of the TSU is collected in a water tank 

and used again and again in a closed circuit for estimating amount of the heat 

collected during discharging.  

Figure 4.24 and Figure 4.25 shows the temperature profile of beeswax for horizontal 

and vertical planes of TSU respectively. It is observed from Figure 4.24 that the drop 

in temperature of PCM reduced from left (inlet) to right (outlet) of thermal storage 

unit at different axial positions i.e. above the helical coil (T1, T2, T3), middle of the 

coil (T4, T5, T6) and below the coil (T7, T8, T9). This is due to the fact that 
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temperature of heat transfer fluid starts increasing while moving from left to right of 

TSU  which leads to decrease in heat transfer gradient i.e. temperature difference 

between wax and HTF which caused reduction in rate of heat transfer through 

conduction. The solidification process of beeswax was different from the melting 

process, as HTF allowed to flow through the helical coil, the molten beeswax around 

the coil losses heat to the wall of the coil and start accumulating around the coil 

surface which formed a thin film of beeswax on the coil. The thickness of this film 

increased further with time due to more heat transfer to the coil through conduction 

which caused extra resistance for further heat transfer via conduction. It is observed 

from Figure 4.25 that during solidification, the temperature at the thermocouples 

along all the vertical planes i.e. near to inlet (T1, T4, T7), at the middle of the coil 

(T2, T5, T8) and near to the outlet (T3, T6, T9) of TSU dropped simultaneously. This 

is due to the fact that during solidification of beeswax conduction mode of heat 

transfer is dominant as compared to the convection mode. The solidification peak for 

beeswax in TSU was obtained at 58 ºC and for beeswax sample it is 56.4 ºC through 

DSC analysis and discharging time of beeswax with plain water was found to be 480 

min. similar solidification profiles were observed on various other PCM such as 

paraffin, fatty acids and eutectic by the researchers [148, 292, 293]. 
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(b) 

         

 (c) 

Figure 4.24 Discharging profile of beeswax along horizontal planes of large TSU   

       

  (a) 

0

10

20

30

40

50

60

70

80

0 100 200 300 400 500

T
e
m

p
e
ra

tu
re

 (
ºC

) 

Time (min) 

T4 T5 T6

0

10

20

30

40

50

60

70

80

0 100 200 300 400 500

T
e
m

e
p

a
rt

u
re

 (
ºC

) 

Time (min) 

T7 T8 T9

0

10

20

30

40

50

60

70

80

0 100 200 300 400 500

T
e
m

p
e
ra

tu
re

 (
ºC

) 

Time (min) 

T1 T4 T7



RESULTS AND DISCUSSION 107 
 

 
 

      

(b) 

 

(c) 

Figure 4.25 Discharging profile of beeswax along vertical planes of large TSU   

4.4.3 Using expanded graphite/water suspension as HTF 

Expanded graphite(EG)/water suspension as heat transfer fluid was prepared and 

allowed to flow through the helical tube of thermal storage unit at different 

concentrations (0.05 wt. %, 0.5 wt. %, 1.0 wt. %) to study the thermal performance of 

beeswax results of the study are given below: 

i)  Effect of fluid concentration on charging time of beeswax 

Variation of charging time in large TSU at different concentration of expanded 

graphite in EG/water suspension is shown in Figure 4.26 and it is observed that with 

increase in the concentration of expanded graphite in the suspension, the charging 
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graphite/water suspension of 0.05 wt. %, 0.5 wt. % and 1.0 wt. % concentration is 

observed as 1605 min, 1440 min and 1395 min respectively.  The decrease in 

charging time with increase in concentration of EG may be due to the enhanced 

thermal conductivity of heat transfer fluid and improved tube side heat transfer 

coefficient as shown in Figure 4.27 and Figure 4.28 which promotes faster heat 

transfer through the tube surface. Table 4.4 shows the reduction in charging time at 

different concentration of expanded graphite in water as compared to the base fluid. 

Maximum reduction in charging time i.e. 15.45% was observed for 1.0 wt. % of 

expanded graphite in water and it was observed that more than 1.0 wt. % of expanded 

graphite may affect the functioning of centrifugal pump used in the experiment, also  

the excess expanded graphite in suspension may block the helical tube (ID : 8mm) of 

thermal storage unit and therefore, the percentage of expanded graphite in the 

suspension was limited to 1.0 wt. %.  

 

Figure 4.26 Charging time with concentration of expanded graphite in water 
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Figure 4.27 Thermal conductivity of EG/water suspension at different concentrations 

 

Figure 4.28 Heat transfer coefficient at different concentration of EG/water 

suspension 
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Table 4.4 Reduction in charging time at different concentration of EG/water suspension 

Concentration of 

HTF (wt. %) 

Thermal conductivity of 

HTF (W/m.K) 

Charging time 

(min) 

% Reduction in 

charging time 

0.00 0.571 1650 -- 

0.05 0.612 1605 2.72 

0.50 0.986 1440 12.70 

1.00 1.397 1395 15.40 

ii) Thermal profile of beeswax 

Thermal profiles of beeswax obtained at different concentration of EG/water 

suspension are presented in Figure 4.29 and it is observed that temperature of the 

thermocouples at the position near to inlet in vertical plane (T1, T4, T7) raised earlier 

as compared to the temperature of thermocouples at planes away from the inlet of 

TSU. This is due to the fact that as the HTF moves from left to right through the coil 

in TSU, the temperature difference between the HTF and PCM material reduced. 

Similarly the temperature of lower part of TSU (T7, T8, T9) raised first followed by 

temperature of the middle part (T4, T5, T6) and then the top part of TSU (T1, T2, T3). 

It should be noted that the thermal profiles of beeswax when charged with EG/water 

suspension at various concentrations (0.05 wt. %, 0.5 wt. %, 1.0 wt. %) are similar to 

the melting profile of the beeswax when charged with plain water except the variation 

in charging time. This proves that in the present system movement of melting front 

was not affected with the type of heat transfer fluid except the variation in charging 

time which was due to the change in thermal properties of heat transfer fluid. 
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(b) 

 

(c) 

Figure 4.29 Thermal profiles of beeswax at different concentration of EG/water 

suspension 

4.4.4 Using Al2O3 /water suspension as HTF 

Al2O3 /water suspension as heat transfer fluid was prepared at different concentrations 

(0.2 vol. %, 0.5 vol. %, 1.0 vol. % and 2.0 vol. %) and allowed to flow through the 

helical tube of thermal storage unit to study the thermal performance of beeswax 

results of the study are given below: 

i) Effect of fluid concentration on charging time 

Charging time of beeswax at different concentration of alumina nano fluid in 

Al2O3/water is shown in Figure 4.30 which depicts that with increase in the 

concentration of Al2O3 nanoparticles in water the charging time of beeswax was 
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reduced. The charging time of beeswax when charged with nano-fluids having 

concentration of 0.2 vol. %, 0.5 vol. %, 1.0 vol. % and 2.0 vol. % was found to be 

1590 min, 1560 min, 1515 min and 1485 min respectively which is much lesser as 

compared to the charging time when charged with plain water (1650 min). Percentage 

reduction of charging time with increasing concentration of heat transfer fluids are 

given in Table 4.5 which showed that with the addition of aluminium oxide 

nanoparticles (0.2 vol. %-2 vol. %) in water, the charging time of beeswax was 

reduced by 3.6-10 %.  This reduction in charging time of beeswax was due to 

enhancement in thermal conductivity of HTF as well as increase in the internal heat 

transfer coefficient which promotes faster heat transfer with the concentration of 

alumina nanoparticle as shown in Figure 4.31 and Figure 4.32 respectively.   

                  

 

Figure 4.30 Effect of Al2O3 nanofluid concentration on charging time of beeswax 
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Figure 4.31 Thermal conductivity of Al2O3 nanofluids at different concentrations 

 

             

Figure 4.32 Heat transfer coefficient at different concentration of Al2O3/water 

nanofluid 
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Table 4.5 Charging time of beeswax at various concentration of Al2O3 nanofluid 

HTF Concentration 

(vol. %) 

Charging time 

(min) 

% reduction in 

charging time 

Plain water 0.0 1650 -- 

Al2O3nanofluid 0.2  1590 3.6 

Al2O3nanofluid 0.5 1560 5.4 

Al2O3nanofluid 1  1515 8.1 

Al2O3nanofluid 2  1485 10 

 

ii) Thermal profile of beeswax 

Thermal profiles of beeswax when charged with different concentrations of Al2O3 

nanofluids are shown in Figure 4.33 and it is observed that the pattern of temperature 

rise at all the thermocouples are similar in all the thermal profiles obtained by varying 

concentration of nanofluid, except the value of charging time. In all the thermal 

profiles (Figure 4.33 (a), (b), (c), (d)) the solid liquid interface was found to be 

moving from left (inlet side) to right (outlet side) of the storage unit axially, while in a 

vertical plane molten beeswax was first moved downward at the bottom of unit due to 

gravity and then towards the top part of TSU due to buoyancy. It can also be observed 

in all these profiles that the temperature rise is initially slow due to poor conduction of 

heat through the matrix of PCM which was then followed by convection once the 

melting point of PCM was achieved led to faster temperature rise thereafter.  
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(b) 

 

(c) 

 

(d) 

Figure 4.33 Thermal profile of beeswax at different concentration of Al2O3 
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4.5 Performance evaluation of large TSU using composite material 

Composite of beeswax with expanded graphite was prepared and studied for its 

thermal storage performance in large TSU using four different heat transfer fluids 

such as plain water, expanded graphite/water suspension, Al2O3 nanofluid and exhaust 

gases at different flow rates and inlet fluid temperatures. 

 4.5.1 Using plain water as HTF 

Thermal storage performance of composite is studied in large TSU by passing hot 

water through the helical tube at four flow rates such as 0.25 LPM, 0.5 LPM, 0.75 

LPM, 1 LPM and four different inlet fluid temperatures i.e. 60 °C, 70 °C, 80 °C, and 

90 °C. 

i) Effect of water flow rate on charging time 

Variation in composite material temperature at position T3 (charging time) for 

different flow rates are plotted with time as shown in Figure 4.34 keeping constant 

inlet fluid temperature. It is observed from Figure 4.34 (c) that the charging time of 

composite material found to be 1185 min, 1125 min, 1080 min and 1020 min for fluid 

flow rate of 0.25 LPM, 0.5 LPM, 0.75 LPM and 1 LPM respectively at 80°C inlet 

fluid temperature. The reduction in charging time at higher fluid flow rates may be 

due to improved heat transfer coefficient inside the tube which promoted faster heat 

transfer. The enhancement in internal heat transfer coefficient was due to increased 

Reynold’s number as shown in Table 4.2 for same thermal storage unit, temperature 

and flow rate of fluid. It is also noted that the rate of temperature rise in composite 

material is more as compared to the rate of temperature rise in beeswax this may be 

due to enhanced thermal conductivity of composite material which has promoted 

higher heat transfer inside the PCM matrix.  

It is also observed from Figure 4.34 (a) that the temperature of composite material 

reached above its melting point temperature (i.e. 57 °C) during charging with HTF at 

60 °C (same was not observed in case of pure beeswax), therefore, unlike the pure 

beeswax, composite of beeswax with expanded graphite in storage unit can be 

charged with water at 60 °C.  It is observed that the melting pattern of composite at 

position T3 found to be similar at other three inlet fluid temperatures.  These results 
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show that the fluid flow rate has similar effect on beeswax and composite material, 

and heat transfer in both the cases increased due to increase in internal heat transfer 

coefficient. 

Thermal storage efficiency of TSU with composite material decreased with increase 

in flow rates as shown in Figure 4.35. At the lowest flow rate of 0.25 LPM the 

efficiency of composite material was 86.19% which is quite close to efficiency at 0.5 

LPM i.e. 87.49% however, efficiency at the flow rates of 0.75 LPM and 1.0 LPM has 

decreased to 68.70% and 59.33% respectively. This is probably due to difficulty in 

maintaining unrestricted flow in helical tube at such a low flow rate i.e. 0.25 LPM in 

present thermal storage unit due to high pressure drop with centrifugal pump at high 

temperature and 0.5 LPM is taken for further study to optimize heat transfer 

parameters in large TSU. The charging time at different flow rates and at other inlet 

fluid temperatures are summarized in Table 4.6. 

The results obtained in this study are found to be in line with the results reported in 

literatures that with increase in flow rates of HTF charging time reduced for 

composite materials and PCM [154, 254, 297]. 
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(d) 

Figure 4.34 Effect of water flow rate on charging time of composite at different inlet 

temperature 

 

Figure 4.35 Thermal storage efficiency of large TSU with composite at different flow 

rates of water 
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ii) Effect of inlet fluid temperature on charging time 

Temperature variation of composite material at position T3 in large thermal storage 

unit with time at different inlet fluid temperatures (60 °C, 70 °C, 80 °C and 90 °C) are 

shown in Figure 4.36 keeping constant fluid flow rate. Observed charging time of 

composite material is 1275 min, 1140 min, 1125 min and 1110 min for the inlet fluid 

temperature of 60 °C, 70 °C, 80 °C and 90 °C respectively at flow rate of 0.5 LPM.  

Therefore, the charging time of beeswax/expanded graphite composite reduced with 

increase in the inlet fluid temperature and minimum charging time is obtained at the 

highest inlet fluid temperature of 90 °C. Decrease in charging time of composite 

material with increase in inlet fluid temperature is due to higher temperature 

difference available between the HTF and PCM which caused faster heat transfer. 

Similar variations in charging time with inlet fluid temperatures were also observed 

on other three flow rates (0.25 LPM, 0.75 LPM and 1.0 LPM) as shown in Table 4.6. 

Table 4.6 Charging time of composite material at different conditions 

Flow rate 

(LPM) 

Inlet temperature 

(°C) 

Charging time 

(min) 

0.25 

60 °C 1320 

70 °C  1215 

80 °C 1185 

90 °C 1140 

0.50 

60 °C 1275 

70 °C  1140 

80 °C 1125 

90 °C 1110 

0.75 

60 °C 1230 

70 °C  1125 

80 °C 1080 

90 °C 1065 

1.00 

60 °C 1200 

70 °C  1080 

80 °C 1020 

90 °C 1035 
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Figure 4.36 Effect of inlet water temperature on charging time of composite at 

0.5 LPM   

iii) Thermal profile of composite 

Thermal profiles of composite material at different inlet fluid temperature and fixed 

flow rate of 0.5 LPM are shown in Figure 4.37 and it is observed that the temperature 

rise pattern at all the nine thermocouple positions is similar in all the profiles. For 

better understanding of thermo-physical phenomena during heat storage, the charging 

profile of composite at 80 °C and flow rate of 0.5 LPM is divided into temperature 

distribution profiles in axial direction and vertical direction of TSU as shown in 

Figure 4.38 and Figure 4.39 respectively. Figure 4.38(a) represents the temperature 

distribution  of composite material in axial direction of the thermal storage unit above 

the helical coil (T1, T2, T3) and it can be seen that the temperature of thermocouple 

near to inlet (T1) raised faster  as compared to the thermocouple at the middle plane 

(T2)  followed by the thermocouple near to outlet of TSU (T3). This difference has 

been arrived due to higher temperature difference available between PCM and HTF at 

inlet position compared to the temperature difference at T2 and T3 that has led to 

faster heat transfer near the inlet as compared to T2 and T3. Similar pattern of 

temperature rise has been observed at other two axial positions i.e. middle of the coil 
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(T4, T5, T6) and below the coil (T7, T8, T9) as shown in Figure 4.38 (b) and Figure 

4.38 (c) respectively. 

Thermal profile of composite material along the vertical plane of thermal storage unit 

is shown in Figure 4.39. Variation in temperature at the thermocouples in the vertical 

plane  near the inlet (T1, T4, T7) is shown in Figure 4.39 (a) which depicts that the 

temperature of thermocouple (T7) at the bottom of the helical coil raised first as 

compared to thermocouple at middle (T4) of the coil followed by top of the helical 

coil (T1). As the HTF is allowed to flow through the thermal storage unit it started 

delivering heat to the composite material, and the melting of composite material 

began, molten PCM moved toward the bottom of thermal storage unit due to gravity 

and transferred its heat via conduction and convection both caused fast melting of 

bottom wax, hence, faster rise in temperature at bottom part took place. With the rise 

in temperature, the molten PCM at the bottom part moved towards the upper part of 

thermal storage unit due to buoyancy effect and delivered its heat to the PCM through 

convection which further increased the temperature of the middle part and then the 

upper part of thermal storage unit. Similar variations of temperature was also 

observed for thermocouples at the other two vertical planes i.e. middle of the coil (T2, 

T5, T8) and at the vertical plane near to outlet of TSU (T3, T6, T9) as shown in 

Figure 4.39 (b) and (c) respectively. 
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(b) 

 

(c) 

 

(d) 

Figure 4.37 Thermal profiles of composite at different inlet water temperatures 
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(a) 

 
(b) 

   

                            (c) 

Figure 4.38 Temperature distributions in large TSU with composite along 

horizontal planes 
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(a) 

 

(b) 

 

(c) 

Figure 4.39 Temperature distributions in large TSU with composite along vertical 

planes 
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iv) Discharging profile of composite material 

Discharging profile of composite material was studied using plain water of 20 °C and 

the temperature variations in axial and vertical planes of thermal storage unit are 

shown in Figure 4.40 and Figure 4.41 respectively. As per Figure 4.40 (b) the 

temperature at the position T4  near the inlet of TSU is droped at faster rate as 

compared to the temperature at middle of the coil (T5) followed by temperature at the 

end of coil (T6) in axial direction. The rate of temperature drop along the axis is 

reduced due to decrease in temperature difference of HTF and PCM material. Similar 

pattern of temperature drop is also observed for the other axials positions above the 

coil (T1, T2, T3) and below the coil (T7, T8, T9). This is due to the fact that 

temperature of heat transfer fluid increased while moving from left to right of TSU  

which decreased heat transfer gradient i.e. temperature difference between composite 

and HTF and reduced heat transfer rate by conduction.  

The solidification process of composite was different from the melting process, as 

HTF allowed to flow through the helical coil, the molten composite around the coil 

lost heat to the wall of the coil and started accumulating around the coil surface which 

formed a thin film of composite on the coil. The thickness of this film increased 

further with time due to more heat transfer to the coil through conduction which 

caused extra resistance for further heat transfer via conduction. It is observed from 

Figure 4.41 that during solidification, the temperature at the thermocouples along all 

the vertical planes i.e. near to inlet (T1, T4, T7), at the middle of the coil (T2, T5, T8) 

and near to the outlet (T3, T6, T9) of TSU dropped simultaneously. This is due to the 

fact that during solidification of composite material conduction mode of heat transfer 

is dominant as compared to the convection mode. 

Conduction dominates the heat transfer in discharging process of PCMs is also 

observed by many researchers in their studies [301–304]. 
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(a) 

 

(b) 

 

(c) 

Figure 4.40 Discharging profile of composite material along axial planes in large TSU 
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                                                          (c)    

Figure 4.41 Discharging profile of composite material along vertical planes in large TSU 
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v) Comparison of charging time of beeswax and composite 

With 10% addition of expanded graphite in beeswax, thermal conductivity of 

beeswax/expanded graphite composite material increased to 0.63 W/m.K which is 

117% more than pure beeswax (0.29 W/m.K). Due to this enhancement in  thermal 

conductivity the charging time of composite material reduced as compared to 

beeswax under similar operating conditions. 

Comparison of charging time pattern between beeswax and composite material using 

plain water is shown in Figure 4.42 at inlet fluid temperature of 80 °C and flow rate of 

0.5 LPM. Observed values of charging time for beeswax and composite material are 

1650 min and 1125 min respectively, this is due to the presence of continuous matrix 

of expanded graphite within the continuous phase of beeswax which promoted faster 

heat conduction with 31.81% reduction in the charging time. Table 4.7 shows the 

charging time comparison for beeswax and composite material using hot plain water 

of 80 
o
C. Minimum charging time is obtained for the composite material with 10% 

expanded graphite in beeswax and this newly developed PCM is a promising option 

as heat storage material in low temperature thermal applications. 

 

Figure 4.42 Comparison of charging time of beeswax and its composite material 
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Table 4.7 Charging time comparison for beeswax and composite material with plain water at 0.5 

LPM and  80 
o
C . 

Flow rate of 

water (LPM) 

Charging time  of 

beeswax (min) 

Charging time of 

composite (min) 

% reduction in 

charging time 

0.25 1830 1185 

 

35.24 

0.50 1650 1125 31.81 

0.75 1590 1080 32.00 

1.0 1530 1020 33.33 

 

4.5.2 Using expanded graphite/water suspension as HTF 

Expanded graphite(EG)/water suspension as heat transfer fluid was prepared and 

passed through the helical tube of thermal storage unit at three different 

concentrations (0.05 wt. %, 0.5 wt. %, 1.0 wt. %) to study the thermal performance of 

beeswax/expanded graphite composite material in large TSU. 

i)  Effect of fluid concentration on charging time 

The variation of charging time with solute concentration in expanded graphite/water 

suspension is presented in Figure 4.43 at the flow rate of 0.5 LPM and inlet fluid 

temperature of 80 °C and observed that the charging time of composite material 

decreased with increase in the expanded graphite concentration in water. For three 

fluid concentrations of 0.05 wt. %, 0.5 wt. % and 1 wt. %, charging time found to be 

1065 min, 1020 min and 960 min respectively.  This reduction in charging time with 

EG concentration is due to increased thermal conductivity of expanded graphite/water 

suspension. Suspension having more than 1wt. % of EG may choke the helical tube of 

thermal storage unit and not considered for the present study. 
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Figure 4.43 Effect of expanded graphite/water concentration on charging time of 

composite 

ii) Thermal profile of composite material 

Thermal profiles of composite material using different concentration (0.05 wt. % 0.5 

wt. % and 1 wt. %) of expanded graphite/water suspension are shown in Figure 4.44 

and  it is observed that when the HTF was passed through the helical coil, the heat 

transfer from HTF to PCM initially occurred through conduction followed by the 

convection. Similar to beeswax the melting of composite beings at the coil surface 

from where it moves towards the bottom of thermal storage unit due to gravitational 

effect which rises the temperature of lower part of the unit. This molten beeswax in 

the lower part of TSU (T7, T8, T9) then moves towards the middle (T4, T5, T6) and 

upper part (T1, T2, T3) of the TSU due to buoyancy effect and explains the 

temperature variation in the vertical planes of thermal storage unit. While in the axial 

direction temperature raised first at the thermocouples near to inlet (T1, T4, T7) 

followed by the thermocouples at the middle (T2, T5, T8) and then near to outlet (T3, 

T6, T9) of TSU. In this way the solid-liquid interface moves from left hand (fluid 

inlet) side of TSU to right hand side (fluid outlet) of TSU and thermal profiles of 

composite material when charged with different concentrations of EG/water 

suspensions are similar except their charging time. 
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(c) 

Figure 4.44 Thermal profiles of composite material at different EG concentrations 

iii) Charging time comparison between beeswax and composite material 

Results of the present study shows that the melting time and charging time of beeswax 

and its composite gets reduced with the use of expanded graphite/water suspension of 

different concentrations.  

 However, it is found that the composite of beeswax showed greater reduction in 

charging time as compared to pure beeswax at same concentration of expanded 

graphite/water suspension and same operating conditions (0.5 LPM, 80 °C) as shown 

in Figure 4.45. Comparison of charging time of beeswax and composite material are 

given in Table 4.8 which shows that there is continuous reduction in charging time 

with increase in concentration of EG in water for both beeswax and composite but it 

is more in case of beeswax at higher concentration due to higher heat transfer rate (by 

convection) from HTF. Plain water as HTF is equally good in comparison to 0.5 % or 

more of EG/water suspension from charging time reduction point of view.  
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(c) 

Figure 4.45 Temperature variation in composite and beeswax at position T3 
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Table 4.8 Charging time comparison of beeswax and its composite using EG/water 

suspension at 0.5 LPM and 80 °C 

 

 4.5.3 Using Al2O3-water nanofluid as HTF 

 Al2O3/water suspension nanofluid of different concentrations (0.2 vol. %, 0.5 vol. %, 

1.0 vol. %, and 2.0 vol. %) was prepared and circulated through the helical coil of 

thermal storage unit at constant flow rate of 0.5 LPM and inlet fluid temperature of 80 

°C to study the thermal storage performance of beeswax/expanded graphite composite 

material. Experimental results from the present study considering mainly the effect of 

fluid concentration and thermal profile are discussed here. 

i) Effect of fluid concentration 

Effect of different concentrations of alumina nanofluid on the charging time of 

composite is shown in Figure 4.46, which depicts that the charging time of composite 

material decreased with increase in concentration of nanoparticles in HTF. The 

charging time of composite material is found to be 1095 min, 1050 min, 1020 min and 

1005 min at Al2O3/water suspension concentration of 0.2 vol. %, 0.5 vol. %, 1.0 vol. 

%, and 2.0 vol. % respectively. At maximum concentration of  2.0 vol. % of 

Al2O3/water suspension, the charging time of composite material reduced by16.94% 

as compared to plain water. The presence of nanoparticles improves the thermal 

conductivity of the suspension and promotes faster heat transfer which gives reduced 

charging time of composite material.  

Inlet fluid 

concentrati

on (wt.%) 

Charging 

time of 

beeswax 

(min) 

% 

reduction 

in 

charging 

time 

Charging time 

of composite 

(min) 

% 

reduction 

in 

charging 

time 

Comparative % 

reduction in 

charging time of 

beeswax and 

composite 

0.0 1650 - 1125 - 31.8 

0.05 1605 2.72 1065 5.33 33.6 

0.50 1440 12.72 1020 9.33 29.1 

1.0 1395 15.45 960 14.66 31.1 
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Concentration higher than 2 vol. %  has not been recommended due to agglomeration 

which may increase wear and tear, sedimentation etc. in the helical coil and can 

disturb the normal fluid flow through the system. 

 

 Figure 4.46 Effect of Al2O3 nanofluid concentration on charging time of  composite 

ii) Thermal profile of composite 

Thermal profiles of composite with different concentrations (0.2 vol. %, 0.5 vol. %, 

1.0 vol. %, and 2.0 vol. %) of Al2O3/water suspensions are shown in Figure 4.47. The 

temperature rise patterns observed with the use of nanofluid is similar to the thermal 

profiles observed with the use of plain water. However, different charging times are 

obtained with different heat transfer fluids.  

 Thermo fludic phenomena observed in these profiles can be understood from the fact 

that as soon as the melting of composite begins inside the thermal storage unit it first 

starts moving downwards due to gravity and temperature of thermocouple placed at 

the lower part of thermal storage unit (T7, T8, T9) increases, which then promotes 

natural convection and movement of molten composite to the upper part of TSU and 

hence, the temperature rise at the middle (T4, T5, T6) and upper part (T1, T2, T3) is 

observed. Table 4.9 is showing the percentage reduction in charging time at different 

concentrations of alumina nanofluid. 
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     (d) 

             Figure 4.47 Thermal profiles of compsoite at different concentrations of Al2O3 
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iii) Comparison of charging time of composite material and beeswax   

Results of the present study show that the charging time of composite and pure 

beeswax gets reduced with increase in the concentration of Al2O3/water suspension. 

The charging time of composite material is (32.60 %) lesser as compared to the pure 

beeswax for 0.5 vol. % concentration of Al2O3/water suspension keeping other 

conditions same. 

Comparison of  temperature variation with time at four different concentration of  

Al2O3/water suspension  for thermocouple position T3 in composite and beeswax is 

shown in Figure 4.48 and it is found that temperature rise in composite takes place at 

the faster rate as compared to the beeswax. Table 4.9 represents the comparison of 

charging time between composite material and beeswax at different concentration of 

Al2O3 nanofluid. Charging time of composite of beeswax/expanded graphite is quiet 

reasonable and should be preferred over beeswax. 
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              (c) 

 

              (d) 

        Figure 4.48 Temperature variation of composite and beeswax at position T3 

Table 4.9 Charging time comparison of beeswax and its composite using Al2O3/water 

suspension at 0.5 LPM and 80°C 
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4.5.4 Using exhaust gas as HTF 

Apart from using different liquids as HTF in the study of thermal performance for 

PCMs, the exhaust gas from petrol engine was also tried as heat transfer fluid with the 

output temperature of 165 °C. This exhaust gas was passed through the helical coil of 

TSU and temperatures at various positions of thermocouples were recorded.  

 

Figure 4.49 Charging profile of composite with exhaust gases 

Thermal profile of composite material when charged with exhaust gas is shown in 

Figure 4.49 and these profiles are similar to the thermal profile of composite when 

charged with plain water and other liquids as HTF. It is observed during the 

experimentation study that the temperature of composite material raised quickly in the 

beginning of charging up to 92 °C and then it was at slow pace. Similar thermo-

physical phenomena are present during thermal profiles in which the charging of 

composite starts by conduction followed by the convection and movement of solid 

liquid interface takes place from left (inlet) to right (outlet) and from bottom (T7, T8, 

T9) to top (T1, T2, T3) of the thermal storage unit.   

During experimentation with exhaust gases pressure drop was observed across the 

thermal storage unit which is due to the accumulation of carbon in the helical tube of 

TSU (having small diameter of 8 mm) and this is also responsible for lower storage 

efficiency of TSU.  The charging time and efficiency of composite material was found 
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to be 690 min and 46% respectively at the inlet fluid temperature of 165 °C. The 

waste heat of exhaust gases from internal combustion engines, boilers etc. can be 

usefully store in different PCMs.  

4.6 Performance evaluation of natural graphite 

Natural graphite is a sensible heat storage material and in  powder form 22 kg of 

natural graphite was filled inside the rectangular shell of thermal storage unit and after 

step  wise and systematic tapping a packed bed was formed. Then testing of the bed 

for its thermal storage performance was carried out using three different heat transfer 

fluids such as plain water, EG/water suspension and Al2O3/water suspension at 

different operating parameters. 

4.6.1 Using plain water as HTF 

Plain water as heat transfer fluid was used to study effect of flow rates (0.25 LPM-1.0 

LPM) and inlet fluid temperatures (60 °C-90 °C) on the charging time of natural 

graphite.  

i) Effect of flow rate on charging time 

Variation of temperature with time at different flow rates to obtain charging time of 

natural graphite at Position T3 and position T4 are shown in Figure 4.50 and it is 

observed that with increase in the flow rate of HTF charging time of the natural 

graphite reduced. At higher fluid flow rates more enthalpy is carried with the HTF 

which provides greater heat for conduction. Charging time of natural graphite for 

position T3 with plain water found to be 195 min, 180 min, 150 min and 120 min for 

the flow rates of 0.25 LPM, 0.5 LPM, 0.75 LPM and 1.0 LPM respectively at 80°C 

inlet fluid temperature.. However, at point T4, such variation of charging time with 

flow rate is not observed because the position of thermocouple at T4 is near to the 

entrance of TSU and where more temperature rise was observed as compared to the 

other locations of thermocouples. Efficiency of TSU with natural graphite as sensible 

heat storage material is shown in Figure 4.51 and it is found that the efficiency of this 

sensible heat storage system reduces at higher flow rate of HTF.  The thermal storage 

efficiency of packed bed found to be 59.34 %, 60.21 %, 48.47 %, 26.37 % at the flow 

rate of 0.25 LPM, 0.50 LPM, 0.75 LPM and 1.0 LPM respectively. 
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  (a) 

 

      (b) 

Figure 4.50 Effect of water flow rate on charging time of natural graphite at position T3 

and T4 

 

Figure 4.51 Efficiency of  large TSU with natural graphite at different water 

flow rates 
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ii) Effect of inlet fluid temperature on charging time 

Temperature variation of natural graphite with time at four different inlet fluid 

temperature is shown in the  Figure 4.52 which depicts that the temperature of  natural 

graphite is higher at the maximum inlet fluid temperature of 90°C. The charging time 

of packed bed of natural graphite was found to be 210 min, 195 min, 180 min, 165 

min for inlet temperatures of 60 °C, 70 °C, 80 °C and 90 °C. This reduction in 

charging time at higher inlet fluid temperature may be due to the increase in 

temperature difference of hot fluid and natural graphite which causes better the heat 

conduction from HTF to the bed of natural graphite. 

                 

Figure 4.52 Effect of inlet water temperature on charging time of natural 

graphite at 0.5 LPM 

 

 iii) Thermal profile of natural graphite 

Thermal profiles of natural graphite at four different inlet  fluid temperatures are 

shown in Figure 4.53 with constant flow rate of 0.5 LPM. It was observed from 

Figure 4.53 (a) that the temperature of thermocouples at the center of packed bed (T4, 

T5, T6) raised quickly as compared to the thermocouples located above (T1, T2, T3) 

and below the coil (T7, T8, T9). Also temperature along the axis of coil reduced as 

the HTF moves from inlet to outlet of TSU and therefore the  temperature at the 

points T1, T4, T7 are higher as compared to temperature at the middle (T2, T5, T8) 
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and at the end of TSU (T3, T6, T9). These pattern of temperature variations are due to 

the quite high value of thermal conductivity of graphite bed (k = 97 W/m.K) which is 

responsible for faster heat transfer and quick charging. Similar thermal profiles of 

natural graphite were observed at other inlet temperatures (Figure 4.53 (b), (c), (d)) 

with different charging times. These thermal performance results suggest natural 

graphite as a potential material for sensible heat storage but due to its less specific 

heat (Cp = 0.866 kJ/kg.K), it can store limited amount of heat per unit mass of 

material. 
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    (c) 

 

(d) 

Figure 4.53 Thermal profile of natural graphite charging at different inlet water 

temperatures 

 

4.6.2 Using expanded graphite/water suspension as HTF 

Temperature variation with time for determining the charging time of natural 

graphite is shown in Figure 4.54 is obtained by passing expanded graphite/water 

suspension at different concentrations i.e. 0.05 wt. %, 0.5 wt. % and 1.0 wt. %  

through the helical coil at 60°C inlet temperature and 0.5 LPM flow rate. Charging 

time of natural graphite is found to be 195 min., 190 min. and 180 min at EG/water 

suspension concentration of 0.05 wt. %, 0.5 wt. % and 1.0 wt. % respectively. 
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Charging time decreases with the increase in the concentration of expanded 

graphite/water suspension due to increase in thermal conductivity of the suspension. 

The values of charging time for natural graphite with increasing percentage of 

EG/water suspension are shown in Table 4.10 and it is observed that at 1.0 wt. % 

concentration of EG/water suspension, the charging time of natural graphite reduced 

by 14.28% as compared to the plain water.  

 

Figure 4.54 Effect of expanded graphite/water concentration on charging time of 

natural graphite 

Table 4.10 Charging time of natural graphite at different concentration of EG/water 

suspension 

Concentration of HTF 

(wt.%) 

Charging time (min.) Percentage reduction in 

charging time (%) 

0 210 -- 

0.05 195 7.14 

0.5 190 9.52 

1.0 180 14.28 

 

Thermal profiles of natural graphite at different concentrations (0.05 wt. %, 0.5 wt. % 

and 1.0 wt. %.) of expanded graphite/water suspension for flow rate of 0.5 LPM and 

inlet fluid temperature of 60 °C are presented in Figure 4.55. These profiles are 

similar to the thermal profile of natural graphite with plain water however, values of 

charging time are different. In all these profiles the temperature rise at the middle 

locations (T4, T5, T6) of TSU raised first as compared to the temperature rise at the 
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top locations (T1, T2, T3) and bottom locations (T7, T8, T9) of helical coil. This was 

due to the reduction in temperature difference between the heat storage material and 

heat transfer fluid when moves from inlet to outlet of thermal storage unit.  
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  Figure 4.55 Thermal profile of natural graphite at different concentration of EG/water 

suspension 

 

4.6.3 Using Al2O3/water nanofluid as HTF 

Al2O3/water nanofluid of four different concentrations i.e. 0.2 vol. %, 0.5 vol. %, 1.0 

vol. % and 2.0 vol. % was prepared and used as heat transfer fluid to study the 

charging behavior of natural graphite. The temperature variation of natural graphite 

with respect to time at different concentration of Al2O3/water nanofluid  is shown in 

Figure 4.56 and the charging time of natural graphite was found to be 210 min, 180 

min, 170 min ,165 min and 160 min  for Al2O3/water nanofluid concentration of 0.0 

vol. %, 0.2 vol. %, 0.5 vol. %, 1.0 vol. % and 2.0 vol.%  respectively at fluid flow rate 

of 0.5 LPM and 60 °C fluid inlet temperature. This reduction in charging time at 

higher concentration of alumina nanoparticles is due to increased thermal conductivity 

of heat transfer fluid (percentage increase in value). Charging time of natural graphite 

with Al2O3/water nanofluid of 2.0 vol. % concentration found to be 23.80% lower as 

compared to charging time with plain water. Charging time of natural graphite using 

plain water and Al2O3/water suspension of different concentrations is shown in Table 

4.11.  
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Figure 4.56 Effect of Al2O3 nanofluid concentration on charging time of natural graphite 

 

Table 4.11 Charging time of natural graphite at different concentration of Al2O3 

nanofluids 

Concentration of HTF 

(wt.%) 

Charging time (min.) Percentage reduction in 

charging time (%) 

0 210 -- 

0.2 180 14.28 

0.5 170 19.04 

1.0 165 21.42 

2.0 160 23.82 

 

Thermal profiles of natural graphite with four different concentrations of aluminum 

nanofluids are shown in Figure 4.57 which depicts the similar pattern of temperature 

rise in the packed bed as observed with different fluids. The temperature of 

thermocouples at the middle of coil (T4, T5, T6) and near to inlet (T1, T4, T7) raised 

first as the HTF moves from inlet to outlet of thermal storage unit. 
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  (c) 

 

(d) 

Figure 4.57 Thermal profiles of natural graphite at different concentrations of 

nanofluid 
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4.7 Comparison between sensible and latent heat storage 

Experimental results obtained in the present study on two phase change materials such 

as beeswax and  beeswax/expanded graphite composite and on sensible heat storage 

material natural graphite give good thermal storage efficiency as observed from 

thermal profiles.  Energy density of phase change materials found to be greater in 

comparison to natural graphite for similar geometry and sample size. Table 4.12 

shows the comparison of heat stored and charging time for phase change materials 

(beeswax and composite) and natural graphite. The amount of energy stored by 

beeswax and composite material is 5.823 MJ and 5.785 MJ respectively. Little lower 

value of energy stored in composite material is due to the addition of 10% of 

expanded graphite in the composite which reduces weight of pure beeswax in the 

composite material but increases the thermal conductivity. It is also observed that the 

energy stored by a sensible heat storage system with packed bed of natural graphite 

powder (22 kg) is 0.956 which is 83.58% and 83.47% lower as compared to the 

energy stored by beeswax and composite material respectively at constant flow rate of 

HTF 0.5 LPM and inlet temperature at 80°C. The comparison of energy densities of 

heat storage materials is shown in Table 4.13. 

 

Table 4.12 Thermal performance comparison of beeswax, composite material and 

natural graphite 

Heat storage 

material 

Heat transfer 

fluid 

Inlet 

temperature 

(°C) 

Charging time 

(min) 

Energy stored 

(MJ) 

Beeswax Plain water 80 1650 5.823 

Composite Plain water 80 1125 5.785 

Natural graphite Plain water 80 180 0.956 

Beeswax Plain water 70 1695 5.766 

Composite Plain water 70 1175 5.648 

Natural graphite Plain water 70 195 0.727 

 

Table 4.13 Energy density of different heat storage materials 

Heat storage 

materials 

Heat transfer 

fluid 

Inlet temperature 

(°C) 

Flow rate 

(LPM) 

Energy stored 

per unit mass 

(kJ/kg) 

Beeswax Plain water 80°C 0.5 324.81 

Composite Plain water 80°C 0.5 302.88 

Natural Graphite Plain water 80°C 0.5 43.45 
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4.8 Modelling and Simulations 

Modelling and simulation of heat storage materials in small scale TSU and large scale 

TSU was performed using COMSOL Multiphysics and discussed here. 

4.8.1 Modelling and simulation of small scale TSU 

A 3D model of small scale thermal storage was prepared as shown in Figure 4.58 

which consists of two parts i.e. the shell part filled with PCM and the tube part 

through which HTF is passed and then simulation study is carried out to determine the 

heat transfer behavior between phase change material and heat transfer fluid. 

 

Figure 4.58 Geometrical model of small scale TSU 

Temperature variation pattern with time for three vertical planes in the domain of 

beeswax is presented in Figure 4.59 and it is observed that the temperature of 

beeswax increased slowly and continuously with the passage of time and the complete 

charging of beeswax occurred in 1310 min, which is 8.39% lesser as compared to the 

charging time observed experimentally (1430 min).  

The melting profile of beeswax observed in simulation analysis at different time is 

shown in Figure 4.60 and it is observed that the complete melting of beeswax took  

place in 550 min (at position T3). It is also observed from Figure 4.60 that the melting 

of beeswax starts from the surface of the tube and the solid-liquid interface then 

moves towards the edges of TSU.  The pattern of temperature rise at position T3 of 
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thermal storage unit in simulation and experimental studies are compared in Figure 

4.61 and it is noticed that the temperature  rise patterns are almost similar in both the 

cases. However, lower values of temperature during  experimental study is observed 

as compared to the simulation values. This may be due to the presence of  heat losses 

from helical tube surface and radiation losses from TSU in actual conditions. Thus, 

simulation data are in good agreement with the experimental results. 

 

 

   

Figure 4.59 Simulated temperature variation during charging of beeswax in small TSU 
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Figure 4.60 Simulated melting profile of beeswax at different time in small TSU 

 

Figure 4.61 Comparison of experimental and simulated temperature variation of 

beeswax in small TSU 
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Similar temperature rise and melting pattern were observed for beeswax/expanded 

graphite composite material in small TSU as shown in Figure 4.62 and Figure 4.63. 

Simulations  results  show  the charging time and melting time for composite material 

as 950 min and 340 min (at position T3) which is 6.86% and 38.18% lesser as 

compared to the pure beeswax. This reduction in charging time and melting time may 

be due to enhanced thermal properties of composite material with the addition of 

expanded graphite. The comparison of simulated values and experimental values of 

temperature variation at position T3 in shown in Figure 4.64. As both the temperature 

variations are similar and prove good agreement with each other.  

 

      

             

Figure 4.62 Simulated temperature variation during charging of composite in small TSU 
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Figure 4.63 Simulated melting profile of composite at different time in small TSU 

 

Figure 4.64 Comparison of experimental and simulated temperature variation of 

composite in small TSU 
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4.8.2 Simulation of beeswax charging in large TSU 

The geometrical model of large TSU developed using COMSOL Multiphysics 

software is represented in Figure 4.65, in which PCM was filled in the outer 

rectangular shell while the HTF was passed through the helical coil of the thermal 

storage unit. Parameters used in the simulation study are taken from the actual 

experimental setup and simulation study was carried out with fluid flow rate of 0.5 

LPM and 80 °C inlet fluid temperature. 

 

Figure 4.65 Geometric model of large TSU 

Temperature variation in the volume of  beeswax at four different times is presented 

in Figure 4.66. The observed charging time of beeswax in large TSU from simulation 

study is 1515 min. which is 6% smaller as compared to experimental value. Figure 

4.67 representing the melting pattern of beeswax in large TSU at different time and it 

is observed that during charging the solid-liquid interface moves in upward direction 

due to the dominance of convection heat transfer and the complete melting of 

beeswax occurred in 660 min. The comparison between experimental results and 

simulated results for temperature variation at position T3 with respect to time is 

shown in Figure 4.68 and it is found that simulation results are in line  with 

experimental results . Lower values of  temperature in experimental study are due to 

the heat losses taking place.  
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Figure 4.66 Simulated temperature variation during charging of beeswax in large 

TSU 



RESULTS AND DISCUSSION 161 
 

 
 

 

        

   

      

       

 

Figure 4.67 Melting profile of beeswax at different time during charging 
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Figure 4.68 Comparison of  experimental and simulated temperature variation of 

beeswax in large TSU 

4.8.3 Simulation of composite material in large TSU 

Simulation study on beeswax/expanded graphite composite material was also 

performed on the developed 3D geometric model  for large TSU. Charging time of 

composite material is 1040 min which is found to be lower as compared to pure 

beeswax i.e. 1515 min and which is also lower as  compared to experimental value of 

1125 min as shown in Figure 4.69. The melting profile of composite material is 

presented in Figure 4.70 and complete melting of composite material took place in 

700 min. Comparison of temperature variation with time at position T3 of TSU from 

experimental study and simulation analysis is shown in Figure 4.71. since both the 

temperature profiles are almost similar prove that the simulation results are in 

agreement with experimental results. Lower values (7.5%) of temperature in 

experimental study are due to heat losses taking place from TSU and helical tube.   
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Figure 4.69 Simulated temperature variation during charging of composite in large TSU 
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Figure 4.70 Melting profile of composite material from simulation analysis 
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Figure 4.71 Comparison of  experimental and simulated temperature variation of 

composite in large TSU 

4.8.4 Simulation of natural graphite in large TSU 

Simulation study on natural graphite was also performed on the developed 3D 

geometric model for large TSU. Charging time of natural graphite was found to be 

200 min through simulation as compared to 210 min obtained from experimental 

study as shown in Figure 4.72. Comparison of temperature variation with time at 

position T3 of TSU from experimental study and simulation analysis is shown in 

Figure 4.72 and it was observed that temperature rise in simulations takes place at 

faster rate as compared to the temperature rise in experiment. It was also observed 

that charging temperature of graphite in simulation is higher as compared to the 

experimental at position T3 which may be due to the presence of air pockets and 

voids in the bed of natural graphite. 
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Figure 4.72 Simulated temperature variation during charging of natural graphite 
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Figure 4.73 Comparison of  experimental and simulated temperature variation of 

natural graphite in large TSU 
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In the present study beeswax was introduced as a new phase change material for low 

temperature thermal energy storage. In order to improve the thermal properties of 

beeswax its composite was prepared by adding varying percentage of expanded 

graphite. Expanded graphite was prepared by chemical oxidation of natural graphite 

and its surface area increases significantly as compared to natural graphite. 

Physical, chemical and thermal properties of beeswax, natural graphite, expanded 

graphite and composite of beeswax was studied using different characterization 

techniques such as Fourier transform infra-red (FTIR), X-ray diffraction (XRD), 

scanning electron microscopy (SEM) analysis , differential scanning calorimetry 

(DSC) and thermogravimetric analysis (TGA) . 

 The phase change behavior and thermal performance of beeswax and its composite 

was studied in a small scale thermal storage unit consisting of a straight tube passing 

through the center of a rectangular shell. Both beeswax and its composite (2.5 kg) 

were tested at the fixed flow rate of 2 LPM and 80 °C fluid inlet temperature. The 

temperature, at nine different thermocouples placed axially and vertically throughout 

the unit, were recorded and analyzed. Thermal profiles of phase change material were 

prepared by plotting the graph between temperature and the time variation at different 

positions of thermocouples. Beeswax and its composite behaved like a good PCM in 

small size thermal storage unit and to conduct further detail study a large size thermal 

storage unit was developed. 

 The bigger thermal storage unit having rectangular shell with helical tube in the 

center was used to study the thermal performance of beeswax, its composite with 

expanded graphite and natural graphite. Shell part of TSU was filled with heat storage 

materials (18-22 kg) and hot HTF was passed through the helical tube. Nine k-type 

thermocouples were uniformly installed in the unit to record temperatures at an 

interval of every 15 min to obtained thermal behavior of heat storage materials. 

During the experimental study different heat transfer fluids such as plain water, 

expanded graphite/water suspension (0.05 wt. %-1.0 wt. %) and aluminium nanofluid 

(0.2 vol. %-2.0 vol. %) were passed. The hot plain water as HTF (60 °C-90 °C) at 

different flow rates (0.25LPM- 1.0 LPM) were used to study the charging behavior 

and thermal efficiency. Thermal performance variation was also studied using three 
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different concentration of expanded graphite/water suspension (0.05 wt. %, 0.5 wt. %, 

1.0 wt. %) and  four concentrations of aluminium -nanofluid (0.2 vol. %, 0.5 vol. %, 

1.0 vol. %, 2.0 vol. %) 

Along with the experimental measurements and study, geometric modelling and 

simulation of phase change materials in small scale and large scale thermal storage 

units was carried out using COMSOL Multiphysics software package. The generated 

model results were validated with the experimental results and then compared. 

5.1 Conclusions from the present study 

Characterization of samples 

 SEM analysis of expanded graphite was carried out to determine inter layer 

separation and these layer separations were used for the impregnation of 

beeswax which enhanced the thermal properties of beeswax. 

 10% addition of expanded graphite to pure beeswax improved thermal 

conductivity of the composite (0.63 W/m.K) by 117% as compared to pure 

beeswax (0.29 W/m.K). 

 FTIR and XRD analysis of samples showed that the prepared composite was 

merely a mixture of two different materials (i.e. beeswax and expanded 

graphite) rather than a new material. 

 The melting point of beeswax and its composite found to be 59.6 °C and    

57.3 °C respectively and latent heat found to be 214 kJ/kg and 198 kJ/kg 

respectively from DSC analysis. 

 TGA analysis showed the thermal stability of beeswax and composite 

       up-to the temperature of 215 °C and 236.8 °C respectively but above this 

temperature both materials degraded thermally by losing their mass. 

 

Thermal performance of phase change materials in small TSU 

 Charging time of beeswax and composite material found to be 1430 min and 

1020 min respectively 

 Thermal profiles of pure beeswax and composite material during charging 

process showed that heat transfer began with conduction followed by 

convection. 
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 Charging time of composite material found to be 28.67% lesser as compared 

to pure beeswax due to the presence of expanded graphite at 2 LPM and      

80 °C fluid inlet temperature. 

 Reasonable charging time obtained for beeswax and its composite show both 

of them as potential PCM for low temperature thermal storage applications. 

 

Thermal performance of phase change materials in large TSU 

 Charging time of natural beeswax in rectangular shell and helical tube type 

thermal storage unit is reduced from 1830 min to 1530 min (reduced by 16.39 

%) when flow rate of plain water was increased from 0.25 LPM to 1.0 LPM at 

constant inlet temperature of 80 °C.  

 Charging time of composite is reduced from 1185 min. to 1020 min (reduced 

by 13.92 %) when flow rate of water increased from 0.25 LPM to 1.0 LPM at 

constant inlet temperature of 80°C.  

 Heat transfer coefficient increased with increase in the flow rate of HTF which 

enhanced the heat transfer from the tube wall to the phase change material. 

 Thermal storage efficiency of pure beeswax was reduced from 84.24 % to 

58.30% with increase in flow rate from 0.50 LPM to 1.0 LPM.  

 Thermal storage efficiency of pure beeswax (at 0.25 LPM) was found to be 

83.60% as compared to 84.24% at 0.5 LPM due to the presence of pressure 

drop at 0.25 LPM.  

 Reduction in thermal storage efficiency for composite material was observed 

from 87.49 % to 59.33% with increase in flow rate from 0.50 LPM to 1.0 

LPM.  

 Thermal storage efficiency of composite material (at 0.25 LPM) was found to 

be 86.19% as compared to 87.49% due to pressure drop.  

 Optimum flow rate found to be 0.50 LPM from the study for both the PCMs as 

it gave maximum storage efficiency. 

 Charging time of beeswax is reduced from 1755 min to 1575 min (10.25% 

reduction) when water inlet temperature increased from 60 °C to 90 °C (at 

constant flow rate of 0.5 LPM) as it increased the temperature difference 

between HTF and PCM. 
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 Similarly, charging time of beeswax/expanded graphite composite was 

reduced from 1275 min to 1110 min (12.94%  reduction) when water inlet 

temperature increased from 60 °C to 90 °C at 0.5 LPM. 

 Thermal storage efficiency of beeswax and composite found to be 84.24% and 

87.49% respectively at flow rate of 0.5 LPM and water inlet temperature of 80 

°C. 

 Charging time for composite material is smaller (31.81% reduction) as 

compared to pure beeswax. 

 The energy stored by beeswax was found to be 323.52 kJ/kg as which is 

6.51% more as compared to the energy stored by composite material (321.80 

kJ/kg). 

  2.72-15.40% reduction in charging time of pure beeswax was observed with 

the use of EG/water suspension (0.05 wt.%-1.0 wt.%) as HTF as compared to 

plain water.  

 With Al2O3 nano-fluid (0.2 vol. %-2.0 vol. %) as HTF charging time of 

natural beeswax was reduced between 3.63% to 10% as compared to plain 

water. 

 For composite material charging time is reduced by 5.33-14.66% with increase 

in EG/water concentration from 0.05 wt. % to 1.0 wt. % . 

 Increase in concentration of Al2O3 nano-fluid from 0.2 vol. %-2.0 vol. %, 

reduced charging time of composite material by 2.66-13.33% as compared to 

plain water.  

 Both PCMs i.e. beeswax and its composite showed reduction in charging time 

with increased concentration of EG/water suspension and Al2O3 nanofluid.  

 Thermal storage efficiency of beeswax/expanded graphite composite found to 

be 46% with the use of exhaust flue gases from petrol engine. 

 These results from experimental study show beeswax and its composite with 

expanded graphite as a potential phase change material for low temperature 

thermal storage applications. 
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Thermal performance of large TSU with natural graphite as heat storage material 

 Natural graphite is a potential sensible heat storage material for low 

temperature thermal energy storage. 

 Using plain water as HTF, charging time of natural graphite reduced from 195 

min to 120 min (38.46% reduction) with increase in flow rate from 0.25 LPM 

to 1.0 LPM 

 Charging time of natural graphite reduced from 195 min to 160 min (17.94% 

reduction) with increase in inlet fluid temperature from 60 °C to 90 °C. 

 Increase in expanded graphite/water suspension concentration from 0.05 wt. % 

to 1.0 wt. % reduced charging time of natural graphite by 7.14-14.28%. 

 Similarly, increase in concentration of aluminium nanofluid from 0.2 vol. % to 

2.0 vol. %. reduced charging time of natural graphite by 14.28-23.82 %. 

 

Modelling and Simulation of small scale and large scale TSU 

 Modelling of thermal storage unit showed 8.39 % variation in charging time of 

beeswax as compared to experimental values. 

 Simulation  of composite material showed 6.86% deviation in charging time as 

compared to the experimental data. 

 Melting time of beeswax and composite material found to be 1310 min and 

950 min respectively from simulation study. 

 Simulated charging time of natural graphite was found to be 200 min as 

compared to the experimental value of 210 min. 

 Experimental data was having heat losses from surface of the pipe, convective 

losses and radiative heat losses which are not present in simulation data and 

causes little variation in these two results. 

 Simulation results of beeswax, composite material and natural graphite are in 

good agreement with the experimental results. 

 

5.2 Scope of future work 

 In the present research beeswax, its composite with expanded graphite and natural 

graphite have been studied in a rectangular shell with embedded helical coil type 

thermal storage unit as a potential thermal storage materials. The scopes for further 

studies have been identified as: 
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i) Various composites of beeswax can be developed using different materials with 

high thermal conductivity such as carbon nanotubes, metallic nanoparticles etc. and 

need to be investigated thoroughly for their thermal performance. 

ii) Beeswax as PCM need to be studied for different specific low temperature 

applications such as solar water heater, solar air heater and  as a composite material in 

building. 

iii) More new materials which are natural in origin but has potential of phase change 

materials needs to be identified and study on the present thermal storage unit. 

ii) Study should be carried out on different geometries of thermal storage unit such as 

circular tube, straight tube, with fins etc. and results should be compared with 

rectangular shell and helical tube type geometry. 

iv) The design of present thermal storage unit can be improve by addition of new 

insulation materials such as brick, concrete, urea foam etc. to reduce thermal losses 

and to optimize the performance of TSU. 
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Calculation of Efficiency and heat transfer coefficient for thermal storage unit 

1) Efficiency of thermal storage unit 

a) At the flow rate of 0.5 LPM and 80°C 

Qa = Heat available for thermal storage = Δt x ṁ x Cpw ΣΔT 

Δt = 15 min, ΣΔT = 220K (as observed from data table), Cp = 4.196 kJ/kg.K, ṁ = 0.5 

LPM 

Therefore, Qa = 6.923 MJ 

Heat available in terms of power = 
6.923 𝑀𝐽

1650 𝑚𝑖𝑛 𝑥 60 𝑠
 = 69.92 W 

Amount of heat required by beeswax to reach the charge completely  

      Qw  =  mw [C𝑝𝑠 (Tm – Ti)  +  L +  Cpl(Tf  −  Tm) ]  

Given, mw = 18 kg,  C𝑝𝑠 = 2.6 kJ/kg.K,  Cpl = 3 kJ/kg.K  Tm = 59.8 °C, Ti = 35 °C, L 

= 214 kJ/Kg, Tf = 75 °C 

Qw  = 5.833 MJ 

Efficiency of thermal storage unit,   η =
𝑄𝑤

𝑄𝑎
 = 5.833 MJ/6.923 MJ = 84.25%. 

2.) Internal heat transfer cofficient 

Internal heat transfer coefficient was calculated by correlation: 

                                                             Nui = 0.152 De
0.431 Pr1.06 γ−0.277        

v = velocity of fluid calculated as = flow rate/cross section area of tube = 
ṁ

𝜋𝑟𝑖
2  = 0.5 x 

10
-3

 (m
3
)/60(s) x 3.14 x (4)

2
 x 10

-6
 (m

2
) = 0.165 m/s. 

di = 8 mm 

µ = 0.355 x 10
-3

 N s m
-2

 at 80 °C. 

ρ = 971.8 kg/m
3 

at 80 °C 

k = 0.670 W/m.K 
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Reynold’s number = 𝑅𝑒 =
𝜌𝑣𝑑𝑖

µ
 =  (971.8 x 0.165 x 8 x 10

-3
) / 0.355 x 10

-3
 = 3613.45 

≈ 3613 

where, Rc = 55.3 mm 

Dean number 𝐷𝑒 = 𝑅𝑒 (
𝑑𝑖

2𝑅𝑐
)

0.5

 =  971.70 ≈ 972 

 

 

Dimensionless pitch 𝛾 = 𝑏/2𝜋𝑅𝑐 =  0.086 

 

Prandlt number =  Pr = µ
𝐶𝑝

𝑘
  =  2.22                 

 

 

 Therefore, 𝑁𝑢𝑖 = 0.152 𝐷𝑒
0.431𝑃𝑟

1.06𝛾−0.277 =  0.152 (972)
0.431

(2.22)
1.06

(0.086)
-0.277

  

 

                    𝑁𝑢𝑖 = 13.54   

Now, 𝑁𝑢𝑖 =
ℎ𝑖𝑑𝑖

𝑘
 = 

ℎ𝑖 𝑥 8 𝑥 10−3(𝑚)

0.670 (
𝑊

𝑚
.𝐾)

 = 13.54 

Therefore, ℎ𝑖 =
13.54 𝑥 0.670

8 𝑥 10−3
 = 1133.97 ≈ 1134 

3) External  heat transfer coefficient: 

Using following correlation given below ho can be calculated – 

𝑁𝑢𝑜 = 0.381 (𝑅𝑎𝑜)0.293    (2) 

Ra  = Gr. Pr  

Where Grr  calculated as, 𝐺𝑟 =
𝑔𝛽𝛥𝑇𝐷3

𝑉2    

Therefore, 

Gr = 2624.890 

Pr = µ
𝐶𝑝

𝑘
    where u for beeswax = 4.8 x 10

-3 
Ns/m

2
      

Therefore Pr = 49.56  

Ra = Gr x Pr  = 2624.890 x 49.56 = 1.3 x 10
5 
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Now, 

𝑁𝑢𝑜 = 0.381 (𝑅𝑎𝑜)0.293 

𝑁𝑢𝑜 = 0.381 (1.3 x 10
5
)
0.293 

 = 12.05  

               𝑁𝑢𝑜 =  hodo /k  

Therefore, ho =   386.78 W/mk 
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Calculation of thermal conductivities of heat transfer coefficient 

1) Thermal conductivity of EG/water suspension  

Concentration = 0.05 wt. % at 80 °C 

Hamilton-crosser equation :            

𝐾𝑒𝑓𝑓

𝐾𝑓
=  

𝐾𝑝+(𝑛−1)𝐾𝑓−(𝑛−1)∅(𝐾𝑓−𝐾𝑝)

𝐾𝑝+(𝑛−1)𝐾𝑓+∅(𝐾𝑓−𝐾𝑝)
            

For  expanded graphite n = 3/ψ = 6 (where ψ = 0.5 for graphite) 

Kp = thermal conductivity of solute (graphite) = 97 W/m.K 

Kf = thermal conductivity of base fluid (water at 80 °C) = 0.670 W/m.K 

Ø = mass fraction of solute = 0.0107 

Keff = effective thermal conductivity of solution 

Therefore, 

𝐾𝑒𝑓𝑓

0.670
=  

97+(6−1)0.670−(6−1).01074(0.670−97)

97+(6−1)0.670+0.01074(0.670−97)
            

𝐾𝑒𝑓𝑓 = 0.711 W/m.k 
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1) Uncertainity analysis in measurement of temperature 

 

The total uncertainity in temperature measurement is the quadratic sum of three 

component 

 

a) Maxiumu uncertainity provided by manufacturer = 0.1% 

 

Therefore, 
∆𝑇

𝑇
 = 0.1 %, which gives  ∆𝑇1 = 0.353 K 

b)  Maximum uncertainity in measurement of temperature  

 = 3 x standard deviation of calibration curve fit =∆𝑇2= 3 x 0.6535 = 1.96 K 

 

c) Maximum uncertainity in average estimation of 10 readings 

    ∆𝑇3 = 3 x 0.01 = 0.03 

Total uncertainity in tempartaure measurement = ∆𝑇 = √∆𝑇1
2 +  ∆𝑇2

2 +  ∆𝑇3
2 

 

Which gives ∆𝑇 = 1.99 𝐾 

 

Therefore  ∆𝑇/𝑇 = 0.5%. 

 

Calculation of latent heat from DSC curve (Instrument Calculations) : 

Heat flow in sample = ΔQ (mW), mass of sample on DSC pan = m(g), Rate of heating 

= τ (K/sec)  

Therefore, the latent heat of material = ΔQ  (kJ/g.s)         1000 

x m x τ             

Calculation of critical Reynold’s number for Helical coil : 

For helical coil the critical Reynold’s number is given by the relation :  

Rec = 2100(1 + 12(d/D)
1/2

)         

Where, Rec = Critical Reynold’s number for helical coil, d = Diameter of tube, D = 

Diameter of helical coil, 

Since, d = 9 mm, D = 110.6 mm. Therefore , Rec = 2100 ( 1+ 12(9/110.6)
1/2

) = 9289 
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This paper reviews various kinds of heat storage materials, their composites and applications investi-
gated over the last two decades. It was found that sensible heat storage systems are bulkier in size as
compared to the latent heat storage systems. Latent heat storage system using phase change materials
(PCMs) stores energy at high density in isothermal way. Various geometries of PCM containers used for
enhancement of heat transfer area, materials used for the construction of PCM containers and their
interaction with heat storage materials are studied. The choice of storage material depends on the
desired temperature range, application of thermal storage unit and size of thermal storage system. Low
temperature heat storage system uses organic phase change materials while inorganic phase change
materials are best suited for high temperature heat storage. Heat transfer within the PCM can be
enhanced by preparing composite of high thermal conductivity as well as by altering the geometrical
design like addition of fins, use of straight and helical tubes etc. Shell and tube configurations were
mostly used for thermal storage systems. Heat transfer enhancement using PCM composite is a prom-
ising approach as it reduces cost and bulkiness to the system.

© 2015 Energy Institute. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Energy storage techniques is one of the major concerns of the present century due to shortage of conventional nonrenewable sources of
energy, increased environmental pollution, increased gap between energy supply and demand, and non-uniform distribution of renewable
energy sources like solar energy, wind energy, geothermal energy and energy from ocean currents. Energy recovery systems also
encountered with the problem of utilization and availability of energy at different time intervals and hence require energy storage systems
for uninterrupted power supply [1,2]. Present energy storage systems relies on electrochemical energy inwhich Li ion batteries have shown
their great potential and acquired a large portion of energy storage market as compare to conventional lead acid batteries [3]. The major
advantage of using batteries is high energy density storage while the disadvantage is environmental pollution caused during their disposal
[4].

Another form of energy storage includes sensible heat storage or latent heat storage. Sensible heat storage system is based on the
temperature of the material, its weight, its heat capacity [5] and these systems are bulkier in size require more space. Compare to the
sensible energy storage systems latent heat storage systems are attractive in nature due to compact size and high energy density. Latent heat
storage systems stores heat as latent heat during change in the phase of material from solid to liquid or liquid to vapor and vice versa [6].
Amount of energy stored by latent heat energy system is more as compared to the sensible energy system as former one not only retain heat
as latent heat but also as sensible heat which get absorbed when the temperature of the material rise up to its melting point. The materials
used in latent heat storage systems are known as Phase Change Materials (PCMs) which also explains its nature during their application [7].
Depending on the chemical nature these PCMs are categorized as organic and inorganic materials. Selection of material depends on the
application and temperature range of heat storage unit. The major disadvantage associated with phase change materials is their poor
thermal conductivity hence various modification have been tried to enhance the material properties using composites prepared from phase
change materials and materials with high thermal conductivity [8,9].
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Various experimental and numerical works related to heat storage devices were reviewed. These heat storage units were cylindrical shell
typewith single concentric [10,11] andmultiple tubes for HTF flow [12], Rectangular shell withmultiple tubes for HTF flow [13], Triplex tube
with PCM in between two sided HTF flow [14] etc. Some work also involved addition of longitudinal and axial fins to enhance thermal
conductivity by providing more surface area that promotes enhanced heat transfer by conduction [15e17].

This paper reviewed various heat storagematerials, geometry and performance of heat storage units. Sensible heat storage units found to
be having bulkier size as compared to latent heat storage units. Various kinds of composites with improved thermal properties were
investigated for optimum storage of heat. These materials enhanced the amount of heat stored by the system at small volumes. Geometrical
designs of different heat storage units were reviewed to find out the suitable design for optimum transfer of heat.
2. Sensible heat storage systems

Heat storage by increasing the temperature of the material known as sensible heat storage. Materials used for an efficient sensible heat
storage system should have high specific heat capacity, long term stability in terms of thermal cycling and should be compatible to the
container material in which storage takes place [18]. A variety of materials have been used in the past for sensible heat storage systems
classified as liquid heat storage materials and solid heat storage materials [19]. A list of different materials used for sensible heat storage
along with their properties is presented in Table 1 and these materials include metals like aluminium, copper, lead etc. [20e22]. These
materials comprise high thermal conductivity and hence reduce charging and discharging time although they are also having low heat
capacity, high density and high cost that make system expensive to use. Some building materials were also studied as sensible heat storage
materials and they are used to build temperature controlled building or energy efficient building [23e27]. It is observed that water is a good
sensible heat storage media due to its high thermal conductivity and cheap availability [28,29]. However due to its high vapor pressure
water as heat storage material requires insulation and pressure withstanding container for operation at high temperature. Heat storage can
be achieved either in fresh water using water storage tank or by employing solar pond which is based on the principle of thermal strati-
fication [30]. Solar water tanks usually fabricated with a variety of materials like steel, concrete, aluminum, fiber glass and lined with
insulator at the inner side so to avoid the heat loss through thewall. Solar pond provides an efficient and cheapmethod to store solar energy
at low temperature. Some salts used for solar ponds are magnesium chloride and sodium chloride. Thermal stratification can be easily
achieved in solar pond using different concentration of salts at the different layers of water with maximum temperature at bottom part of
the pond where the sun radiation get absorbed. Solar ponds are also easy to handle in terms of removal of water without disturbing the
other layers of the pond [31].

Another liquid used to store sensible heat include molten salts, petroleum based oils, and molten metals. Petroleum based oils have low
thermal capacities as compare to that of water but due to low vapor pressure these are some good options as sensible heat storage medium.

Various systems related to sensible heat storage have been used for the study in past few decades and these are listed in Table 2. Metals as
sensible heat storage provide high thermal conductivity and stores heat in less time as compared to the nonmetals [5]. Although use of
metals as sensible heat storage material enhances cost and weight of the system. Various building materials were also investigated to store
sensible heat with the aim to reduce cost by reducing investment in heating and cooling devices in the buildings [32e35]. Sensible heating
storagematerials with high heat capacity need to be developed in order to reduce systemvolume. Researchers also tried to combine sensible
heat storage systems with latent heat storage system to increase the overall efficiency of heat storage system [36]. Application of sensible
heat storage materials need to be studied based on the geographical distribution of solar radiation so as to optimize green energy storage in
the field and development of energy storage materials for bulidings.
3. Latent heat storage systems

Latent heat storage systems absorb and release heat when amaterial undergoes phase change from solid to liquid and liquid to vapor and
these materials are referred as phase change materials [37]. PCM stores heat 5 to 14 times as compared to sensible heat storage materials at
constant temperature [38]. To store sufficient latent heat phase change materials should have high latent heat of fusion, high specific heat,
high thermal conductivity and small volume change during phase change, little or no sub-cooling. These materials should be chemically
stable after repeating thermal cycles and should be non-poisonous, non-corrosive, non-inflammable and should be available on large scale
at lower price [39].
Table1
Sensible heat storage materials and their thermal properties at 20 �C.

Material Thermal capacity (kJ/kg K) Thermal conductivity (W. m/K) Density (kg/m3) Energy density (kJ/m3) References

Aluminium 0.945 238.4 2700 2551.50 [21]
Copper 0.419 372 8300 3477.70 [20]
Iron 0.465 59.3 7850 3650.25 [22]
Lead 0.131 35.25 11340 1485.54 [22]
Brick 0.840 0.5 1800 1512 [23]
Concrete 0.879 1.279 2200 1933.80 [24]
Granite 0.892 2.9 2750 2453 [26]
Graphite 0.609 155 2200 13339.80 [25]
Limestone 0.741 2.2 2500 1852.50 [27]
Sandstone 0.710 1.8 2200 1562 [27]
Water 4.183 0.609 998.3 4175.88 [27]
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Table 2
Different sensible heat storage systems.

Geometrical configuration Materials Parameters investigated Findings References

Cylindrical configuration with
embedded charging tubes

Concrete, cast steel,
cast iron

Charging time, energy storage rate,
charging energy efficiency.

1 Charging time was reduced to
35.48% with four fins assembly
and to 41.41% with six fins
assembly.

2 Increased flow rate of heat transfer
fluid reduce charging time in cast
iron and cast steel as compare
to concrete.

[5]

Packed bed configuration Rocks for sensible part
and mixture of fluoride
salts encapsulated in
AISI 316 for latent heat
part

1D heat transfer model was formulated
for the sensible and latent heat sections
of TES considering separate fluid, solid
and molten phases.

Outflow temperature was stabilized by using
PCM on top with 1.33% of total storage
volume is sufficient to accomplish stabilization
as compare to 4.4% of total energy stored as
latent heat energy.

[40]

Packed bed with spheres of
Egyptian clay

Egyptian clay Bed length, particle diameter and mass
flow rate

Optimized parameters was 2.1 m for bed
length, 0.019 m for particle diameter and
900 kg/h for mass flow rate.

[41]

Packed pebble bed with oil Rock and oil Axial temperature distribution with variable
electrical heating was studied. Simulation
was performed using Schumann model

Large deviation was found in axial
temperature distribution between experimental
and modeled values due to unaccounted
heat loss. A modified Schumann model was
implemented to reduce the gaps.

[33]

Cement composite graphite
paste

Graphite and cement Effect of water/cement ratio and graphite
on comprehensive strength, thermal
conductivity and volume heat capacity
were studied

Increasing graphite with decrease in water
content improves thermal properties of
composite however it decreases the
comprehensive strength of composite material
and vice versa.

[35]

Concrete modules High temperature
concrete

Composition of concrete modules with its
chemical and physical properties were
studied.

This study provides guidelines and listed
associated restrictions regarding use of high
temperature concrete for thermal storage.

[34]
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3.1. Classification of phase change material

Phase changematerials on the basis of their chemical composition can be classified as organic and inorganic phase changematerials [42].
Organic phase change materials are made of hydrocarbons and include paraffin's, fatty alcohols, fatty acids and waxes. Inorganic phase
change materials include molten salts, salt hydrates and metallic. Another class of phase change materials includes eutectic mixtures of
organic-inorganic, inorganiceinorganic and organiceorganic compounds [19,43].
3.2. Thermal properties of phase change material

Selection of right phase change material for thermal storage application is an important part where range of parameters need to be
investigated. These parameters include a desired melting point depending on the type of application, desired latent heat of fusion/
vaporization, thermal conductivity and stability of material towards thermal cycling [44e46]. The important criterion for choosing a phase
change material is that its melting point should lie in the range for desired application. Organic phase change materials have low melting
temperature range and employed for low temperature thermal energy storage systems. Rauaolut et al. [47] used a low temperature thermal
energy storage system consisting of paraffin wax as phase change material to control temperature of room. The storage system depends on
thermal gap between night time and daytime outdoor air temperature to refresh indoor air using molten phase of paraffin. Bruno et al. [48]
used PCM with melting point 10 �C inside the tubes of thermal storage unit coupled with ice based system and found that about 13.5%
energy recovered by the systemwhichwas further enhanced by heat transfer optimization. Similarly inorganic phase changematerials lie in
the high temperature melting point range and used for high temperature thermal storage like in CSP (Concentrated Solar Plant) [49],
thermocline storage material [50] etc.

Table 3 represents thermal properties of some organic and inorganic PCM are used in different applications for latent heat storage.
Organic compounds like paraffin, fatty acids, and fatty alcohols have lowmelting point (10�Ce60 �C) and used for low temperature domestic
thermal storage. Paraffins are straight chain hydrocarbons and possess desirable properties like high heat of fusion, low vapor pressure,
chemical inertness, self-nucleationwith no phase segregation. Themelting point of paraffin's varies with the number of carbon atoms in the
chain. Technical grade paraffin's are cheaper as compared to pure paraffin. Fatty acids are good organic phase change material to store
thermal energy at low temperature range also they have high heat of fusion with no super cooling comparable to paraffin wax and salt
hydrates [37,51,52]. Fatty acids are stable and reliable in terms of their thermal properties [53]. Sari et al. [54] studied the thermal storage
performance of palmitic acid in a tube-in-tube type heat exchanger and reported heat storage efficiency of 53.3%. They also observed that
inlet fluid temperature and flow rate does not have any significant effect on the melting time of PCM. However, it was found that melting
time had been reduced considerably by placing the tube containing PCM in horizontal position rather than a vertical position. Konukulu
et al. [55] prepared microcapsules of capric acids with different shell materials for their use as thermal storage materials. They found that
microcapsules with UF shell (E:Tween 40) were found to be stable and hence suitable for thermal storage applications.

Eutectic mixtures of organic and inorganic materials is again matter of interest for past research programs to develop mixtures with
desirable melting point, high thermal capacity with no or little super cooling effect. Inorganic eutectic mixtures are suitable for high
Please cite this article in press as: A. Dinker, et al., Heat storage materials, geometry and applications: A review, Journal of the Energy Institute
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Table 3
Phase change materials used for latent heat storage.

PCMs Type Melting
point (ºC)

Heat of fusion
(kJ/kg)

Thermal conductivity
(W/m.K)

References

Paraffin wax (C13eC18) Organic 32 251 0.214 [7,52]
Polyglycol E600 Organic 22 127.2 0.189 [56]
Vinyl stearate Organic 29 122 0.25 [43]
Butyl stearate Organic 19 140 0.21 [57,58]
1-Dodecanol Organic 26 200 0.169 [52,59]
n-Octadecane Organic 28 243.5 0.148 [60]
Palmitic acid Organic 57.8 185.4 0.162 [54]
Capric acid Organic 32 152.7 0.153 [61]
Caprylic acid Organic 16 148 0.149 [55]
Propyl palmitate Organic 10 186 n.a [52]
KNO3/NaNO3 Inorganic 220 100.7 0.56 [67]
CaCl2.6H2O Inorganic hydrates 29 187 0.53 [52]
LiNO3/KNO3/NaNO3 Inorganic eutectic mixture 121 310 0.52 [62]
a) KNO3eLiNO3

b) KNO3/NaNO3/LiNO3

Etuectic mixtures

Inorganic eutectic mixtures 124 155 0.58 [63,64]

LiNO3/CaNO3 With solar salts
NaNO3 and KNO3

Inorganic 130 276 0.56 [65]

KNO3/NaNO3 (30%/70%) Inorganic Non eutectic mixture 260 305 0.54 [51]
Capric acid (65.12%) and lauric

acid (34.88%)
Organic eutectic mixture 19.67 126 0.21 [113]

Polymethylmethacrylate (PMMA)/
capric-stearic acid mixture

Organic eutectic mixture 21.37 116.25 0.15 [66]
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temperature thermal storage systems like concentrated solar thermal plant (CSP), while organic eutectics are suitable for low temperature
thermal storage like maintaining building temperature. Shilei et al. (2006) studied the eutectic mixture of capric acid and lauric acid for its
use in building material and found that these phase change wallboards did not show any variation in melting point and latent heat after 360
thermal cycles and therefore can be used for building energy conservation. Various composition of nitrate salts of potassium, sodium,
calcium and lithiumwere tried by researchers to obtained suitable mixture having desired melting point and latent heat for the purpose of
thermal storage [62e64,67]. Sari et al. [66] prepared polymethylmethacrylate (PMMA)/capric-stearic acids eutectic mixture (C-SEM) micro/
nanocapsules for latent heat storage using emulsion polymerization technique. With uniform shape these microcapsules had melting
temperature of 21.37 �Cwith latent heat equal to 116.25 kJ/kg can be used as part of building material for temperature control, however, real
world applications of thesemicrocapsules are still need to investigate. All the materials (Table 3) need to be investigated both at microscopic
and macroscopic level in order to enhance their thermal property so as to make them useful for commercial application.
3.3. Composites of phase change material

Although phase change materials have been used in wide range of applications to trap heat but they have poor thermal conductivity.
Combination of phase change materials with materials of high thermal conductivity attracted the interest of the researchers to use them for
various applications. Table 4 shows different composites prepared from organic phase change materials. The materials used to enhance the
thermal conductivity of PCMs should have high thermal conductivity, resistant to chemical reaction and should be compatible both with
phase change material and material of the container.

Thermal conductivity of pure paraffin is 0.216W/m.Kwhich increases its melting time and increases the charging time of thermal storage
system which can be improved further by adding materials of high thermal conductivity to the paraffin wax. Sahan et al. [68] added
nanomagnetite/nanoparticles of magnetite with high thermal conductivity 9.1 W/m.K to enhance the thermal conductivity of paraffin by
providing metallic surface area for heat transfer and it is a costlier component which also adds weight to the system. TiO2 nanoparticles
(Harikrishnan et al., 2013) were used with paraffin wax as well as stearic acid to enhance their thermal conductivity. Aluminium foam
(218W/m.K) was also used to enhance thermal conductivity of paraffin [69]. Enhanced thermal conductivity was due to conduction through
the aluminum foam as compared to the natural convection. Addition of metal foams or their nano forms will enhance the thermal con-
ductivity but they also added weight to the system and increased the cost of the thermal storage system. Composites of fatty acids and their
eutectic mixtures were prepared and tested for thermal storage [53].Zhang et al. [70] prepared a foam stable composite by incorporating
ternary eutectic mixture of lauric acid-palmitic acid-stearic acid (55 wt%) in expanded perlite. The composite had lowmelting point (31.8 �C)
and good latent heat (81.5 kJ/kg) and found to be thermally stable even after 1000 thermal cycles and proved to be a potential energy storage
material. The application of this composite as building material component still needs to be investigated. Similarly [107] prepared a
composite from eutectic mixture of lauric-myristic-stearic acid and expanded graphite (12:1 w/w) with low melting point (29.05 �C) and
good latent heat (137 kJ/kg) for low temperature storage applications. They found improved thermal conductivity of eutectic mixture due to
addition of expanded graphite and the composite was thermally stable even after 1000 thermal cycles. Yang et al. [72] also prepared
composite from eutectic mixture of myristic-palmitic-stearic acid and expanded graphite for thermal storage with a melting point of
41.64 �C and latent heat of 153.5 kJ/kg suitable for solar thermal storage application. Some other composites were also prepared from
eutectic mixtures of fatty acids and expanded graphite such as composite of capric-myristic-palmitic acid eutectic mixture with expanded
graphite (13:1) [53] and composite of palmitic-stearic acid eutectic mixture with expanded graphite (13:1) [73]. Their corresponding
melting points were 18.61 �C and 53.89 �C and latent heats were 128.2 kJ/kg and 166.27 kJ/kg respectively. Zhang et al. [73] prepared
composites of palmitic-stearic acid eutectic mixture and carbon nanotubes (with 5 wt% to 8 wt%). Results showed that thermal
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Table 4
Composites of organic phase change materials.

Composite Thermal conductivity
(W/m.K)

Observation Reference

Paraffin wax (80% wt.) with nano magnetite (20% wt.) 0.40 Addition of 20% nanomagnetite enhanced the
thermal conductivity of paraffin by 67%.
Use of 10% nanomagnetite increased the cost of
composite by 20%.

[68]

1 Liquid paraffin/aluminium foam
2 Solid paraffin/aluminum foam

1 46.04
2 46.12

Thermal conductivity of PCM composite increased
up to 218 times more as compared to the pure
paraffin with 26% drop in heat fluxes.

[69]

Paraffin (80% wt.)/graphite (20% wt.in form of foam, fibers
and fins)

0.972 Heat flow much rapidly in porous graphite foam as
compared to fin and fiber configuration. More
temperature was enhanced using fin configuration
as compared to foam and fibers for the same time.

[74]

1 Paraffin (80% wt.)/waste graphite (20% wt.)
2 Paraffin (80% wt.)/SFG75 (Timrex powder) (20%

wt.)

1 0.428
2 0.906

91% enhancement in thermal conductivity of
paraffin was observed with waste graphite as
compared to 300% enhancement by fresh graphite

[75]

1Paraffin (90% wt.)/expanded graphite (10% wt.)

2 Paraffin (90% wt.)/graphite (10% wt.)
1 0.938
2 0.561

Expanded graphite enhanced thermal conductivity
of paraffin by 300% while graphite enhanced the
thermal conductivity by 150% as compared to pure
paraffin.

[76]

Paraffin with expanded graphite (2% wt., 4% wt., 7% wt. and
10% wt.)

0.29, 0.51, 0.68, 0.81
respectively

Thermal conductivity of paraffin increased with
increase in graphite content with no leakage up to
10% wt. of graphite.

[77]

Paraffin with TiO2 (1%e4% wt.) 0.7 With increase in TiO2 loading phase change
temperature increases with decrease in latent heat
capacity. Thermal conductivity of composite
increases with increase in TiO2 loading upto 3%.

[78]

Eutectic mixture of lauric-palmitic-stearic acid/perlite 0.44 Composite was found to be thermally stable after
1000 cycles and well suited as building material for
temperature control.

[73]

Eutectic mixture of lauric-myristic-stearic acid/expanded
graphite (12:1 w/w) composite

e Addition of expanded graphite enhanced the
thermal conductivity of lauric-stearic-myristic acid
eutectic mixture. Thermal stability results showed
that the mixture was stable after 1000 thermal
cycles

[71]

Eutectic mixture of myristic-palmitic-stearic acid/expanded
graphite (13:1 w/w) composite

e Results showed that myristic-palmitic-stearic acid
has proper phase change temperature, high latent
heat and good thermal conductivity. Prepared
composite was also found to be thermally stable
and reliable in terms of solar energy storage.

[72]

Eutectic mixture of capric-myristic-palmitic acid/expanded
graphite (13:1 w/w)

3.67 Results showed the composite achieved a good
thermal conductivity after addition of expanded
graphite which enhanced the energy storage and
release rate. Also composite was found to be
thermally stable after large number of repeating
thermal cycles.

[79]

Eutectic mixture of palmitic acid estearic acid/expanded
graphite (13 w/w)

2.51 Thermal conductivity of the composite rose
significantly which enhanced the heat storage and
release rates. Composite was thermally stable and
suitable for latent heat storage.

[70]

Eutectic mixure of lauric-palmitic-stearic acid/Carbon
nanotubes (CNTs, 5%e8% w/w)

0.316e0.341 Thermal conductivity of the system enhanced with
the mass percentage of the added carbon
nanotubes. Addition of CNTs increased the heat
transfer rate while decreased the amount of heat
storage.

[80]

Stearic acid with TiO2 nano-fluid (0.3% wt.) loading 0.3 Thermal conductivity of the system increases with
increase in the TiO2 percentage with optimum value
at 0.3% wt. after which reduction in latent heat was
observed.

[114]

Stearic acid and silica fumes e Form stable composite without leakage of stearic
acid forms at 1:0.9

[81]

Stearic acid with polymethylmethacrylate e PMMA support stearic acid which enhanced heat
transfer in phase change material.

[81]

a) Stearic acid with expanded graphite (90% wt.:10%
wt.)

b) Stearic acid with carbon fiber
Both tested for different weight percentage (90% wt.: 10%
wt.)

1. 1.1
2. 0.9

Thermal conductivities of PCM increases linearly
with increase in weight percentage of graphite.
With decrease in latent heat of the composite.

[82]

Eutectic mixture of lauric acid-stearic acid (7:3 by weight)/
expanded perlite

e Melting temperature and latent heat hardly varies
after 1000 thermal cycle.
Expanded perlite provides a good material for
support to PCM to prepare an ideal material for
thermal storage application

[83]

(continued on next page)
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Table 4 (continued )

Composite Thermal conductivity
(W/m.K)

Observation Reference

Palmitic acid (80% wt.)/expanded graphite (20% wt.) 0.60 Thermal conductivity of composite is 2.5 times
more than thermal conductivity of pure PA.

[109]

1 Capric acid (60% wt.)/hallosyte nanotube (40%
wt.)

2 Capric acid (60%)/hallosyte nanotube (35% wt.)/
graphite (5% wt.)

1. 0.479
2. 0.758

Capric acid/hallosyte nanotube composite was
formed with 60% of capric acid without leakage.
Graphite was used as additive to enhance the
thermal conductivity of the composite

[84]

Eutectic mixture of myristic acid/palmitic acid (70% wt.:30%
wt.) with 5% wt. sodium myristate.

0.242 Addition of surfactant enhanced the thermal
conductivity of fatty acids with increased latent
heat of fusion

[85]

Plamitic acid (92% wt.)/graphene nanoplates (8% wt.) 2.11 Graphene nanoparticle s provide more surface for
the heat transfer and hence provide 8 times more
thermal conductivity then pure palmitate.

[86]

Ternary eutectic mixture of lauric acid/myristic acid/
palmitic acid (55.24% wt.:29.74% wt.:15.02% wt.) with
expanded graphite, ratio of ternary mixture to EG is
(18:1)

1.67 Ternary mixture of fatty acids stores without
leakage at mass ration of (18:1) with EG and
distributed uniformly in the porous structure of
expanded graphite.

[87]

Capric-myristic acid (50% wt.)/expanded perlite composite
(40% wt.)/expanded graphite (10% wt.)

0.076 CAeMA eutectic mixture (0.048 W/m.K) absorbed
in the porous structure of perlite and enhanced the
thermal conductivity of composite by 60%.

[88]
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conductivities of composite PCMs increased by 20.2% (for 5 wt%), 26.2% (for 6 wt%), 26.2% (for 7 wt%) and 29.7% (for 8 wt%) respectively with
the addition of carbon nanotubes. It was observed that thermal release rate of composite had increased with addition of carbon nanotubes
but heat storage capacity has been decreased. Composites prepared from eutectic mixture of fatty acids can be used as low temperature
thermal storage building material. However, low thermal conductivity and high cost of fatty acids make their use limited on commercial
scale. Some other low cost materials with high thermal conductivity were also tested with organic compounds to improve thermal
properties of material, these materials include carbon materials, graphite [74,75], expanded graphite [76,77], expanded perlite [82], hal-
losyte nanotube [84], and graphene nano plates [86]. All these are lightweight materials with high thermal conductivity used to improve
thermal conductivity without adding weight to the system. Composite not only enhance the thermal property of phase change material but
also enhance the thermal storage capacity of the material by providing more surface area for the absorption of phase change material.
Composites studied here are not newmaterial in their chemical nature but just the mixture of two different materials. The study of organic
composites needs to be done on extensive scale in order to broaden its application area in domestic application and as building wall
materials.

As discussed inorganic materials like salts and their eutectic and non-eutectic mixtures were suitable for their high temperature thermal
storage. The disadvantages of inorganic PCM were low thermal conductivity, corrosion to the container wall, and high cost in terms of
installation and operation which drew the attention of researchers to develop composites of high thermal conductivity. Material used to
prepare composite should have high thermal conductivity, resistance to chemical reactions, lighter in weight and it should be compatible
with the wall of the container as well as with the PCM. Table 5 listed various composites of inorganic PCM, their eutectic and non-eutectic
Table 5
Composite of inorganic phase change materials.

S. No. Inorganic composite Thermal conductivity
(W/m.K)

Observation References

1 KNO3/NaNO3-graphite composite (80% wt./20% wt.) 20 Molten salts also having low conductivity. Thermal
conductivity is 20 W/m.K.

[67]

2 Non eutectic mixture KNO3 (30% wt.)/NaNO3 (70%) 0.5 Salt mixture provide wide range of temperature
range between 220 and 260 �C for melting and
freezing cycle

[51]

3 Lithium carbonate and sodium carbonate/ceramic/
carbon materials (10%)

4.3 Using eutectic mixture of sodium and lithium
carbonate on skeleton on magnesium carbonate

[51]

4 Na2CO3/MgO composite with added multiwall
carbon nanotubes (0.5% wt.)

1.13 Material without added carbon nanotubes showed
good thermal stability but poor thermal
conductivity.

[89]

5 Cylindrical model of paraffin and porous graphite
matrix were studied.

Radial 27.3
Axial 5.3

Increased in graphite content directly proportional
to thermal conductivity of composite.

[90]

6 Attapulgite granulate impregnate with the mixture
of MgSO4 (20% wt.) and MgCl2 (80% wt.)

e Hat of absorption increases with increase in the
amount of MgCl2 due to increase sorption of water
in highly concentrated salt solution

[64]

7 LiNO3/KCl (70% wt.)-expanded graphite 15 Presence of EG decrease the latent heat of the
composite.
Composite with higher density increases the
thermal conductivity of the composite.

[91]

8. LiF-NaF-KF (46.5% wt.,./11.5% wt./42% wt.) 0.92 Salt mixture used to study effect of corrosion on
metals.
Addition of Ni-201 to alloy reduces the chances of
corrosion.

[92]
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mixtures for the purpose of high temperature thermal storage. Various composites of inorganic materials were prepared with materials of
high thermal conductivity like graphite [67], expanded graphite [90], and multiwall carbon nanotubes [89] etc. and were used to enhanced
the thermal conductivity of salts.

4. Geometry of thermal storage systems

For optimum heat storage system selection of PCM and geometry of heat storage unit plays crucial part. Type of PCM for a particular heat
storage unit is based on its melting point while geometry of heat storage system drives the heat transfer. Different geometrical designs of
thermal storage unit studied are shown in Fig. 1which includes cylindrical/rectangular heat.

storage unit with HTF (Heat Transfer Fluid) passing through single tube, multiple tubes and triplex tube heat transfer unit with HTF
flowing through center and outer of phase change material. In some geometrical arrangements fins were integrated with the tubes to
provide more surface area for heat transfer. However addition of fins reduces the amount of PCM in the storage unit and hence reduced
overall heat capacity of the system. Material used for PCM container should be well insulated from outside and it should not show any
reaction with the phase change material filled inside the container.

Applications, geometry and materials used for heat storage unit are presented in Table 6. Liu et al. [71] studied heat transfer effect in a
horizontal acrylic cylindrical container with single copper tube having longitudinal and axial fins as shown in Fig. 1(e) to enhance the heat
transfer. It is observed that with increase in heat transfer fluid temperature melting time decreases while there is little effect of variation in
flow rate especially when convective heat flow becomes dominant. Study on vertical cylindrical heat storage unit with different arrange-
ment of tubes showed similar effects.

In another study by [93] heat transfer fluid passed through the center and outer part of phase change material (known as triplex tube
heat exchanger unit) to reduce charging time of heat storage and found that such assembly led to the heat loss from the outer surface of the
unit if it was not properly insulated and therefore not very attractive for heat storage application.

Rectangular shell and tube assembly studied by [94] to consider the effect of fins, fluid flow rate and inlet temperature. Fins were
employed to enhance heat transfer so as to reduce the charging time. Results of the study showed that increase in flow rate reduced melting
time. Flat plate latent heat storage systems were designed, studied and found that it provides better flexibility in application and insertion of
heat enhancement structures [71,95].

5. Corrosion of containers

Containers used for handling phase change materials are operated under different conditions and subjected to variable temperatures
which led to the rapid corrosion of the container material if not chosen properly. Ferrer et al. [96] studied the corrosion effect for four
different PCMs (one inorganic mixture, one ester, and two fatty acids eutectics) on five different metals (aluminium, copper, carbon steel,
Fig. 1. Geometrical design of various thermal storage unit.

Please cite this article in press as: A. Dinker, et al., Heat storage materials, geometry and applications: A review, Journal of the Energy Institute
(2015), http://dx.doi.org/10.1016/j.joei.2015.10.002



Table 6
Different geometrical designs of thermal storage unit.

Geometry and container material PCM used Parameters studied Observations References

Horizontal cylinder of acrylic plastic
with copper pipe containing
longitudinal and angular fins

Dodecanoic acid Effect of inlet temperature and flow rate
of HTF, configuration of fins

Both fin arrangement conduction is
dominant followed by convection, high
inlet temperature reduces melting time,
flow rate did not have considerable
effect on melting profile of PCM

[97]

Vertical cylindrical of acrylic plastic
with two copper pipe connected to
longitudinal fins

Dodecanoic acid Simultaneous charging and discharging
rates

Simultaneous heat transfer limited by
solid PCM between two pipes, high flow
rate of cold HTF allows better heat
recovery. Uncertainty in input energy
and energy recovery is large.

[98]

Double tube heat storage container
with outer tube made of steel for
PCM storage while inner tube of
brass for flow of HTF

Paraffin wax Effect of increasing inlet temperature
and mass flow rate on charging and
discharging process of PCM

Heat flow rate increase by 25% and 11%
during melting and solidification on
increase and decrease of HTF
temperature by 2 �C.
Increase in 4 �C of temperature of inlet
water reduce the melting time by 31%.

[99]

Vertically arranged cylindrical
enclosure with vertical pipe along its
axis

Paraffin wax Analysis of PCM melting process with
natural convection, duration of melting
followed by time dependent numerical
simulations.

Numerical simulation validated the
features predicted by theory.

[100]

Cylindrical shell and tube type with
inner copper tube for HTF flow and
outer shell part made of
polypropylene

Paraffin wax Melting profile of paraffin wax were
studied at different values of
eccentricity i.e. e ¼ 10 mm, 20 mm and
30 mm.

Melting process dominated by
conduction followed by convection and
more enhanced in upper part of shell.
67% decrease in melting time was
observed in case of eccentric
geometry ¼ 30 mm than concentric
geometry.

[101]

Triplex tube heat exchanger with outer,
inner and middle tubes made of
copper with PCM filled between the
inner tube and middle tube while
HTF flows between the middle tube
and outer tube.

RT82 Heat enhancement techniques were
studied using inside outside tube, effect
of fin length on enhancement technique
were studied.

No considerable effect on melting rate
of PCM in both the three enhancement
techniques.
Complete melting was reduced to 43.3%
as compare to TTHX without fin.

[93]

Fin and Tube Heat exchanger with
space between the rectangular shell
and between the fins filled with PCM

R35 Flow rate, Inlet temperature of HTF and
effect of fin pitch on charging and
discharging process.

Increasing flow rate from 0.2 L/min to
0.4 L/min at temperature 60 �C showed
significant change in PCM melting time
while further increase in flow rate
reduces it. Melting time also reduces on
increasing fin pitch.

[94]

Studied two systems

1 Shell and tube type with copper
tube embedded along with
aluminium fins (PCM-HX).

2 Embedded copper tube in the
highly conductive graphite-
wax composite

PT43 wax Comparison of technology to enhance
the thermal conductivity of wax was
studied, economics of system, charging
discharging time, inlet and outlet
temperature of HTF were also studied.

PCM HX and Copper tube in composite
both performed well in their
operations. PCM-HX only occupies 38%
of water storage volume as compare to
the copper tube based unit.
The PCM unit can store 5 times more
energy than water in useful range 40ºC
e52 �C.

[102]

Flat plate latent heat storage. HTF flow
in the chamber between the flat
carbon steel.

Mobiltherm 603
Thermal conductivity
(0.122 W/K)

Temperature gradients, flow rates and
insertion of heat transfer structures

Insertion of various heat transfer
structures provide phase change
discharge time between 2 and 8 h. Flat
plate's collector offers wide range of
flexibility with HTF, insertion of heat
transfer enhancement structure.

[103]

Flat plate latent heat storage unit with
flat slabs of phase change material.

Carbonate salts
(solar salts), liquid
sodium, air, CO2 and
steam

Comparison between liquid and
gaseous HTF, heat transfer
characteristics between the slabs, heat
transfer rates and liquid fraction
profiles were studied

Liquid sodium delivers maximum 99.4%
electrical energy to grid relative to the
ideal cases.
Solar salts achieved 93.6% of electricity
delivered while air, CO2 and steam
delivers 87.9% and 91.3% of electricity
delivered.

[71]

Vertical stacks of rectangular cavities
filled with PCM

1 Rubitherm RT28HC
2 Micronal DS5001X

(Microencapsulated PCM)

Time required for melting and
solidification was studied, control
temperature value on hot surface of test
sample and period of thermal
regulation was studied.

Microencapsulated PCM (Micronal
DS5001X) accelerated the charging
process with no thermal stratification.
Control temperature regulation and
thermal regulation period both reduced
in microencapsulated form. Sub cooling
effect cannot be neglected in case of
free PCM

[95]

Rectangular container with one wall
made up of aluminium alloy. Holes
were dig from the aluminium plate
side to allow water to pass through
the wall as HTF.

Lauric acid Melt fraction, temporal heat storage,
heat transfer characteristics.

Melting initiated by conduction
followed by convection. In liquid state
of PCM stratification of temperature
occurs led to depression of convection.

[104]
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stainless steel-304 and -316). Result indicated that aluminium containers showed faster corrosion with inorganic salt mixture and hence
cautionmust be takenwhile selecting aluminium for PCM containers. Copper showed lower corrosion rate of 6e10mg/cm2 yr with the fatty
acids formulations and can be used for PCM containers. Stainless steel showed great corrosion resistance of 0e1mg/cm2 yr and was the best
available material for PCM containers.

Morreno et al. [115] carried out similar study with two metals (i.e. copper and aluminium) and two metal alloy (stainless steel 316 and
carbon steel) and selected eleven types of salt mixtures out of which 5 were used for cooling applicationwhile 6 PCMswere used for heating
applications. The corrosion rate of PCM containers were evaluated after 1 week, 4 week and 12 week. Result of the study showed that thin
stainless steel alloy lining should be used with stainless steel and aluminiumwhile later one was suitable only for selected PCM. It was also
found that commercial PCM C10 was suitable to encapsulate in stainless steel and aluminium and PCMs used for heating application should
be stored in stainless steel container.

In addition to metals and alloys, polymers were also used as container material for phase change material. Oro et al. [105] made
comparison between four metals (copper, aluminium, stainless steel and carbon steel) and polymers (polypropylene), High Density Poly
Ethylene (HDPE), polyethylene terephthalate and polystyrene. These container materials were tested with four commercial PCM and five
developed PCM and observed that carbon steel and copper must be avoided in any situation due to their high reactivity towards corrosion.
Aluminium was also not recommended due to the creation of pits on its surface. Stainless steel 316 was well suited material for PCM
containers due to its resistivity towards corrosion. Polymer containers did not show any effect on the appearance and weight of the samples.
Also there were no pitting, precipitation and bubble formation and hence they are compatible with PCMs.

The studies show that out of the range of selected metals stainless steel was the best available material for PCM container. Polymers are
also good choice for phase change materials as they do not show any reactivity with the phase change material as well as they are resistant
towards pitting, bubbling and precipitation etc.
6. Conclusion

There are various types of sensible and latent heat systems, their storage materials and their geometrical designs available. Sensible heat
storage systems were simple in designs, easy tomaintain but bulkier in size. Latent heat systemswere found to bemore suitable for thermal
storage due to their high energy storage density and quasi thermal nature of storage. The low melting point of organic PCMs made them
suitable for low temperature applications like domestic water heating, cold storage, as building material etc. While inorganic PCMs due to
their high melting point were suitable for high temperature storage application like concentrated solar plant. Low thermal conductivity of
both organic and inorganic phase change material had limited their direct use at commercial scale. Composites of organic and inorganic
PCMs were prepared with high thermal conductivity materials like graphite, carbon nanotubes, metal oxides, metallic nanoparticles etc. for
their large scale application. Composites with expanded graphite and carbon nanotubes were preferred due to high thermal conductivity
and low weight. Most of the composites used in thermal storage were mixture of two materials rather than any new substance.

There are different geometrical configurations such as cylindrical shell and tube, rectangular shell and tube, triplex and configurations
with longitudinal and axial fins were used with PCMs for thermal storage applications. Addition of fins reduced themelting time of the PCM
but it also reduced the amount of PCMs in the system due to space occupancy and hence reduced the overall efficiency of the system. The
heat storage units either in cylindrical or rectangular geometry found to be more efficient in their horizontal position as compare to the
vertical position. It was due to the presence of large air space above PCM in horizontal positionwhich enhanced conduction heat transfer as
compare to the vertical position. Most of the sensible heat storage units used for pre heating of water through solar pond, for pre heating and
cooling of air using packed bed configuration, etc. While most of the latent heat storage systems were mostly used for pre heating of water,
for pre heating and pre cooling of air, for storage of waste industrial heat and as building materials for temperature control etc. Most of the
containers holding PCMs were made of steel and polymers. Corrosion effect of PCMs on container materials has been studied by various
researchers. The stainless steel was considered best material for PCMs due to least corrosion at high temperature applications, while
containers made up of polymers were good for low temperature applications.
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ABSTRACT
In this study, beeswax as a new energy storagematerial and its composite with
expanded graphite were prepared and characterized for their surface and
thermal properties. Surface characterization showed no chemical interaction
between beeswax and expanded graphite. The thermal conductivity of the
composite was improved with 117% enhancement. The thermal performance
of beeswax and its composite as a heat storage material was studied in a
rectangular shell-and-tube thermal storage unit. The melting point of the
composite remained almost same as that of beeswax; however, the melting
time was reduced considerably, from 540 to 360min with inlet water at 808C
and a 2-lpm flow rate.
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Introduction

Latent heat storage systems using phase change materials (PCMs) received great attention over the last
few decades due to their high energy density, compact size, and wider area of applications. Selection of
the proper PCM depends on various factors, such as melting point, thermal conductivity, latent heat,
degree of super cooling, and chemical inertness [1–5].

Paraffin and fatty acids were most commonly used as organic PCMs by earlier researchers for
various applications, such as domestic solar water heating, maintaining inner temperatures of
buildings, and cooling applications, due to their low melting point, high latent heat, chemical inertness,
etc. [6–10]. Paraffin was used for different solar thermal storage applications [11–15] and heat-
recovery systems in pure or composite form [16, 17]. Similarly, fatty acids and their mixtures were also
studied as PCMs for various domestic solar heating applications with good performance [18–21];
however, paraffin wax and fatty acids have low thermal conductivity, high cost of production, and
unsustainability in terms of usage [22]. It is observed that in some cases, fatty acids cause allergic effects
and thus require special handling [23–25].

Beeswax is a naturally occurring substance and it is a mixture of alkanes, alkenes, monoesters,
diesters, hydroxymonoesters, and fatty acids. Thirty to 80% of beeswax consists of long-chained esters
of palmitic, oleic, and tetracosanoic acid [26–29]. Beeswax has many applications, including the
manufacturing of candles, preparation of sculptures, coating of jelly, pharmaceuticals, varnishes, and
cosmetics [30]. Beeswax can be used as a PCM in place of paraffin and fatty acids because of its similar
thermal properties for thermal storage applications alongwith low cost and easy availability, especially in
Asian countries. Beeswax as a PCM has low melting temperature range (628C–648C), high latent heat,
chemical inertness, thermal cyclic stability, and no phase segregation on heating [31]. Being a natural
substance obtained directly from honeybees, the production cost for beeswax is quite low and provides a
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sustainable solution for thermal storage applications [22]. However, it has low thermal conductivity
(0.298W/m.K) and high charging and discharging time during melting and solidification. Many
methods have been suggested in the literature to enhance the thermal conductivity of organic PCMs,
such as addition of high thermal conductivity solid particles, including metal chips and nanoparticles
[32–34], altering the geometrical structure of heat storage units by addition of fins [35–38], and the
addition of expanded graphite [39–41] PCM impregnation [42, 43]. A critical review by Zhang et al. in
2016 [44] also revealed that composite PCMs can effectively improve the performance of thermal storage
systems through enhancement of the thermal conductivity of PCMs. In this study, expanded graphite
was used to enhance the thermal conductivity of beeswax, as expanded graphite is lighter in weight,
possesses high thermal conductivity, and provides a larger surface area for heat transfer.

Surface characteristics of beeswax were analyzed using x-ray diffraction (XRD), scanning electron
microscopy (SEM), and Fourier transform infrared (FTIR) spectroscopy. Thermal properties of
beeswax were analyzed by differential scanning calorimetry (DSC) and thermal gravimetric analysis
(TGA). Performance of thermal storage material was studied using a shell-and-tube heat storage unit
with charging and discharging time. The selected heat storage material was filled in the shell, and hot
water as the heat transfer fluid passed through the tube at the center of the unit. In the present study,
beeswax has been tried as the new heat storage material, and its composite with expanded graphite was
developed; the performance of these materials is studied experimentally.

Material and methods

Preparation of expanded graphite

Natural graphite (NG), with average particle size of 200mm, was used to prepare the expanded graphite
by forming an intercalated compound using chemical the oxidation method as proposed by Zeng et al.
[45] with some modifications. NG (Ases Chemicals, Jodhpur, India), nitric acid of 65% concentration
(Qualikems, Gujarat, India), glacial acetic acid with 99.5% concentration (Qualikems, Gujarat, India),
and potassium per magnet (99% concentration; Qualikems, Gujarat, India) were obtained from local
market and used for the development of expanded graphite in the present study. The preparation
method involves mixing of NG with nitric acid (3mL/g of NG), glacial acetic acid (3mL/g of NG), and
potassium per magnet (0.25 g/g of NG) in a beaker. This mixture was stirred on a hot plate magnetic
stirrer (300-W model-Q19-A; Remi) at 458C for 90min to obtain the intercalated compound, i.e.,
expandable graphite. This was washed three times with distilled water and then dried overnight at 608C
in a digital oven (model-SHI-102; Shivam Instruments, Jaipur, India). Expanded graphite was then
obtained by irradiation of the expandable graphite inside a microwave oven (model CE1031L; Samsung,
Jaipur) at 900W for 60 sec per 0.20 g sample mass. This finally developed expanded graphite (EG) was
then stored in an airtight container for further use.

Preparation of beeswax/EG composite

Beeswax (Qualikems, Gujarat, India) was purchased from local market of Jaipur, India, and the beeswax
composite was prepared by dispersing expanded graphite in molten beeswax. Ten percent expanded
graphite was added to 90 wt% of molten beeswax at 708C in a beaker and stirred for 1 h to ensure
homogeneous dispersion of expanded graphite within the beeswax. The prepared composite was then
allowed to cool to room temperature. Composites of beeswax with NG and expanded graphite were
prepared in similar weight percentages, and thermal conductivity was measured using a thermal
constants analyzer (model-TPS 500; Hot Disk, Jaipur) and compared.

Sample characterization

Surface characterization of samples was carried out using a scanning electron microscope (model Nova
Nano FE-SEM 450; FEI, Jaipur), an x-ray diffractometer (model Xpert Pro; Pan Analytical, Jaipur), and
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an FTIR spectroscope (model Spectrum 2; Perkin Elmer, Jaipur). For SEM analysis, no coating of
samples was required as samples were conducting. XRD analysis was carried out at 2u ¼ 908C, while
the FTIR investigation was done for a wavelength range (400–4,000 cm21). DSC (Make-Perkin Elmer,
Jaipur) was used to analyze the thermal behavior of the samples and analysis was performed at constant
heating rate of 108C/min for temperature range of 10-3008C under constant stream of nitrogen.
Thermal stability of samples was analyzed using TGA (model-STA 6000; Perkin Elmer, Jaipur) between
temperature ranges of 258C and 4008C.

Latent heat storage unit

A rectangular shell-and-tube type thermal storage unit (horizontal type) was developed to study the
thermal storage characteristics of beeswax and the beeswax/expanded graphite composite. This unit was
connected to a hot water tank stainless steel ((SS), 100 L) through a pump (1/2 HP), three valves (brass),
and a rotameter (range 0–10 LPM; Star Flow, Jaipur), as shown in Figure 1. The heat storage unit (31 cm
£ 8.5 cm £ 9.5 cm) was fabricated using plywood (0.25 cm thick) and lined internally with 1-cm-thick
asbestos sheet to provide insulation.Hot water was passed through a straight copper tube (8-mm internal
diameter, 0.5-mmwall thickness) located at the center of the unit. Calibrated K-type thermocouples (Ni-
Al, accuracy ^0.38C, range 22008C to 1,3508C) were used to measure the temperature of the storage
material at nine points along with inlet and outlet temperatures of the hot water. The position of
thermocouples within the thermal storage unit is shown in Figure 2. During experimentation, the inlet
temperature and flow rate of hot water was kept constant at 808C and 120 L/hr, respectively.

Uncertainty analysis

There may be some uncertainties in the experimental results. The uncertainty may be in the
measurement of temperature by K-type thermocouples, flow rate by the rotameter, and in the thermal
conductivity meter reading. These uncertainty values were^0.58C for thermocouples and^2% for the

Figure 1. Schematic diagram of shell-and-tube type experimental set-up.
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rotameter as claimed by the manufacturers. The uncertainty in thermal conductivity measurement was
^4.06% as calculated by the methods explained in [46, 47].

Results and discussion

Sample thermal conductivity

Composites of beeswax with different NG and expanded graphite weight percentages were prepared
to enhance the thermal conductivity of beeswax. The thermal conductivity of these samples were
measured and plotted as shown in Figure 3. It was found that beeswax composites with expanded
graphite had higher thermal conductivity compared to beeswax withNG; this may be due to the presence
of a continuous matrix of expanded graphite throughout the beeswax that enhanced the heat flow
through the composite (beeswax/expanded graphite), while in the other case (beeswax/NG composite),
the discontinuous phase of NG leads to lower heat flow. It was noticed that composites of beeswax/NG
were non-homogenous during the molten state due to settlement of the NG. The optimum weight
percentage of expanded graphite was found to be 10%, as further addition of expanded graphite results in

Figure 2. Thermocouple position in shell-and-tube heat storage unit. All dimensions are in mm.

0.2998

0.4624

0.6325

0.7648

0.9741

0.3248

0.4259

0.5143

0.5783

0

0.2

0.4

0.6

0.8

1

1.2

0 5 10 15 20

T
h

er
m

al
 c

o
n

d
u

ct
iv

it
y 

(W
/m

.K
)

Graphite weight (%)

Composite with expanded graphite

Composite with natural graphite

Figure 3. Plot between thermal conductivity and weight percentage of samples.

142 A. DINKER ET AL.



cracks in the composite that create air pockets and reduce the thermal conductivity. The specific heat of
beeswax and its composite with expanded graphite is calculated as 2.6 and 3.0 kJ/kg K, respectively.

Microstructures of the samples

SEM images of NG, expanded graphite, and beeswax/expanded graphite composite is presented in
Figure 4. The microstructure of NG particles is compact with less surface area due the absence of proper
intra-layer separation and results in poor heat transfer. It is also observed that the high density of NG
leads to its settlement during melting of the composite, and the beeswax/NG composite cannot be used
for thermal storage applications. In the case of expanded graphite chemical oxidation with potassium,
a permagnet generates a proper network of interconnected pores by separation of layers, as observable
from Figure 4b, which increases the thermal contact area for beeswax; these interconnected pores
provide a network of layers for better heat transfer and reduce the density of expanded graphite. Thus,
light density expanded graphite forms a homogeneous mixture with beeswax, and a stable composite as
heat storage material is obtained as shown in Figure 4c.

XRD patterns of beeswax, beeswax/expanded graphite composite, and expanded graphite are shown
in Figure 5. The XRD pattern of the beeswax/expanded graphite composite showed low intensity peaks
at 2u ¼ 218, 238, and 268 (d-spacing values 4.1185, 3.6997, and 3.3127, respectively). The peaks at
2u ¼ 218 and 238 for beeswax (with d spacing values 4.1981 and 3.7805) are found to be similar to the
peaks for composite material, and the peak at 2u ¼ 268 (d spacing 3.947) is an extra peak generated due
to the expanded graphite. The XRD pattern of beeswax/expanded graphite composite clearly shows that
the composite formed is a mixture of two materials rather than formation of a new material by chemical
conversion.

FTIR spectra of beeswax, beeswax/expanded graphite composite, and expanded graphite are
depicted in Figure 6. The peak at a wavelength of 3,446 cm21 for expanded graphite represents –O–H
stretching, while the peak at 2,846 cm21 represents a –C–H stretch, the alkane bonds present in the
hexagonal structure of the graphite. The peak at 1,382 cm21 represented the symmetric N–O stretch,
which may be due to the presence of the nitro group, while the peak at 1,646 cm21 represents –C ; C–
stretch. FTIR spectra of beeswax show peaks at 2,922 and 2,852 cm21, the C–H stretch, i.e., the
presence of alkane/hydrocarbons (HC) chain. Peaks at 1,742 cm21 reflect the presence of ester, while
peaks at 1,104 and 718 cm21 represent alkene and amide groups. Similar FTIR spectra results for

Figure 4. SEM images: (a) NG, (b) expanded graphite, and (c) composite.

EXPERIMENTAL HEAT TRANSFER 143



beeswax were also reported in [6, 48]. FTIR spectra of composite material are very similar to the FTIR
spectra of beeswax due to merging of peaks of expanded graphite (3,446 and 2,916 cm21) within the
peaks of composite (3,444 and 2,916 cm21). The absence of any new peak in the FTIR of composite
material confirmed that the composite of beeswax and expanded graphite was just a combination of two
materials rather than a chemically new material.

Thermal characterization of samples

DSC and TGA of the samples were carried out to evaluate their thermal properties. The DSC plot
between heat flow and temperature for beeswax and beeswax/expanded graphite composite is shown in
Figure 7, and it is observed that the peak obtained at 62.068C for beeswax is due to the solid– liquid
transactions. The DSC peak for beeswax/expanded graphite composite, however, shows a little
reduction in the melting point of the composite from 62.06oC to 59.898C. Latent heat for beeswax and
its composite with expanded graphite is obtained from DSC as 214 and 201 kJ/kg, respectively. The
TGA plot for beeswax and beeswax/expanded graphite is shown in Figure 8, and it is observed that
there is no change in the weight of beeswax up to 3888C; after that, decreases may be due to the
vaporization. The composite of beeswax/expanded graphite follows an almost similar pattern except a
reduction in weight after 3598C; this may be due to enhanced thermal conductivity of the composite,
which leads to its early vaporization.

Thermal energy storage performance evaluation

The thermal energy storage performance of beeswax and beeswax/expanded graphite composite is
performed in a rectangular shell-and-tube heat storage unit. The shell part of this storage unit

Figure 5. XRD pattern for beeswax, composite, and expanded graphite.
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contained beeswax as a PCM; hot water passed through the central copper tube, and nine temperatures
at three axial locations were measured using calibrated K-type thermocouples along with hot water inlet
and outlet temperatures. Figure 9 shows the temperature variation at the nine locations with time for
beeswax and composite of beeswax/expanded graphite. It is observed that the time taken by beeswax to

Figure 6. FTIR spectra of beeswax, composite, and expanded graphite.
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reach the melting point increases from the inlet (at point T4, 360min), middle point (at point T5,
540min), to the outlet (at point T6, 780min) due to continuous reduction in temperature gradient
between the hot water and beeswax. Similar patterns for reduction in melting time of the beeswax were
observed for the axial points above (T1: 810min, T2: 840min, T3: 1,140min) and below the tube (T7:
840min, T8: 870min, T9: 1,260min). However, in the case of the composite of beeswax and expanded
graphite, the melting time was reduced at all points along the axis (T4: 200min, T5: 250min, T6:
330min) and parallel to the axis at the top (T1: 540min, T2: 600min, T3: 630min) and bottom
positions (T7: 450min, T8: 480min, T9: 720min). After a certain time, the PCM in the shell reaches the
same temperature at almost all points due to the convection effect. All nine thermocouples reached
a constant temperature in 1,020min in the case of the composite as compared to pure beeswax
(1,430min). The reduction in melting time in the case of the composite was due to enhanced thermal
conductivity of beeswax due to the addition of expanded graphite.

The temperature rise with time at three locations along the vertical plane near the inlet of the tube
for beeswax (Figure 10a) and for beeswax/expanded graphite composite (Figure 10b) is shown in
Figure 10; it is observed that the temperature at the middle location (T4) of the heat transfer unit
rose most rapidly compared to other locations, i.e., T1 and T7. This is due to the large temperature
difference between the hot water and PCM at the middle location, which caused good heat condction,
while in the upper and lower locations of the heat transfer unit, heat transferred through conduction
followed by convection. It is also observed from Figure 10 that in both cases, the temperature at the
lower location (T7) initially increased rapidly up to the melting point and then slowed down compared
to the upper location (T1). During this process, the PCMmelted first at the middle location and moved
down to the lower location due to a gravitation effect, transferring heat and raising the temperature at

Figure 10. Temperature variation with time along vertical plane at inlet of tube: (a) beeswax and (b) composite.
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the lower material. When the temperature of the lower material reaches the melting point, the
convection heat transfer becomes dominant and forces the molten PCM to move upward of the unit.
The temperature rise of the upper material in the unit is due to the combined effect of conduction from
the middle location followed by convection from the middle and lower material of the unit. Along with
conduction due to change in phase and density of beeswax (with temperature rise), natural convection
plays an important role in heat transfer. With a rise in temperature at the middle part of the thermal
storage unit, less dense melted beeswax started to move upward due to buoyancy, while a major part of
it moved down due to a gravitational effect; it is responsible for the increased rate of heating in the lower
part compared to the upper part of the thermal storage unit. As the beeswax in the bottom part melts
completely, buoyancy forces along with convection current moved it to the upper part of the thermal
storage unit to deliver more heat.

Temperature variation of PCM in the upper location (T1) of the thermal storage unit is shown in
Figure 11 for beeswax and its composite. The time required to reach melting point is 800min for
beeswax; the temperature then further increases due to conduction and convection. However, in case of
the composite material, the melting point was reached in less time, i.e., 540min, due to the enhanced
thermal conductivity of the composite material. It is also observed that time taken by the beeswax to
attain a constant temperature of 728C for complete material was 1,020min compared to 900min (for a
constant temperature of 758C) in the case of composite material. The reduction in charging time to
reach constant temperature in whole composite material was due to the presence of an interconnected
network of expanded graphite, which enhanced thermal conductivity.

Conclusion

Beeswax is a naturally available PCM that has lower thermal conductivity and requires more time to
store thermal energy. The addition of expanded graphite to the beeswax enhances its thermal
conductivity, and it is found that a 10% addition of EG in beeswax enhanced thermal conductivity from
0.29 to 0.63W/m K (117% enhancement). The improvement in thermal conductivity of composite
material reduced its melting time from 1,020min (for pure beeswax) to 900min.

SEM images of composite material showed that expanded graphite formed a continuous network
within the beeswax and also that some beeswax got absorbed within the porous surface of the expanded
graphite, which further enhanced the heat transfer through beeswax. XRD and FTIR analysis showed
that the peaks appearing in beeswax/expanded graphite composite material were similar to the peaks
observed in pure beeswax and expanded graphite, which clearly indicated that the prepared composite
material was merely a mixture of two base materials rather than a new chemical compound. DSC
analysis of composite material showed that the melting point of the composite was slightly lower than
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that of pure beeswax. Thermal performance studies on storage material using a shell-and-tube type
thermal storage unit showed that the time taken by composite material to store heat was 12% less
compared to beeswax. The results of the present study show that the developed composite material
from beeswax and 10% expanded graphite is a promising and reliable heat storage material for low-
temperature thermal applications
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In the present study beeswax is considered as a natural latent heat storage material. A novel rectangular
shell and tube type geometry is introduced as a thermal storage unit (TSU), in which copper helical coil
carrying hot heat transfer fluid is embedded in the beeswax filled in rectangular shell. Thermal perfor-
mance study of beeswax is carried out in a series of charging and discharging experiments with water
as a heat transfer fluid (HTF). Temperature profiles along the axial and vertical direction of helical coil
have been recorded by measuring nine temperatures to understand the mode of heat transfer within
the beeswax. Effect of flow rates (0.25 LPM, 0.5 LPM, 0.75 LPM, 1.0 LPM) and inlet temperatures
(60 �C, 70 �C, 80 �C) of HTF on charging time and thermal storage efficiency of beeswax is analyzed. It
is observed that increase in fluid flow rate reduced the charging time and storage efficiency of the system,
however increase in fluid inlet temperature increased the charging time of the system. Maximum effi-
ciency of TSU during charging was 84% when HTF at 80 �C flows through TSU at 0.5 LPM. Results of
the study prove beeswax as low cost and naturally available phase change material (PCM) performance
wise better than conventional PCMs in lower temperature range.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Our society is facing energy crisis due to rapidly depleting fossil
fuels and environmental problems like global warming, climate
change, loss of biodiversity, deforestation and ozone layer deple-
tion. Studies revealed a sharp increase in greenhouse gases in envi-
ronment. It is estimated that by the year 2400 there is about 5000
gigatonnes of carbon will be released in environment starting from
industrial revolution keeping rates of fossil fuel consumption and
carbon-sequestration constant [1]. Due to enhanced greenhouse
effect average rise in temperature occurred globally at the rate of
0.15–0.20 �C [2,3]. Another concern with rise in greenhouse gases
is the depletion of ozone layer led to increased environmental
and health problems [4,5]. To address the above problems there
is need of energy storage to reduce fossil fuel consumption and
burden on environment. Renewable source of energy is intermit-
tent in nature and dependent on weather conditions and therefore
required some sort of energy storage systems like photo-voltaic
systems [6–8], photovoltaic/thermal hybrid system, sensible
energy storage through solar ponds [9,10], latent energy storage
[11–13], concentrated solar plant [14,15] and hydrogen storage
system [16–18].

Latent energy storage systems are one of the promising tech-
nologies available at present to meet world’s energy crisis. These
systems uses phase change material to store heat as latent heat
of melting during their phase transition i.e. from solid to liquid.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.applthermaleng.2016.09.128&domain=pdf
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Nomenclature

Dimensional variables
di inner diameter of tube (m)
do outer diameter of tube (m)
Cps heat capacity of solid (J kg�1 K�1)
Cpl heat capacity of liquid (J kg�1 K�1)
Tw wall temperature (K)
Tb bulk temperature (K)
Tout fluid outlet temperature (K)
Tin fluid inlet temperature (K)
Tm melting temperature (K)
Ti initial temperature of PCM (K)
Tf final temperature of PCM (K)
DTm least mean temperature difference (K)
_m mass flow rate of HTF (kg s�1)
mw mass of PCM (kg)
q density of water (kg m�3)
v velocity (m s�1)
_Q instantaneous energy (kJ/s)
Qa available energy (kJ)
Qw energy required by wax (kJ)
L latent heat of fusion (kJ/kg)
Uo overall heat transfer coefficient (W m�2 K�1)
hi internal heat transfer coefficient (W m�2 K�1)
ho external heat transfer coefficient (W m�2 K�1)
k thermal conductivity (Wm�1 K�1)
b thermal expansion coefficient (K�1)

g acceleration due to gravity (m s�2)
Dc diameter of curvature (m)
L length of tube (m)
b pitch length (m)
As total surface area of tube (m�2)
Ao outer surface area of the coil (m�2)
Ai inner surface area of the coil (m�2)

Dimensionless numbers
Nui inside Nusselt number
Nuo outside Nusselt number
Re Reynolds number
De Dean number
Pr Prandlt number
c dimensionless pitch
Ra Rayleigh number
Gr Grashof number
N total number of turns

Abbreviations
PCM phase change material
HTF heat transfer fluid
LPM liter per minute
TSU thermal storage unit
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A latent heat storage system stores heat at a constant temperature
and therefore has high energy storage density (5–10 times more as
compared to sensible energy storage) [19]. High energy density,
isothermal energy storage, low volume change, low vapor pressure,
no super cooling and choice of temperature range are important
properties of phase change materials for domestic and industrial
applications like domestic solar water heater [20,21], temperature
control of buildings [22] and electricity generation through con-
centrated solar power [23,24] respectively.

A variety of organic and inorganic phase change materials
(PCMs) are available for the development of an efficient thermal
energy storage system. Selection and use of an appropriate PCM
is dependent on factors like melting point, stability after thermal
cycles, toxicity and corrosive nature [25,26]. Inorganic phase
change materials like sodium nitrate [27], sodium carbonate/
lithium carbonate [28], sodium carbonate/sodium chloride binary
mixture [29], lithium nitrate/potassium chloride mixture [30],
Magnesium nitrate/magnesium chloride mixture [31], etc. with
their high melting point temperature range are suitable for higher
temperature heat storage applications like concentrated solar
power plant [32,33], however, most of them are highly corrosive
in nature [34,35] which reduces the life of thermal storage units
and therefore needs special handling [34]. Organic phase change
materials like Paraffin [14,36–38] and fatty acids [39–41] with
low melting point range like paraffin, fatty acids, and fatty alcohols
are commonly being used for lower temperature applications.
These organic materials offer a wide possibility in solar thermal
applications for heating water and for maintaining the indoor
building temperatures [42]. Paraffin is the most commonly used
PCM for lower temperature applications; however, being a deriva-
tive of petroleum product its production process involves the use
of various toxic catalysts and follows the pathway where various
byproducts of carcinogenic nature are produced [43] which make
its promotion as promising PCM unsustainable for the environ-
ment. Fatty acids and their esters due to their higher cost of pro-
duction are not recommendable for thermal energy storage
applications [39]. These limitations of synthetic organic phase
change materials restrict their use and demands for the identifica-
tion and introduction of new phase change materials which are
technically and economically feasible, easily available for different
applications.

In this work natural beeswax is introduced as a new phase
change material for latent heat storage. Beeswax is obtained from
honey bees consisting of fatty acids (mainly palmitic acid, tetra-
cosanoic acid and oleic acid), long chain of alkanes, monoesters
(C24 to C34), diesters, and hydroxyl-monoesters [44] and mainly
used for making sculptures, candles and also in food and medical
industries for surface coatings [45–49]. Beeswax also finds poten-
tial application in the field of drug delivery and proved more effi-
cient as compared to other waxes in faster release of drugs
[50,51]. Despite of its wide applications in the food, medical and
other sectors the application of beeswax as thermal storage mate-
rial is not reported much.

Natural beeswax is non-toxic, non-corrosive, having low melt-
ing point (60–68 �C), high latent heat of transition (145–395 kJ/
kg) [52,53], small volume change, low vapor pressure and long
term chemical stability almost similar to conventional paraffin
[54,55]. Being a natural product its cost is quite less as compared
to other organic materials and its production and degradation does
not involve any toxic byproduct which makes it a sustainable pro-
duct [56] and can be used in place of paraffin and other organic
PCMs as latent heat storage material.

For an efficient thermal storage system an effective PCM as well
as an efficient geometrical configuration is required for faster heat
transfer. Various numerical and experimental thermal perfor-
mance studies have been performed on shell and tube type ther-
mal storage units using straight tube configuration for different
organic PCMs [57–59]. These storage units are generally consisting
of cylindrical shell encapsulating the PCM with straight tube
carrying HTF. There are different geometries of shell and tube



Fig. 2. TGA analysis of beeswax.
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configurations studied for thermal storage systems in the literature
such as- single straight tube geometry [60,61], multiple straight
tube geometry [62,63] and helical coil geometry [30,64,65]. How-
ever some studies have revealed that for the same volume of
PCM used and same heat transfer area, rectangular shell configura-
tion required lesser melting time as compared to the cylindrical
shell configuration [66,67]. Some experimental and numerical
work on helical tube based heat exchangers and thermal storage
systems showed better efficiency and heat transfer as compared
to straight tube geometry. This is due to higher heat transfer coef-
ficient, generation of secondary flow by unbalanced centrifugal
force and minimal axial dispersion [68,30,69]. Various works
showed the advantages of using helical coil over straight tube for
an effective heat transfer [70,71]. The use beeswax as thermal stor-
age material with rectangular shell and helical coil type geometry
is not available in the literature and studied in detail in the present
paper.

Objective of this paper is to study thermal performance of nat-
ural beeswax in a rectangular shell and helical tube type thermal
storage unit at different fluid flow rates and inlet temperatures.
Thermo-fluidic phenomena of beeswax during charging process
are studied, and efficiency and heat transfer coefficient of thermal
storage system is analyzed.

2. Experimental methodology

2.1. Thermal analysis of beeswax

Beeswax (Make-CDH, India) obtained from local vendor is a nat-
ural product derived from honeybee. It is ecofriendly and having
reasonably good latent heat over a small temperature range of
58–60 �C [72]. Melting and solidification properties of beeswax
was measured using differential scanning calorimetry (DSC)
(Make-Perkin Elmer), in which about 4 mg of beeswax was added
in the alumina sample pan and placed in the instrument. Inert
environment during the analysis was maintained by passing nitro-
gen gas at rate of 50 mL/min and melting characteristics were
studied by heating the sample at a rate of 10 �C per minute up to
the temperature of 250 �C. Linear baseline correction for alumina
sample pan was performed before calculating latent heat for the
Fig. 1. DSC curves
samples. After complete melting of the beeswax, the sample was
again cooled at the similar rate in order to study its solidification/
cooling characteristics. In order to get deviation of instrument two
samples of pure beeswax were tested under same experimental
conditions. Fig. 1 shows the DSC result of beeswax (sample A and
sample B) with peak at 42.3 �C representing the solid-solid phase
transition in the beeswax while another peak at 59.8 �C showing
solid-liquid phase transition occurred during melting. The melting
and solidification temperature were found to be same for both the
sample (sample A and sample B) with 2% deviation in heat flow.
From DSC analysis melting point and freezing point of beeswax
were found to be 59.8 ± 0.5 �C and 56.4 ± 0.5 �C respectively, while
the latent heat of melting was measured as 214 kJ/kg for tempera-
ture range 30.8–68 �C.

Thermal gravimetric analysis of beeswax was carried out using
TGA instrument (Make- Perkin Elmer, India). 25.61 mg of beeswax
was added to ceramic crucible and placed within the instrument.
An inert environment was maintained during the study using
nitrogen gas at heating rate of 10 �C/min up to 400 �C. Fig. 2 depicts
the graph for TGA analysis and no weight loss was observed up to
215 �C, with standard deviation of ±1.8% confirms its thermal sta-
bility up to this temperature. After 215 �C there is mass reduction
for beeswax.
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of beeswax which may be due to vaporization of beeswax by
degradation of hydrocarbons up to 443 �C where complete weight
loss of beeswax was observed. Stability of beeswax makes it suit-
able for domestic and solar applications in the temperature range
of 60–90 �C. Thermal conductivity of beeswax was measured using
benchtop thermal constant analyzer (Model-TPS 500, Make-
Hotdisk). To test the thermal conductivity of beeswax 5 samples
of beeswax were taken from bulk. These 5 samples were used to
prepare 5 pellets (10 mm diameter and 4 mm thick) using pel-
letizer. Each pellet is then tested with Kapton sensor within TPS
instrument to measure its thermal conductivity. The final thermal
conductivity of beeswax is then determined by taking average
value of these 5 samples. Thermal conductivity of beeswax was
observed as 0.299 ± 4%W/m K at room temperature while thermal
conductivity of liquid beeswax was found to be 0.30 ± 4% W/m K at
its melting point.

2.2. Geometry of TSU

A rectangular shell and helical tube type thermal storage unit
(Fig. 3) is developed to experimentally study the thermal storage
performance of beeswax. The rectangular shell (610 mm �
360 mm � 450 mm) of thermal storage unit is made up of teak
wood (20 mm thick, k = 0.12–0.04 W/m K) having low thermal
conductivity [73] and inner side of the shell is well insulated by
Fig. 3. Schematic diagram of shell and
the thermocol (25 mm thick, k = 0.033 W/m K) [74] followed by
insulation layer of asbestos (10 mm thick, k = 0.08 W/m K) to avoid
any heat loss from PCM to the ambient air. A helical coil having 13
turns of copper tube (I.D. = 8 mm, O.D. = 9 mm) with pitch of 3 cm
and coil diameter of 110.6 mm is passing through the center of the
shell. TSU in a loop (Fig. 3) comprising of a hot water tank made of
stainless steel (capacity 100 L) with embedded electric heater
(2 kW, Make- Bajaj India), glass rotameter (0.25 LPM–1 LPM), a
centrifugal pump (1/2 hp, Make – Crompton, India) and brass
valves. Nine k-type thermocouples (Ni-Cr based) with accuracy of
±0.2 �C (Fig. 4) are placed along vertical and axial positions at equal
distances embedded within PCM inside thermal storage. Two more
two thermocouples are placed at the inlet and outlet of the TSU in
order to study variation in temperature during charging and dis-
charging cycle. Fig. 5 represents the picture of actual setup and
Fig. 6 showing the picture of inner part of TSU before and after fill-
ing beeswax. Geometry of helical coil is defined by some other
parameters as:

(a) Curvature ratio - a dimensionless parameter of the coil
defined as the ratio of inner diameter of the tube to coil

diameter, d ¼ di
2Rc

(b) Non-dimensional pitch, c ¼ b=2pRc

(c) Reynolds number, Re ¼ qvdi
l

tube type thermal storage unit.



Fig. 4. Position of nine thermocouples inside PCM.

Fig. 5. Experimental setup for thermal storage study.
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(d) Dean number, De ¼ Re
di
2Rc

� �0:5
2.3. Experimental procedure

Thermal performance of beeswax as PCM is studied by obtain-
ing melting and solidification profile of beeswax during the exper-
imental study. In the beginning of experiment PCM storage
container i.e. rectangular shell is filled with 18 kg of molten bees-
wax for homogenous distribution within the unit and to avoid
trapping of any air pockets in PCM matrix. Plain tap water is used
as HTF (for passing through the helical tube) and heated electri-
cally in water tank, maintained at constant temperature by digital
temperature controller. The HTF is circulated by centrifugal pump
in the closed loop. Effect of three different inlet temperatures of
HTF (60 �C, 70 �C, 80 �C) and four fluid flow rates (0.25 LPM, 0.5



Fig. 6. Inside view of TSU (a) without beeswax and (b) with beeswax.
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LPM, 0.75 LPM, 1 LPM) are considered for studying charging profile
of beeswax. Charging of PCM was initiated by passing hot fluid
through the coil embedded in the beeswax until all the nine ther-
mocouples reached to constant maximum temperature and just
after the completion of charging process TSU is discharged by pass-
ing cold water at 20 �C through the unit.
2.4. Efficiency of thermal storage unit

Energy stored in the thermal storage unit is calculated as the
cumulative of instantaneous heat transfer from HTF to PCM [65]
considering no heat losses from TSU. Inlet and outlet temperatures
of HTF were recorded by data logger at an interval of every 15 min.
Table 1
Selected experimental parameters for the experimental study.

Charging/discharging
experiment

Flow rates (LPM) Inlet temperature of
HTF (�C)

Repeatable charging
experiment

0.5 ± 0.01 80 ± 0.2

Charging experiment 0.5 60 ± 0.2
Charging experiment 0.5 70 ± 0.2
Charging experiment Variable: 0.25, 0.5, 0.75

and 1.0
80 ± 0.2

Discharging experiment 0.5 20 ± 0.2

Fig. 7. Temperature variation measured at th
_Q is the instantaneous energy available for storage in the PCM
from HTF is expressed as:

_Q ¼ _mCPðTin � ToutÞ ð1Þ
Therefore, total energy available (Qa) for charging is the cumu-

lative of instantaneous energy is defined as:

Qa ¼ _m CpRðTin � ToutÞ
� �

:Dt ð2Þ
Total energy stored (Qw) by PCM during the charging process is:

Qw ¼ mw CpsðTm � TiÞ þ Lþ CplðTf � TmÞ
� � ð3Þ

Thermal storage efficiency of beeswax is,

g ¼ Qw

Qa
ð4Þ
2.5. Heat transfer coefficient

Overall heat transfer coefficient between the coil and beeswax
is calculated as:

Uo ¼ Qa

AsDTmean
ð5Þ

DTmean = Log mean temperature difference = ðTin�TbÞ�ðTout�TbÞ
ln

ðTin�Tb Þ
ðTout�Tb Þ

Overall heat transfer coefficient in terms of internal and exter-
nal heat transfer coefficient is represented as:

1
Uo

¼ Ao

Aihi
þ
Ao ln do

di

2pkL
þ 1
ho

ð6Þ

Nussle number correlation for calculation of heat transfer
between HTF and copper helical tube is expressed as [75]:

Nui ¼ 0:152D0:431
e P1:06

r c�0:277 ð7Þ
This correlation is applicable for tube side heat transfer for con-

stant temperature boundary conditions i.e. constant HTF inlet tem-
perature and low dean number (De < 3000).

For the determination of external heat transfer coefficient (ho)
between copper tube and beeswax following correlation is used:

Nuo ¼ 0:381ðRaÞ0:293 ð8Þ

where Ra = Gr.Pr.
ree different positions of thermocouples.
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3. Results and discussion

3.1. Repeatability

In the beginning of experimental study in order to ensure
repeatability of data each experiment was performed three times
at fixed selected parameters as shown in Table 1. The temperature
variation of PCM with time at three different positions of thermo-
couples (T3, T6, and T9) along the vertical line in middle of TSU
were obtained and analyzed.

Similar results were obtained during initial three experiments
(Exp. 1, Exp. 2 and Exp. 3) for given set of parameters (0.5 LPM flow
rate and 80 �C initial fluid temperatures) as shown in Fig. 7, which
confirmed the repeatability of the data. Then experiments were
conducted for different sets of parameters to get the data at differ-
ent positions of thermocouples within PCM for studying the melt-
ing and solidification profiles.
Fig. 8. Temperature variation in
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Fig. 9. Effect of flow rate of HTF on efficiency of TSU.
3.2. Effect of flow rate

The effect of four different flow rates i.e. 0.25 LPM, 0.50 LPM,
0.75 LPM and 1 LPM on charging time of beeswax at constant inlet
temperature of HTF at 80 �C is studied and temperature of nine
thermocouples (T1-T9) is recorded with time as shown in Fig. 8.
Charging time of a phase change material is defined as the time
at which temperature of all the thermocouples reached to a con-
stant value, which decreased at increased flow rate. At flow rate
of 0.25 LPM, 0.50 LPM, 0.75 LPM and 1 LPM charging time found
to be 1810 min, 1650 min, 1640 and 1635 min respectively at posi-
tion T3. The decrease in charging time with increase in flow rate
may be due to more enthalpy carried by the HTF at higher flow
rates. Increase in HTF flow rate showed almost similar pattern
for beeswax charging at all the nine thermocouples (T1-T9) loca-
tion due to symmetrical geometrical design of thermal storage sys-
tem. A plot between flow rate and thermal storage efficiency is
PCM at different flow rates.
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shown in Fig. 9 and 84% thermal storage efficiency is observed at
0.5 LPM, which decreases with increase in flow rate after 0.5
LPM flow rate. However, at lower flow rate of 0.25 LPM the effi-
ciency of system observed was 82%, slightly less than 0.5 LPM
may be due to difficulties in maintaining such a low flow rate
due to large coil diameter. Therefore the flow rate below 0.5 LPM
is not considered in further study. Thus at higher flow rates reduc-
tion in charging time and decrease in efficiency of TSU is observed
due to more power needed to pump the heat transfer fluid.

3.3. Effect of inlet temperature

Fig. 10 shows the effect of inlet temperature of heat transfer
fluid on charging time of beeswax at position T3. The choice of
HTF inlet temperature was based on the availability of temperature
from domestic solar water heater which is up to 80 �C and in the
present study three temperatures (60 �C, 70 �C and 80 �C) were
considered. Charging time of 2115 min, 1935 min and 1390 min
was obtained at 60 �C, 70 �C and 80 �C respectively. Minimum
charging time was observed at 80 �C due to large temperature dif-
ference between the HTF and PCM which enhanced the heat
transfer.

3.4. Temperature profile during melting

Temperature profile of beeswax was studied during melting
process at fluid flow rate of 0.5 LPM and at 80 �C inlet temperature
of heat transfer fluid. This temperature variation of beeswax with
time was studied at all nine positions of thermocouples placed
along the axial and vertical direction as shown in Fig. 11. As hot
HTF is passing through helical coil from left to right so melting pro-
cess begins at the left end of TSU i.e. T1, T4, T7 as compared to right
end, with smaller charging time on the left side beeswax. The melt-
ing pattern was found to be similar for thermocouple positions
along the axis at the middle position of coil and below the coil as
shown in Fig. 11(b) and (c) respectively.

It is also observed that time taken by beeswax to reach the
melting point at bottom (T7) of the thermal storage unit was small-
est as compared to the middle (T4) and top thermocouples (T1)
and in the beginning heat transfer between HTF and beeswax is
through conduction. Since, thermocouples at positon T1 and T7
Fig. 11. Horizontal and vertical tem
are quite close to helical coil as compared to thermocouple at posi-
tion T4, thus melting at T1 and T7 begins earlier as compared to
position T4 through conductive heat transfer. The molten beeswax
moves downward due to gravitational effect and transfers heat to
the bottom part of the thermal storage unit which leads to faster
rise in the temperature of the bottom beeswax. Then molten bees-
wax from bottom part starts moving up due to bouncy effect which
causes additional heat transfer to beeswax at position T4 and T1
due to convection along with conduction through solid beeswax.
The mode of heat transfer and melting pattern are similar for all
three vertical planes. Thus there are two dimensional movements
in the PCM in rectangular TSU i.e. from left to right and bottom
to top.
3.5. Solidification pattern of beeswax

Once all the nine thermocouples reach to saturation tempera-
ture in the beeswax then solidification pattern is studied by
observing temperature variation in the beeswax. For this solidifica-
tion study i.e. discharging of thermal storage unit cold water is
passed through helical coil from left to right in exactly same man-
ner immediately after the charging process. During discharging
process water coming out of the TSU is collected in a water tank
and used again and again in a closed circuit for estimating amount
of the heat collected during discharging. Fig. 12 shows the temper-
ature profile of beeswax for horizontal and vertical planes using
inlet water temperature of 20 �C at the flow rate of 0.5 LPM.

Solidification time is almost same horizontally for all the ther-
mocouples. The solidification peak for beeswax in TSU was
obtained at 58 �C and for beeswax sample it is 56.4 �C through
DSC analysis. Similar to the charging process solidification starts
first at the bottom part and moves upwards up to the top part of
TSU, which shows that natural convection plays a little role during
the discharging process of beeswax. During solidification process
since water is initially available at 20 �C and maximum tempera-
ture difference is available between beeswax and water so in the
beginning beeswax temperature drops suddenly and then at a
slower rate due to temperature rise of the water being circulated
through the helical coil in a close circuit.
perature profile in beeswax.



Fig. 12. Temperature profiles during discharging process.

Fig. 13. DSC curves of beeswax before and after thermal cycles.
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3.6. Energy storage efficiency of beeswax

Total energy stored (Qw) by 18 kg of beeswax used in the ther-
mal storage unit when beeswax is heated from 30 �C to 75 �C for
inlet HTF temperature of 80 �C, at flow rate of 0.5 LPM is
6.382 MJ, when all the nine thermocouples reached to the satura-
tion temperature of 75 �C. Total energy available (Qa) for charging
beeswax in TSU was found to be 8.127 MJ with energy efficiency of
84%. With flow rates of 0.25 LPM and 1 LPM at 80 �C storage effi-
ciency was found to be 82% and 58% respectively. Since TSU was
properly insulated with three layers of insulation so heat losses
from the unit were negligible and not considered for efficiency cal-
culation of TSU. From this it is observed that at flow rate of 0.5 LPM
and 80 �C HTF inlet temperature systems reaches the maximum
efficiency of energy storage. Thermal stability of beeswax was
tested by DSC analysis after 50 thermal cycles. Fig. 13 showed
the DSC result of beeswax before and after 50 cycles of charging
and discharging. It was observed that after 50 thermal cycles melt-
ing point of beeswax was changed from 59.8 �C to 59.2 �C, while no
variation was observed in solidification temperature. From this
study beeswax as PCM in proposed TSU is found to be more effi-
cient (84%) as compared to other PCMs like Paraffin wax, stearic
acid, palmitic acid, and myristic acid having efficiency of 40.4%,
50.3, 53.3%, and 54% respectively in their heat storage units [76–
78].
4. Conclusion

Natural beeswax obtained from honeybees is studied as a new
phase change material for low temperature thermal storage in
place of synthetic organic PCM in rectangular shell and tube type
TSU. Thermal properties of beeswax are similar to paraffin and it
is non-toxic, sustainable and cheaper as compared to other organic
PCM’s. Melting point and solidification point of beeswax found to
be 59.6 �C respectively from DSC analysis which makes it suitable
for low temperature application. TGA showed no weight loss of
beeswax up to 215 �C, hence thermally stable up to this tempera-
ture. Four fluid flow rates and three inlet fluid temperatures were
considered, which affect charging time of beeswax and efficiency
of TSU. Charging time and efficiency were the minimum at the
highest flow rate of 1 LPM, and maximum efficiency of TSU is
obtained at 0.5 LPM. However, flow rate below 0.5 LPM is difficult
to maintain in the system due to large coil diameter, therefore to
ignore errors in result this flow rate has not been considered.
Increase in inlet fluid temperature from 60 �C to 80 �C reduced
charging time from 2115 min to 1390 min. At the flow rate of 0.5
LPM and inlet fluid temperature of 80 �C efficiency of TSU found
to be 84%. Study shows can be efficiently used as a suitable natural
phase change material for lower temperature thermal storage and
can find wide applications such as solar air heater, solar water hea-
ter, and temperature controlled buildings.
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