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y space coordinate (m) 

Δx, dx length in x direction (m) 

Δy, dy length in y direction (m) 

 

Greek letters 
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ΔT transition temperature (K) 
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E east node 
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PREFACE 

Solar energy is an attractive option to store thermal energy that can be utilized when there is 

any mismatch between demand and supply. Thermal energy storage with phase change 

materials (PCMs) provides attractive options because of its large storage density, and 

isothermal nature. In the PCM, the heat is stored during the phase conversion process either 

due to solid-liquid, liquid-gas phase transition, or vice-versa. The heat stored per unit volume 

through PCM is 5-14 times more than sensible storage. The present thesis tries to address 

the problem of the unavailability of suitable PCMs for low-temperature applications. 

Subsequently, it focuses on the enhancement of the thermophysical properties of the PCMs. 

The behavior in the thermal energy storage (TES) system and application in the building 

integrated photovoltaic system (BIPV) has also been studied. 

The chapter begins with a brief introduction to the PCMs. The various energy storage 

methods and phase transition mechanisms have been discussed. Further, their application, 

along with limitations are also discussed. The importance of extended thermal cycle testing 

and the corrosion evaluation of the PCMs has been broadly discussed. A review related to 

the application of PCM in different applications, namely photovoltaics, building, solar 

greenhouse, solar cookers, solar air heating systems, and solar water heating systems is also 

provided.  

The subsequent chapter presents the details related to the development and characterization 

of ternary eutectics prepared from medium-chain fatty acids and long-chain fatty acids. The 

fatty acids used to prepare these materials were commercial-grade capric acid (CA), myristic 

acid (MA), stearic acid (SA), lauric acid (LA), and palmitic acid (PA). The different ternary 
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groups using these acids were prepared i.e. CA-LA-MA, CA-LA-PA, CA-LA-SA, CA-MA-

PA, CA-MA-SA, and CA-PA-SA having variable weight compositions (90/5/5, 80/10/10, 

70/15/15, 60/20/20, 50/25/25, 40/30/30, 30/35/35, 20/40/40, and 10/45/45). Few PCMs in 

the temperature range of 15-50 °C with the latent heat of fusion between 80 and 200 kJ/kg 

were identified as suitable for building and photovoltaic applications. 

Next, the results related to the thermal cycle testing of the developed PCMs have been 

discussed as it is a very important aspect of the long-term utility of these materials. 300 

extended thermal melt/freeze cycles have been conducted to see the aging effect and we 

found most of the developed PCMs can be used for a longer duration of time without 

deterioration, as their thermophysical properties remain almost the same. The variation 

obtained with respect to peak melting temperature was ±10 % with average storage 

capability between 130-165 kJ/kg. 

Subsequently, the effect of various nanoparticles on the operating temperature of the BIPV 

has been shown. A computational fluid dynamics (CFD) analysis taking into cognizance the 

heat and mass transfers in a system made of a nano-enhanced PCM attached to the back of 

a BIPV has been conducted. The n-octadecane has been considered as base PCM material 

which is mixed with four different nanoparticles at three different concentrations. Aluminum 

oxide (Al2O3), Copper (Cu), Copper oxide (CuO), and Titanium dioxide (TiO2), have been 

used as the nanoparticle to augment the thermal conductivity of PCM. The BIPV/NPCM 

systems were able to limit the panel’s temperature below 40 °C for about 60 minutes at 

constant exposure to radiation of 500 W/m2. 
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The next section talks about the theoretical investigation of PCMs that can be used as latent 

heat storage (LHS) media. The different container materials that were chosen for undertaking 

this work include glass, tin, stainless steel (SS), aluminum, aluminum mixed (AM), and 

copper. The impact of thermophysical properties of the PCM, thermal conductivity, the 

thickness of the container material, the wall surface temperature, and the initial temperature 

on the melt fraction has been investigated. It has been observed that the increase in the 

thermal conductivity of the container increases the melt fraction of the PCM. 

This is followed by the discussion related to the development of nano-enhanced phase 

change materials (NPCMs) using capric acid (CA) and manganese oxide (α-MnO2) 

nanoparticles. The nanoparticles were obtained by the green-route synthesis technique 

taking the aqueous extract of leaves of Ficus retusa plant. The nanoparticles were used 

in 1%, 2%, and 3% weight fractions to develop the nanocomposites. The nanocomposites 

have shown excellent charging and discharging rates owing to the increased thermal 

conductivity. 

In the end, a conclusion based upon the present study, important suggestions, and the future 

scope of the work have been reported. The use of PCMs in various other sectors such as food 

processing, and space satellites needs to be explored. These studies in cleaner technology 

will help in shaping our future world and achieving the target of net carbon neutrality. 
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Chapter 1: Introduction 

1.1 Background 

Climate change is a crucial issue bearing apprehensions in the mind of the living community. 

The scientific society expects that there could be an increase in the global temperature 

between 1 °C and 3.7 °C because of the existing and future emissions of greenhouse gases 

(GHGs), viz, methane (CH4), carbon oxides (COx), nitrogen oxides (NOx), and oxides of 

sulfur (SOx) [1]. The accountability is upon the human fraternity to alleviate the atrocious 

effects of these GHGs emissions. Henceforth, there is a need to restrain these emissions at 

the earliest in the best possible way. The conceivable solution is to move from conventional 

sources to renewable sources. The substantial chunks of production come from coal and oil‐

based power plants. Renewable sources, viz, solar and wind, are the usual substitutes. The 

fundamental constrictions with the wind are the extortionate cost of equipment, installation, 

and setup, and the required space for such installation. Solar equipment is earning 

appreciation because of the relative ease of installation, wide availability of solar energy, 

and low prices of solar equipment [2]. By the end of this decade, solar energy would be more 

economical than it was earlier. Solar energy can be stored as either electrical or thermal 

energy which is important when there is any mismatch between demand and supply. 

Electrical storage is achieved using batteries through photovoltaic (PV) cells, but the 

proficiency of such cells is low. However, thermal energy storage (TES) provides more 

flexible choices to use the stored energy as per the requirement [3]. 
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1.2 Energy storage mechanism 

The different forms of energy storage are discussed below and a short diagram is presented 

in Figure 1.1 [3,4]. 

 

Figure 1.1. Energy storage methods 

1.2.1 Mechanical energy storage 

Pumped hydropower storage (PHPS), compressed‐air energy storage (CAES), liquid air 

energy storage (LAES), and flywheels (FEES) are the main forms of mechanical energy 

storage. The PHPS and CAES technologies are useful for large‐scale energy storage 

requirements while FEES are more apposite for midrange storage. Storage can be conceded 

when inexpensive off‐peak power is accessible. When there is a deficient supply from the 

root plant, the storage is released to fill the requi red mismatch. 

1.2.1.1 Pumped hydropower storage (PHPS) 

The PHPS technology works by utilizing the potential energy of water stored at the upper 

reservoir. The water is drawn to the upper reservoir by using pumps. The offpeak surplus 

electricity is used for this purpose. When the electricity demand is at a peak, the stored water 

is utilized to run turbines to generate power. The reservoir can be either open‐looped where 
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the natural water body provides surplus water to the upper reservoir or a closed one where 

there is no connection to the natural water body.  [5–10]. 

1.2.1.2 Compressed air energy storage (CAES) 

In the abovementioned technology, the air is squashed applying the offpeak electricity. The 

compressed air is either stored at an underground reservoir or in the storage container 

aboveground. The compressed air is then expanded through the turbine to generate additional 

power [11–13]. 

1.2.1.3 Liquid air energy storage (LAES) 

LAES technology uses electricity to liquefy the atmospheric air, which is then stored in an 

isolated container. The stored liquid air is then heated. The vapor is then used to run the 

turbine. The waste heat from the thermal power plant, smelting plant, or other industrial 

processes can be utilized for heating purposes [14,15]. 

1.2.1.4 Flywheel energy storage (FEES) 

In this system, the electrical energy is stored as kinetic energy (KE). The rotor moves in a 

frictionless environment. The electrical energy is utilized to rotate the flywheel to store the 

energy in mechanical form. When there is a requirement of energy due to fluctuations or 

power cuts, the inertial motion of the FEES is used to convert the mechanical energy into 

electrical energy [16–20]. 

1.2.2 Electro-chemical energy storage 

Batteries are the most common method for the storage of electro-chemical energy. A battery 

can be charged by linking it to a current source and during the discharging phase, the 

chemical energy is transformed into electric energy. PV plants and wind turbine–generated 
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electrical energy is regularly stored through the usage of batteries. The most usual storage 

batteries are lead‐acid batteries, Ni‐Cd batteries, and lithium‐ion batteries. The other types 

of electrochemical storage are flow batteries and fuel cells [21]. [22,23]. 

 [24–26]. 

1.2.3 Chemical energy storage 

Chemical energy storage is based on energy storage primarily as hydrogen production 

through electrolysis using some renewable energy sources. The hydrogen produced is used 

in fuel cells or hydrogen combustion engines. Hydrogen has the largest energy content (120 

MJ/kg) of any other fuel. The produced hydrogen can be further processed into methane, 

ammonia, methanol, or any other chemicals. The methane produced from hydrogen in this 

way is called synthetic natural gas (SNG). 

1.2.4 Thermal energy storage (TES) 

TES can be accomplished by altering the internal energy of the material as sensible heat, 

latent heat, thermochemical storage, or any combination of these. The basic for thermal 

energy storage is described in Figure 1.2 [3,27]. 
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Figure 1.2. Thermal energy storage 

 

1.2.4.1 Sensible heat storage (SHS) 

As the name suggests, sensible heat can be perceived. The energy is stored in solid or liquid 

material by lifting its temperature, and when the energy is required, it is obtained by dropping 

the temperature. The SHS banks on the mass of the substance, specific heat, and temperature 

difference. The material compatible with SHS should have a high specific heat capacity as 

well as a melting and boiling point. The equation that governs the SHS can be written as 

                                                             𝐸 = ∫ 𝑚𝐶𝑝
𝑇𝑓
𝑇𝑖

𝑑𝑇                                                  (1.1) 

                                                         𝐸 = 𝑚𝐶𝑝(𝑇𝑓 − 𝑇𝑖)                                                   (1.2) 

where E is energy stored, m is the mass of substance under consideration, Cp is the specific 

heat capacity of the substance, Ti is the initial temperature, and Tf is the final temperature of 

the substance. 
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1.2.4.2 Latent heat storage (LHS) 

Latent heat storage is an isothermal process, which means there is no temperature change 

during the process. It depends on the heat absorption and discharges when a storage material 

experiences a phase transition. The heat allied with the melting of a solid substance or 

freezing of a liquid component is called the latent heat of fusion, and the heat connected with 

vaporization of a liquid or condensation of vapor is called the latent heat of vaporization. 

The equation that administers this process can be written as 

                                                                  𝐸 = 𝑚𝛼                                                           (1.3) 

Where 𝐸 is the energy absorbed, 𝑚 is the mass, and 𝛼 is the latent heat associated with the 

transition. When the phase transition is not smooth we have to consider a range of 

temperatures that includes i.e. the melting temperature. In that case, the equation is written 

as 

                                        𝐸 = ∫ 𝑚𝐶𝑝
𝑇𝑚
𝑇𝑖

𝑑𝑇 +𝑚𝛼 + ∫ 𝑚𝐶𝑝𝑑𝑇
𝑇𝑓
𝑇𝑚

                                    (1.4) 

                                     𝐸 = 𝑚[𝐶𝑠𝑝(𝑇𝑚 − 𝑇𝑖) +  𝛼 + 𝐶𝑙𝑝(𝑇𝑓 − 𝑇𝑚)]                              (1.5) 

Where 𝑇𝑖  is the initial temperature, 𝑇𝑚 is the melting temperature, 𝑇𝑓 is the final temperature, 

𝐶𝑠𝑝 is the average specific heat of the solid phase, and 𝐶𝑙𝑝 is the average specific heat of the 

liquid phase. 

The specific heat that we repeatedly encounter in the equation is the heat capacity divided 

by the mass of the substance. It is defined as the heat required by a unit mass of a substance 

through a unit temperature change. It is given as 

                                                             𝐶 =
𝑄

𝛥𝑇×𝑚
                                                             (1.6)                                                                                                                         
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Where 𝐶 is the specific heat, 𝑄 is the heat required, 𝛥𝑇 is the temperature change, and 𝑚 is 

the mass of the substance. 

1.2.4.3 Thermochemical energy storage 

In thermochemical energy storage, the energy is absorbed or released during the breaking or 

formation of bonds in the reversible chemical reaction. In this case, the heat stored depends 

on the amount of reactant material as storage material, the heat of the endothermic reaction, 

and the extent of the reaction. The total heat stored is given by 

                                                             𝐸 = 𝑎𝑟𝑚𝛥ℎ𝑒                                                         (1.7) 

Where 𝐸 is the energy stored, 𝑚 is the mass, ℎ𝑒 is the endothermic heat of the reaction 

Before going further into PCM storage, we need to look into the comparative assessment of 

all the available energy storage methods which is presented in Table 1.1. Also, the advantage 

and disadvantages of using each method are discussed in Table 1.2. From there, it can be 

seen that PCM storage is the most lucrative of all other methods because of its high energy 

storage density, low energy cost, and ability to withstand a large number of thermal cycles. 

Also, PCM storage has no harmful environmental implications, economical in comparison 

to other methods, and is available in a wide temperature range [28–31].  

Table 1.1: Pros and cons of each available energy storage technology 

Method Pros Cons 

PHPS ▪ Renewable 

▪ Non-polluting 

▪ Adjustable power 

output with water 

flow 

▪ Low maintenance cost 

▪ Safe 

 

▪ Expensive 

▪ Damage to the river 

ecology 

▪ Habitation loss 

▪ Non-operative in 

drought conditions 

▪ Limited reservoirs 
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CAES ▪ Easy availability of air 

▪ Easy compressibility 

▪ Efficient storage 

▪ High energy storage 

density 

▪ Can be transported 

easily using pipes 

▪ Remote controlling 

▪ Easy maintenance 

▪ Non-hazardous 

▪ Non-polluting 

 

▪ Leakages 

▪ Require a specific 

location for installation 

▪ Overpressure 

▪ Expensive 

▪ Power loss during 

transmission 

 

LAES ▪ High energy storage 

density 

▪ Low-pressure storage 

▪ Not require scarce 

materials 

▪ Low set up cost 

▪ Little environmental 

constraints 

▪ Easy compatibility 

with other processes 

 

▪ Leakages 

▪ Low efficiency 

▪ Short storage time 

 

FEES ▪ High energy density 

▪ Less recharge time 

▪ Little maintenance 

cost 

▪ Efficient charging and 

discharging 

▪ Highly efficient 

▪ Reliable, safe, long-

lasting 

▪ Efficient 

compensatory voltage 

and frequency 

stabilization 

▪ Non-degradability 

 

▪ Large space 

requirement 

▪ Mechanical stress 

▪ Safety issues 

▪ High installation cost to 

be competitive in the 

market 

▪ Very short discharge 

time 

Battery ▪ Fast charging process 

▪ Large number of 

charging/discharging 

cycles 

▪ High load 

performance 

▪ Long life 

▪ Low energy 

▪ Environmentally 

unfriendly 

▪ Toxic metals are used 
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▪ Easy storage and 

transportation 

▪ Efficient performance 

at low temperature 

 

Fuel cells ▪ Highly efficient 

▪ Reliable 

▪ Noise-free 

▪ Moderates CO2 

emission and other 

harmful pollutants 

▪ Little space 

requirement because 

of light and compact 

design 

▪ Expensive  

▪ Extraordinary cost of 

catalyst 

▪ Costly hydrogen 

production and 

distribution 

▪ The technology is still 

at the prototype stage 

 

Flow battery ▪ Design flexibility 

▪ Separate storage and 

power generation 

tanks 

▪ Enormous capacity 

due to detachable 

storage tank 

▪ Temperature can be 

regulated easily with 

the flow 

▪ No self-discharge 

▪ Low power density 

▪ Low energy density 

▪ Not suitable for mobile 

application 

▪ Shunts current due to 

conductive electrolyte 

Chemical ▪ Most abundant source 

of energy 

▪ High octane fuel 

▪ Highly combustible 

▪ Easy to store and use 

 

 

▪ Harmful to the 

environment 

▪ Costly fuel 

▪ Production of 

radioactive waste 

 

SHS ▪ Inexpensive 

▪ Reliable 

▪ Enduring 

▪ Non-toxic materials 

▪ Requires large volume 

▪ Low energy density 

▪ Require storage vessels 

▪ Self-discharge 

 

 

LHS ▪ Isothermal 

▪ High energy density 

▪ Wide temperature 

range 

▪ Economical 

 

▪ Phase separation in few 

cases 

▪ Storage vessel 

requirement 
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Thermochemical ▪ High energy density 

▪ Minimum heat loss 

▪ Can be stored for 

longer time 

▪ Transport likelihood 

 

▪ Require reactant 

▪ Reactant degradation 

▪ Under test stage 

▪ Technically complex 
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Table 1.2: Comparative assessment of the energy storage technology [14,28–32] 

 

Technology Power 

(MW) 

Storage 

Capacity 

(MWh) 

Efficiency 

(%) 

Lifecycle Energy 

density 

(KWh/m3) 

Energy 

Cost 

($/KWh) 

Maturity Environmental 

Impact 

PHPS <3100 <140000 65-82 10000-

30000 

0.28 80-200 Advance stage Yes 

CAES 5-300 <250 60-79 8000-

12000 

2-6 50-100 Demo No 

LAES 200 - 50-60 - - - Under 

development 

No 

FEES 0.005-5 0.005-1.5 94 1000000 -  Advance stage No 

Battery 

(Lead-Acid) 

0-40 0.25-50 70-90 500-1000 70 300-600 Commercialized Yes 

Battery (Li-

ion) 

0.001-

0.1 

0.25-25 85-100 1000-4500 300 500-2500 Commercialized Yes 

Battery (Ni-

Cd) 

27 6.75 85 2000 - 200-600 Commercialized Yes 

Battery 

(Na-S) 

1-50 ≤300 75-90 2500 150-250 300-500 Under 

development 

Yes 

Fuel Cells 0.005-

10 

1-700 50-60 100000 1.4-1.6 - Under 

development 

No 

Flow 

battery 

0.1-100 10-10000 75-85 2000-3000 - - - Yes 

Chemical Varies Varies 20-50 - 2.7-160 6-20 Available Yes 

SHS 0.001-1 - 50-90 80000-

100000 

25 0.1-13 Commercialized No 

LHS 0.001-1 - 75-90 80000-

100000 

100 10-56 Commercialized No 
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Thermo-

chemical 

0.01-1 - 75-100 - 120-250 - Developing 

stage 

No 
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1.3 Classification of PCMs 

Among all the techniques already discussed, LHS is the most promising solution given that 

it can stockpile a voluminous sum of energy at a steady temperature and also offer high 

energy storage density. Phase change can occur in the following form: solid‐solid, solid‐

liquid, solid-gas, liquid‐gas, and vice-versa. The stored heat in the PCM is generally five to 

fourteen times more than a conventional building material per unit volume. Abhat [33] in 

1983 and other researchers in the later year gave the following classification of PCMs given 

in Figure 1.3. 

 

Figure 1.3. Classification of phase change materials 

 

Table 1.3 provides a comparison of the organic and inorganic PCM in detail. All the 

materials undergo a phase change, however, that does not mean every material can be used 

for phase-change operations. Certain thermophysical, chemical, and kinetic properties are 

expected of materials to be employed for practical usage as PCM. 
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Table 1.3: Comparison of phase change material 

 

 Organic Inorganic 

Advantages 

▪ Physical and 

chemical stability 

▪ Good thermal 

behaviour. 

▪ Adjustable 

transition zone 

▪ High energy 

storage density 

▪ High thermal 

conductivity. 

▪ Non-flammable 

▪ Inexpensive 

Disadvantages 

▪ Low thermal 

conductivity 

▪ Low density 

▪ High volatility 

▪ Flammability 

▪ Supercooling 

▪ Corrosive 

▪ Phase segregation 

Category 

▪ Aliphatic 

hydrocarbons 

▪ Carboxylic acids 

▪ Organic salts 

▪ Crystalline 

hydrates 

▪ Molten Salts 

▪ Metals or alloys 

Improvement 

techniques 

▪ High thermal 

conductivity 

additives 

▪ Flame retardants 

▪ Nucleating and 

thickening agents 

▪ Mechanical stir 

 

1.4 Properties of PCMs 

Several researchers [3,34–37] during the course of their research deduced some useful 

properties for materials to be called PCM. Any thermal storage system designed with PCM 

should be incorporated with these thermophysical, kinetic, and chemical properties, which 

are given as follows. 

1.4.1 Thermophysical properties 

a) Melting temperature of applied PCM must fall within the user's working temperature. 

b) The storage container should be small, which can be realistic only through selecting 

materials with high latent heat per unit volume. 

c) The high thermal conductivity assures smooth charging and discharging process. 
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d) Minimal volume change on phase transition and small vapor pressure to moderate 

the containment issues. 

e) Congruent melting with each cycle establishes the constant storage capability. 

1.4.2 Kinetic properties 

a) Superior nucleation rate to spurn any supercooling problems. 

b) Smooth crystal growth for proficient heat recovery from the storage system. 

1.4.3 Chemical properties 

a) Completely reversible phase transition cycles. 

b) Homogeneity in performance after numerous melt and freeze cycles. 

c) Not abrasive to the materials in the surrounding environment. 

d) Non-toxic, non-flammable, and non-explosive ensure safety during handling. 

1.4.4 Economic properties 

a) It should be available in abundant quantity. 

b) It should be economical enough for practical application. 

1.5 Selection criteria of PCMs 

1.5.1 For building applications 

For any particular application, an optimal melting temperature for that particular application 

should be considered. For building application, an optimal melting temperature of 20 °C to 

32 °C is considered [35]. PCMs are thoroughly examined for their properties before being 

selected and put into use. The selection of PCM for any purpose is a repetitive procedure. 

Zhou [34] gave the following properties for PCM other than general properties in order to 

be selected for building application. 
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a) Its melting temperature must fall within the comfort zone as well as the inner devised 

temperature. 

b) Appropriate latent heat of fusion for smaller storage. 

c) High thermal conductivity for a high rate of charging and discharging. 

d) High specific heat for complementary sensible storage. 

e) Higher density for lesser material. 

f) Complete melting and solidification for homogeneity. 

g) Built‐in fins or the addition of suitable materials for enhancing thermal conductivity. 

h) PCM can be supplemented with a suitable nucleating agent to prevent supercooling. 

1.5.2 For photovoltaic applications 

For photovoltaic applications, the major selection criteria include appropriate melting 

temperature, latent heat of fusion, and high thermal conductivity. The melting temperature 

of the PCM should be chosen based on the climatic condition where the experiment is 

performed. The chosen melting temperature also depends on the surface temperature of the 

solar cells. The melting temperature of the PCM should be kept above the ambient 

temperature and proper solidification must take place at night-time. The most suitable range 

of melting temperature of PCMs is 25-35 °C. For hot and dry conditions this temperature 

can go up to 40 °C. 

The latent heat of fusion of the selected PCMs should be large so that it can store the 

maximum amount of heat during the peak irradiance level. The high latent heat of PCM is 

desirable in maintaining the constant cell temperature. The volume, depth, and latent heat 

should be based on the irradiance level of the location. The inorganic PCMs (particularly 

salts) have high latent heat of fusion but are not suitable for photovoltaic application due to 
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less thermal stability over the number of cycles and containment issues. The thermal 

conductivity of the PCM should be high to keep the heat transfer rate high so that proper 

charging and discharging can take place [38]. 

1.6 Major characterization technique of PCM 

The characterization of the PCM can be classified into various categories i.e. morphological 

analysis, structure analysis, heat analysis, stabilization analysis, etc. [39,40]. 

1.6.1 SEM and TEM analysis 

The morphological study is required to analyze the micro- and mesopores in the composite 

PCMs. Usually, scanning electron microscopy (SEM), and transmission electron microscopy 

(TEM) is used for these kinds of studies. These pores are capable of absorbing different base 

PCMs to form composite materials [41,42]. The PCM stick into the matrix and the porous 

structure of the material to provide strength and shape stabilization. Sometimes TEM is also 

used for the more detailed and sophisticated internal structure analysis. Figure 1.4 depicts 

the relevance of TEM study in PCM chemistry. From the figure, it is very evident that the 

unfilled structure, as well as the filled one, can be visualized using TEM analysis which 

suggests the impregnation of base PCM into the walled structure of multiwalled carbon 

nanotubes (MWCNTs) [39]. 
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Figure 1.4. (a) (b) TEM of MWCNT, (c) (d) PCM and MWCNT [39] 

 

1.6.2 Fourier-transform infrared spectroscopy (FTIR) 

FTIR provides an excellent tool for structural and functional group analysis. During the 

thermal cycle analysis, this tool is used to analyze the stabilization of the chemical structure 

as well as the functional group during the whole process [43]. In the composite structure, the 

same tool is used to analyze the chemical interaction between the matrix and the base PCM. 

It is used to ascertain any chemical reaction taking place between the matrix material and 

the base PCM [44]. 
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1.6.3 Differential scanning calorimetry (DSC) 

The differential scanning calorimetry (DSC) is used for heat analysis particularly for latent 

heat storage. The onset of melting and melting peaks can be easily visualized using the DSC 

thermogram. It is also used to search for solidification temperature and the heat of 

crystallization [45]. In DSC analysis the reference material and the sample are heated at a 

constant rate. The difference in temperature is recorded which is proportional to the 

difference in the heat flow between the two. The tangent at the highest peak provides the 

melting temperature and the area under the curve provides latent heat [46]. 

1.6.4 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) is a very powerful technique in the PCM study to 

analyze the gain or loss of the weight of the specimen as the function of the temperature. 

The instrument consists of a sample pan assisted by a precision balance. The pan is located 

in the furnace which is used to heat or cool the specimen. The technique is used to analyze 

decarboxylation, oxidation, pyrolysis, decomposition, loss of solvent, loss of water, loss of 

plasticizer, weight percent of filler, weight percent of ash, etc. TGA is an important technique 

where the thermal stability of the crude or the composite PCM has to be determined. The 

base material generally degrades at the lower temperature range. In the case of composite 

material, the PCM is loaded in the matrix or enclosed with the heat exchange surface which 

is thermally conductive [47–49]. 

1.6.5 Thermal conductivity 

Thermal conductivity analysis is an important technique for conductivity measurement in 

the PCM. There are mostly two important methods for conductivity measurement i.e. steady 

and transient techniques. The steady technique is further classified into the radial flow 
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method and the guarded hot plate method. The transient technique is differentiated into hot 

wire and laser flash techniques. The hot disk technique which is based on the transient plane 

source technique is the most popular and used by researchers worldwide. The original 

method was developed by Gustafsson in the year 1967. In the original experiment, a thin 

rectangular metallic foil was inserted between the liquid layer whose thermal conductivity 

has to be determined. It was heated by the electric current and the temperature in the vicinity 

was optically measured as the function of time. This technique gives both the thermal 

conductivity and the thermal diffusivity of the liquid sample. The more sophisticated 

technique developed later was the hot disk sensor. The hot disk sensor is made up of nickel 

wire and has a thickness of about 5µm. The method utilizes the metal strip which is sealed 

with polyimide films. The strip is sandwiched between the sample whose thermal 

conductivity has to be determined. A small constant current is passed in the strip. The sensor 

itself acts as a temperature probe that records the temperature. The temperature increase in 

the sensor is dependent on the properties of the material it surrounds. By accurately 

observing the temperature the various thermal properties can be easily determined [50,51]. 

1.7 Current issues and challenges 

1.7.1 Issues related to the availability of the new PCMs for low-temperature applications 

The major concerns with the TES system (such as solar thermal energy storage systems, 

energy-efficient buildings, central air-conditioning systems, solar PV systems, industrial 

waste heat recovery systems, thermoregulating fibers, and temperature-adapted greenhouse) 

are the inadequate availability of the PCMs, especially in the low-temperature application 

along with their long-term thermal cycle test data. In the last few decades, the subject has 

received vast importance among the scientific community to develop commercially viable 
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low-cost PCMs for low-temperature applications, particularly in the range of 15-30 °C 

having high latent heat of fusion for biomedical, and various other solar thermal applications. 

Such kinds of materials should be easily available in the markets. The production of the 

binary and ternary PCMs and availability depends on the compounding cost and the 

constituent material cost. 

In recent years, fatty acids and their binary and ternary constituent have got significant 

attention due to their excellent properties in comparison to other PCMs such as having high 

latent heat of fusion, little supercooling, congruent melting, low vapor pressure, little volume 

change, non-toxic, self nucleating behavior, good thermal and chemical stability, and 

readable availability. The exciting features of fatty acids are that they can be obtained from 

bio-based sources such as animal fats and plant oils. They can be also obtained from the 

waste cooking oils, animal fats, and feedstock wastes. As the raw materials are obtained from 

natural sources, they are biodegradable, sustainable, and environmentally friendly. 

When we see the availability of the PCMs in the lower temperature ranges, there is a shortage 

of commercial grade PCMs in low-temperature applications. In general, the higher cost of 

the already available materials poses serious challenges that restrain the utility of these 

PCMs in TES applications. Therefore the utilization of fatty acids (commercial grade) to 

form stable PCMs will increase the feasibility with respect to the cheaper price in the TES 

application. Among all the fatty acids, capric acid, lauric acid, myristic acid, palmitic acid, 

and, stearic acid are abundantly commercial grade materials having suitable melting 

temperatures and latent heat of fusion. The phase change temperature of PCMs can be easily 

modified to a suitable temperature by adding any suitable PCMs/additives in appropriate 

ratios. The two essential criteria for the successful integration of PCMs in the TES are 
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appropriate melting point and latent heat of fusion. Therefore in the current scenario, most 

of the recent work focuses on the development of the solid-liquid PCMs [52]. 

1.7.2 Issues related to the long-term thermal stability of the PCMs 

The commercialization of the LHS systems based on PCMs is still ineffective due to the lack 

of the desirable thermophysical properties of the PCMs. One of the major issues with the 

PCMs is the unavailability of the data related to the variation in the thermos-physical 

properties due to the extended thermal cycles. The variation in the thermophysical properties 

can arise because of several issues such as phase segregation, incongruent melting, impurity, 

chemical modification, formation of new compounds, absorption of moisture, etc. The PCMs 

may degrade with a large number of thermal cycles. A large deviation in the thermophysical 

properties is undesirable for any kind of PCMs. The PCM is said to be reliable if its physical, 

chemical, and thermal properties do not change after a repeated number of thermal cycles 

operation. It should not deteriorate its properties such as melting point and latent heat of 

fusion after a repeated number of thermal cycles. A PCM can be applied in the thermal 

system if its melting temperature and latent heat of fusion remain consistent with the repeated 

number of thermal cycles. Commercial-grade PCMs are widely used in the TES system due 

to their large availability and low cost. However, it has been observed that the 

thermophysical properties of these commercial-grade PCMs are different from the reported 

laboratory scale material (purity >99 %). Therefore, the thermal cycle test for the 

commercial-grade materials or newly developed PCMs is essential to ascertain their long-

term behavior before their selection for any particular application [52]. 
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1.7.3 Issues related to the enhancement of thermophysical properties of PCMs 

1.7.3.1 Enhancement of the thermal conductivity 

One of the major drawbacks of PCMs is the low thermal conductivity. The typical range for 

the thermal conductivity of the organic PCMs is 0.15 to 0.3 W/mK and for salt hydrates, it 

is 0.4 to 0.7 W/mK. During the process of energy retrieval or withdrawal, this anomaly is 

reflected as temperature drops in several regions due to the low thermal conductivity. Due 

to this, the rate of the phase change process (solidification/melting) is affected and does not 

takes place at a desirable rate. In short, it can be concluded that the energy may be available 

to the system but it is not able to make use of it at the preferred rate [52].   

The thermal conductivity enhancement of the PCM is very important for the overall thermal 

performance of the thermal system. The thermal conductivity of the base PCM can be 

enhanced using many ways prominent one includes nanoparticles addition (nanopowders, 

nanowires, nanotubes), impregnation, and constructions of the fins. This is very important 

as the enhancement of thermal conductivity increases the melting rate of the PCM [53,54]. 

The onset melting is reduced and the solidification point is increased with the addition of the 

nanoparticles. The nanoparticle addition brings the melting duration down and provides 

thermal homogeneity to the base PCM [55]. It has been observed that the addition of 

nanoparticles enhances the dynamic viscosity of the PCM which has a counteractive effect 

on the convective heat transfer [56]. It is also very obvious that the addition of nanoparticles 

provides greater stability concerning the melting/solidification cycle [57]. The nanoparticles 

used for energy applications are mainly metals, oxides, and carbon materials. The metal 

nanoparticles mostly used are Cu, Ag, and Al. Qian et al. [58] showed that the addition of 

Ag nanoparticles on PEG could improve the thermal conductivity by about 127 % as 
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compared to PEG. The time taken by the melting and solidification process was reduced 

mainly due to enhancement in the heat transfer process. The other nanoparticles such as Cu, 

Al, Ag nanowire are also useful and improve the thermal conductivity of the base PCM [59–

61]. The metal oxide nanoparticles are more useful in terms of application use because these 

are more resistive to corrosion, unlike metal nanoparticles which easily undergo oxidation. 

Metal oxide nanoparticles are chemically and thermally more stable than their metal 

counterpart and some even exhibit thermal conductivity greater than metal nanoparticles. 

The metal oxide nanoparticles that are most commonly used for PV/T and other thermal 

applications are Al2O3 [62], TiO2 [44], and Fe3O4 [63]. The thermal conductivity with these 

has been shown to increase by about 1-80 % depending on the concentration of the 

nanoparticles. The carbon-based nanoparticles are increasingly becoming popular with the 

advantage of reduced latent heat loss, better thermal stability as compared to metal and metal 

oxides, and better compatibility. The carbon-based nanoparticles are generally multi-wall 

carbon nanotubes, graphene, and graphite. It has been observed that the thermal conductivity 

of the organic PCMs can be doubled by using these carbon-based nanoparticles. Choi et al. 

[64] showed that heat transfer rates in stearic acid could be improved to about 3.35 times 

with the graphite nanoparticles. The thermal conductivity could be improved by about 73 %, 

35 %, and 188 % by the addition of MWCNTs, graphene, and graphite respectively. Harish 

et al. [65] found that the addition of 1 vol. % of graphene into lauric acid could improve the 

thermal conductivity by about 230 %. It has been also observed that nanoparticle loading 

does not affect the transition enthalpy and melting temperature. Min Li [66] observed that 

the addition of graphite nanoparticles into paraffin could improve the thermal conductivity 

to about 741 %. The colloidal suspension of nanoparticles, nanotubes, and nanofibers has 
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attracted researchers particularly due to its high thermal energy storage properties, high 

thermal conductivity, and excellent flow characteristic. This is prepared by adding PCMs to 

the nanostructures that exhibit liquid-like properties. A good example of a nanoparticle-

based colloidal suspension is molten KNO3 mixed with some oxide nanoparticles such as 

SiO2, Al2O3, and fumed mixed SiO2 and  Al2O3 [67]. The specific heat has been reported to 

be increased by about 5-9.5 % and an overall 16 % rise in thermal energy storage is reported. 

The thermal conductivity is remarkably improved together with reduced supercooling. Wang 

et al. [68] have shown that the addition of 2 wt. % graphite nanoparticles demonstrated 

excellent thermal reliability up to 300 thermal heating/cooling cycles. Nanotubes based 

materials can provide rigidity along with excellent thermal and electrical conductance. When 

double-walled CNTs spread into the palmitic acid, thermal conductivity was increased by 

about 146 % [69]. The combination of nanoparticles and nanotubes can further improve the 

thermal conductivity as shown by Zou et al. [70] In the MWCNTs/graphene-based 

composite, the thermal conductivity could be enhanced by 128 % as compared to the base 

PCM. Nonofibers which are cylindrical nanostructure having graphene layer formed into 

plates, cups, and cones are also used for colloidal based preparation. They exhibit 

semiconductor type behavious and has chemically active surfaces. Cui et al. [71] have shown 

that addition of nanofibers (10 wt. %) into molten soy wax could increase the thermal 

conductivity by 44.8 % which was higher than CNTs. Yu et al. [72] have reported that 

thermal conductivity could be increased by 13.3 % in paraffin by the addition of 4 wt. % 

carbon nanofibers. 

The impregnation of PCM on the matrix of any material also offers excellent thermal 

conductivity improvement. It can increase the time duration of the energy storage/release 
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process. It also has several other advantages like leakage prevention during phase transition 

and shape stabilization [73–75]. The most common types used for energy applications are 

foam metals and foam graphite. Foam metal and PCMs are non-chemical addition in which 

PCM is embedded into the metal matrix. It provides excellent thermal conductivity that 

depends on the pore size or porosity of the metal foam. The insertion into the metal matrix 

also brings conductivity improvement with shape integrity [76,77]. It has been observed that 

the increase in the pore size or porosity has a negative impact on latent storage capability as 

well as on thermal conductivity. The metal matrix most commonly used are Cu, Ni, and TiO2 

foam [78–81]. Wang et al. [80] reported the thermal conductivity of paraffin wax/Cu foam 

to be 2.88 W/mK which was 491 % larger than the base case. Foam graphite with PCM also 

offers excellent thermal conductivity enhancement. Karthik et al. [82] have shown that 

impregnation of erythritol into graphite could lead to the thermal conductivity increment up 

to 3.77 W/mK which was five times greater than the base case. 

The introduction of fins also provides excellent thermal storage capability with good thermal 

conductivity enhancement and reduction in time taken for the phase change process. The 

configuration and arrangements of the fins are important for thermal conductivity 

enhancement. The most commonly used arrangements are flat horizontal types [83]. The 

internal fin honeycomb structure is also beneficial which provides thermal efficiency 

increment with a reduction in time taken for melting/solidification [83]. 

In recent years, several researchers have used nanocomposites in the thermal system for 

performance enhancement. Abdelrahman et al. [84] have utilized RT35HC/Al2O3 

nanocomposite for the performance enhancement of the PV system. The front temperature 

reduction of 52.3 % was observed with the use of nanoparticles under cylindrical fin 
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arrangements. Zarma et al. [85] have shown that the Al2O3 nanoparticle (5 wt. %)/PCM 

system when used with a concentrator PV system, could lead to the attainment of electrical 

efficiency up to 8 % and temperature uniformity of 12 °C. In the case of pure PCM, electrical 

efficiency was only 6.36 % and temperature uniformity of 20 °C was observed. 

1.7.3.2 Enhancement of specific heat 

Improvement of the specific heat is essential to store the larger amount of energy during the 

sensible heating periods of operation. Several studies have been reported in recent times that 

have undertaken the specific heat enhancement of the PCMs. 

Shin and Banerjee [86] carried out the enhancement of the specific heat capacity of metal 

chloride eutectics and their nanofluids obtained by doping with SiO2 nanoparticles. The SiO2 

nanofluid enhanced the specific heat capacity by 14.5 % compared with that of the metal 

chloride salt eutectic. Three independent thermal transport mechanisms were proposed to 

explain the unusual enhancement of the specific heat capacity: (i) enhanced specific heat 

capacity of nanoparticles due to higher specific surface energy (compared with bulk 

material), (ii) additional thermal storage mechanisms due to interfacial interactions (e.g., 

such as interfacial thermal resistance and capacitance) between the nanoparticle and the 

adhering liquid molecules due to the extremely high specific surface area of the nanoparticle, 

(iii) the existence of semi-solid liquid layer adhering to the nanoparticles. Shin and Banerjee 

[87] carried out the enhancement of specific heat capacity using silica nanoparticles which 

were dispersed into eutectic of lithium carbonate and potassium carbonate (62:38 by molar 

ratio) at 1.5 % mass concentration. The specific heat capacity of the silica nanocomposite 

(solid phase) was enhanced by 38–54 % and the specific heat of the silica nanofluid (liquid 

phase) was enhanced by 118–124 % over that of the pure eutectic. Shin and Banerjee [88] 
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dispersed  SiO2 nanoparticles in eutectic of lithium carbonate and potassium carbonate 

(62:38 molar ratio) to obtain a high-temperature nanocomposite. Specific heat measurement 

was performed using a DSC. A laser flash apparatus (LFA) was used to measure thermal 

diffusivity. The thermal conductivity was computed based on the specific heat and the 

thermal diffusivity. On mixing (doping) with the nanoparticles at 1 % concentration by 

weight the specific heat was enhanced by 5–15 % and the thermal diffusivity was enhanced 

by 25–28 %, respectively. The corresponding effective thermal conductivity of the 

nanocomposite was calculated to be enhanced by 35–45 % compared with that of the 

undoped (pure) material. Chieruzzi et al. [89] prepared different nanofluids by mixing a 

molten salt base fluid (selected as PCM) with nanoparticles using the direct-synthesis 

method. The base salt mixture was a NaNO3- KNO3 (60:40 ratio) binary salt. The 

nanoparticles used were silica (SiO2), alumina (Al2O3), titania (TiO2), and a mix of silica-

alumina (SiO2-Al2O3). Three weight fractions were evaluated: 0.5, 1.0, and 1.5 wt. %. The 

results obtained show that the addition of 1.0 wt. % of nanoparticles to the base salt increases 

the specific heat by 15 % to 57 % in the solid phase and by 1 % to 22 % in the liquid phase. 

1.7.4 Issues related to the performance evaluation of the PCMs in thermal systems 

After the development of the PCMs, it is highly desirable to study the behavior of PCMs in 

the thermal system. The performance evaluation of the PCMs should be undertaken in 

relation to the heat transfer mechanism, geometry, and structure of the container material. 

This also helps in optimizing the cost and quality of the TES system. 

The thermal performance evaluation can be carried out both experimentally and using 

computational techniques. The PCM can be evaluated using different container materials 

such as glass, tin, stainless steel, aluminum, aluminum mixed, copper, etc. to understand its 
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behavior in the thermal system. In this case, several parameters can be studied such as solid-

liquid transition interface, melt fraction, time taken to completely melt or solidify, energy 

stored, etc. Such types of studies will help develop an efficient PCM-based TES system and 

select potential PCMs for various solar thermal applications. 
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Chapter 2: Literature Review 

2.1 Background 

One of the critical problems with the PCM is its degradation with the continuous melt/freeze 

cycles. Because of that, the PCM loses its heat storage capability often with fluctuating 

melting temperatures. The degradation is due to numerous reasons viz. chemical 

modification, formation of new compounds, impurity, absorption of the moisture, 

polymorphism, phase separation, etc. Therefore, it is important to investigate the developed 

PCM for possible degradation through a cycle stability test. The important thermophysical 

properties that have to be taken into account are the melting temperature and latent heat of 

fusion. The variation is generally noted in the percentage deviation from the 0th cycle with 

the increasing number of thermal cycles. Those materials that do not show stable melting 

temperature and latent heat of fusion with the continuous cycles are discarded and cannot be 

used for the TES application. The material that shows only a little variation and retains its 

characteristic sharpness of the peak should be selected as the potential material of the TES 

application. Together with the PCM, the life of the container is also vital considering the 

corrosive behavior of some PCMs. The resistant behavior of the container is important 

considering the exorbitant cost of the metal. The short life cycle of the container disturbs the 

financial and energy payback of the system. 

2.2 Need for the cycle test stability and corrosion evaluation of the container 

There are several reasons for doing a cycle test before the PCM is added with any thermal 

unit. It is very important to get assured of PCM’s long-term performance because cycle 

testing will ensure cost-effectiveness and time-saving. The material degrades due to several 
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reasons. One of the reasons is the absorption of the moisture in the ambient condition that 

renders the material useless. In that condition, very absurd behavior in the thermogram of 

DSC is observed and the material is of no use at that stage. The phase separation has also 

been observed particularly with the mixtures and the multiple peaks are observed at the later 

stage of the melt/freeze cycles. The improper crystallization during the freezing also adds 

absurdity and irregular melting temperature and latent heat of fusion are observed. After the 

continuous melt/freeze cycles, the material cannot retain its original crystal structure. The 

new crystal structure has different thermophysical properties than the fresh PCM. The 

impurities present in the PCM also impart the variation in melting temperature and latent 

heat of fusion. The chemical degradation of the material is also observed with the heat 

treatment results in the variation in the thermophysical properties. Generally, the widening 

of the thermogram is observed. When the material degrades some new compounds are found 

to have different melt and latent heat properties than the original compounds and as a result, 

the thermogram becomes broader. Another very common characteristic of the material is 

polymorphism i.e. ability of the material to exist in more than one form that imparts different 

physical properties in materials. 

The PCM is generally enclosed in the heat exchanger material which is composed of metal. 

The absorption and release of heat result in the change of the phase. The PCM in the liquid 

state comes in direct contact with the wall of the heat exchanger. The interface is the region 

of the various localized reaction that corrodes metal as well as the PCMs. Both the physical 

and chemical phenomena are responsible for the degradation of the container material. 

Cracking, pitting, erosion, abrasion, fretting, oxidation, hydrogen embrittlement, and 

dealloying are some of the phenomena that escalate corrosion. These corrosive PCMs slowly 
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eat the wall of the container and reduce its life which also hampers the working of the PCMs. 

The corrosion causes several sides reaction between the PCM and the container’s material 

that produces many undesirable compounds that also reduce the life cycle of the PCMs. 

2.3 Cycle testing methodology and equipment 

The thermal cycle testing in the case of PCM is conducted through various modes, setup, 

and using various equipment. The most common type of equipment is a thermal cycler. The 

other setups which are also popular include electric hot plates, thermostatic baths, and 

differential scanning calorimeters. The thermal cyclers can be designed in the temperature 

range of 0 °C to 100 °C and even higher according to application. 

The two most common methods used for cycle tests are the pyramidal method and the 

dynamic method. The pyramidal method lacks an isothermal step and the sample is heated 

and cooled repeatedly. In the dynamic method, the PCM has an isothermal step after each 

cooling and heating so that the PCM can be stabilized. The pyramidal method is more 

popular and widely used by researchers to carry out cycle tests. The comparison between the 

two methods is presented in Table 2.1. The two methods involve different cooling modes. 

The pyramidal method includes five different cooling modes i.e. cooling at room 

temperature, constant rate cooling, cooling at refrigeration plant, cooling at chamber 

temperature, and cooling in the water bath. The dynamic method only involves cooling at a 

constant rate. There are no specific guidelines prescribed as to which method should be used. 

The authors have used a particular method based on their convenience. 
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Table 2.1: Comparison between pyramidal and dynamic method 

 

Pyramid method Dynamic method 

▪ No isothermal step ▪ Isothermal step 

▪ PCM does not stabilize after the 

heating/cooling step 

▪ More Popular 

▪ The different cooling mode 

includes: cooling at room 

temperature, constant rate cooling, 

cooling at refrigeration plant, 

cooling at chamber temperature, 

cooling in the water bath 

▪ PCM stabilizes after the 

heating/cooling step 

▪ Less popular 

▪ The cooling mode includes cooling 

at constant rates i.e. 5-10 °C/min. 

 

A simple design of the thermal cycler is shown in Fig. 2.1 designed by Sharma and Shukla 

[46]. The cooling chamber consists of an ultra-cryostat circulator that is fed with distilled 

water. Other solutions such as alcohol or ether can also be used if one’s wants to go 

temperature even below 0 °C. It has a temperature controller to adjust the temperature. The 

circulator is connected with inlet and outlet pipes to feed the solvent into the cold-water bath. 

The cold-water bath has a specialized immersion chamber to hold the samples. It is covered 

with a glass lid to avoid any heat loss. The hot water bath also has an immersion chamber 

covered with a glass lid to hold the sample. It also has a temperature controller with an option 

to raise the temperature even above 100 °C. Both the chambers are set at the desired 

temperature. The cooling chamber is set below the freezing temperature, and the heating 

chamber is set above the melting temperature of the sample. The materials are fed into the 

glass tube and poured into the respective chamber. One cycle is said to be completed when 

the material completes one freezing and melting process in the respective chamber. The 

process remains to continues up to a required number of cycles. 
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Figure 2.1. The thermal cycle testing unit [46] 

 

Mehrali et al. [90] also developed a cycle test analyzer that is useful in the temperature range 

of 30 °C to 80 °C. The specification of the system is shown in Figure 2.2. In this system, the 

fan and heater are used as cooling and heating device respectively. The PCM is injected 

inside the container and the thermocouple can be placed inside the PCM to take the 

temperature reading. The program can be set from the PC to heat and cool the sample. 

 

Figure 2.2. The schematic representation of the cycle test analyzer by Mehrali et al. 

[90]  
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Putra et al. [91] developed another kind of cycle testing device based on thermoelectric as 

shown in Figure 2.3. The system uses thermoelectric units to heat and cool PCM. The system 

relies on a 12 V adapter and programmable DC power supplies. This device is useful in 

temperatures between 0 to 100 °C. The schematic representation of the cycle test based on 

this device is presented in Figure 2.4. 

 

Figure 2.3. Thermoelectric cycle testing module [91] 
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Figure 2.4. Schematics diagram of cycle testing device developed by Putra et al. [91] 

 

A comparison of the cycle testing units developed by the different authors is shown in Table 

2.2. 

Table 2.2: Comparison of cycle testing method developed by the authors [46,90,91] 

 

Specification Sharma and Shuka Mehrali et al. Putra et al. 

Temperature range -20 to 300 °C 30 to 80 °C 0 to 100 °C 

Method (Cooling) Water bath Fan Thermoelectric unit 

Method (Heating) Water bath Heater Thermoelectric unit 

Processing Moderate Slow Fast 

Cost Moderate Low Low 

Quantity of PCM Variable Variable 12 g 
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2.3.1 Analysis technique 

The analysis technique to measure the various thermophysical properties of the PCM is 

similar to that of the cycling method i.e. pyramidal method and dynamic method. In the 

analysis technique also the pyramidal method is the most popular and widely used. The 

cooling/ heating rate applied may be different in different cases. The cooling rate mostly 

used is either 2 °C/min or 5 °C/min. Few authors have also applied 7 °C/min and 10 °C/min 

cooling/heating rates. The calorimeter is generally used to carry out thermophysical analysis 

and popular among them is the DSC technique. DSC is used to measure the melting 

temperature and latent heat of fusion of PCM. In DSC differential heating is provided to the 

original sample and the reference sample which is recorded as the function of temperature. 

The curvature area provides the latent heat of fusion and the tangent to the highest slope 

yields the melting temperature. For the cycle test, repeated periodic DSC analysis is required 

to ascertain variation in phase transition temperature and latent heat if any. The variation is 

reported in the relative percentage difference (RPD). The fresh uncycled PCM is taken as a 

reference and compared with that of the cycled PCM. The simple formula can be given as: 

                                                          𝑅𝑃𝐷 (%) =
𝑁𝑓−𝑁𝑜

𝑁𝑜
 × 100                                             (2.1)                                                   

 

Where No is the value of the initial thermophysical property and Nf is the value of final 

thermophysical properties. The variation is generally reported in percentage. 

 

2.3.2 Number of cycles 

In choosing the number of thermal cycles there is also no prescribed number up to which 

thermal cycles should be conducted. For the cycle test, the authors have conducted cycle 

testing between 0 and 6000 cycles. The organic samples and their eutectics and composites 
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are generally cycled in lower ranges between 0-500 cycles. For a year-long analysis, at least 

300 melt/freeze cycles should be conducted if a PCM is going through one melt and freeze 

cycle during the entire day [92].     
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Tables 2.3, 2.4, and 2.5 show the thermal cycle data of organic, inorganic, and composites PCMs over the past few years. 

 

Table 2.3: Thermal cycle test result for organic PCMs 

 

PCM Number 

of cycles 

Initial cycling (At 

0th cycle) 

Final Cycling Observation 

on MT/ % 

deviation 

Observation 

on LHF/ % 

deviation MT (oC) LHF 

(kJ/kg) 

MT 

(oC) 

LHF 

(kJ/kg) 

CH3COONa.3H2O 

(Guranteed grade) 

[93] 

400 - 254 - 160 - -37 

CH3COONa.3H2O 

(Technical grade) [93] 

400 - 259 - 200 - -22 

CH3COONa.3H2O 

(Technical grade) + 

PVA [93] 

400 - 230 - - - Not much 

decrease in 

latent heat 

is observed 

Butyl sterate-gypsum 

board [94] 

100 17.8 30.1 17.6 30.8 -1.12 +2.32 

C22.2H44.1 [95] 900 47.1 166 46.6 163 -1.06 -1.81 

C23.2H40.4 [95] 900 57.1 220 57.8 224 +1.22 +1.82 

Myristic acid (MA) 

[96] 

450 50.4-

53.6 

189.4 49.8

-

53.8 

163.5 - -13.7 

Palmitic acid (PA) 

[96] 

450 57.8-

61.8 

201.2 57.7

-

62.2 

184.4 - -8.0 

Stearic acid (SA) [96] 450 65.2-

68.5 

209.9 65.9

-

69.1 

185.3 - -11.7 
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CA-LA (60-40 %) 

[97] 

120 15.5-

26.6 

117.90 - - No 

significant 

deviation 

observed 

No 

significant 

deviation 

observed 

CA-LA (73-27 %) 

[97] 

120 15.8-

26.9 

113.55 - - No 

significant 

deviation 

observed 

No 

significant 

deviation 

observed 

Stearic acid (SA) [98] 300 63 155 63 159 0 to +4.76 0 to +23 

Acetamide [98] 300 82 263 82 268 0 to +2.43 -1 to +14 

Paraffin wax [98] 300 53 184 53 165 -1.88 to 

+1.88 

-12 to +2 

Urea (S1) [99]  50 136.92 239.70 85.6

4 

97.91 -37.45 to 0 -59.2 to 0 

Urea (S2) [99] 30 133.98 195.04 113.

78 

196.03 -21.30 to 0 -1.33 to 

+1.43 

Urea (S3) [99] 30 133.98 195.04 110.

33 

154.07 -21.88 to 0 -21.05 to 0 

LA-PA (77.05-22.95 

wt. %) [100] 

100 33.09 150.64 32.9

2 

165.69 -0.87 to 

+1.20 

0 to +24.26  

Paraffin wax [101] 1500 53 184 50 136 -7.54 to 0 -27.71 to 0 

Stearic acid [101] 1500 63 155 64 123 0 to +3.17 -20.64 to 

+5.16 

Acetamide [101] 1500 82 263 84 260 0 to +2.44 -7.98 to 

+7.22 

Methyl stearate [102] 50 37.8 240 - - No changes 

in thermal 

properties 

observed 

No changes 

in thermal 

properties 

observed 

Methyl palmitate 

[102] 

50 29.0 215 - - No changes 

in thermal 

No changes 

in thermal 
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properties 

observed 

properties 

observed 

Methyl stearate (86 

%) + Cetyl palmitate 

(14 %) [102] 

50 28.2 189 - - No changes 

in thermal 

properties 

observed 

No changes 

in thermal 

properties 

observed 

Methyl stearate (85 

%) + Cetyl stearate 

(15 %) [102] 

50 22.2 180 - - No changes 

in thermal 

properties 

observed 

No changes 

in thermal 

properties 

observed 

SA [103] 910 53.6 

(solidific

ation) 

174.6 

(LH of 

freezin

g) 

46.9

-

50.2 

(soli

dific

ation

) 

118.9 

(LH of 

freezin

g) 

The phase 

transition 

temperature 

reduced 

-31.9 

PA [103] 910 60.9 

(solidific

ation) 

197.9 

(LH of 

freezin

g) 

55.5

-

62.2 

(soli

dific

ation

) 

162.6 

(LH of 

freezin

g) 

The phase 

transition 

temperature 

reduced 

-17.8 

MA [103] 910 53.8 

(solidific

ation) 

192.0 

(LH of 

freezin

g) 

45.3

-

52.2 

(soli

dific

ation

) 

159.1 

(LH of 

freezin

g) 

The phase 

transition 

temperature 

reduced 

-17.1 
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LA [103] 910 42.6 

(solidific

ation) 

211.6 

(LH of 

freezin

g) 

39.5

-

44.1 

(soli

dific

ation

) 

132.8 

(LH of 

freezin

g) 

The phase 

transition 

temperature 

reduced 

-37.2 

Benzamide [104] 1000 125.09 285.1 125.

12 

242.8 -0.25 to 

+0.26 

-23.32 to 0 

Sebacic acid [104] 1000 135.92 374.4 134.

76 

351.7 -0.94 to 0 -6.06 to 0 

SA [105] 1200 54.70 159.3 46.8

3 

157.7 -14.39 to 0 -17.32 to 

+3.33 

PA [105] 1200 61.31 197.9 55.4

7 

172.4 -9.52 to 0 -14.35 to 0 

MA [105] 1200 52.99 181.0 46.2

1 

159.1 -12.79 to 0 -20.16 to 0 

LA [105] 1200 42.64 176.6 41.2

6 

156.6 -3.24 to 0 -27.75 to 0 

LA-SA (75.5-24.5 wt. 

%) [106] 

360 37.00 182.7 37.3

6 

183.1 -2.37 to 

+0.97 

-18 to +0.22 

MA-PA (58-42 wt. %) 

[106]  

360 42.60 169.7 42.4

0 

174.6 -1.31 to 

+0.23 

-7.25 to 

+2.89 

PA-SA (64.2-35.8 wt. 

%) [106] 

360 52.30 181.7 53.5

8 

186.3 -0.80 to 

+2.45 

-3.41 to 

+2.53 

CA-LA (65-35 wt. %) 

[106] 

360 19.11 35.24 18.3

5 

35.07 -4.54 to 0 -0.48 to 

2.26 

Paraffin A [107] 600 58 130 55 102 -10.34 to 

+3.45 

-38.46 to 0 

Paraffin B [107] 600 58 130 59 109 -12.07 to 

+1.72 

-19.23 to 

+5.38 
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Erythritol [107] 1000 117 339 119 305 -9.40 to 

+4.27 

-10.03 to 0 

Acetanilide (C8H9NO) 

[108] 

500 113.55 169.41 106.

00 

154.00 -6.74 to 

+1.20 

-11.18 to 

+6.76 

ETP [109] 1000 21.93 201.10 20.8

8 

200.37 -4.79  -0.36 

ETS [109] 1000 30.35 208.84 33.3

5 

207.81 +9.88 -0.49 

Caprylic acid- 1-

dodecanol (70-30 wt. 

%) [110] 

120 6.52 171.06 6.24 167.96 -4.29 -1.81 

Cutina EGMS [111] 1000 52.88 183.60 - - -1.95  -4.09 

Cutina AGS [111] 1000 59.65 213.08 - - +0.34 -2.40 

Cutina CP [111] 1000 44.72 203.50 - - +0.48 -2.34 

D-mannitol [112] 50 150.96 234.35 131.

92 

99.48 -12.61 -57.55 

Myo-inositol [112] 50 216.29 185.25 214.

94 

167.50 -0.92 to 

+1.87 

-9.58 to 

+13.95 

Dulcitol [112] 50 180.07 257.15 - - - - 

Nonadecane [113] 3000 31.8 ± 

1.5 

181 ± 

18 

- - No 

noticeable 

change 

observed 

No 

noticeable 

change 

observed 

Eicosane [113] 3000 37.5 ± 

1.5 

246 ± 

25 

- - No 

noticeable 

change 

observed 

No 

noticeable 

change 

observed 

Docosane [113] 3000 43.8 ± 

1.5 

234 ± 

23 

- - No 

noticeable 

change 

observed 

No 

noticeable 

change 

observed 
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PW48 [113] 3000 48.2 ± 

1.5 

156 ± 

16 

- - No 

noticeable 

change 

observed 

No 

noticeable 

change 

observed 

PW52 [113] 3000 51.8 ± 

1.5 

171 ± 

16 

- - No 

noticeable 

change 

observed 

No 

noticeable 

change 

observed 

PW58 [113] 3000 57.7 ± 

1.5 

197 ± 

20 

- - No 

noticeable 

change 

observed 

No 

noticeable 

change 

observed 

 

 

Table 2.4: Thermal cycle test result for inorganic PCMs 

 

PCM Number 

of cycles 

Initial Cycling 

(At 0th cycle) 

Final Cycling Observation 

on MT/ % 

deviation 

Observation 

on LHF/ % 

deviation MT 

(°C) 

LHF 

(kJ/kg) 

MT 

(°C) 

LHF 

(kJ/kg) 

Na2SO4.10H2O 

[114] 

200 32.4 238 - 105 - -55.88 to 0 

CaCl2.6H2O [115] 5650 27 - - - - - 

Na2SO4.10H2O 

[115] 

5650 32 - - - - - 

Na2SO4.1/2NaCl. 

10H2O [115] 

5650 20 - - - - - 

NaOH.3,5H2O 

[115] 

5650 15 - - - - - 
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Ammonium 

alum/ammonium 

nitrate [116] 

1100 58.5 287 - 268  -5.96 to 0 

CaCl2.6H2O [117] 1000 24 140 23.26 125.4 -3.08 to 

+13.08 

-15.78 to 0 

NaOH [107] - 66 227 - - Not suitable 

for cycle 

test 

Not suitable 

for cycle test 

Na2B4O7.10H2O 

[107] 

- 72 138 - - Not suitable 

for cycle 

test 

Not suitable 

for cycle test 

Fe(NO3)3.6H2O 

[107] 

- 52 99 - - Not suitable 

for cycle 

test 

Not suitable 

for cycle test 

Ba(OH)2.8H2O 

[107] 

- 78 265 - - Not suitable 

for cycle 

test 

Not suitable 

for cycle test 

MgCl2.6H2O [108] 500 116.42 169.41 114.40 154.00 -1.73 to 

+1.52 

-14.06 to 

+6.76 

MgCl2.6H2O [118] 1002 116.29 137.69 119.86 130.28 -0.17 to 

+5.95 

-12.55 to 

+19.83 
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Table 2.5: Thermal cycle test results for composite PCMs 

 

PCM Number 

of cycles 

Initial Cycling 

(At 0th cycle) 

Final Cycling Observation 

on MT/ % 

deviation 

Observation 

on LHF/ % 

deviation MT 

(°C) 

LHF 

(kJ/kg) 

MT 

(°C) 

LHF 

(kJ/kg) 

CA (55 wt. %)/EP 

[119] 

5000 31.80 98.12 30.25 95.54 -8.30 to 0 -4.78 to 0 

CA-MA (55 wt. 

%)/ EP [120] 

5000 21.70 85.40 - - -11.15 to 0 -9.9 % to 0 

PA/EG [121] 3000 60.88 148.36 60.78 140.38 -0.16 to 

+0.10 

-5.38 to 

+2.32 

C22H46 (28 wt. 

%)/PMMA [43] 

5000 41.0 54.6 40.1 – 

41.4 

75.5 

(avg.) 

-2.19 to 

0.97 

0 to +38.28 

PEG (50 wt. 

%)/diatomite [122] 

1000 27.70 87.09 - - 0 to 7 0 to 1.1 

Decanoic/dodecano

ic/diatomite [123] 

50 16.74 66.81 16.64 - -0.6 to 

+1.19 

- 

GHM/perlite [124] 1000 43.83 121.13 45.71 116.48 +4.29 -3.84 

GHM/diatomite 

[124] 

1000 45.86 96.21 47.26 90.58 +3.05 -5.85 

GHM/vermiculite 

[124]  

1000 44.90 83.75 48.34 79.36 +7.66 -5.24 

GHL/perlite [124] 1000 39.53 119.45 38.52 112.46 -2.55 -5.85 

GHL/diatomite 

[124] 

1000 39.03 63.08 38.37 60.55 -1.69 -4.01 

GHL/vermiculite 

[124] 

1000 39.48 58.38 38.03 57.48 -3.67 -1.54 

Nanoencapsulated 

PA [125] 

2500 61.60 180.91 60.10 177.30 -2.43 -1.99 
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MA-PA-SA (92.86 

wt. %)/EG [126] 

1000 41.64 153.5 41.92 151.00 +0.67 -1.62 

PNMC [63] 500 44.1-

49.3 

139 - 137 -1.4 - 

RT100 (80 wt. 

%)/EG [127] 

200 84.62 177.3 85.74 163.6 

(avg.) 

+1.32 -7.73 

PEG/GO (2 wt. 

%)/GNP (4 wt. %) 

[128] 

150 64.9 178.1 64.2 172.6 -1.08 -3.09 

NEOPCM3 [44] 1500 60.75 184.43 60.59 180.03 -0.97 to 

0.44 

0 to -2.38 

ExP/C20/CNTs (1 

wt. %) [40] 

1000 36.5 157.2 - - - -9.2 % 

S-SCPCM1 [129] 500 7.86 ± 

0.13 

51.43 

± 1.21 

7.26 ± 

0.11 

48.23 

± 1.21 

Silight 

change 

observed 

Silight 

change 

observed 

S-SCPCM2 [129] 500 7.31 ± 

0.11 

53.79 

± 1.07 

7.41 ± 

0.12 

48.19 

± 1.07 

Silight 

change 

observed 

Silight 

change 

observed 

S-SCPCM3 [129] 500 6.92 ± 

0.12 

55.89 

± 1.64 

6.82 ± 

0.11 

52.33 

± 1.64 

Silight 

change 

observed 

Silight 

change 

observed 

S-SCPCM4 [129] 500 7.21 ± 

0.09 

62.86 

± 1.75 

7.31 ± 

0.10 

59.25 

± 1.75 

Silight 

change 

observed 

Silight 

change 

observed 

SF/ (CA-

PA)/CNTs (1 wt. 

%) [130] 

1000 22.78 48.19 25.19 41.19 +10.58 -14.52 

SF/(CA-PA)/CNTs 

(3 wt.%) [130] 

1000 22.28 47.12 25.39 39.87 +13.95 -15.39 
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SF/(CA-PA)/CNTs 

(5 wt. %) [130] 

1000 24.18 46.21 25.44 39.12 +5.21 -29.32 

n-OD@silica [131] 100 28.70 128.71 28.57 128.88 -0.45 to 

0.73 

0 to 0.35 

n-OD@silica-

PDA[131]  

100 28.91 102.83 28.67 108.94 -0.83 to 0 0 to 6.13 

n-OD@silica-

PDA-Ag [131] 

100 27.73 32.74 24.64 33.06 -0.36 to 0 0 to 0.98 

CA-LA/diatomite 

[132] 

200 23.61 87.33 23.00 80.17 -2.58 -8.20 

SA@MWCNTS 

[39] 

200 59.25 91.94 59.22 91.74 -0.05 -0.22 

Sebacic acid/CNT 

[41] 

200 121.1 131.8 120.9 130.7 -0.16 -0.83 
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The most common reason for variation in the thermal stability of PCMs during the cycle 

testing is the alteration in the thermophysical properties. These alterations are different in 

different classes of PCMs. The most prevalent reason for variation in the thermophysical 

properties of organic and inorganic PCMs is shown in Table 2.6. 

 

Table 2.6: Reason for the variation in the thermophysical properties 

 

Organics Inorganics 

Mass loss 

Volatility 

Evaporation of lighter compounds 

High vapour pressure 

Impurities 

Chemical degradation 

Formation of new chemical structure 

Phase segregation 

Moisture absorption 

Incongruent melting 

Poor nucleating behavior 

Formation of new chemical structure 

 

 

2.4 Corrosion analysis 

The corrosion analysis is done using an immersion corrosion test. For this analysis, the PCM 

is poured into a suitable glass tube and maintained in a liquid state as long as the analysis is 

undergoing. The amount of the PCM taken should be such that the metal pieces can be 

properly dipped. The metal sample should have a large surface-to-mass ratio. The edge to 

the total area should be low. The metal sample having an uneven surface, sharp edges, and 

burr faces cannot be used. The surface must be degreased using scouring powder and rinsed 

with acetone or water. The sample is removed from the PCM after every regular interval for 

the analysis of corrosion. Before the corrosion test, the sample is properly cleaned to remove 

the traces of the PCM left on the metal surface. For cleaning purposes, the ASTM G1 

standard should be followed. Table 2.7 shows the cleaning procedure that has to be followed 

to remove the corrosion products [133] 
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Table 2.7: Chemical cleaning procedure for metals 

 

Metal pieces Solution Temperature Time 

Aluminum and its 

alloys 

50 mL H3PO4 

20 g CrO3 

Reagent water to 

make 1000 mL 

HNO3 

90 °C-boiling 

 

 

 

20-25 °C 

5-10 minutes 

 

 

 

1-5 Minutes 

Steel 1000 mL HCl 

20 g Sb2O3 

50 g SnCl2 

50 g NaOH 

200 g Zn chips or 

granulated Zn 

Reagent water to 

make 1000 mL 

200 g NaOH 

20 g Zn chips or 

granulated Zn 

Reagent water to 

make 1000 mL 

200 g 

((NH4)2HC6H5O7) 

Reagent water to 

make 1000 mL 

500 mL HCL 

3.5 g hexamethylene 

tetraamine 

Reagent water to 

make 1000 mL 

Molten NaOH 

1.5-2.0 % NaH 

20-25 °C 

 

 

80-90 °C 

 

 

 

 

80-90 °C 

 

 

 

 

 

75-90 °C 

 

 

20-25 °C 

 

 

 

 

 

370 °C 

1-25 minutes 

 

 

30-40 minutes 

 

 

 

 

30-40 minutes 

 

 

 

 

 

20 minutes 

 

 

10 minutes 

 

 

 

 

 

1-20 minutes 

Copper and its 

alloys 

500 mL HCL 

Reagent water to 

make 1000 mL 

4.9 g NaCN 

Reagent water to 

make 1000 mL 

100 mL H2SO4 

30 g Na2Cr2O7.2H2O 

Reagent water to 

make 1000 mL 

20-25 °C 

 

 

20-25 °C 

 

 

20-25 °C 

1-3 minutes 

 

 

1-3 minutes 

 

 

5-10 seconds 

Stainless steel 100 mL HNO3 

Reagent water to 

make 1000 mL 

60 °C 

 

 

20 minutes 
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150 g 

((NH4)2HC6H5O7) 

Reagent water to 

make 1000 mL 

70 °C 10-60 minutes 

 

2.4.1 Corrosion analysis technique 

Both the qualitative and quantitative methods are used for the corrosion analysis of the 

container’s material. The corrosion rate is measured using the gravimetric analysis and the 

surface examination is done using the SEM analysis. The visual examination of the solution 

and the metals can also be done. Sometimes the pH of the solution is also monitored. The 

corrosion rate is the function of the mass loss, area of the container, and time. The simple 

expression for the corrosion rate is depicted below: 

                                       𝐶𝑅 =
𝛥𝑚

𝐴.𝛥𝑡
                                                                             (2.2) 

Where CR is the corrosion rate, Δm is the mass loss, A is the area of the container, and Δt is 

the time frame of the calculation. The corrosion rate is generally expressed in the unit of 

mg/cm2.year. 

The mass loss is calculated using the following expression: 

                             𝛥𝑚 = 𝑚𝑖 −𝑚𝑓                                                                                                     (2.3) 

Where mi, and mf is the initial and final weight of the container specimen. 

 

Table 2.8 shows the reference table used for corrosion analysis in the industry. 
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Table 2.8: Reference table used in industry for corrosion analysis 

 

Corrosion rate 

(mg/cm2yr) 

Recommendation 

>1000 Not suitable, destroy in a day 

100-999 Suitable, not more than a month 

50-99 Suitable, not more than a year 

10-49 Suitable based on the particular application 

0.3-9.9 Suitable for long-term use 

<0.2 No corrosion, suitable for long-term use 
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Table 2.9 shows the corrosion data of the various container material used with the PCMs over the past few years. 

 

Table 2.9: Corrosion analysis data of various container materials with PCMs 

 

PCMs Container 

material 

Corrosion Corrosion 

rate 

(mg/cm2yr) 

Recommendation Reference 

 

Zn(NO3)2.6H2O Stainless 

steel 

No Corrosion - Recommended [134] 

Zn(NO3)2.6H2O Brass Highly 

corroded 

(Copper 

solubilization) 

38 g/m2d 

(after 3 

days), 

22 g/m2d 

(after 1 

week), 

17 g/m2d 

(after two 

weeks) 

Not recommended [134] 

Zn(NO3)2.6H2O Copper Highly 

corroded 

(Copper 

solubilization) 

47 g/m2d 

(after 3 

days) 

16 g/m2d 

(after 7 

days) 

9 g/m2d 

(after 14 

days) 

Not recommended [134] 

Zn(NO3)2.6H2O Aluminum Highly 

corroded 

11 g/m2d 

(after 1 

week) 

Not recommended [134] 
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7 g/m2d 

(after 3 

days) 

3 g/m2d 

(after two 

weeks) 

Zn(NO3)2. 6H2O Steel Highly 

corroded 

80 g/m2d 

(after 3 

days) 

57 g/m2d 

(after 7 

days) 

36 g/m2d 

(after two 

weeks) 

Not recommended [134] 

Na2HPO4.12H2O Stainless 

steel 

No corrosion - Recommended [134] 

Na2HPO4.12H2O Brass No corrosion - Recommended [134] 

Na2HPO4.12H2O Copper No corrosion - Recommended [134] 

Na2HPO4.12H2O Aluminum Highly 

corroded 

38 g/m2d 

(after 3 

days), 16 

g/m2d 

(after 7 

days), 7 

g/m2d 

(after two 

weeks) 

Not recommended [134] 

Na2HPO4.12H2O Steel Corroded 21 g/m2d 

(after 3 

days), 6 

Not recommended [134] 
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g/m2d 

(after 7 

days), 5 

g/m2d 

(after two 

weeks) 

CaCl2.6H2O Stainless 

steel 

No corrosion - Recommended [134] 

CaCl2.6H2O Brass No corrosion - Recommended [134] 

CaCl2.6H2O Copper No corrosion - Recommended [134] 

CaCl2.6H2O Aluminum Corroded 

(Pitting) 

3 g/m2d 

(after two 

weeks) 

Not recommended [134] 

CaCl2.6H2O Steel Corroded 9 g/m2d 

(after 3 

days), 4 

g/m2d 

(after 7 

days), 3 

g/m2d 

(after two 

weeks) 

Short term use [134] 

CH3COONa.3H2O Aluminum, 

Steel, 

Stainless 

Steel  

No corrosion - Recommended [135] 

CH3COONa.3H2O Brass Corroded 15 Not recommended [135] 

CH3COONa.3H2O Copper Corroded 33.2 Not recommended [135] 

Na2S2O3.5H2O Aluminum, 

steel, 

No corrosion - Recommended [135] 
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stainless 

steel 

Na2S2O3.5H2O Brass Corroded 127 Not recommended [135] 

Na2S2O3.5H2O Copper Corroded 605 Not recommended [135] 

ClimSel C18 (commercial) Copper Corroded 0.8 g/m2d Not recommended [136] 

ClimSel C18 (commercial) Aluminum No corrosion 0.00007 

g/m2h 

Recommended [136] 

EPS E17 Copper Corroded 0.14 g/m2d Not recommended [136] 

EPS E17 Aluminum No corrosion - Recommended [136] 

Stearic acid Stainless 

steel 304L 

Resistant 0.00047 

mg/day 

Useful [136] 

Stearic acid Steel C20 Resistant 0.01 

mg/day 

Useful [103] 

Stearic acid Aluminum Resistant 0.00071 

mg/day 

Useful [103] 

Stearic acid Copper Slightly 

corroded 

0.034 

mg/day 

Use with caution [103] 

Palmitic acid Stainless 

steel 304L 

Resistant 0.00037 

mg/day 

Useful [103] 

Palmitic acid Steel C20 Slightly 

corroded 

0.031 

mg/day 

Use with caution [103] 

Palmitic acid Aluminum Resistant 0.001 

mg/day 

Useful [103] 

Palmitic acid Copper Slightly 

corroded 

0.001 

mg/day 

Use with caution [103] 

Myristic acid Stainless 

steel 304L 

Resistant 0.00028 

mg/day 

Useful [103] 

Myristic acid Steel C20 Slightly 

corroded 

0.049 

mg/day 

Use with caution [103] 

Myristic acid Aluminum Resistant 0.00136 

mg/day 

Useful [103] 
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Myristic acid Copper Slightly 

corroded 

0.016 

mg/day 

Use with caution [103] 

Lauric acid Stainless 

steel 304L 

Resistant 0.00032 

mg/day 

Useful [103] 

Lauric acid Steel C20 Resistant 0.015 

mg/day 

Useful [103] 

Lauric acid Aluminum Resistant 0.00071 

mg/day 

Useful [103] 

Lauric acid Copper Slightly 

corroded 

0.017 

mg/day 

Use with caution [103] 

Na2SO4.10H2O SS 304L Resistant - Recommended [115] 

Na2SO4.10H2O Steel C 20 Slightly 

corroded 

- Use with caution [115] 

Na2SO4.10H2O AG3 Corroded 

(Pitting) 

- Not recommended [115] 

Na2SO4.10H2O Dural Corroded 

(severe 

pitting) 

- Not recommended [115] 

Na2SO4.10H2O A net Slightly 

corroded 

- Use with caution [115] 

Na2SO4.10H2O Copper Slightly 

corroded 

- Use with caution [115] 

CaCl2.6H2O SS 304L Resistant - Recommended [115] 

CaCl2.6H2O Steel C 20 Slightly 

corroded 

- Use with caution [115] 

CaCl2.6H2O AG3 Corroded 

(severe 

pitting) 

- Not recommended [115] 

CaCl2.6H2O Dural Corroded 

(severe 

pitting) 

- Not recommended [115] 
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CaCl2.6H2O Copper Slightly 

corroded 

- Use with caution [115] 

NaOH.3,5H2O SS 304L Resistant - Recommended [115] 

NaOH.3,5H2O Steel C 20 Slightly 

corroded 

- Use with caution [115] 

Na2SO4.1/2NaCl.10H2O SS 304L Resistant - Recommended [115] 

Na2SO4.1/2NaCl.10H2O Steel C 20 Slightly 

corroded 

- Use with caution [115] 

Na2SO4.1/2NaCl.10H2O AG3 Corroded 

(severe 

pitting) 

- Not recommended [115] 

Na2SO4.1/2NaCl.10H2O Dural Corroded 

(severe 

pitting) 

- Not recommended [115] 

Na2SO4.1/2NaCl.10H2O A net Corroded 

(severe 

pitting) 

- Not recommended [115] 

Na2SO4.1/2NaCl.10H2O Copper Corroded 

(severe 

pitting) 

- Not recommended [115] 

MgCl2.6H2O Aluminum Strong 

corrosion 

- Not recommended [137] 

MgCl2.6H2O Copper Strong 

corossion 

- Not recommended [137] 

MgCl2.6H2O Stainless 

steel 

Strong 

corrosion 

- Not recommended [137] 

Bischofite Aluminum Strong 

corossion 

- Not recommended [137] 

Bischofite Copper Strong 

corossion 

- Not recommended [137] 
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Bischofite Stainless 

steel 

Strong 

corrosion 

- Not recommended [137] 

NaNO3+H2O+addative (Climator) Copper Corroded - Not recommended [138] 

NaNO3+H2O+addative (Climator) Aluminum Corroded - Not recommended [138] 

NaNO3+H2O+addative (Climator) Stainless 

steel 

No Corrosion - Recommended [138] 

NaNO3+H2O+addative (Climator) Carbon 

steel 

Corroded - Not recommended [138] 

NaCl+H2O (Cristopia) Copper Corroded - Not recommended [138] 

NaCl+H2O (Cristopia) Aluminum Corroded - Not recommended [138] 

NaCl+H2O (Cristopia) Stainless 

steel 

No corrosion - Recommended [138] 

NaCl+H2O (Cristopia) Carbon 

steel 

Slightly 

corroded 

- Use with caution [138] 

NaCl+H2O+1 % CMC Copper Corroded - Not recommended [138] 

NaCl+H2O+1 % CMC Aluminum Corroded - Not recommended [138] 

NaCl+H2O+1%CMC Stainless 

steel 

No corrosion - Recommended [138] 

NaCl+H2O+1 % CMC Carbon 

steel 

Slightly 

corroded 

- Use with caution [138] 

19 % NH4Cl+H2O Copper Corroded - Not recommended [138] 

19 % NH4Cl+H2O Aluminum Corroded - Not recommended [138] 

19 % NH4Cl+H2O Stainless 

steel 

No corrosion - Recommended [138] 

19 % NH4Cl+H2O Carbon 

steel 

Corroded - Not recommended [138] 

19 % NH4Cl+H2O+1 % CMC Copper Corroded - Not recommended [138] 

19 % NH4Cl+H2O+1 % CMC Aluminum Mild 

corrosion 

- Use with caution [138] 

19 % NH4Cl+H2O+1 % CMC Stainless 

steel 

No corrosion - Recommended [138] 
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19 % NH4Cl+H2O+1 % CMC Carbon 

steel 

Corroison - Not recommended [138] 

19 % NH4Cl+H2O+3 % AlF3 Copper Corrosion - Not recommended [138] 

19 % NH4Cl+H2O+3 % AlF3 Aluminum Corrosion - Not recommended [138] 

19 % NH4Cl+H2O+3 % AlF3 Stainless 

steel 

No corrosion - Recommended [138] 

19 % NH4Cl+H2O+3 % AlF3 Carbon 

steel 

Corrosion - Not recommended [138] 

19 % NH4Cl+H2O+3 % AlF3+1 % 

CMC 

Copper Corrosion - Not recommended [138] 

19 % NH4Cl+H2O+3 % AlF3+1 % 

CMC 

Aluminum Corrosion - Not recommended [138] 

19 % NH4Cl+H2O+3 % AlF3+1 % 

CMC 

Stainless 

steel 

Corrosion -- Not recommended [138] 

19 % NH4Cl+H2O+3 % AlF3+1 % 

CMC 

Carbon 

steel 

Corrosion - Not recommended [138] 

19 % NH4Cl+H2O+3 % NaCl Copper Corrosion - Not recommended [138] 

19 % NH4Cl+H2O+3 % NaCl Aluminum Corrosion - Not recommended [138] 

19 % NH4Cl+H2O+3 % NaCl Stainless 

steel 

No corrosion -- Recommended [138] 

19 % NH4Cl+H2O+3 % NaCl Carbon 

steel 

Corrosion - Not recommended [138] 

19 % NH4Cl+H2O+3 % NaCl+1 % 

CMC 

Copper Mild 

corrosion 

- Use with caution [138] 

19 % NH4Cl+H2O+3 % NaCl+1 % 

CMC 

Aluminum No corrosion - Recommended [138] 

19 % NH4Cl+H2O+3 % NaCl+1 % 

CMC 

Stainless 

steel 

No corrosion - Recommended [138] 

19 % NH4Cl+H2O+3 % NaCl+1 % 

CMC 

Carbon 

steel 

Mild 

corrosion 

- Use with caution [138] 
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Capric acid-cetyl alcohol Copper Slightly 

corroded 

27.635 

(after one 

week), 

19.292 

(after 4 

week), 

9.255 

(after 12 

weeks) 

Use with caution [139] 

Capric acid-cetyl alcohol Aluminum Resistant 4.692 

(after 1 

week), 

2.216 

(after  4 

weeks), 

1.607 

(after 12 

weeks) 

Recommended [139] 

Capric acid-cetyl alcohol Stainless 

steel 316 

Resistant 2.607 

(after 1 

week), 

1.042 

(after 2 

weeks), 

0.608 

(after 4 

weeks) 

Recommended [139] 

PureTemp 23 (commercial) Copper Resistant - Recommended [140] 

PureTemp 23 (commercial) Aluminum Resistant - Recommended [140] 

PureTemp 23 (commercial) Carbon 

steel 

Resistant - Recommended [140] 
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PureTemp 23 (commercial) Stainless 

steel 304 

Resistant - Recommended [140] 

PureTemp 23 (commercial) Stainless 

steel 316 

Resistant - Recommended [140] 

SP 21E (commercial) Copper Resistant  Recommended [140] 

SP 21E (commercial) Aluminum Mild 

corrosion 

- Use with caution [140] 

SP 21E (commercial) Carbon 

steel 

Mild 

corrosion 

- Use with caution [140] 

SP 21E (commercial) Stainless 

steel 304 

Resistant - Recommended [140] 

SP 21E (commercial) Stainless 

steel 316 

Resistant - Recommended [140] 

Capric acid (73.5%)+myristic acid 

(26.5 %) 

Copper Mild 

corrosion 

- Use with caution, 

beneficial for 

short term use 

[140] 

Capric acid (73.5 %)+myristic acid 

(26.5 %) 

Aluminum No corrosion - Recommended [140] 

Capric acid (73.5 %)+myristic acid 

(26.5 %) 

Carbon 

steel 

No corrosion - Recommended [140] 

Capric acid (73.5 %)+myristic acid 

(26.5 %) 

Stainless 

steel 304 

No corrosion - Recommended [140] 

Capric acid (73.5 %)+myristic acid 

(26.5 %) 

Stainless 

steel 316 

No corrosion - Recommended [140] 

Capric acid (75.2%) +palmitic acid 

(24.8 %) 

Copper Mild 

corrosion 

- Use with caution, 

beneficial for 

short term use 

[140] 

Capric acid (75.2 %) +palmitic acid 

(24.8 %) 

Aluminum No corrosion - Recommended [140] 

Capric acid (75.2%) +palmitic acid 

(24.8 %) 

Carbon 

steel 

No corrosion - Recommended [140] 
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Capric acid (75.2 %) +palmitic acid 

(24.8 %) 

Stainless 

steel 304 

No corrosion - Recommended [140] 

Capric acid (75.2 %) +palmitic acid 

(24.8 %) 

Stainless 

steel 316 

No corrosion - Recommended [140] 

Glutaric acid Copper  Mild 

corrosion 

10.98 Use with caution [141] 

Glutaric acid Aluminum No corrosion 0.94 Recommended [141] 

Glutaric acid Stainless 

steel 

No corrosion 0.30 Recommended [141] 

Na2SO4 +Na2SO4.10H2O Aluminum 

alloy 2024 

Highly 

corroded 

(pitting) 

- Not recommended [142] 

Na2SO4 +Na2SO4.10H2O Aluminum 

alloy 1050 

Resistant - Recommended [142] 

Na2SO4 +Na2SO4.10H2O Aluminum 

alloy 3003 

Resistant - Recommended [142] 

Na2SO4 +Na2SO4.10H2O Aluminum 

alloy 6063 

Resistant - Recommended 

but detailed study 

required 

[142] 

Al-34 % Mg-6 % Zn Stainless 

steel 

(SS304L) 

Resistant 0.0829 

mg/day 

Recommended [143] 

Al-34 % Mg-6 % Zn Carbon 

steel (C20) 

Slightly 

corroded 

0.0953 

mg/day 

Use with caution [143] 

Na2CO3+Nacl Stainless 

steel 

Slightly 

corroded 

70 mg/cm2 Use with caution [144] 

Paraffin wax Copper Slightly 

corroded 

7.95 (first 

60 days) 

Recommended [145] 

LiNO3.3H2O Aluminum 

(Al 

1100H) 

No corrosion - Recommended [146] 
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LiNO3.3H2O Stainless 

steel (SS 

347) 

No corrosion - Recommended [146] 

LiNO3.3H2O+ 5 % ZnOHNO3 Aluminum 

(Al 

1100H) 

No corrosion - Recommended [146] 

LiNO3.3H2O+ 5 % ZnOHNO3 Stainless 

steel (SS 

347) 

No corrosion - Recommended [146] 

ZnNO3.6H2O+ 5 % ZnOHNO3 Aluminum 

(Al 

1100H) 

Corrosion - Only 

recommended up 

to a month 

[146] 

ZnNO3.6H2O+ 5 % ZnOHNO3 Stainless 

steel (SS 

347) 

No Corrosion - Recommended [146] 

CaCl2.6H2O+ 5 % SrCl2 Aluminum 

(Al 

1100H) 

Highly 

corroded 

- Not recommended [146] 

CaCl2.6H2O+ 5% SrCl2 Stainless 

steel (SS 

347) 

No corrosion - Recommended [146] 
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2.5 Application of PCMs 

2.5.1 Thermal regulation of PV panel 

The efficiency of the PV module is drastically decreased when integrated with building 

material. This efficiency decrease is mainly caused due to the temperature rise of the PV 

module. The temperature rise is responsible for the overall decrease in voltage and power 

production. Only a small fraction of the solar radiation that falls on the PV module is utilized 

for electricity production and the rest generates excess heat responsible for the temperature 

rise of the PV module. The integration of the PV panel on the roof also prevents air 

circulation resulting in the accumulation of heat. There are several techniques to manage the 

temperature rise viz. air cooling, water cooling, thermoelectric cooling, and PCMs. The 

panel can be thermal regulated either actively or passively. In passive cooling, no additional 

power is required to achieve cooling operations. In this type of cooling, a substance is used 

to absorb heat from the solar panel and dispel the acquired heat into the environment or can 

be used for other thermal applications. PCMs are a good example of passive cooling. In 

contrast, the active cooling system consumes power for operation e.g. forced air cooling 

system where a fan is used, and water cooling where a pump is used. 

PCM can be effectively utilized for the thermal management of the PV system because of 

its storage capacity without raising the temperature. The kind of PCM to be used varies from 

case to case and is dependent on temperature requirement, suitability with phase transition 

temperature, and requirement of the container materials. A summary of the previous research 

work on the thermal regulation of the PV system using PCMs has been presented in Table 

2.10. 
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Table 2.10: Summary of the research work undertaken for efficiency increment 

 

Author Nature of 

study 

Cell technology Mode Main findings 

Hasan et al. 

[147] 

Experimental Polycrystalline 

silicon 

PCM to 

the rear 

surface 

Maximum 9 °C 

temperature 

reduction was 

obtained 

Mahamudul 

et al. [148] 

Experimental Polycrystalline 

silicon 

PCM on 

the rear 

surface 

10 °C temperature 

reduction  

obtained 

Khaled et al. 

[149]  

Experimental Polycrystalline 

silicon 

PCM on 

the rear 

surface 

Maximum 6.6 °C 

temperature 

reduction was 

obtained and avg. 

reduction was 2.7 

°C. The avg. 

electrical 

efficiency 

increment of 10 % 

achieved 

Indartono et 

al. [150] 

Experimental Monocrystalline 

silicon 

PCM on 

the rear 

surface 

The power and the 

efficiency 

increment in the 

case when the PV 

was on the roof 

were 22.6 % and 

21.2 % 

respectively 

Kant et al. 

[151]  

Modeling and 

simulation 

Polycrystalline 

silicon 

PV-PCM 

on the 

rear side 

Convection, tilt 

angle, and wind 

velocity has a 

significant 

contribution in 

maintaining the 

low temperature 

of the PV panel 

Stropnik 

and Stritih 

[152]  

Experimental 

and 

Simulation 

Monocrystalline 

Silicon 

PV-PCM 

on the 

rear side 

The temperature 

of the PV-PCM 

system was 

lowered by about 

35.6 °C. The 

annual electrical 

production was 
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increased by 

about 4.3-8.7 %. 

 

Sharma et 

al. [153] 

Experimental LGBC 

Crystalline 

silicon 

PCM on 

the rear 

surface 

The electrical 

efficiency 

increased by 

about 7.7 % and 

temperature 

reduction of 3.8 

°C achieved 

Huang et al. 

[154]  

Experimental - PCM on 

the rear 

surface 

The temperature 

maintained below 

29 °C for 130 min. 

Hasan et al. 

[155] 

Experimental Polycrystalline 

silicon 

PCM 

container 

at the 

back 

The temperature 

reduction of 18 °C 

obtained for 30 

min 

Luo et al. 

[156] 

Experimental 

and 

Simulation 

Polycrystalline 

silicon 

PCM on 

the rear 

side 

The temperature 

reduction of 4.7 

°C achieved. The 

power output 

increased by 0.45 

W 

Hasan et al. 

[157]  

Experimental 

and Modeling 

Polycrystalline 

silicon 

PCM on 

the rear 

side 

The power 

production 

increased by 5.9 

% 

Nada et al. 

[158]  

Experimental Polycrystalline 

silicon 

PCM on 

the rear 

side 

The temperature 

can be reduced to 

about 8.1 °C and 

10.6 °C 

respectively with 

PCM and nano-

enhanced PCM. 

The efficiency 

was increased 

respectively to 

about 5.7 % and 

13.2 % with and 

nano-enhanced 

PCM. 

Zhao et al. 

[159] 

Experimental  Monocrystalline 

silicon 

PV-PCM 

on the 

rear side 

The electrical 

productivity 

enhanced by 

about 2.46 % 
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Manikanda

n et al. [160] 

Modeling - PV-PCM 

on the 

rear side 

The power and 

efficiency 

improved by 27 % 

and 22 % 

respectively.  

Browne et 

al. [161] 

Experimental - PV/T-

PCM, 

Copper 

pipe 

network 

with 

water as 

a 

working 

fluid 

The heat 

availability time 

was increased by 

100 % compared 

to one without 

PCM 

Browne et 

al. [162] 

Experimental - PV/T-

PCM, 

Copper 

pipe 

network 

with 

water as 

a 

working 

fluid 

The thermal 

efficiency was 

obtained in the 

range of 20-25 % 

Yang et al. 

[163]  

Experimental - PV/T-

PCM, 

copper 

pipes 

wrapped 

with 

PCM 

The total solar 

energy conversion 

efficiency of the 

PV/T-PCM 

system was 76.87 

% 

Sardarabadi 

et al. [164] 

Experimental Monocrystalline 

silicon 

PV/T-

PCM 

with 

nanoflui

ds 

The temperature 

can be lowered by 

16 °C and power 

output increased 

by 13 % 

Li et al. 

[165] 

Experimental Polycrystalline 

silicon 

PV/T-

PCM on 

the rear 

side 

The output water 

can be heated up 

to 41.6 °C, 1253 

kJ/day of thermal 

energy can be 

obtained from 

PCM 

Das et al. 

[166] 

experimental Polycrystalline PV/T-

PCM 

The electrical 

efficiency was 
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with 

rectangul

ar spiral 

tube 

increased by 18.4 

% 

 

2.5.2 Buildings 

Usage of PCMs in the building can be categorized as either active or passive applications. 

In a passive system, the building structure works independently to collect, transfer, store, 

and release heat; while in the active system, there is additional heat transfer support like a 

fan or pumps [167] Active applications are mainly ceilings and floor heating systems. 

Applications like Trombe walls, wallboards, building blocks, window shutters, floor heating, 

and air‐based heating system come under passive applications. The PCM is injected into 

different sections of buildings given below for maintaining the thermal comfort level inside 

the building for the resident. 

a) Roofs and ceilings 

b) Windows 

c) Walls 

d) Floors 

A summary of the recent work in the thermal management of buildings using PCM has been 

given in Table  2.11.
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Table 2.11: Summary of the research work and load reduction 

 

Authors Nature of the 

Work 

PCM Used 

 

Main Findings Fragment 

of the 

Building 

Yanbing et al. 

[168] 

Experimental 

& Numerical 

Fatty acid The temperature inside the 

room with PCM is significantly 

reduced 

Ceilings 

Koschenz and 

Lehmann [169] 

Experimental 

& Numerical 

Microencapsulated 

paraffin-embedded 

in gypsum 

Panel thickness of 5 cm is 

sufficient for the thermal 

storage capacity of paraffin 

Pasupathy and 

Velraj [170] 

Experimental 

& Numerical 

Salt Hydrate (48 % 

CaCl2+ 4.3 % 

NaCl + 0.4 % KCl 

+ 47.3 % H2O)  

The room temperature is 

maintained at 27 ± 3 oC 

Susman et al. 

[171]   

Experimental 

& Numerical 

Paraffin/LDPE 

composite 

An effective cooling 

system/ventilation is needed to 

remove heat from PCM during 

night hours 

Alawadhi et al. 

[172]   

Numerical P116, n-Eicosane, 

and n-Octadecane 

paraffin 

The n-Eicosane showed the 

finest result among inspected 

PCMs. The conical shape of the 

PCM case is very effective in 

terms of thermal performance. 

The heat flux can be minimized 

up to 39 % by using the author 

scheme 

Weinläder et al. 

[173] 

Experimental Salt hydrate with a 

melting point in 

the range of 22 oC 

The passive cooling power of 

about 8-17 W/m2 for the 

temperature range of 24 oC to 
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to 24 oC and latent 

heat of 128 kJ/kg 

27 oC is achieved. Further, in 

the active system power of 

about 80-100 W/m2 can be 

achieved 

Yoon et al. [174] Experimental Bio PCM 

vegetable-based 

and Paraffin 

A temperature difference of 

5.40 oC was observed between 

the upper and lower part of the 

ceiling plates 

Yang et al. [175]  Experimental 

and numerical 

WPC, WPC + 

Bio25, WPC + n-

docosane44 

6.8 oC temperatutre decrease 

was observed 

Allerhand et al. 

[176]   

Experimental 

& Numerical 

Rubitherm R24 Energy-saving of 15 % and 

peak cooling power reduction 

of 30 % were observed 

E. M. Alawadhi 

[177] 

Theoretical & 

Numerical 

n-Octadecane, n-

Eicosane, P116 

Paraffin  

The heating can be reduced by 

about 23.29 % by employing 

PCM with a window 

Windows 

Giovannini [178] Experimental RT35 Paraffin PCM window’s performance is 

superior to a conventional 

window 

Grynning et al. 

[179] 

Experimental Salt hydrates in 

polycarbonate 

vessels 

The performance of the PCM 

window is found remarkably 

well. The PCM case’s 

temperature is found high due to 

the stored latent heat  

Stritih and Novak 

[180]  

Experimental Paraffin wax All the parameters viz. melting 

and solidification characteristic 

is promising Walls 

 Shilei et al. [181] Experimental Capric and lauric 

acid 

360 cycles of the eutectic 

mixture was conducted. The 

result showed no variation in 
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melting point and latent heat of 

fusion of PCM wallboard. The 

result also concluded that the 

tested material has good 

thermal stability 

Darkwa et al. 

[182]  

Numerical PCM with gypsum The PCM with laminated 

wallboard increases the 

temperature of the room by 17 

% at night 

Ahmad et al. 

[183]  

Experimental 

& Numerical 

Paraffin 

granulates, 

polyethylene 

glycol PEG 600 

Polycarbonate panel with 

Paraffin granulates or PEG 600 

did not show encouraging 

results. PVC panel with PEG 

600 showed the desired result 

up to 400 thermal cycles 

Karaipekli and 

Sari [184] 

Experimental Capric acid, lauric 

acid, and gypsum 

The phase change wallboard 

has good thermal stability after 

performing accelerated thermal 

cycle test of 1000, 2000, 3000, 

4000, 5000 cycling. 

Liu and Awbi 

[185] 

Experimental Paraffin Heat flux density of PCM wall 

was found almost double than 

the ordinary wall around the 

melting zone. The heat 

insulation of the PCM wall was 

found excellent during the 

charging process and a 

considerable amount of heat 

was released during the 

discharging process 
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Jo Darkwa [186] Numerical Author Suggested The number of heat transfer 

units (NTUs) 0.1 is essential to 

achieve the highest factor of 

PCM melting thickness and 

surface temperature fraction. 

The cooling capacity of 12.5 

kW and 25 kW were obtained 

with the two system. 

Borreguero et al. 

[187] 

Experimental 

& Numerical 

Gypsum doped 

with microcapsule 

polystyrene 

containing 50 % 

by weight of 

Rubitherm RT27 

The energy storage capacity of 

gypsum with a microcapsule 

weight percentage of 0.0, 4.6, 

and 6.4 wt. % were 623.82, 

699.90 and 728.23 kJ/m2 

respectively. The results further 

revealed that when the weight 

% of microcapsule content was 

increased, the % thickness of 

wallboard can be reduced. 

When 5 % weight percentage of 

microcapsule is increased, 8.5  

% thickness of gypsum 

wallboard can be reduced at the 

same thermal comfort zone 

Bontemps et al. 

[188] 

Experimental 

& Numerical 

Fatty acid, 

paraffin, and salt 

hydrate with 

melting 

temperature 21 oC, 

25 oC, and 27.5 oC 

respectively 

The temperature reduction 

fluctuates between 3.5 and 4 % 

with fatty acid, 2 and 3 % with 

paraffin and 3.5 and 5 % with 

salt hydrates. 
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Alicia Oliver 

[189] 

Experimental Paraffin and 

gypsum 

1.5 cm thick PCM board of 

gypsum can store about five 

times more thermal energy than 

laminated gypsum board and 

about same energy as a 12 cm-

thick brick wall can store within 

the temperature comfort zone of 

(20 oC-30 oC) 

Yao et al. [190] Experimental 

& Numerical 

Paraffin and 

expanded perlite 

Reduction in temperature of 

about 2.53 and 9.22 K was 

obtained under different 

condition 

Xie et al. [191]  Numerical PCM wallboard The performance differs 

according to seasons 

Souguir and 

Boukadida [192] 

Numerical Paraffin The reduction in the energy 

consumption rate was about 

34.5 %. 

 

Hamdani et al. 

[193] 

Numerical Beeswax PCM with the melting range of 

21-23 oC found most suitable 

Li et al. [194]  Numerical Enerciel 22, C16-

C18, Paraffin C18, 

Capric acid, RT-

27, A16, RT-23, 

PX-15, RT-5, n-

octadecane, S19, 

HS-21, 

CaCl2.6H2O 

15.6-47.6 reduction in heat 

transfer with Enerciel 22 and 2-

7.8 % reduction with 

CaCl2.6H2O 

Mathis et al. [195]  Experimental Puretemp® 

 

PCM performed differently in a 

different season of the year 
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Costanzo et al. 

[196] 

Numerical Q23, Q25, Q27 Reduction in surface 

temperature about 0.5 oC. Peak 

cooling load reduced by 10-15 
oC 

Ji et al. [197] Numerical Solid PCM Annual energy consumption 

reduction to about 20.9 % 

Lee et al. [198]  Experimental Paraffin 

(Rubitherm®) 

Heat Flux reduction 25.4 %, 

Average hourly heat flux 

reduction 20.1 % 

Gounni and Alami 

[199]  

Experimental Polyethylene (40 

%) and paraffin 

(60 %) copolymer 

Maximum heat flux absorption 

was achieved when the PCM 

was placed near the heat source 

Sonnick et al. 

[200]  

Experimental 

& Numerical 

CaCl2.6H2O + 

MgCl2.6H2O 

PCM with back-ventilation has 

the highest rate of heat transfer 

Cao et al. [201] Numerical Lauric acid Fins can effectively increase the 

heat transfer rate. 10 fins can be 

effectively utilized for the 

current study 

Saikia et al. [202]  Experimental 

& Numerical 

ZNH, capric acid The PCM is very effective in 

reducing heat gain and 

temperature fluctuation 

Mourid et al. 

[203] 

Experimental Ethylene polymer 

(40 %) + paraffin 

wax (60 %) 

6 oC increase in temperature, 

heating energy saving upto 20 

%  

Hasan et al. [204]  Experimental Paraffin wax Effective reduction in the 

cooling load has been achieved 

Sun et al. [205]  Experimental CaCl2.6H2O Indoor temperature reduction of 

1.5 oC was observed 

Park et al. [206]  Experimental 

& Numerical 

OH91, OH73, 

OH55, OH37, 

OH19 

OH73 found effective in 

cooling and OH19 in heating 
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Najam et al. [207]  Experimental Ethylene (40 %) 

and Paraffin (60 

%) 

Different behavior was 

observed at different locations 

of the PCM 

Zhou and Eames 

[208]  

Theoretical - 40 % energy saving was 

achieved 

Lin et al. [209]  Experimental Paraffin The temperature can be kept at 

the phase transition zone of the 

upper surface of PCM. The 

experiment demonstrated that 

lots of off-peak electricity can 

be used instead of using peak 

period electricity which could 

reduce the power tariff 

Floor 

Nagano et al. 

[210]  

Experimental Paraffin wax About 89 % of diurnal cooling 

load can be stockpiled in PCM 

using 30 mm PCM bed 

Zhang et al. [211]  Experimental Paraffin (70 %) + 

Polyethylene (15 

%) + Styrene-

butadiene-styrene 

block copolymer 

(SBS) (15 %) 

The mean indoor temperature 

inside the room with PCM floor 

was found 2 oC lower than that 

of without PCM floor 

Cerón et al. [212] Experimental Author Suggested The temperature of the PCM’s 

tiles were increased by about 

1.5 oC to 2 oC than the tiles 

without PCM 

Ansuini et al. 

[213] 

Experimental 

& Numerical 

Rubitherm GR27- 

A paraffin-based 

granulates 

Saving of about 25 % of water 

for radiant cooling when PCM 

floor made up of PCM is used  

Lu et al. [214]  Experimental Paraffins Indoor temperature increase of 

7.15 oC was observed 
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Plytaria et al. 

[215]  

Numerical Q29/M91 Increase in indoor air 

temperature of about 0.8 oC was 

observed 
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2.6 Objectives of the present thesis work 

To develop low-cost ternary PCMs using fatty acid for various low-temperature solar 

thermal applications. 

2.7 Scope 

To achieve the present objectives, the scope of the present thesis work has been extended 

and subdivided into various subsections which are given below: 

1. Development of the low-cost ternary PCMs using different fatty acids. 

2. Thermal stability and reliability of the developed PCMs. 

3. Performance evaluation of the developed PCM in the thermal system. 

4. Thermophysical properties enhancement of the PCMs using nanoparticles. 

5. Heat transfer study of the BIPV using nano-enhanced PCMs. 
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Chapter 3: Development and characterization of ternary series of 

saturated fatty acids as PCMs   

3.1 Introduction 

The phase change material (PCM) has been identified as a promising way to meet the thermal 

energy storage (TES) requirement. The thermal energy can be stored in any material either 

in a sensible or latent form. In sensible storage, the heat is stockpiled by lifting its 

temperature to the desired level. The latent heat storage is attained without raising the 

temperature through the PCMs. The stored heat in the PCM acts as a secondary heat source 

that can be utilized for diverse sets of applications [216,217]. The PCM finds application in 

almost every sector, namely, commercial or residential where there is a disparity between 

demands and supply of energy [218,219]. The PCM is used for multiple sets of applications 

in buildings, solar water/air heating systems, solar desalination, solar greenhouse, solar 

cooker, and so on [220]. PCM plays an imperative role in the conveyance and handling of 

temperature-sensitive blood samples, serums, vaccines, venoms, and medicines where there 

is a requirement of maintaining any invariable conditions [221]. In recent years, biomedical 

researchers have effectively used PCMs for the treatment of Buruli ulcers prevalent in many 

tropical countries where surgical treatment is very costly [222–224]. The solar drying system 

with storage concept is also widely used to demoisturize agricultural products, namely, 

fruits, vegetables, and cereals [225]. 

The researchers tried to develop distinct PCMs out of different organic and inorganic 

materials that can provide effective heat storage according to the application type. Cedeno 

et al. tested individually pure stearic acid (SA), palmitic acid (PA), and oleic acid and their 
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mixtures [226]. Feldman et al. found that the melting range of the following fatty acids, that 

is, capric acid (CA), lauric acid (LA), PA, and SA, was in the range of 30 °C-65 °C, and 

latent heat of fusion values was obtained in the range of 153-182 kJ/kg, which is a suitable 

option for application in low-temperature areas [227]. Sari [228] developed binary eutectics 

of LA-myristic acid (MA) (66/34 wt. %), LA-PA (69/31 wt. %), and MA-SA (64/36 wt. %). 

The recorded melting temperature and latent heat of fusion were 34.2 °C, 35.2 °C, and 44.1 

°C and 166.8, 166.3, and 182.4 kJ/kg, respectively. Shilei et al. [181] developed the eutectic 

mixture of CA (65.12 %) and LA (34.88 %) to apply to building wallboard. The melting 

temperature and latent heat of fusion observed were 19.11 °C and 35.24 kJ/kg, respectively, 

at the zeroth cycle. Karaipekli and Sari [184] prepared the eutectic mixture of CA and PA 

for the phase change wallboard. The melting temperature and latent heat of fusion observed 

were 21.85 °C and 171.22 kJ/kg, respectively. Wang and Meng [229] developed a series of 

fatty acids eutectics/polymethyl methacrylate (PMMA). The PMMA acts as a strengthening 

material in the preparation of a shape-stabilized PCM. The eutectic and the PMMA were in 

the ratio of 50/50 wt. %. The developed materials i.e. CA-LA/PMMA, CA-MA/PMMA, CA-

SA/PMMA, and LA-MA/PMMA had melting temperatures of 21.11 °C, 25.16 °C, 26.38 °C, 

and 34.81 °C, respectively. The latent heat of fusion recorded was 76.3, 69.32, 59.29, and 

80.75 kJ/kg respectively. Li et al. [230] developed binary mixtures prepared from SA, PA, 

LA, and CA. The developed eutectics were impregnated into different kinds of diatomites 

which act as supporting materials. The CA-LA/diatomite showed 16.74 °C as melting 

temperature and 66.81 kJ/kg as latent heat of fusion. Sharma et al. studied several binary 

mixtures of the various fatty acids and showed that their developed materials are quite 

felicitous for building applications [231]. Chinnasamy and Appukuttan [232] prepared a 
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binary eutectic of LA-myristic alcohol (40-60 wt. %) as a possible PCM. The melting 

temperature and latent heat of fusion obtained were 21.3 °C and 151.5 kJ/kg, respectively. 

The developed PCM was found suitable for indoor sets of applications. Kant et al. [233] 

prepared ternary mixtures in the temperature range of 14-21 °C which was suitable for low 

temperature-based applications. 

Above all, quite limited investigation has been undertaken in this promising research area. 

There is a requirement for broad temperature range PCMs catering to the present need. The 

ternary mixtures have been hardly considered and are crucial for the development of second-

generation PCMs. The medium-chain fatty acids (MCFA) and long-chain fatty acids (LCFA) 

remain solid at room temperature which serves our purpose of efficient phase transition at 

our preferred temperature. The researchers have either tested MCFA or LCFA and their 

binary eutectics with only limited weight proportions. The impetus behind undertaking this 

investigation is the insufficiency of ternary mixtures of MCFA and LCFA, which aids the 

obtainability of additional PCMs. The fatty acids derivative of these vegetables and animal 

oils will offer an incessant supply of energy notwithstanding, the shortage of fuel sources in 

the future. Moreover, there is a deficiency of statistics allied to the thermophysical properties 

of low-cost PCMs. The conventional PCMs are in the range of 20 °C-32 °C, and this is the 

domain for building applications. However, various LHS devices analyzed in the past 

revealed the development and adoption of additional prudent PCMs. The utmost objective 

of this investigation is to prepare and testify low-cost PCMs for various low-temperature-

based applications as specified earlier and to ascertain their thermophysical attributes 

calorimetrically. The fatty acids that are used to prepare our ternary blendings are available 

in a wide temperature range and can be easily made available by the local supplier. The 
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PCMs prepared in the current work will be competent for TES application and later also 

made accessible to the users. These materials can be also used for encapsulation, 

impregnation into matrix and fibers, nanoparticle enhancement, and shape stabilization 

processes. 

3.2 Materials and investigation approach 

All the saturated fatty acids were purchased from the Burgoyne Pvt. Ltd. company, and the 

same were used to prepare our mixtures. To deduce the eutectic mixture composition, a series 

of ternary blendings of saturated acids, that is, CA-LA-MA (CLM), CA-LA-PA (CLP), CA-

LA-SA (CLS), CA-MA-PA (CMP), CA-MA-SA (CMS), and CA-PA-SA (CPS), was 

prepared with varying weight proportions (90/5/5, 80/10/10, 70/15/15, 60/20/20, 50/25/25, 

40/30/30, 30/35/35, 20/40/40, and 10/45/45) from their liquid mixtures by vigorous mixing 

and stirring and gentle heating. Fifty-four such ternary mixtures (50 g each) were prepared 

using crude fatty acids that were initially in liquefied state and later left at ambient condition 

for about one hour for tender cooling and solidification. All the weights and measurements 

were completed employing a highly accurate and reliable semi-analytical digital balance 

with an accuracy of about ±0.0001 g during the experiment. The schematic of the 

experimental setup is shown in Figure 3.1.  
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Figure 3.1. Experimental setup (a) PCM in solid state (b) PCM after melting (c) semi-

analytical balance used during experiment (d) DSC 

 

 

3.3 DSC analysis 

The principal thermal properties, which are crucial and obligatory to establish any material 

as a PCM, used for TES systems are latent heat of fusion, latent heat of crystallization, 

melting temperature, and freezing temperature. The calorimetric method is generally 

employed for the quantification of latent heat of fusion and melting temperature for any type 

of storage material. In differential scanning calorimetry (DSC), a sample and a reference 
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material are heated in different aluminum pans with the temperature increase at a fixed rate. 

The differential heating of the sample and the reference material is recorded as the function 

of temperature. The area beneath the curve provides the latent heat of fusion while melting 

temperature is assessed by the tangent of the highest slope at the summit of the crest. The 

thermal properties of all developed eutectics were measured using a state-of-the-art DSC 

4000 PerkinElmer instrument. The heating rate was maintained at 2 °C min-1 with a 

continuous puff of nitrogen at a rate of 20 mL min-1. The accuracy in the enthalpy and 

temperature measurements was ±2 % and ±0.1 °C while the precision was ±0.1 % and 

±0.02°C, respectively. The typical uncertainties in the values obtained through this DSC 

measurement are ±2 % in latent heat of fusion and ±1.5 °C in melting temperature, 

respectively. The different thermal properties, namely, melting temperature, freezing 

temperature, latent heat of fusion, and latent heat of crystallization of the crude saturated 

fatty acids procured from the Burgoyne firm were quantified calorimetrically. The 

concerning results are provided in Table 3.1. 

Table 3.1: Thermophysical properties of fatty acids 

 

Fatty 

Acid 

Melting 

point 

Range 

(°C) 

*Melting 

point 

(°C) 

*Latent 

heat of 

fusion 

(kJ/kg) 

*Freezing 

point (°C) 

*Latent heat 

of 

crystallization 

(kJ/kg) 

Purity 

(%) 

**Cost 

(US$) 

CA 29-31 33.03 154.42 27.87 157.97 98.5 18.06 

LA 44-46 45.93 175.77 40.42 179.72 99.0 4.12 

MA 51-54 56.83 168.27 50.29 174.95 98.0 5.31 

PA 60-63 64.25 206.11 58.93 208.67 99.0 4.80 

SA 68-69 57.73 180.79 51.70 180.05 99.0 3.35 

*Measured through D.S.C. with 2 °C scanning heating/cooling rate. 
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**One USD= 62.275 INR [http://finance.yahoo.com/currency-

converter/#from=USD;to=INR;amt=1] 

 

3.4 Result and discussion 

TES systems face some critical issues during the practical operation, such as the precarious 

behavior of PCM together with a small number of appropriate PCM having effective 

synchronization with the thermal systems. The research in this particular area only gain a 

peak in the late ’90s and requires additional PCMs, which could be ideal for TES 

applications. A comprehensive list of PCMs, which could be ideal in the buildings for TES 

was published by Tyagi and Buddhi [35]. The investigators deduced that the preferred PCMs 

for these specific applications should be within the array of 20-32 oC. This analogous type 

of comprehensive and extended collection of PCMs is also vital for the PV systems, solar 

greenhouse, solar space heating, and solar water heating systems.  

Eutectic is a combination of several materials in such an amount that can produce the melting 

temperature as minimum as possible. The amalgamated material should have a sharp melting 

temperature and its storage density somewhat greater than the parent materials. However, 

the data related to their thermo-physical attributes are very scarce. In this current study, the 

base materials selected to prepare the blendings are laboratory-grade fatty acids, ranging 

from medium to long-range saturated acids (MCFA & LCFA) i.e. CA, MA, SA, LA, and PA 

as these materials showed high LHF and can be easily made available by the local vendor. 

The ternary MCFA and LCFA blends are essential to contribute to the melting temperature 

at our desired comprehensive range of  (15-50 oC).  

Pure acids are distinguished by a single, sharp, and distinct peak while analyzing the DSC 

graph. The prepared eutectic blends were analyzed and data were presented in the following 

tables. 
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3.4.1 CLM series 

To obtain the CLM series, nine blends with varying amounts of  CA, LA, and MA were 

developed and characterized calorimetrically using DSC. The obtained data are shown in 

Table 3.2. On the basis of these tabulated results, it can be inferred that the melting 

temperature follows a downward trend with a decrease in the concentration of CA from 

90/5/5 wt. % to 50/25/25 wt. % in the mixtures, however, a slight drift has been observed in 

upwards direction for the next coming up mixtures in the CA-LA-MA series such as 

40/30/30 wt. %, 30/35/35 wt. %, 20/40/40 wt. %, and 10/45/45 wt. %. This decline is obvious 

from the starting till the weight fraction of CA in the mixture dropped from 90 to 50 wt. %. 

The variation observed owing to the higher to a lower proportion of the CA in the prepared 

blends, however, the other two LA and MA are also having the lower concentration in the 

mixtures, which may also be the reason for the same. The melting of the 40/30/30 wt.%, 

30/35/35 wt. %, 20/40/40 wt. %, and 10/45/45 wt. % mixtures were observed higher than 

the previously developed mixtures in the same series. This happened due to the lower 

concentration of CA in the mixtures as well as the other LA and MA higher concentration in 

the mixtures, which may be an adequate reason for the higher melting temperature of the 

developed mixtures. It is evident from Table 3.2 that the melting temperature of the CLM 

series (90/5/5 wt. %, 80/10/10 wt. %, 70/15/15 wt. %, 60/20/20 wt. %, 50/25/25 wt. %, 

40/30/30 wt. %, 30/35/35 wt. %, 20/40/40 wt. %, and 10/45/45 wt. %) was 29.16 °C, 22.30 

°C, 21.41 °C, 19.59 °C, 17.81 °C, 26.09 °C, 28.49 °C, 34.18 °C, and 35.91 °C respectively. 

The LHF was 124.64, 172.65, 103.22, 156.38, 143.15, 154.25, 136.52, 148.67, and 151.64 

kJ/kg respectively, which confirmed that most of these blends have sufficient, and adequate 

latent heat of fusion values and can be also realistic for energy storage applications in any 
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kind of storage systems as per their melting temperature range. As the melting temperature 

obtained in the range between 17-35 °C, these developed blends will be appropriate for the 

building environment as well as for the thermal regulation of the PV systems. Figure 3.2 

presents the DSC curve of CLM (60/20/20wt. %) for the 0th cycle which was scanned at a 

fixed rate of 2 °C min-1. It is quite evident looking at the figure that this particular 

composition of CLM has a distinct, single, and sharp peak in the DSC curve which is obvious 

and as expected. The cost scenario of this developed series is made available in the table. 

Looking at the table, it is quite apparent that the price for these materials lies somewhat near 

about 6-17 $/kg, which is in the bearable range of most users. 

Table 3.2: Thermal properties of the developed eutectic materials (CA-LA-MA) 

 

Sample code Wt. % *Onset 

Point 

(°C) 

*Melting 

Peak 

(°C) 

*Latent 

heat 

(kJ/kg) 

Cost 

(US$) CA LA MA 

CLM905050 90 5 5 20.83 29.16 124.64 16.73 

CLM801010 80 10 10 16.81 22.30 172.65 15.39 

CLM701515 70 15 15 14.61 21.41 103.22 14.06 

CLM602020 60 20 20 15.87 19.59 156.38 12.72 

CLM502525 50 25 25 14.52 17.81 143.15 11.39 

CLM403030 40 30 30 24.03 26.09 154.25 10.05 

CLM303535 30 35 35 25.75 28.40 136.52 8.72 

CLM204040 20 40 40 31.60 34.18 148.67 7.38 

CLM104545 10 45 45 31.77 35.91 151.64 6.05 

        *Measured through D.S.C. 
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Figure 3.2. DSC curve of CLM (60/20/20 wt. %) sample 

 

3.4.2 CLP series 

For the CLP series, samples (90/5/5 wt. %) showed 28.41 °C as melting temperature along 

with the 140.03 kJ/kg as latent heat of fusion value, which can be applied to building 

applications and as well as for the thermal regulation of the PV systems due to its suitable 

melting temperature. However, the subsequent samples such as 80/10/10 wt. % and 70/15/15 

wt. % also showed 22.43 °C and 19.51 °C as their melting temperature with 99.43 and 108.13 

kJ/kg latent heat of fusion values respectively. The sample 60/20/20 wt. % has not shown a 

pointed peak as the materials were incongruous with one another for proper mixing 

[227,234]. So an odious behavior is seen in the DSC curve and no values of melting 

temperature and latent heat of fusion can be perceived. The samples 50/25/25 wt. % also 

showed 17.18 °C as melting temperature with 166.78 kJ/kg latent heat of fusion value, which 
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classifies this mixture as applicable to the low temperature-based applications. The samples 

40/30/30 wt. %, 30/35/35 wt. %, and 20/40/40 wt. % showed their melting temperature in 

the range of 19-21 °C along with the 110-160 kJ/kg of latent heat of fusion, which confirmed 

that the respective materials can be also be utilized in any relevant TES applications. The 

melting temperature of the 10/45/45 wt. % mixture was observed at 44.75 °C, which was 

higher than the other previously developed mixtures. This happened due to the lowest 

concentration of CA in the mixture as well as the other concentrations (LA and MA) had the 

highest concentration in the mixture. That may be a reason for the highest melting 

temperature observed in the series. As per the melting temperature known in the respected 

series lie in the range between 17-45 °C (Table 3.3), which is slightly higher than the CLM 

series and this happened due to MA being replaced by the PA in the series. The latent heat 

of fusion values of the CLP series was found in the range of 100-170 kJ/kg, which lies in the 

acceptable range of the user and has sufficient heat to apply for TES applications. 

Table 3.3: Thermal properties of the developed eutectic materials (CA-LA-PA) 

 

Sample 

code 

Wt. % *Onset 

Point 

(°C) 

*Melting 

Peak 

(°C) 

*Latent 

heat 

(kJ/kg) 

Cost 

(US$) CA LA PA 

CLP905050 90 5 5 20.46 28.41 140.03 16.70 

CLP801010 80 10 10 15.60 22.43 99.43 15.34 

CLP701515 70 15 15 14.13 19.51 108.13 13.98 

CLP602020 60 20 20 NA NA NA 12.62 

CLP502525 50 25 25 14.09 17.18 166.78 11.26 

CLP403030 40 30 30 13.99 20.89 116.65 9.90 

CLP303535 30 35 35 15.27 19.01 151.92 8.54 

CLP204040 20 40 40 14.80 19.93 158.89 7.18 

CLP104545 10 45 45 43.25 44.75 148.40 5.82 

*Measured through D.S.C.; N.A. data not available due to various peaks in D.S.C. figures. 
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3.4.3 CLS series 

For the CLS series, the sample (90/5/5 wt. %) showed 28.10 °C as melting temperature with 

the 144.91 kJ/kg as latent heat of fusion value, which can be applied to thermal applications 

for that purpose materials developed. The data obtained for this series from the DSC curves 

are specified in Table 3.4. It can be explained based on the perceived result that the melting 

temperature follows a downward trend with a decline in the concentration of CA from 90/5/5 

wt. % to 50/25/25 wt. % in the mixtures as appeared in the CLM series, however, the trend 

showed an upwards direction for the next coming up mixtures in the CLS series such as 

30/35/35 wt. %, 20/40/40 wt. %, and 10/45/45 wt. % samples. The sharp well-defined peak 

is not observed for 40/30/30 wt. % mixture, as also evident in the above-text and this 

happened due to the same reason as explained above. This decline can be easily noticed from 

the beginning until the concentration of CA in the blending declines from 90 to 50 wt. %. 

These variances in the mixtures can be explained as the regular dip in the concentration of 

the CA, however, the other two LA and SA is also having a lower concentration in the 

mixtures, which may also be a reason for the same. As the concentration of the LA and SA 

increased in the samples 30/35/35 wt. %, 20/40/40 wt. %, and 10/45/45 wt. %, the melting 

temperature also increased as compared to the previously developed mixtures. The range of 

melting temperature obtained for these mixtures is within 17-40 °C having enormous latent 

heat of fusion which falls in the range of 80-180 kJ/kg. 
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Table 3.4: Thermal properties of the developed eutectic materials (CA-LA-SA) 

 

Sample code Wt. % *Onset Point 

(°C) 

*Melting 

Peak (°C) 

*Latent 

heat 

(kJ/kg) 

Cost 

(US$) CA LA SA 

CLS905050 90 5 5 21.81 28.10 144.91 16.63 

CLS801010 80 10 10 15.62 22.39 162.89 15.20 

CLS701515 70 15 15 13.85 19.56 82.97 13.76 

CLS602020 60 20 20 15.15 18.80 176.63 12.33 

CLS502525 50 25 25 13.85 16.92 115.26 10.90 

CLS403030 40 30 30 15.20 19.45 109.70 9.47 

CLS303535 30 35 35 15.00 19.14 163.59 8.03 

CLS204040 20 40 40 31.68 32.76 135.24 6.60 

CLS104545 10 45 45 36.33 36.94 116.81 5.17 

*Measured through D.S.C.; N.A. data not available due to various peaks in D.S.C. figures 

3.4.4 CMP series 

The data obtained from the DSC for CMP curves are given in Table 3.5. The well-defined 

pointed peak is not observed for 90/5/5 wt. % sample because the respective materials used 

to prepare the blending were incongruous with one another for homogenous mixing. As a 

result, two separate peaks are observed. It can be clearly observed from the table that the 

melting temperature of CMP samples (80/10/10 wt. %, 70/15/15 wt. %, 60/20/20 wt. %, and 

50/25/25 wt. %) were 24.18, 20.83, 21.02, and 21.80 °C respectively. The latent heat of 

fusion was 131.72, 154.24, 138.54, and 170.37 kJ/kg, which substantiated these materials 

for building applications looking at their sharp melting temperature and enormous latent heat 

of fusion value. Figure 3.3 exhibits the DSC curve of CMP (60/20/20 wt. %) for the 0th cycle. 

It is evident analyzing the figure that it is having a sharp, well-defined, pointed peak, which 

is showing the matching features as expected. The incongruous nature of the materials at 

40/30/30 wt. % did not exhibit a pointed peak as the equivalent trend has also been seen in 
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the previously developed mixtures in the other series of the sample. The samples (30/35/35 

wt. % and 20/40/40 wt. %) showed 41.47 °C and 42.98 °C as melting temperature 

respectively along with the 163.37 kJ/kg and 158.48 kJ/kg latent heat of fusion values, which 

also predict the suitability of these blendings for the solar space/water heating applications. 

The sample (10/45/45 wt. %.) also showed a similar trend that can be seen in the sample 

(90/5/5 wt. %). These materials could not mix properly, that's why the lower melting peak is 

allied to the CA concentration and another higher melting peak occurred due to the mixing 

of MA and PA in the DSC curve. It can also be comprehended from the table that the several 

developed materials displayed a good amount of the latent heat of fusion, which is an 

important parameter to recommend these mixtures for energy storage applications. 
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Table 3.5: Thermal properties of the developed eutectic materials (CA-MA-PA) 

 

Sample code Percentage by 

Weight 

First Peak Second Peak Cost 

(US$) 

CA MA PA *Onset 

Point 

(°C) 

*Melting 

Peak 

(°C) 

*Latent 

heat 

(kJ/kg) 

*Onset 

Point 

(°C) 

*Melting 

Peak 

(°C) 

*Latent 

heat 

(kJ/kg) 

CMP905050 90 5 5 26.45 28.27 110.95 36.10 39.86 20.77 16.76 

CMP801010 80 10 10 23.16 24.18 131.72 -- -- -- 15.46 

CMP701515 70 15 15 16.59 20.83 154.24 -- -- -- 14.16 

CMP602020 60 20 20 17.15 21.02 138.54 -- -- -- 12.86 

CMP502525 50 25 25 17.00 21.80 170.37 -- -- -- 11.56 

CMP403030 40 30 30 NA NA NA    10.26 

CMP303535 30 35 35 40.51 41.47 163.37 -- -- -- 8.96 

CMP204040 20 40 40 40.31 42.98 158.48 -- -- -- 7.66 

CMP104545 10 45 45 17.61 20.29 13.11 46.34 47.49 161.34 6.36 

             *Measured through D.S.C.; N.A. data not available due to various peaks in D.S.C. figures. 
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Figure 3.3. DSC curve of CMP (60/20/20 wt. %) sample 

 

3.4.5 CMS series 

For the CMS series, the melting temperature of the samples (90/5/5 wt. %, 80/10/10 wt. %, 

70/15/15 wt. %, 60/20/20 wt. %, 50/25/25 wt. %, and 40/30/30 wt. %) were 29.83, 21.81, 

20.30, 19.63, 20.34, and 20 °C, respectively. The latent heat of fusion was 160.71, 178.45, 

169.74, 175.16, 148.95, and 184.29 kJ/kg, respectively which confirm that these materials 

have sufficient latent heat of fusion values and their melting temperature are also lying in 

the preferred temperature range, that is why these materials can be endorsed for building 

applications or other related thermal applications. The sample 30/35/35 wt. %, 20/40/40 wt. 

%, and 10/45/45 wt. % did not exhibit a well-defined, pointed peak because of the 
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incongruous nature of the material at this concentration, as the identical trend can be also 

seen in the previously developed mixtures. The overall temperature range of this particular 

series was between 20-30 °C along with the 140-200 kJ/kg of latent heat of fusion, which 

also ascertained that these materials can be useful for the purpose they developed. The data 

obtained for this respective series are given in Table 3.6. 

Table 3.6: Thermal properties of the developed eutectic materials (CA-MA-SA) 

 

Sample 

code 

Wt. % *Onset 

Point (°C) 

*Melting 

Peak (°C) 

*Latent 

heat 

(kJ/kg) 

Cost 

(US$) 
CA MA SA 

CMS905050 90 5 5 28.05 29.83 160.71 16.69 

CMS801010 80 10 10 16.23 21.81 178.45 15.31 

CMS701515 70 15 15 15.25 20.30 169.74 13.94 

CMS602020 60 20 20 15.96 19.63 175.16 12.57 

CMS502525 50 25 25 15.54 20.34 148.95 11.20 

CMS403030 40 30 30 16.69 20.00 184.29 9.82 

CMS303535 30 35 35 NA NA NA 8.45 

CMS204040 20 40 40 NA NA NA 7.08 

CMS104545 10 45 45 NA NA NA 5.70 

*Measured through D.S.C., N.A. data not available due to various peaks in D.S.C. figures. 

3.4.6 CPS series 

For the CPS series, the melting temperature of the samples (90/5/5 wt. %, 80/10/10 wt. %, 

70/15/15 wt. %, 60/20/20 wt. %, and 50/25/25 wt. %) were 24.83, 24.79, 23.73, 23.30, and 

26.52 °C respectively. The latent heat of fusion was 128.10, 162.40, 146.65, 164.80, and 

183.11 kJ/kg respectively. These results showed the melting temperature in the range 

between 23-30 °C along with the 120-180 kJ/kg of latent heat of fusion, which shows that 

these materials can be applied in TES applications. The sample (40/30/30 wt. %) showed 

23.58 °C as melting temperature along with the 142.91 kJ/kg latent heat of fusion value, 

which substantiates these materials for building and PV applications. The DSC curve of the 
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sample (30/35/35 wt. %)  did not show a sharp peak and presented an abstruse behavior, 

that's why one cannot recommend it for TES applications. The DSC curve of the sample 

(20/40/40 wt. % and 10/45/45 wt. %) did not display a sharp, well-defined, pointed peak 

because of the incongruous nature of the materials for proper mixing. These materials could 

not mix properly with one another, that’s why the lower melting peak connected to the CA 

concentration occurred in the DSC curve, however, the PA and SA mixing peak could not 

clearly appear in the same DSC curve. The data obtained for this particular series are 

presented in Table 3.7. 
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Table 3.7: Thermal properties of the developed eutectic materials (CA-PA-SA) 

 

Sample 

code 

Percentage by 

Weight 

First Peak Second Peak Cost 

(US$) 

CA PA SA *Onset 

Point 

(°C) 

*Melting 

Peak 

(°C) 

*Latent 

heat 

(kJ/kg) 

*Onset 

Point 

(°C) 

*Melting 

Peak 

(°C) 

*Latent 

heat 

(kJ/kg) 

CPS905050 90 5 5 19.83 24.83 128.10 -- -- -- 16.66 

CPS801010 80 10 10 19.09 24.79 162.40 -- -- -- 15.26 

CPS701515 70 15 15 19.48 23.73 146.65 -- -- -- 13.86 

CPS602020 60 20 20 19.51 23.30 164.80 -- -- -- 12.47 

CPS502525 50 25 25 21.78 26.52 183.11 -- -- -- 11.07 

CPS403030 40 30 30 18.50 23.58 142.91 -- -- -- 9.67 

CPS303535 30 35 35 NA NA NA -- -- -- 8.27 

CPS204040 20 40 40 18.39 21.90 43.08 48.84 51.30 110.66 6.87 

CPS104545 10 45 45 22.36 24.42 26.86 52.14 54.44 146.31 5.47 

                *Measured through D.S.C
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Overall, Tables 3.2, 3.3, 3.4, 3.5, 3.6, and 3.7 provide the data regarding the melting 

temperature of the developed PCMs. The respective series is showing changes in the melting 

temperature as their composition is progressively changing. It can be also seen that the few 

series are not complete, which mainly happened due to the insufficient data available for 

some selected compositions. Finding melting temperature and latent heat of fusion in 

different blends of fatty acids was a quite complicated task as with the case of pure fatty 

acids. It could be easily visualized that the melting temperature of the different blendings 

prepared would always be lower than its parent materials. It could be seen that combined 

material had non-ideal behavior. The lack of prevailing data provides perplexity to the cost 

comparison, yet the author’s developed PCMs are reasonably economical when compared 

to other materials with a similar kind of TES application. The PCMs developed through 

present work fall in between the 5–17 $/kg price range which can be even dropped to about 

2–5 $/kg when produced in mass quantity. Overall, it can also be concluded that the 

developed ternary series has a long life with low cost, which is the main parameter to select 

any PCM from the commercial market. 
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Chapter 4: Thermal stability and reliability test of selected PCMs for 

energy storage applications  

4.1 Introduction 

Thermal energy storage is an important energy storage technique. There are three most 

prevalent methods by which thermal energy can be stored i.e. sensible, latent, or 

thermochemical storage. Latent heat storage using PCMs is the most common and widely 

used method among the three [235]. The PCMs provide a unique way to store and utilize 

thermal energy. The energy is stored or released through isothermal phase change 

phenomena during melting and solidification. The PCMs offer storage over a broad range of 

temperatures viz. low, medium, and high-temperature applications [120,233].  

However, the selection of the PCMs for thermal energy storage application is a challenging 

task. Several aspects of the PCMs have to be kept in mind while selecting for a particular 

application. The selected PCM should be in the desired temperature range. It should have 

high latent heat of fusion, high thermal conductivity, low volume change during the phase 

transition, and low vapor pressure. The PCMs should also be non-flammable, non-toxic, and 

have minimum health hazards. The PCM's low cost, compatibility with the construction 

material, and recyclability are advantageous for the economic and environmental perspective 

[236,237]. The effectiveness of the PCM can be improved by employing several methods 

such as encapsulation, shape-stabilization, using a cascaded thermal energy storage system, 

conductivity enhancement, maintaining high energy density, and chemical inertness over a 

long period. Therefore, the selection of PCM for a particular application involves several 



 

102 
 

critical sets of parameters that are not always easy to recognize and often conflict with each 

other [238]. 

One of the essential requirements for PCM in the thermal system is the life of the storage 

material that relies on the consistent thermophysical properties with time i.e. phase transition 

temperature and latent heat storage capability over repeated melt/freeze cycles [105,107]. 

The commercial-grade PCMs are preferably used in the latent heat storage system (LHSS) 

due to their abundant availability and low cost. However, commercial-grade PCMs (95-98 

% purity) show a large deviation in thermophysical properties in comparison to their 

laboratory-grade (> 99.5 % purity) counterparts [46]. The PCM also deteriorates due to 

several other physical and chemical phenomena prominent one including moisture 

absorption, breaking of the aliphatic chain of the molecules, formation of the new chemical 

compound, impurities, phase separation, polymorphism, etc. with the continuous heat and 

cold treatment. As a result, the material loses its stable thermophysical properties which are 

reflected in deviation from its melting and solidification temperature and its latent heat 

storage capability. Therefore, it is particularly important to test the stability of developed 

material before application to the real thermal system [239]. 

There is various category of PCMs such as organic, inorganic, and eutectics. The organic 

PCMs are profusely used in the thermal system due to their non-corrosiveness, no 

supercooling, and no phase segregation behavior. In the organic class, fatty acids are most 

prevalent among non-paraffins due to their large availability [240]. The most interesting 

features of fatty acids are that they are derived from bio-based sources such as tropical oils 

and animal fats. They can be also obtained from feedstock wastes, waste cooking oils, waste 

fats from animals. As the raw materials are obtained from a natural source, they are 
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biodegradable, sustainable, and environmentally friendly [237]. In the past, several authors 

have developed fatty acid-based PCMs, their eutectics, and composites and undertaken cycle 

to understand the thermal stability after several melt/freeze cycles. Sharma et al. [98] 

conducted an accelerated cycle test of SA. These PCMs were subjected to 300 

heating/cooling cycles. The authors found that SA was quite stable after the thermal cycle 

test. Zhang et al. [100] prepared a binary mixture of fatty acids. The authors found that a 

22.95 % LA-PA binary system had similar DSC curves after numerous melt/freeze cycles. 

The mixture was found stable up to 100 test cycles. Ahmet Sari [105] performed a reliability 

test on industrial-grade LA, PA, SA, and MA. 1200 accelerated thermal cycles were 

conducted. The total variation in the melting temperature and latent heat of fusion was in the 

range of 0.07 °C-7.87 °C and -1.0 % to 27.7 % respectively. Sari et al. [106] showed that 

eutectic blends of LA-SA (75.5:24.5 wt. %), MA-PA (58:42 wt. %), PA-SA (64.2:35.8 wt. 

%) were stable up to 360 cycles. The variation in melting temperature and latent heat of 

fusion was found irregular during the progression of thermal cycles. Sharma and Shukla [46] 

developed binary eutectics of some fatty acids. An extensive thermal cycle test of up to 1200 

cycles was performed. The result showed a -1.69 °C to 4.33 °C variation in melting 

temperature and -35 % to 25 % variation in latent heat of fusion. Zhang et al. [42] prepared 

a composite of ternary eutectic of CA, PA, and SA with expanded graphite (EG) (i.e. CA-

PA-SA/EG). The weight ratio of CA-PA-SA was 79.3:14.7:6.0. 500 thermal cycles were 

conducted on the prepared composite which confirmed that the PCM was thermally stable. 

Sharma et al. [44] prepared a novel composite of PA and TiO2 nanoparticles. The authors 

performed 1500 thermal cycles on this composite. The result showed excellent thermal 

reliability of the developed PCM. Wen et al. [132] prepared CA-LA/diatomite composite 
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employing the vacuum impregnation method. 200 thermal cycles revealed that the PCM had 

excellent thermal stability. Chen et al. [39] developed SA and multi-walled carbon nanotubes 

(SA@MWCNTs) complex. 50 thermal melt/freeze cycles showed that there was no 

alteration in the phase transition temperature. Sari et al. [130] prepared silica fume/CA-PA 

composite PCM doped with CNT. The 1000th cycle thermogram was compared with that of 

the virgin composite. The two thermograms obtained were quite similar. 

These studies suggest that the knowledge of thermal stability is important for the overall 

performance of the thermal system which also ensures the long-term reliability of the PCM 

without deterioration [46]. In the present investigation, the ternary blends of the saturated 

fatty acids were prepared whose thermophysical properties were obtained using DSC 

analysis. To test the thermal stability of the developed PCMs, 300 melt/freeze cycles were 

conducted using thermostatic chambers. Further, TGA analysis was also conducted to test 

the wide temperature range stability of the developed PCMs. FTIR analysis was undertaken 

to confirm any changes in chemical structure and functional group after 300 thermal cycle 

tests. 

The novelty of this work can be explained on the basis that the study related to the 

development of the PCMs was conducted and data reported in the previous chapter [241].  

However, the thermal stability with respect to the cycle test has been done and reported in 

this chapter which is also equally important for the long-term performance of the PCM in 

any kind of thermal system. The thermal stability of the PCM has a prevailing impact on the 

energy and the financial payback period, energy savings, greenhouse gas emission reduction, 

and revenue generated with such addition. The thermal system is generally costly and the 

addition of PCM further escalates the cost. The thermal stability of the PCMs concerning a 
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large number of thermal cycles is very much essential to analyze if such PCMs have good 

synchronization with the thermal system and the ambient environment or not besides the 

other factors such as heating/cooling rate, energy demand, heat exchanger design, useful 

temperature range, automation engineering of a TES equipment-device are equally important 

[242,243]. Therefore, a similar study was planned and conducted in a well-constructed 

thermostatic chamber and presented in the chapter. The developed PCMs are new and 

exactly such types of PCMs are not available in the open literature. The cost analysis was 

also done which showed that the developed PCMs are having low cost and can be easily 

afforded by the consumer as per their convenience.  

4.2 Material preparation and investigational approach 

4.2.1 Material preparation 

All the saturated acids (purity > 98 %) were brought from the Burgoyne Pvt. Ltd. firm. 

Primarily, fifty-four ternary blends were prepared i.e. CA-LA-MA, CA-LA-PA, CA-LA-

SA, CA-MA-PA, CA-MA-SA, and CA-PA-SA with different weight compositions (90/5/5, 

80/10/10, 70/15/15, 60/20/20, 50/25/25, 40/30/30, 30/35/35, 20/40/40 and 10/45/45. These 

mixtures were then poured into a flask which was heated to 40 °C and stirred for about one 

hour for uniform mixing. The sample was then kept at ambient temperature for tender 

cooling. The thermophysical properties viz. melting temperature and latent heat of fusion 

were obtained using DSC analysis.  Based on the primary results, 28 samples were sorted 

out for the cycle testing those having sharp melting temperature and enormous latent heat of 

fusion value. 

The thermal system where the PCM is employed undergoes at least one melt/freeze cycle 

during an entire day. However, this is a too slow process to test the thermal stability and such 
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assessment takes a large amount of time. The same melt/freeze phenomena can be recreated 

in the laboratory using a thermostatic system where a cycle test of the PCM can be effectually 

carried out. Such an arrangement is faster and can deliver quick results. The thermal stability 

is measured in percentage deviation from its transition temperature and latent heat of fusion 

from the 0th cycle. As the constant and stable thermophysical properties of PCM viz. melting 

temperature and latent heat of fusion are important for the precise working of the thermal 

system. Any drastic deviation from the 0th cycle value renders the material useless and can 

not be recommended for thermal systems [107]. 

For the thermal cycle analysis, 40 ml of the sample was poured into a glass tube having a 

25mm×150mm configuration. Each sample was then mounted on a glass tube stand 

separately into two lots and immersed in the chilling bath and heating bath separately. The 

material preparation and distribution methods are presented in Figure 4.1. 
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Figure 4.1. Material preparation and distribution for cycle test process 

 

4.2.2 Thermal cycle testing procedure 

The thermal cycle testing unit has a cryostat circulator strapped to a water bath having a 

capacity of about 20 L. The circulator can be adjusted from -20 °C to 80 °C having ±0.1 °C 

temperature stability and ±0.1 °C accuracy with an in-built temperature regulator. The 

chilling bath to which the circulator was connected was fixed at 10 °C. The heating bath had 

a temperature adjustable range from 40 °C to 300 °C which was set at 40 °C throughout the 

cycle test process. One cycle was said to be completed when a material undergoes one 

complete melting and freezing in the respective heating and freezing chamber. After one 
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complete cycle, the glass stand containing the glass tube was swapped between the chilling 

and heating bath. At each juncture of the 50th cycle, the DSC of the sample was performed 

to obtain its melting temperature (onset & peak) and latent heat of fusion The same process 

was repeated until the 300th cycle was reached. A model description and schematic of the 

thermal cycle unit used during the experiment is shown in Figure 4.2. 

 

Figure 4.2. The model description of the thermal cycle testing unit 
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4.2.3 Differential scanning calorimeter (DSC) 

DSC was performed with PerkinElmer DSC 4000 from 0 °C to 60 °C at a scan rate of 2 

°C/min with an incessant stream of 20 ml/min. of nitrogen. For this 10 mg of the sample was 

taken which was measured using a semi-analytical balance having an accuracy of about 

±0.00001 g. The sample was then placed on the aluminum pan which acted as a test sample 

and lowered into the DSC oven adjacent to the reference sample. In the DSC analysis, the 

difference in the heat flow between the reference and the test sample was recorded as a 

function of temperature. The accuracy in the temperature and enthalpy measurement was 

±0.1°C, and ±2 % respectively. The instrument had a precision of ±0.02 °C and ±0.1 % for 

temperature and enthalpy measurements [221]. In the DSC analysis, the area under the curve 

provides the latent heat of fusion and crystallization, and the tangent at the point of the 

highest slope provides the onset melting and freezing point. The point at maximum heat 

absorption or release provides the melting or crystallization peak. 

4.2.4 Thermogravimetric analysis (TGA) 

 Thermogravimetric analysis (TGA) was performed using a Linseis PT1000 instrument from 

ambient temperature to 400 °C at a scan rate of 10 °C/min with a stream of 50 ml/min of 

nitrogen. For TGA analysis 20 mg of the sample was taken in a crucible and placed in the 

TGA furnace. The temperature was then gradually raised. The mass loss was recorded as the 

function of temperature. The instrument had a resolution of 5 µg. 

4.2.5 Fourier-transform infrared spectroscopy (FTIR) 

The FTIR was performed using PerkinElmer Spectrum Two FTIR Spectrometer. The sample 

can be used either in a solid or thin-film form. For recording the data, the ATR mode was 
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used. The equipment was equipped with PIKE MIRacle single reflection horizontal ATR 

accessory fitted with a ZnSe ATR crystal. 

4.3 Result and discussion 

4.3.1 DSC analysis 

The thermophysical properties viz. MT, FT, LHF, LHC of all crude fatty acids were 

measured using the DSC technique and are presented in Table 3.1.

https://www.mdpi.com/1996-1073/14/15/4509/htm#table_body_display_energies-14-04509-t001
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Originally, 54 samples were prepared with series code CA-LA-MA, CA-LA-PA, CA-LA-

SA, CA-MA-PA, CA-MA-SA, and CA-PA-SA having a different weight composition. only 

28 samples were found promising after DSC analysis. The thermophysical properties viz. 

melting temperature and latent heat of fusion are presented in Table 4.1. After the 

preliminary investigation, the cycle testing of the material was performed which was 

essential to confirm any variation in melting temperature (peak) and latent heat of fusion 

after repeated exposure to continuous melt/freeze cycles. The cycle testing mimics the 

thermal system where the PCM is placed and undergoes at least one melt/freeze cycle during 

the entire day.  This is essential for the long-term stability and effective utility of the PCM 

material in any thermal system. For this purpose, 300 accelerated thermal cycles were 

performed. The obtained result viz. melting temperature (onset and peak) and latent heat of 

fusion at each interval of 50 cycles was noted and presented in Table 4.2-4.11. 

Table 4.1: Thermophysical properties of the obtained composition 

 

Onset 

(°C) 

Peak 

 (°C) 

Latent 

heat  of 

fusion 

(kJ/kg) 

Cost 

(US$/kg) 

Laboratory 

code/name* 

15.27 19.01 151.92 8.54 CLP303535 

14.13 19.51 108.13 13.98 CLP701515 

13.85 19.56 82.97 13.76 CLS701515 

15.87 19.59 156.08 12.72 CLM602020 

15.96 19.63 175.16 12.57 CMS602020 

15.25 20.30 169.74 13.94 CMS701515 

15.54 20.34 148.95 11.19 CMS502525 

16.59 20.83 154.24 14.16 CMP701515 

13.99 20.89 116.65 9.71 CLP403030 

17.15 21.02 138.54 12.86 CMP602020 

14.61 21.41 103.22 14.06 CLM701515 

17.00 21.80 170.37 11.56 CMP-502525 

16.23 21.81 178.45 15.31 CMS801010 
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16.81 22.30 172.65 15.39 CLM801010 

15.60 22.43 99.43 15.34 CLP801010 

15.62 22.49 152.89 15.19 CLS801010 

19.48 23.73 146.65 13.86 CPS701515 

12.16 24.18 131.72 15.46 CMP801010 

19.09 24.79 162.40 15.26 CPS801010 

24.03 26.09 154.25 10.05 CLM403030 

21.78 26.52 183.11 11.06 CPS502525 

19.51 27.16 164.80 12.47 CPS602020 

25.75 28.40 136.52 8.72 CLM303535 

20.46 28.41 140.03 16.70 CLP9055 

20.83 29.16 124.64 16.72 CLM9055 

19.83 29.22 128.09 16.66 CPS9055 

28.05 29.83 160.71 16.69 CMS9055 

21.81 31.05 131.86 16.63 CLS9055 

*C-Capric acid, L-Lauric acid, M-Myristic acid, S-Stearic acid, P-Palmitic acid; The 

number represents the weight fraction of fatty acid in the mixture e.g. CLP303535 means 30 

% weight fraction of capric acid, 30 % weight fraction of lauric acid, and 30 % weight 

fraction of palmitic acid. 

4.3.2 Thermal cycle test 

The thermal cycle test result was reported in relative percentage difference (RPD). In this 

method the initial thermophysical properties were taken as reference and compared to the 

value of the thermophysical properties taken after the cycle test which can be represented as: 

                                                       𝑅𝑃𝐷 (%) =  
𝑃𝑓−𝑃𝑜

𝑃𝑜
× 100                                                (4.1) 

Where Pf is the final thermophysical properties and Po is the initial thermophysical 

properties.  

Table 4.2 shows CLP303535, CLP701515, and CLS701515 mixtures. The melting 

temperature (peak) and latent heat of fusion obtained at the 0th cycle were 19.01, 19.51, 

19.56°C, and 151.92, 108.13, 82.97 kJ/kg respectively. The melting temperature (peak) 

showed a slightly dropping tendency with an increasing cycle. The melting temperature 
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(peak) and latent heat of fusion range obtained were (18.44-20.80, 19.28-21.86, 18.78-21.32 

°C) and (148.49-201.69, 104.25-165.26, 133.58-162.78 kJ/kg) respectively after 300 cycles. 

The melting temperature (peak) varied from -3.00 % +9.42 %, -1.18 % to +12.05 %, -3.99 

to +9 % while latent heat of fusion varied from -2.26 % to +32 %, -3.59 % to +52.83 %, -61 

% to +96.19 % respectively. Figure 4.3 shows the DSC thermograms at 0th, 50th, 100th, 150th, 

200th, 250th, and 300th cycle which showed only a slight variation in melting temperature 

(peak) compared to that of the 0th cycle and the thermogram behavior in all the cases 

remained the same which also confirmed that the thermal behavior of the respective PCMs 

at different cyclic stages remained identical. However, due to the large deviation in latent 

heat of fusion of CLS701515, this PCM can not be recommended for thermal application. 

However, the other two PCMs are useful for radiative and free cooling, and air conditioning 

applications. 
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Table 4.2: Latent heat of fusion and melting temperature of developed materials with test cycles (CLP303535, CLP701515, and 

CLS701515) 

 

No. of 

test 

cycles 

 

CLP303535 CLP701515 CLS701515 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion  

(kJ/kg) 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion 

(kJ/kg) 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion 

(kJ/kg) 

0 15.27 19.01 151.92 14.13 19.51 108.13 13.85 19.56 82.97 

50 15.29 19.13 117.83 13.77 20.87 145.90 13.87 20.03 133.58 

100 15.24 20.80 148.49 15.35 21.86 153.13 13.90 21.32 161.24 

150 14.55 19.22 154.10 13.67 19.47 165.26 13.78 18.78 139.32 

200 14.29 18.44 201.69 13.55 19.28 124.64 13.61 19.11 135.02 

250 14.50 19.28 149.89 13.72 19.77 156.30 13.65 19.11 140.87 

300 14.35 18.84 184.29 17.61 20.37 104.25 13.57 19.26 162.78 
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Figure 4.3. Cycle testing (a) CLP303535 (b) CLP701515 (c) CLS701515 

 

Table 4.3 shows CLM602020, CMS602020, and CMS701515 mixtures having melting 

temperature (peak) of 19.59, 19.63, 20.30 °C and latent heat of fusion of 156.08, 

175.16,169.74 kJ/kg respectively at 0th cycle. The variation obtained after 300th cycle was -

3.16 % to +4.75 %, -2.39 to +6.83 %, -2.07 % to +10.99 % in melting temperature (peak) 

and -11.62 % to +7.14 %, -21.75 % to 0 %, -24.48 % to 0 % in latent heat of fusion 

respectively. All three PCMs showed excellent stability in terms of thermophysical 

properties. Figure 4.4 shows the DSC thermogram at different cyclic stages which were 

almost identical and very little variation in melting temperature compared to the 0th cycle 

was observed which also confirmed the thermal stability of these PCMs up to 300 cycles. 

The melting temperature of these PCMs was in the desired range and also contained an 

enormous amount of latent heat of fusion for free cooling and building applications. 
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Table 4.3: Latent heat of fusion and melting temperature of developed materials with test cycles (CLM602020, CMS602020, 

CMS701515) 

 

No. of 

test 

cycles 

 

CLM602020 CMS602020 CMS701515 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion 

(kJ/kg) 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion 

(kJ/kg) 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion) 

(kJ/kg) 

0 15.87 19.59 156.08 15.96 19.63 175.16 15.25 20.30 169.74 

50 14.78 19.06 143.87 15.54 20.48 141.07 15.40 22.23 129.96 

100 14.90 19.93 167.22 15.66 20.89 141.62 20.15 22.53 147.37 

150 14.93 18.97 157.23 15.37 19.60 137.07 15.27 20.09 139.37 

200 14.98 19.49 137.95 16.62 19.16 163.73 15.21 20.11 132.27 

250 15.14 20.52 150.65 15.29 20.97 163.98 15.09 21.03 128.18 

300 15.18 19.70 152.61 15.46 20.26 168.89 13.90 19.88 147.25 
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Figure 4.4. Cycle testing (a) CLM602020 (b) CMS602020 (c) CMS701515 

 

Table 4.4 shows CMS502525, CMP701515, and CLP403030 mixtures. The melting 

temperature (peak) and latent heat of fusion obtained were 20.34, 20.83, 20.89°C, and 

148.95, 154.24, 116.65 kJ/kg respectively. The melting temperature (peak) and latent heat 

of fusion range obtained after the 300th cycle were (19.21-20.79 °C), (20.60-22.45 °C), 

(17.80-19.25 °C), and (146.43-179.66, 131.49-190.75, 98.48-171.31 kJ/kg) respectively. 

The variation obtained was -5.56 % to +2.21 %, -1.10 % to +7.78 %, -14.79 % to 0% in 

melting temperature (peak) and -1.69 % to +20.62 %, -14.75 % to +23.67 %, -15.58 % to 

+46.86 % in latent heat of fusion respectively. Figure 4.5 shows the DSC thermogram of the 

developed PCM at different thermal cycles. The thermogram obtained was almost similar at 

various thermal cycling. These PCMs can be recommended for free cooling and building 

applications.
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Table 4.4: Latent heat of fusion and melting temperature of developed materials with test cycles (CMS502525, CMP701515, 

CLP403030) 

 

No. of 

test 

cycles 

 

CMS502525 CMP701515 CLP403030 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion  

(kJ/kg) 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion 

(kJ/kg) 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion 

(kJ/kg) 

0 15.54 20.34 148.95 16.59 20.83 154.24 13.99 20.89 116.65 

50 15.74 20.15 154.87 16.58 22.45 152.18 14.10 17.81 151.31 

100 16.29 20.79 155.05 16.99 20.75 190.75 13.70 19.25 171.31 

150 15.38 19.66 160.55 15.58 20.60 161.37 13.94 18.83 136.16 

200 15.27 19.21 146.43 16.63 20.87 131.49 13.93 18.30 152.94 

250 15.38 20.43 179.66 16.09 22.35 138.25 14.30 17.80 98.48 

300 15.35 19.71 153.71 16.39 20.90 157.65 13.87 18.14 128.18 
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Figure 4.5. Cycle testing (a) CMS502525 (b) CMP701515 (c) CLP403030 

 

Table 4.5 shows CMP602020, CLM701515, and CMP502525 mixtures. The melting 

temperature (peak) and latent heat of fusion obtained were 21.02, 21.41, 21.80 °C, and 

138.53, 103.22, 170.37 kJ/kg respectively at the 0th cycle. The melting temperature (peak) 

and latent heat of fusion range were (20.54-23.41, 19.36-20.79, 20.51-22.42 °C) and 

(139.77-162.64, 128.87-188.39, 135.43-195.33 kJ/kg) respectively. The deviation obtained 

was -2.28 % to +11.37 %, -9.57 to 0 %, -5.92 to +2.84 % in melting temperature (peak) and 

0 % to +17.40 %, 0 % to +82.51 % , -20.51 % to +14.65 % in latent heat of fusion 

respectively. Figure 4.6 shows the DSC thermogram of the PCMs at various thermal cycles. 

Owing to the large deviation in the latent heat of fusion value of CLP403030 can not be 

recommended for the thermal application. The thermogram of the other two PCMs obtained 

was identical. These two PCMs are suitable for free cooling and building applications. 
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Table 4.5: Latent heat of fusion and melting temperature of developed materials with test cycles (CMP602020, CLM701515, 

CMP502525) 

 

No. of 

test 

cycles 

 

 CMP602020  CLM701515  CMP502525 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion  

(kJ/kg) 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion 

(kJ/kg) 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion  

(kJ/kg) 

0 17.15 21.02 138.53 14.61 21.41 103.22 17.00 21.80 170.37 

50 16.69 23.41 139.77 14.43 19.36 162.95 15.91 20.51 163.12 

100 16.10 20.90 162.64 15.25 20.01 151.81 16.25 22.42 195.33 

150 16.35 21.01 141.97 14.85 19.52 129.20 16.64 20.92 187.82 

200 16.14 20.54 142.20 14.88 20.28 128.87 16.07 20.52 168.11 

250 16.64 21.36 140.84 19.69 20.79 158.40 16.13 21.24 135.43 

300 17.03 21.29 159.96 14.94 20.70 188.39 16.36 21.32 153.09 
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Figure 4.6. Cycle testing (a) CMP602020 (b) CLM701515 (c) CMP502525 

 

Table 4.6 shows CMS801010, CLM801010, and CLP801010 mixtures. The melting 

temperature (peak) and latent heat of fusion obtained were 21.81, 22.30, 22.43 °C, and 

178.45, 172.65, 99.43 kJ/kg respectively. The melting temperature (peak) and latent heat of 

fusion obtained range were (20.40-24.12, 20.52-22.76, 21.32-23.96 °C) and (134.166.74, 

127.09-152.5, 99.43-167.38 kJ/kg) respectively. The variation obtained was -6.46 % to 

+10.59 %, -7.98 % to +2.06 %, -4.95 % to +6.82 % in melting temperature (peak) and -24.79 

% to 0 %, -26.39 to 0 %, 0% to +68.34 % in latent heat of fusion respectively. Looking at 

the DSC thermogram presented in Figure 4.7, it can be visualized that similar kinds of trends 

were obtained at various thermal cycles. The variation in the melting temperature during 

cycle testing was also within the controlled limits. These PCMs have enough latent heat and 

desired melting temperature range and can be recommended for free cooling and building 

applications.



 

122 
 

Table 4.6: Latent heat of fusion and melting temperature of developed materials with test cycles (CMS801010, CLM801010, 

CLP801010) 

 

No. of 

test 

cycles 

 

CMS801010 CLM801010 CLP801010 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion  

(kJ/kg) 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion 

(kJ/kg) 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion  

(kJ/kg) 

0 16.23 21.81 178.45 16.81 22.30 172.65 15.60 22.43 99.43 

50 16.30 20.40 153.01 15.22 22.22 127.09 15.55 23.26 115.80 

100 15.98 24.12 134.22 15.17 20.52 152.50 15.35 23.96 142.89 

150 16.16 21.53 145.04 15.66 21.28 147.54 15.70 21.62 167.38 

200 16.08 20.87 146.60 15.71 20.91 140.13 15.29 21.62 151.95 

250 16.14 22.02 145.75 16.70 22.43 146.46 14.64 22.70 139.50 

300 13.37 21.35 166.74 15.17 22.76 139.83 15.63 21.32 143.45 



 

123 
 

 

Figure 4.7. Cycle testing (a) CMS801010 (b) CLM801010 (c) CLP801010 

 

Table 4.7 shows CLS801010, CPS701515, and CMP801010 mixtures. The melting 

temperature (peak) and latent heat of fusion obtained were 22.49, 23.73, 24.18 °C, and 

152.89, 146.65, 131.72 kJ/kg respectively. The melting temperature (peak) and latent heat 

of fusion range obtained after the 300th cycle was (19.83-22.99, 22.78-26.33, 22.63-24.18 

°C) and (116.5-165.52, 118.06-166.75, 113.21-175.86 kJ/kg) respectively. The deviation 

obtained was from (-11.83 % to +2.22 %, -4.00 % to +10.96 %, -6.41 % to 0 %) in melting 

temperature (peak) and (-23.80 % to +8.26 %, -19.50 % to +13.71 %, 0 % to +33.51 %) in 

latent heat of fusion respectively. Figure 4.8 shows the DSC thermogram which showed 

similar trends during each stage of the cycle testing. Only a slight variation in melting 

temperature is observed which was evident. The PCM was quite stable with respect to 

continuous heat and cold treatment and suitable for thermal application. These PCMs can be 

applied in building applications and free cooling.
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Table 4.7: Latent heat of fusion and melting temperature of developed materials with test cycles (CLS801010, CPS701515, 

CMP801010) 

  

No. of 

test 

cycles 

 

CLS801010 CPS701515  CMP801010 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion  

(kJ/kg) 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion 

(kJ/kg) 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion  

(kJ/kg) 

0 15.62 22.49 152.89 19.48 23.73 146.65 23.16 24.18 131.72 

50 13.67 21.55 122.01 19.36 26.33 130.92 17.26 24.18 137.29 

100 14.38 22.99 165.52 18.79 24.56 134.48 18.85 24.04 175.86 

150 18.02 19.83 148.10 18.81 22.78 146.36 18.33 22.89 136.21 

200 13.45 19.84 165.31 20.12 22.90 134.25 18.61 23.13 157.99 

250 17.36 21.36 116.50 18.70 23.61 166.75 18.48 24.03 163.11 

300 13.81 22.49 122.93 19.04 22.87 118.06 17.53 22.63 169.37 
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Figure 4.8. Cycle testing (a) CLS801010 (b) CPS701515 (c) CMP801010 

 

Table 4.8 shows CPS801010, CLM403030, and CPS502525 mixtures. The melting 

temperature (peak) and latent heat of fusion obtained at the 0th cycle were 24.79, 26.09, 

26.52°C, and 162.40, 154.25, 183.11 kJ/kg respectively. The melting temperature (peak) and 

latent heat of fusion range after 300th cycle obtained were (24.27-27.25, 17.20-24.54, 22.67-

25.21 °C) and (141.34-176.39, 65.09-162.47, 144.49-181.72 kJ/kg) respectively. The 

variation obtained was (-2.10 % to +9.92 %, -10.11 % to 0 %, -14.52 % to 0 %) in melting 

temperature (peak) and (-12.97 % to +8.61 %, -57.80 % to +5.33 %, and -21.09 % to 0 %) 

in latent heat of fusion respectively. The DSC thermogram presented in Figure 4.9 showed 

a similar trend during all the thermal cycles. The PCM was found suitable for building and 

PV/T applications.
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Table 4.8: Latent heat of fusion and melting temperature of developed materials with test cycles (CPS801010, CLM403030, 

CPS502525) 

 

No. of 

test 

cycles 

 

CPS801010 CLM403030 CPS502525 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion  

(kJ/kg) 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion 

(kJ/kg) 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion  

(kJ/kg) 

0 19.09 24.79 162.40 24.03 26.09 154.25 21.78 26.52 183.11 

50 18.92 26.43 161.77 15.50 25.84 65.09 19.16 25.21 144.49 

100 18.86 24.77 157.77 14.86 24.54 148.40 18.22 22.88 179.26 

150 18.40 24.27 176.39 15.91 23.45 162.47 19.47 22.94 180.33 

200 18.43 24.44 152.36 15.54 23.86 150.74 17.02 22.67 168.15 

250  27.25 141.34 14.81 24.19 121.17 18.15 23.98 181.72 

300 18.50 25.22 157.80 14.80 24.23 130.90 18.29 22.76 173.89 
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Figure 4.9. Cycle testing (a) CPS801010 (b) CLM403030 (c) CPS502525 

 

Table 4.9 shows CPS602020, CLM303535, CLP9055 mixtures. The melting temperature 

(peak) and latent heat of fusion obtained were 27.16, 28.40, 28.41 °C, and 164.80, 136.52, 

140.03 kJ/kg respectively. The melting temperature (peak) and latent heat of fusion range 

obtained were (22.52-24.29, 24.74-26.32, 27.49-28.58 °C), and (133.72-178.85, 131.13-

206.21, 124.76-164.27 kJ/kg) respectively. The variation obtained was (-17.08 to 0 %, -12.89 

% to 0 %, -3.24 % to +0.60 %) in melting temperature (peak), and (-18.86 % to +8.53 %, -

3.95 % to +51.05 %, -10.90 % to +17.31 %) in latent heat of fusion respectively. Fig. 4.10 

shows the DSC thermogram at various thermal cycles of the PCMs. The trend observed at 

each thermal cycle was similar. These PCMs were found suitable for solar absorption 

chillers, PV/T, and building applications. The variation obtained was within the 

recommended range and can be suitable for the above-mentioned thermal applications.
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Table 4.9: Latent heat of fusion and melting temperature of developed materials with test cycles (CPS602020, CLM303535, 

CLP9055) 

 

No. of 

test 

cycles 

 

 CPS602020  CLM303535 CLP9055 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion  

(kJ/kg) 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion 

(kJ/kg) 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion  

(kJ/kg) 

0 19.51 27.16 164.80 25.75 28.40 136.52 20.46 28.41 140.03 

50 19.09 23.58 149.41 19.64 25.09 131.13 20.35 27.49 124.76 

100 18.38 24.29 133.72 20.66 26.32 206.21 20.16 28.37 163.88 

150 18.52 23.21 147.14 18.70 24.74 148.36 15.74 27.73 138.33 

200 18.28 22.52 151.09 15.41 24.90 136.38 21.61 28.42 146.53 

250 18.18 23.40 170.50 15.15 24.97 152.38 19.74 28.58 155.39 

300 18.20 24.09 178.85 15.22 25.72 160.19 23.83 28.07 164.27 
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Figure 4.10. Cycle test (a) CPS602020 (b) CLM303535 (c) CLP9055 

 

Table 4.10 Shows CLM9055, CPS9055, and CMS9055 mixtures. The melting temperature 

(peak) and latent heat of fusion obtained were (29.16, 29.22, 29.83 °C), and (124.64, 128.09, 

160.71 kJ/kg) respectively. The melting temperature (peak) and latent heat of fusion range 

obtained were (28.01-28.92, 24.78-29.73, 21.44-25.39 °C), and (133.90-147.96, 125.54-

156.04, 124.56-236.78 kJ/kg) respectively. The variation was from -3.94 % to 0 %, -15.20 

% to +1.75 %, -28.13 % to 0 % in melting temperature (peak) and 0 % to +18.71 %, -1.99 

% to +21.82 %, -13.26 % to +47.33 % in latent heat of fusion respectively. Figure 4.11 shows 

the DSC thermogram of the PCMs at different thermal cycles which was very similar in 

appearance. These PCMs can be recommended for PV/T and building applications. 
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Table 4.10: Latent heat of fusion and melting temperature of developed materials with test cycles (CLM9055, CPS9055, 

CMS9055) 

 

No. of 

test 

cycles 

 

CLM9055 CPS9055 CMS9055 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion  

(kJ/kg) 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion 

(kJ/kg) 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion  

(kJ/kg) 

0 20.83 29.16 124.64 19.83 29.22 128.09 28.05 29.83 160.71 

50 15.25 28.65 133.90 19.57 24.90 152.34 23.65 25.39 236.78 

100 20.16 28.64 135.32 19.86 25.26 147.42 16.22 24.33 163.31 

150 21.03 28.70 143.17 20.88 28.80 148.49 15.58 24.88 158.01 

200 19.77 28.48 139.37  29.73 136.21 15.85 23.57 167.37 

250 16.53 28.92 145.50 19.34 29.63 156.04 16.12 24.03 139.40 

300 15.66 28.01 147.96 19.36 24.78 125.54 16.44 21.44 168.29 
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Figure 4.11. Cycle testing (a) CLM9055 (b) CPS9055 (c) CMS9055 

 

Table 4.11 shows the CLS9055 mixture. The melting temperature (peak) and latent heat of 

fusion obtained were 31.05 °C and 131.86 kJ/kg respectively. The melting temperature 

(peak) and latent heat of fusion range obtained after the 300th cycle were (27.45-29.99 °C) 

and (128.35-195.55 kJ/kg) respectively. The variation recorded was -11.59 % to 0 %, and -

2.66 to +48.30 % respectively in melting temperature (peak) and latent heat of fusion. Figure 

4.12 shows the DSC thermogram at various thermal cycles. The obtained thermogram was 

similar in each case. These PCMs were found appropriate for PV/T, and building 

applications. 
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Table 4.11: Latent heat of fusion and melting temperature of developed materials with 

test cycles (CLS9055) 

 

No. of 

test 

cycles 

 

CLS9055 

Onset 

(°C) 

Peak 

(°C) 

Latent 

heat of 

fusion  

(kJ/kg) 

0 21.81 31.05 131.86 

50 21.04 28.18 128.35 

100 21.84 29.77 144.91 

150 21.27 27.45 195.55 

200 20.94 27.67 177.99 

250 20.98 29.99 142.98 

300 20.85   

 

 

Figure 4.12. Cycle testing CLS9055 
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The DSC thermogram has shown an irregular trend concerning melting temperature (peak) 

and latent heat of fusion of the developed PCM. The thermal cycle up to 300 has not shown 

any drastic deviation in melting temperature (peak) and latent heat of fusion from their 0th 

cycle value. The irregular variation in melting temperature (peak) and latent heat of fusion 

with an increasing number of the thermal cycle can be attributed to the fact the developed 

PCM was composed of mixtures of fatty acids. The fatty acids used in the experiments were 

saturated acids having C10 (CA), C12 (LA), C14 (MA), C16 (PA), and C18 (SA) numbers of 

carbon atoms. These fatty acids exist in different crystal structures often called polymorphs. 

For the even number of carbon atoms, seven such forms have been identified. The 

appearance of the particular crystal structure depends on the temperature and rate of 

crystallization, purity, and the nature of the solvent [244,245]. The crystal structure formed 

during the first thermal cycles was not the same during the subsequent thermal cycle. The 

crystal structure and packaging in the unit cell determine the physical properties viz. melting 

temperature and latent heat of fusion. Also with the increasing number of thermal cycles, the 

PCM began to chemically degrade [103]. The crystal structure formed after solidification 

was not the same as the first crystal structure. After a large number of melt/freeze cycles, 

some fresh and new compounds began to appear having different thermophysical properties. 

The presence of impurities in the mixtures also imparted the degradation of the PCM. 

4.3.3 Thermogravimetric analysis 

 Table 4.12 shows Tonset, Tmax, Toffset temperature, and percentage mass loss of the different 

developed PCM materials. Tonset was the temperature from where the degradation starts, Tmax 

was the temperature of maximum degradation and Toffset was the temperature where the PCM 

degradation lasts. It is visible from the table that all the developed PCMs were thermally 
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stable in the working temperature range for medium-low temperature storage applications. 

No significant mass loss was observed in the PCMs up to 100 °C. The initial mass loss was 

observed due to the evaporation of moisture or the loss of the hydroxyl group. This loss was 

very gradual up to the Tonset. Once the Tonset was reached, sharp degradation in mass with 

rising temperature was observed up to Toffset. This loss was due to the breaking of the long 

aliphatic chain and the formation of the lower alkane. The lower alkanes then eventually got 

evaporated. It could be also noticed the whole degradation process was only one step which 

signifies the presence of only fatty acids in the developed PCMs. The residual mass left was 

due to the presence of non-volatile material or due to the presence of impurities. In a few 

cases, the mass loss reported was even more than the PCMs themselves. This could be due 

to the absorption of moisture by the PCM. The developed PCMs can be used for medium-

low temperature applications over a large number of repeated cycles. However, these PCMs 

can not be recommended for high-temperature applications as the PCM was not stable in the 

high-temperature range. The relative mass loss of the PCM (CLM701515 and CMP602020) 

with increasing temperature is presented in Figure 4.13. 
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Table 4.12: TGA result of the different developed materials 

 

Laboratory 

Code/Name 

Tonset 

(°C) 

Tmax 

(°C) 

Toffset 

(°C) 

Mass loss 

(%) 

CLP303535 185.19 226.50 258.00 97.93 

CLP701515 195.22 224.58 248.40 88.14 

CLS701515 190.45 226.40 250.57 92.83 

CLM602020 185.30 229.70 255.10 96.87 

CMS602020 189.73 230.30 270.88 101.75 

CMS701515 180.80 223.27 264.36 80.26 

CMS502525 186.02 220.91 255.10 91.95 

CMP701515 189.01 225.40 258.82 86.25 

CLP403030 207.05 232.30 250.57 98.13 

CMP602020 189.67 212.61 237.44 96.89 

CLM701515 183.25 221.25 251.59 91.92 

CMP502525 216.75 232.80 242.32 93.99 

CMS801010 191.56 208.95 226.47 92.46 

CLM801010 206.18 213.62 220.93 95.67 

CLP801010 186.74 223.30 243.04 97.30 

CLS801010 182.20 213.00 228.81 100.0 

CPS701515 173.95 211.70 252.84 91.17 

CMP801010 187.46 221.10 240.77 94.42 

CPS801010 182.36 222.70 264.03 84.90 

CLM403030 183.75 226.60 238.50 89.90 

CPS502525 193.55 230.10 285.84 96.46 

CPS602020 170.24 211.30 259.54 94.57 

CLM303535 203.24 248.80 263.36 84.27 

CLP9055 188.29 224.50 239.33 97.59 

CLM9055 179.22 216.60 233.35 92.14 

CPS9055 182.21 217.80 240.78 93.25 

CMS9055 176.95 217.90 239.33 97.92 

CLS9055 185.30 220.10 234.80 101.37 

 

 



 

136 
 

 

Figure 4.13. Percentage mass loss with rising temperature 

 

4.3.4 FTIR analysis 

Figure 4.14 shows the FTIR spectra of CLM701515 at the 0th and 300th cycles. At the 0th 

cycle, the peak at 2923 cm-1 appeared due to the stretching of –CH3, and at 2854 cm-1 due to 

the stretching of -CH2. The absorption peak at 1708 cm-1 was due to =CO stretching. The 

peak at 1465 cm-1 and 1282 cm-1 was due to the bending vibration caused by –CH3 and –

CH2 groups. The peak at 936 cm-1 was due to the out-of-the-plane rocking vibration of the –

OH group and the peak at 722 cm-1 appeared due to the rocking vibration of –CH2 in the 

same plane. When these spectra were compared with those that appeared at the 300th cycle, 

a similar trend was observed. This clearly showed that thermal cycling has no impact on the 
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chemical structure and functional groups. There was no other peak that appeared after cycle 

testing which also confirmed that there was no possibility of a chemical reaction during the 

thermal cycling.  

 

Figure 4.14. FTIR result at 0th and 300th cycle 

 

Table 4.13 shows the overall variation in melting temperature (peak) with the mean value of 

latent heat of fusion after the 300 cycle test. It can be seen that for most of the material the 

variation in melting temperature (peak) was within ±10 %. The average latent heat of fusion 

value was between 130-165 kJ/kg suitable for various kinds of thermal applications. As per 

the data presented in the table, the developed PCMs have been categorized into “promising”, 

“least promising”, and “not promising” based on their cycle test performance. The 

“promising” PCM is one having little deviation in melting temperature and latent heat of 
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fusion, the least promising is one having a medium level of deviation in melting temperature 

and latent heat of fusion, and “not promising” has a large deviation in melting temperature 

and latent heat of fusion. Based on these criteria, 20 PCMs were identified as “promising”, 

6 PCMs were least promising, and two were “not promising”. 

In terms of the cost analysis, the authors developed PCM can be made available at 5-17 $/kg 

in the commercial markets which is cheaper than other available PCM in a similar 

temperature range. The other available PCM in this range is typically expensive and without 

cycle verification and unreliable for long-term thermal applications. Therefore it is essential 

to choose a low-priced, reliable, and thermally stable PCM with the thermal system whereas 

other available PCMs are high-priced and adds an extra cost which also affects the payback 

period. This price can be even lowered to about 2-5 $/kg when the authors developed PCM 

is produced and sold in bulk quantity. 
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Table 4.13: Overall variation in melting temperature with the average latent heat of 

fusion 

 

Laboratory 

code/name 

Variation in 

melting 

temperature 

(peak) 

(%) 

Variation in 

the latent 

heat of the 

fusion 

(%) 

Mean 

latent heat 

of fusion 

(kJ/kg) 

Categorization 

based on 

thermal cycle 

stability* 

CLP303535 -3.00-9.42 -2.26-32.00 165.06 + 

CLP701515 -1.18-12.05 -3.59-52.83 136.80 ++ 

CLS701515 -3.99-9.00 -61.00-96.16 136.54 +++ 

CLM602020 -3.16-4.75 -11.62-7.14 152.23 + 

CMS602020 -2.39-6.83 -21.75-0.00 155.93 + 

CMS701515 -2.07-10.99 -24.48-00.00 142.02 + 

CMS502525 -5.56-2.21 -1.69-20.62 157.03 + 

CMP701515 -1.10-7.78 -14.75-23.67 155.13 + 

CLP403030 -14.79-0.00 -15.58-46.86 136.43 ++ 

CMP602020 -2.28-11.37 0-17.00 146.56 + 

CLM701515 -9.57-0.00 0.00-82.51 146.12 +++ 

CMP502525 -5.92-2.84 -20.51-14.65 167.61 + 

CMS801010 -6.46-10.59 -24.79-0.00 152.83 + 

CLM801010 -7.98-2.06 -26.39-0.00 146.60 + 

CLP801010 -4.95-6.82 0.00-68.34 137.20 ++ 

CLS801010 -11.83-2.22 -23.80-8.26 141.89 + 

CPS701515 -4.00-10.96 -19.50-13.71 139.64 + 

CMP801010 -6.41-0.00 0.00-33.51 153.08 + 

CPS801010 -2.10-9.92 -12.97-8.61 158.55 + 

CLM403030 -34.07-0.00 -57.80-5.33 133.29 ++ 

CPS502525 -14.52-0.00 -21.09-0.00 172.99 + 

CPS602020 -17.08-0.00 -18.86-8.53 156.50 + 

CLM303535 -12.89-0.00 -3.95-31.05 153.02 + 

CLP9055 -3.24-0.60 -10.90-17.31 147.60 + 

CLM9055 -3.94-0.00 0.00-18.71 138.55 + 

CPS9055 -15.20-1.75 -1.99-21.82 142.02 + 

CMS9055 -28.13-0.00 -13.26-47.33 164.30 ++ 

CLS9055 -11.59-0.00 -2.66-48.30 131.66 ++ 

*Categorization of the PCMs based on thermal cycle test: + Promising; ++ least 

promising; +++ Not promising 
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Chapter 5: Heat transfer study of building integrated photovoltaic 

(BIPV) with nano-enhanced phase change materials 

5.1 Introduction 

The proficiency of BIPV relies primarily on incident radiation, the characteristic of the 

semiconductor materials, and the working temperature of BIPV panels [246–251]. The 

efficiency of solar cells used in the BIPV panels varies somewhere between 6 % to 25 % in 

ideal operating conditions which primarily depends on solar technology and the type of 

semiconductor material that is used to make the solar cell [252,253]. The electrical efficiency 

of the BIPV panel declines at higher temperatures, on account of an increase in the dark 

saturation current of the p–n junction which happens mainly because of an increase in 

intrinsic carrier concentration at higher temperatures [254–256]. To maintain BIPV 

temperature and keep it at a high-efficiency end cooling technologies are required. This 

temperature optimization can be performed by several methods prominent ones are water, 

air, heat pipe, and PCMs cooling. The PCMs are most appropriate and ideal for cooling PV 

cells as compared to other technologies as these materials have high energy storage density, 

zero operating and maintenance costs, and no external power required to operate the system. 

Besides that PCM is also useful for the building envelope [257]. The PCM can be injected 

in various sections of the building i.e. ceiling [258], floor [259], wall [260], windows, etc. 

The integration of the PCM with these sections brings extra thermal comfort together with 

power saving. The basic function of the PCM is to absorb heat through latent heat absorption 

before it reaches indoors. The PCM is also useful in designing the heat exchanger useful for 

defrosting and drying [261]. Several researchers have conducted both types of study i.e. 
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experimental as well as numerical on the PV panel integrated with PCM [153,262,263]. 

However, low heat transfer is observed during phase transition primarily because of the low 

thermal conductivity associated with most of the PCM that affects the working temperature 

of BIPV. These materials can be made conductive by several methods viz. employing 

metallic fins, encapsulation, or by the introduction of nanoparticles. Before the addition of 

the nanoparticles or employing other techniques, it is equally important to analyze the cyclic 

performance of the PCM for its stability and reliability because most of the PCM degrades 

at early stages due to chemical degradation, loss of moisture, impurity, thermal exposure, 

etc. This is essential so that PCM can maintain its uniformity and can be useful for a longer 

period. This life cycle analysis would also be beneficial for the selection of suitable 

container’s material. The nanomaterials are generally very costly, therefore the thermal 

analysis is important before mixing into base PCM as this would lead to little wastage [264–

266]. Several researchers have carried out a detailed study of the conductivity enhancement 

of PCM by the insertion of nanoparticles [53,74,267–272]. These types of encapsulation and 

augmentation are necessary for energy storage purposes and have wide applicability in 

building segments, PV technology, cooling of engines and electronic devices, etc. Various 

researchers [273–278] carried out research and review on encapsulation and the addition of 

highly thermal conductive nanoparticles with PCMs and their diverse applications. These 

researchers also highlighted the usual problem faced during the field application of these 

PCMs. These investigations have clearly shown that the insertion of nanoparticles positively 

increases the thermal conductivity of the PCM reflected in a decrease in time taken for 

charging and discharging. Waeli et al. [279] undertook a study on thermal collectors which 

was based on nano-PCM. The projected system increases the power production of the PV 
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panel and the electrical efficiency from 61.1 W to 120.7 W and 7.1 % to 13.7 % respectively. 

Nada et al. [280] conducted a study on four different types of solar photovoltaic systems i.e. 

(i) stand-alone, (ii) BIPV, (iii) PV with PCM, and (iv) Al2O3 nanoparticles enhanced PCM 

integrated. The results showed that the maximum electrical efficiency can be achieved when 

the thermal conductivity of PCM was increased by the addition of 2 % Al2O3 nanoparticle. 

Nada et al. [158] also found that the electrical efficiency of the PV panel could be increased 

with nano-enhanced PCMs. The study comprehensively showed that augmentation with 

Al2O3 nanoparticles would lift the electrical efficiency from 5.7 to 13.2 %. Table 5.1 provides 

insight into the various research work conducted in recent years employing nanoparticles. 

From forgoing discussion it can be seen that the electrical efficiency will undoubtedly 

improve by the inclusion of nanoparticles in the PCM system that reduces the working 

temperature. Most of the research studies performed so far focussed on investigating the 

performance of a standalone PV system or concentrating PV panel with one or two different 

nano-enhanced PCM. The comparative studies with different nanoparticles related to the 

temperature variation, velocity field, and melt fraction for a PCM storage system with the 

different weight fractions of nanoparticles are lacking, though these play a significant role 

in designing a TES system for BIPV cooling. 

The chapter focuses on BIPV with different nanoparticles enhanced PCM systems. The key 

objective of the research work reported in this chapter is the enhancement in PCM thermal 

conductivity using different nanoparticles and the reduction in the BIPV temperature rise to 

acquire efficient and optimal performance. This goal can be realized by loading different 

nanoparticles to address PCMs' weak thermal conductivity. 
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In this study, the hypothesis driving is very simple: as the BIPV absorbs around 80 % of 

solar radiation incident on it and remaining transferred back to the environment. A portion 

of it is transformed into electricity and the rest to heat energy. The heat energy generated 

begins to increase the temperature of the BIPV. This heat energy can be relocated to the 

aluminum container filled with nano-enhanced PCMs (NPCMs) attached to the BIPV back 

surface. The key job of the nanoparticle is to improve the rate of heat transport in pure PCM. 

The increase in the thermal conductivity of base PCM along with the Brownian motion due 

to nanoparticles contribute to the increase in heat transfer. In the present work, a two-

dimensional numerical simulation for conduction and convection heat transfer of BIPV 

coupled with nano-enhanced PCM has been conducted using the commercial package of 

COMSOL Multiphysics 5.0, which rests upon finite element analysis (FEM). In this study 

polycrystalline silicon PV panel has been considered as BIPV, n-octadecane as PCM, and 

Al2O3, TiO2, CuO, and Cu as nanoparticles with three different weights fractions i.e. 1 %, 3 

%, 5 %.  The transient heat transfer study taking conduction and convection mode in the 

melted zone is solved by considering a finite element model with the fixed grid.  
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Table 5.1: Recent work on PV cooling employing PCM/nanoparticles 

 

Year Author Method PCM-nanoparticles 

system 

Result 

2020 Kant et al. Simulation n-

Octandecane/Al2O3,Cu, 

CuO, TiO2 

This work  

2019 Zarma et al. 

[85] 

Simulation CaCl2.6H2O/Al, Al2O3, 

CuO, SiO2 

CaCl2.6H2O/ 5 wt. 

Al2O3 performed better. 

Temperature uniformity 

of 12 °C is obtained 

2018 Nada et al. 

[158] 

Experimental Paraffin RT55/Al2O3 Peak temperature 

reduction of 18 °C 

obtained. The avg. 

temperature reduction 

of 10.6 °C is achieved 

2018 Nada et al. 

[280] 

Experimental Rubitherm RT55/Al2O3 Peak temperature 

reduction of 16 °C 

achieved 

2018 Abdelrahman 

et al. [84] 

Simulation RT35HC/Al2O3 Front surface 

temperature reduction 

of 36.9-523. % 

obtained with different 

fin configuration 

2017 Sharma et al. 

[281] 

Experimental Paraffin/CuO Average temperature 

reduction of 11.2 °C 

(16.2 %) achieved 

2016 Lin et al. 

[282] 

Experimental Paraffin/Cu Efficiency 

enhancement of 1.7 % 

with 1 % nanoparticles 
 

5.2 Description of the numerical model 

For the present study, the geometrical model of the BIPV attached with NPCM on its back 

surface is presented in Figure 5.1. The BIPV layers’ thermophysical properties are presented 

in Table 5.2 [251]. In the numerical model, BIPV is attached to a 2 mm thick aluminum 

container which is filled with a 2 cm thick NPCM layer on its rear surface. The 

thermophysical attributes related to the PCM and the nanoparticles are presented in Table 

5.3. 
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5.3 Working principle 

To mimic the solar radiation, an incoming heat flux of 750 W/m2 is considered on the BIPV 

front face. The heat is dissipated to the ambient environment via two modes i.e. convective 

and radiative loss because there is a temperature difference between the system and 

surroundings. The ambient temperature was 5 oC lower than that of PCM’s melting 

temperature (Tamb = Tm-5). The convective heat transfer coefficient at the outer surface (hfront) 

of BIPV is 10 W/m2K. It has been further assumed that the rear surface of the container is 

thermally insulated. At the upper and the lower sides, symmetry boundary condition has 

been assumed and at all inner surfaces of the container, the no-slip condition is considered. 

The initial temperature of NPCM is 5 °C less than that of the melting temperature of PCM. 

The phase transition temperature (𝛥𝑇) of the PCM has been considered 1 oC [283–285] and 

the aluminum container inner walls are put at the no-slip condition. 

5.4 Assumptions 

The following assumptions have been taken into account for the present numerical 

simulation: 

(1) The melting behavior shown by NPCM is incompressible and Newtonian 

(2) Melting flow is laminar and three-dimensional convection, viscous dissipation, and 

thermal radiation have an insignificant contribution. 

(3) The PCM has the regular distribution of the nanoparticles 

(4) The physical properties associated with the PCM are dependent on temperature and 

the convective heat transfer has also been considered. 
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Only the two-dimensional study has been considered taking into account the mathematical 

complexity. It is quite rational to give due consideration to two-dimensional study because 

three-dimensional convection happens for the short interval [267]. 

 

Figure 5.1. Physical model of PV/NPCM  

 

Table 5.2: The material properties associated with the PV panel 

 

PV layers 
Polyester/Tedlar 

Trilaminate 

Silicon 

cells 
EVA 

Glass 

face 

P
ro

p
er

ti
es

 

Thickness (m) 0.0005 0.0003 
0.000

5 
0.003 

Specific heat (J/kg K) 1250 677 2090 500 

Density(kg/m3) 1200 2330 960 3000 

Thermal conductivity 

(W/mK) 
0.2 148 0.35 1.8 
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Table 5.3: Properties of PCMs and nanoparticles 

 

Materials Density 

(kg/m3) 

Thermal 

conductivity

(W/m.K) 

Specific 

heat 

(kJ/kg.K) 

Kinematic 

viscosity 

(m2/s) 

Thermal 

expansion 

coefficient

(1/oC) 

Melting 

Point 

(oC) 

Latent 

heat of 

fusion 

(kJ/kg) 

n-

Octadacan

e 

814(s), 

775(l) 

0.35(s), 

0.149(l) 

1.934(s), 

2.196(l) 

5×10-6 9.1×10-4 28.2 245 

Al2O3 3600 36 0.765 _ _ _ _ 

CuO 6510 18 0.54 _ _ _ _ 

TiO2 4050 11.8 0.697 _ _ _ _ 

Cu 8954 400 0.383 
    

                                  (s) stands for solid, (l) stands for liquid 



 

150 
 

 

5.5 Mathematical formulation 

The heat and mass transfer in the BIPV integrated with nano-enhanced PCM are discussed 

in the following sections. 

5.5.1 Modeling heat transfer 

At the PV panel front surface, the convective and radiative heat transfer takes place, 

therefore, the front surface is subjected to long and shortwave radiation with the convective 

mode of heat transfer.  

−𝑘
𝜕𝑇

𝜕𝑥
= ℎ𝑓𝑟𝑜𝑛𝑡(𝑇𝑎𝑚𝑏 − 𝑇𝑃𝑉𝑓𝑟𝑜𝑛𝑡) + 𝜀𝜎(𝑇𝑎𝑚𝑏

4 − 𝑇𝑃𝑉𝑓𝑟𝑜𝑛𝑡
4 ) + 𝛼𝑃𝑉𝑓𝑟𝑜𝑛𝑡𝑆(𝑡)

 

 (5.1)
 

where k is the thermal conductivity, T is the temperature, hfront is heat transfer coefficient of 

PV front surface, Tamb is ambient temperature, αPVfront is the absorptivity, S is the heat flux 

which mimics the solar radiation intensity on the panel front surface, The heat transfer 

diffusion equation (Eq. 5.2) applies to the NPCM, aluminum container, and BIPV. For the 

BIPV and aluminium container the value of velocity fields u becomes zero and for NPCM 

its value is obtained by solving Navier-Stokes equations for incompressible fluids.  

𝜌𝐶𝑝,
𝜕𝑇

𝜕𝑡
+ 𝛻. (−𝑘𝛻𝑇) + 𝜌𝐶𝑝 𝑢

→ . 𝛻𝑇 = 0    (5.2) 

The volume fraction of nanoparticles in the NPCM domain: 

𝜃 =
𝜃𝑤𝑡𝜌𝑃

𝜃𝑤𝑡𝜌𝑃+(1−𝜃𝑤𝑡)𝜌𝑛
     (5.3) 
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where wt P, and n are weight fraction of nano-particle, the density of PCM and 

nanoparticle correspondingly. Note that the weight fraction is the same for both the phases, 

although the volume fractions for the liquid and solid phases will change due to the variation 

of PCM density during melting and solidification. The effective density of NPCM can be 

given by Eq. 5.4: 

𝜌𝑁𝑃𝐶𝑀 = (1 − 𝜃)𝜌𝑃 + 𝜃𝜌𝑛     (5.4) 

𝜌𝑃(𝑇) = 𝜌𝑃𝑠𝑜𝑙𝑖𝑑 + (𝜌𝑃𝑙𝑖𝑞𝑢𝑖𝑑 − 𝜌𝑃𝑠𝑜𝑙𝑖𝑑). 𝜆(𝑇)   (5.5) 

where 

𝜆(𝑇) = {
0

(𝑇 − 𝑇𝑚 + 𝛥𝑇)/(2𝛥𝑇)
1

,
,
,

𝑇 < (𝑇𝑚 − 𝛥𝑇)
(𝑇𝑚 − 𝛥𝑇) ≤ 𝑇⟨(𝑇𝑚 + 𝛥𝑇)

𝑇 > (𝑇𝑚 + 𝛥𝑇)
  (5.6) 

where Tm is the melting temperature of PCM, ρPliquid, and ρPsolid are the density of the liquid 

and solid PCM respectively. In Eq. (5.6) λ  is the function of temperature and its value is 

zero in the solid-state and 1 in the liquid state of PCM [285], ΔT is the transition temperature 

of PCM and its value varies in the range of ±1 °C. In the present study, the value of ΔT is 

taken 1 °C [56]. The energy storage capacity of PCM to store heat (CpP) can be modeled as 

follows: 

𝐶𝑝𝑃(𝑇) = 𝐶𝑝𝑃𝑠𝑜𝑙𝑖𝑑
+ (𝐶𝑝𝑃𝑙𝑖𝑞𝑢𝑖𝑑 − 𝐶𝑝𝑃𝑠𝑜𝑙𝑖𝑑). 𝜆(𝑇) + 𝐿𝑓𝛤(𝑇)   (5.7) 

𝛤(𝑇) = 𝑒
(

−𝑇(𝑇−𝑇𝑚)
2

𝛥𝑇2

√𝜋.𝛥𝑇2
⁄ )

    (5.8) 
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where Γ is a smoothed delta function given by Eq. (5.8) and its value is zero everywhere 

except in the transition zone of PCM. The main role of this function is to distribute the latent 

heat of PCM equally nearby the melting temperature of the PCM. The heat storage capacity 

of the pure PCM is changed due to the addition of nanoparticles and it can be written as: 

𝐶𝑝𝑁𝑃 = (1 − 𝜃)𝐶𝑝𝑃 + 𝜃𝐶𝑝𝑛     (5.9) 

where CpP, Cpn is the heat storage capacity of PCM and nanoparticle respectively. The 

effective thermal conductivity (ko) of PCM added with nanoparticle was determined using 

the Maxwell relation [286] and can be given by: 

𝑘𝑜 = 𝑘𝑃
𝑘𝑛+2𝑘𝑃−2𝜃(𝑘𝑃−𝑘𝑛)

𝑘𝑛+2𝑘𝑃+𝜃(𝑘𝑃−𝑘𝑛)
    (5.10) 

where kP is the temperature-dependent thermal conductivity of pure PCM and kn is the 

thermal conductivity of the nanoparticle, the value of temperature-dependent thermal 

conductivity of pure PCM can be modelled as: 

𝑘𝑃(𝑇) = 𝑘𝑃,𝑠𝑜𝑙𝑖𝑑 + (𝑘𝑃,𝑙𝑖𝑞𝑢𝑖𝑑 − 𝑘𝑃,𝑠𝑜𝑙𝑖𝑑) × 𝜆(𝑇)   (5.11) 

where kP,solid, and kP,liquid are the thermal conductivity of PCM in the solid and liquid state. 

The thermal conductivity enhancement due to the dispersion of the nanoparticle in pure PCM 

is: 

𝑘𝑑 = 5 × 10
4 × 𝛽𝑘 × 𝜉 × 𝜃 × (𝜌 × 𝐶𝑝)𝑃𝐶𝑀√

𝐵×𝑇

𝜌𝑛×2𝑟𝑝
𝑓(𝑇, 𝜃)   

 (5.12) 
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𝑓(𝑇, 𝜃) = (2.8217×10
-2𝜃 + 3.917×10

-3) 
𝑇

𝑇𝑚
+ (-3.0669×10

-2𝜃-3.91123×10
-3)

 

 

(5.13) 

where B is the Boltzmann constant with a value of 1.381×10−23 J/K and rp is the radius of 

nanoparticles. The value of 𝛽𝑘 = 8.4407(100 × 𝜃)-1.07304. kd accounts for the Brownian 

motion of nanoparticle in the melted PCM, which affects the thermal conductivity of NPCM. 

The value of the correction factor, ζ is the same as λ(T) in Eq. (5.6). Consequently, the overall 

thermal conductivity of NPCM can be written as: 

𝑘𝑁𝑃 = 𝑘𝑑 + 𝑘𝑜     (5.14) 

5.5.2 Mass and momentum transfer 

It is assumed that the NPCM in the liquid phase is a Newtonian fluid. The momentum and 

energy conservation equations were solved simultaneously with the heat transfer diffusion 

equation. However, to model the phase transition of NPCM, the momentum conservation 

equation is modified as follows: 

𝜌
𝜕𝑢→

𝜕𝑡
+ 𝜌 (𝑢

→ 
. 𝛻) 𝑢→ − 𝜇. 𝛻2 𝑢→ = −𝜌𝑃𝑙𝑖𝑞𝑢𝑖𝑑(1 − 𝛽𝑃(𝑇 − 𝑇𝑚)) 𝑔

→ + −𝜓(𝑇). 𝑢→ − 𝛻(𝑃) 

  (5.15) 

The value of dynamic viscosity of the PCM and nano-particle containing thinned dispersion 

of small rigid spherical particles is given by [287]: 

𝜇𝑁𝑃 =
𝜇𝑃

(1−𝜃)2.5
     (5.16) 
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The first term in the right-hand side of Eq. (5.15) is buoyancy force, which caused the 

movement in the melted NPCM due to density difference. Where βP is the thermal expansion 

coefficient of PCM and g is the acceleration due to gravity. The second term in Eq. (5.15) is 

Ψ(T)�⃗�   is inspired by the Carman–Koseny relation in a porous medium and the expression 

∇(P) from Darcy’s law presented as [288,289]: 

𝜓(𝑇) =
∅(1−𝜆(𝑇))2

(𝜆(𝑇)3+𝜔)
     (5.17) 

If we assume that the flow is laminar: 

𝛻(𝑃) =
−∅(1−𝜆(𝑇))2

𝜆(𝑇)3
. 𝑢→    (5.18) 

The value of ϕ and ω depends on the morphology of the PCM. The value of ϕ is chosen in 

the range of 105 kg/m3s to 107 kg/m3s [290]. In the current study, its value is taken high as 

106 kg/m3s.[285] This value is chosen randomly high due to high viscosity in the solid phase 

of NPCM. The constant ω is chosen very low to make Eq. (5.15) effective, although λ(T) is 

zero. The substantial value of ω is fixed at 10−3. As soon as the temperature of the NPCM 

reaches higher than Tm+∆T/2, the PCM becomes fully liquid. 

5.5.3 Computational procedure 

The coupled differential equations are solved numerically using the heat transfer and fluid 

flow module of the commercial package of COMSOL 5.0. The temperature-dependent 

thermophysical properties of PCM with nanoparticles are defined. In the current model, there 

are two domains, first for BIPV, aluminum container domain and the second is for NPCM 

and both domains have triangular type meshing. The mesh size is refined in the NPCM 
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domain near both vertical walls of the aluminum container as shown in Figure 5.2. The 

minimum and maximum element sizes for the solid domain are 6×10-5 m and 0.003 m 

respectively, however for the PCM domain the minimum and maximum element sizes of 

1.05×10-4 m and 4.5×10-4 m respectively. The entire model consists of 36759 domain 

elements and 1109 boundary elements. 

5.5.4 Model validation  

To check the accuracy of our developed thermal model, we first validated our results in terms 

of melting fronts with the existing experimental and numerical study. The results of our 

calculation in terms of the melting front and temperature variation are compared with the 

previous experimental study conducted by Dhaidan et al. [284] and shown in Fig. 5.3 (a) and 

5.3 (b). From Fig. 5.3 (a) and 5.3 (b), it can be seen that our simulation results are in good 

agreement in terms of the melting front as well as temperature variation respectively. The 

thermophysical properties of PCM and nanoparticles used for this study are given in Table 

5.3. Such a comparative study puts a stringent test on the consistency of our model and its 

predictions before using it further. 
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Figure 5.2. Mesh at a mid-height cross-section of the numerical model  



 

157 
 

 

Figure 5.3. Model validation of present work and that of Dhaidan et al. for paraffin 

wax (a) melting front with 5 wt. % of CuO nanoparticles (b) temperature with 3 wt. 

% of CuO nanoparticles 

 

5.5.5 Boundary condition 

At the front surface of the BIPV integrated with NPCM, Eq. (5.1) is considered as the 

boundary condition. At the back surface of the  BIPV integrated with NPCM, there is no 

heat transport therefore at the back surface of BIPV  −𝑘
𝜕𝑇

𝜕𝑥
= 0. At the interface of two 

layers, it is considered that the heat flux at one layer is similar to that of the adjacent layer, 
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therefore −𝑘𝑙,1
𝜕𝑇

𝜕𝑥
= −𝑘𝑙,2

𝜕𝑇

𝜕𝑥
, here l,1, and l,2 represent two consecutive layers of the 

BIPV/NPCM. At the top and bottom of the computational domain, symmetry boundary 

conditions are applied for heat transfer however for flow boundary condition it is considered 

as the wall, therefore 𝛻 𝑢→ = 0.  At the container wall, the velocity field is zero i.e. 𝛻 𝑢→ = 0. 

5.6 Result and discussion 

The present study of BIPV with NPCM relies on the numerical model as presented in Figure 

5.1. The study was conducted at multiple weight fractions (1 %, 3 %, 5 %) of Al2O3, CuO, 

TiO2, and Cu. The results from this study are reported in terms of melting front variation, 

velocity field, the average temperature variation of the front plate, and the variation of melt 

fraction. A three-day simulation study has also been conducted considering actual weather 

conditions of Rae Bareli India (26.2345° N, 81.2409° E). The data used to undertake this 

study has been obtained from the National Renewable Energy Laboratory1 for March 2014 

as shown in Figure 5.4. 

 

Figure 5.4. Actual weather DATA for city Rae Bareli 

 
1http://rredc.nrel.gov/solar/old_data/nsrdb/ 

http://rredc.nrel.gov/solar/old_data/nsrdb/
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5.6.1 BIPV/PCM without nanoparticles 

The velocity field and the temperature of the BIPV with the base PCM at various time instant 

is shown in Fig. 5.5. When the continuous heat flux is applied on the front surface of the 

BIPV, it starts heating the BIPV as well as the PCM. Some parts of the heat are transferred 

back to the outdoor environment from the BIPV front surface due to convective and radiative 

transfer.  The natural convection is induced due to the density difference and gravity action. 

At the start, the PCM temperature was maintained at 20 °C which slowly started increasing 

and ultimately reaching the melting temperature of the PCM. During the initial stage, the 

velocity field at the interior of the PCM cavity is found to be zero. As time increases, the 

PCM starts melting and moves in the upward direction as represented by the arrow in Figure 

5.5. The melted PCM accumulated in the upper cavity touches the aluminum back container 

after 26 min. The process of melting gets augmented after 26 min once the melted PCM 

touches the aluminum container backplate, for this reason, the aluminum container backplate 

becomes slightly warmer in comparison to the PCM’s melting temperature. When the 

already melted PCM touches the backside of the container, the container gets heated and the 

PCM starts melting. As a result, the residual PCM present in the solid form gradually starts 

to detach from the backplate, and the additional escalating flow is visible from the base of 

the backplate to the upper portion of the PCM that is present in the solid form. It can be 

observed looking at Figure 5.5 that the velocity field in the vicinity of the front side of the 

container is higher as compared to the middle and backside. This happened due to the high 

rate of heat transfer in the proximity of the front face which increases the natural convection. 

This observation agrees with that of the study conducted by Biwole et al. [285]. As the PCM 

starts melting its various thermophysical properties viz. thermal conductivity, specific heat 
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capacity, viscosity, and density begin to change with the increasing temperature. During the 

charging process of PCM, the heat absorbed by the BIPV is relocated to the PCM via 

conduction only. As long as the NPCM remains in the solid state, the conduction prevails 

while in the liquid state the heat transfer is dominated by convection. The convection plays 

a significant role during the melting process [56,151]. When the PCM is considered, 

conduction is predominant during the initial stage but at the later stage, both conduction and 

convection transfer takes place. The variation of velocity (y component) without 

nanoparticles in the middle of the BIPV is shown in Figure 5.6 at different time intervals. 

Initially, the PCM has zero velocity as it is in the solid phase. With the progression of time, 

the PCM begins to melt in the vicinity of the heated container and the y component of 

velocity fields starts increasing near the left vertical wall. It can be visualized looking at the 

figure that, at a time interval of 10 min. the velocity field y’s component is found to be near 

about zero which increases with the evolution of the time near the facade of the container. 

At about 30 min, the maximum field component is obtained. The velocity field is found 

constantly diminishing near the facade of the container and intensifies in the middle part of 

the container as the time increases when PCM is completely melted.  
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Figure 5.5. Temperature variation of BIPV without nanoparticle at the various time 

interval  

 

 

Figure 5.6. y component of the velocity field in the middle of BIPV without 

nanoparticles 
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5.6.2 Parametric study of BIPV/NPCM with nanoparticles 

Figure 5.7 shows the velocity field and temperature of BIPV/NPCM arrangements at 

different weight % of nanoparticles at around 30 min. In the upper section of the container, 

the slight circulation of the liquid PCM is observed. In melted NPCM, convection is also 

visible. From this figure, it is observed that lesser NPCM is melted with a higher value of 

Cu nanoparticles, and the maximum part of NPCM is melted with TiO2 nanoparticles. At the 

time of the NPCM charging process, the temperature of BIPV is maintained around 39±1 

oC. Figure 5.8 shows the variation of the velocity field and temperature of various 

nanoparticles with 5 % (wt.) at 35 min.  

 

Figure 5.7. Temperature and velocity field at 30 min with different weight % of 

nanoparticles 
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Figure 5.8. Temperature and velocity field in melted PCM with 5 % nano-particle at 

35 min 

At the initiation of the melting process, the conduction is the dominant factor for the heat 

transfer. At the initial phase, the viscous forces outweigh the buoyancy forces, as a result, 

the heated PCM remains underneath the frozen one. During the melting process, this 

phenomenon remains thermally unstable and consequently, advection occurs with the 

upsurge of the melted layer near the facade of the container. As the melting of the NPCM 

advances then Rayleigh–Bénard convection becomes prominent [291]. During the initial 

melting phase, the conduction is dominant so the melting interface remains parallel to the 

vertical interface of the container. The disappearance of this isotherm pattern confirms the 

onset of the convection [292]. With the melting progress, the distortion of the isotherm takes 
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place and the solid-liquid interface becomes more prominent which confirms shifting from 

conduction to natural convection.  

Figure 5.9 depicts different BIPV temperatures with various nanoparticles at various 

concentrations. The figure clearly shows that the minimum working temperature of BIPV 

can be maintained when using Cu nanoparticles with 5 % (wt.) and the maximum obtained 

with 1 % TiO2 nanoparticles. The figure also depicts that if the weight fraction of the 

nanoparticle is raised then the working temperature is also reduced. Due to the addition of 

nanoparticles in different weight fractions, the effective thermal conductivity of PCM is 

enhanced and leads to higher heat transport in the NPCM. Due to higher heat transport in the 

NPCM, it stores heat faster and reduces the temperature gradient in the NPCM domain, and 

results in the lower operating temperature of the PV panel. 
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Figure 5.9. Temperature variation of BIPV with different nanoparticles with the 

different weight percentage 



 

166 
 

Table 5.4 represents the time for which the BIPV operating temperature is maintained below 

40 oC. When the NPCM melting profile is observed, three inflection points can be noticed 

for entire cases. At the onset of melting, the first inflection point can be clearly visualized. 

After the first inflection point the PCM starts melting, subsequently a sudden growth of the 

BIPV temperature and it raises considerably more gradually after that point. During the first 

and second inflection stages, the PCM acts as a lone material, and during this phase 

conduction is dominant. After the second inflection, convection starts, and conduction is 

quenched in the NPCM. During this stage, the working temperature remains comparatively 

continuous until the NPCM has melted. The PCM with Cu nanoparticles provides the 

maximum restraint to the rising temperature of the NPCM. This behavior is observed 

because of its high thermal conductivity and density as compared to other nanoparticles. The 

high thermal conductivity associated with the Cu nanoparticle supplements the NPCM in 

increasing its overall thermal conductivity. The high density is responsible for the reduction 

in convection because of the high viscosity of the NPCM. The gravity force in the NPCM 

region is also enhanced due to higher density. The increment in the viscosity and gravity 

force leads to the decrease in the velocity of melted NPCM which can be seen from Figure 

5.10 shows the velocity field with different nanoparticles having a 5 % weight fraction at 20 

min. Minimum velocity is obtained with Cu nanoparticle and maximum with TiO2 

nanoparticle. The higher density of Cu nanoparticles causes higher gravitational force and 

reduces the velocity field in the PCM container however due to the overall effect of density 

and thermal conductivity of TiO2, it causes maximum velocity field. 
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Table 5.4: Time up to which the PV panel maintain below 40 oC 

 

Nanoparticle (wt. %) Cu, t (min) CuO, t (min) Al2O3, t (min) TiO2, t (min) 

0% 41 41 41 41 

1% 47 47 46 45 

3% 54 51 48 47 

5% 60 55 50 49 

 

 

Figure 5.10. Velocity field (y component) at -mid-height with 5 % nanoparticle at 20 

min 

  

5.6.3 Parametric study for three-day simulation 

The transient temperature response of BIPV is shown in Figure 5.11 considering three days 

of weather data. The maximum operating temperature for the first day of transient simulation 

is obtained at 12.5 PM and its value is 78.37 oC without nanoparticles and 76.72 oC with the 

nanoparticle. For the second and the third day, the maximum operating temperature with and 

without nanoparticles was found at 12.5 PM and its value is 78.44 oC, 80.04 oC, 79.63 oC, 

81.19 oC respectively.  
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Figure 5.11. Temperature variation of PV panel with pure and with Cu (5 % wt.) 

nanoparticle 

  

5.6.4 Melt fraction (a measure of melting rate) 

From Figure 5.12, it is evident that the melting rate decreases with an increase in the 

nanoparticle concentration. But it can be also perceived that this decrease is quite marginal 

in contrast to the pure PCM. This can be described as the addition of nanoparticles to enhance 

both the thermal conductivity and the viscosity of the NPCM. The conductivity increase has 

a positive influence while the viscosity has a negative influence due to decreased buoyancy 

on heat transfer. At a high concentration of nanoparticles, both factors become counteractive 

which neutralizes the conductivity increment. In the present study, PCM with 5 % (wt.), CuO 

nanoparticles have taken maximum time to melts, and PCM with Al2O3 nanoparticles take 

minimum time for the same weight concentration. The comparison of different nanoparticle 

melts fractions with 5 % (wt.) is presented in Figure 5.13 and the time taken to melt 

completely is shown in Table 5.5. The superior working is achieved with a Cu nanoparticle. 
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The addition of nanoparticles poses a positive effect on thermal conductivity enhancement 

however it poses a negative effect on natural convection in NPCM.  Therefore from the 

study, it is found that the heat transfer not only depends on the thermal conductivity of 

nanoparticles but also on the density and effective viscosity. The decreasing order of overall 

effect on heat transfer is Cu, CuO, Al2O3, and TiO2. This also points to the fact that the total 

melting time is not the indicator required to evaluate a PCM for purpose of thermal storage 

or temperature control, it is the actual amount of energy stored over time. 

To conclude, using different nanoparticles reduces the operating temperature of the BIPV 

considerably which increases the electrical efficiency as well. The maximum reduction in 

operating temperature of BIPV was obtained with Cu and minimum with TiO2 nanoparticles. 

From the study is also observed that the heat transfer in the NPCM not only depends on the 

nanoparticle thermal conductivity but also its density. The higher density of nanoparticles 

reduces the convection heat transfer which leads to a lower melting rate.  Therefore extra 

prudence needs during the selection of an appropriate nanoparticle. 

Table 5.5: Time taken by the PCM to melt completely with different nanoparticle 

concentration 

 

 0 %  1 % 3 % 5 % 

Cu 38 46 51 56 

CuO 38 45 48 52 

Al2O3 38 44 47 48 

TiO2 38 44 46 47 
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Figure 5.12. Melt fraction of pure PCM and with Cu nanoparticle at the different 

concentration 

 

 

Figure 5.13. Melt fractions of PCM with different nanoparticle 
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Chapter 6: Numerical heat transfer study of energy storage material 

6.1 Introduction 

Thermal energy storage has found lots of interest in recent years. This type of storage is 

necessary when there is an inconsistency in demand and supply [3]. There are primarily two 

ways of achieving this i.e. sensible storage and latent heat storage. Sensible heat is stored 

with a rise in temperature while latent heat storage takes place at a constant temperature 

[293]. Latent heat storage at the solid-liquid phase transition employing PCMs is most 

common. This has added advantage in comparison to other phase transitions because this 

process takes place at low temperature, a large amount of latent heat is stored, and ΔV and 

ΔT remain almost constant. The PCM that are most commonly used are salts, paraffins, and 

fatty acids which are thermally stable and can be used for numerous thermal cycles. The 

solid-liquid PCM can be used for numerous applications viz. building, photovoltaic, 

spacecraft, solar water heating, solar cooking, etc. In recent years many research is dedicated 

to these applications that use latent heat storage systems [150,208,215,294] 

The basic component of the latent heat storage system comprises (i) a suitable PCM (ii) a 

container material (iii) a Heat exchanger. For accurate calculation and better optimization 

with the storage system, heat transfer during the phase transition of PCM is essential to be 

analyzed. Therefore, in recent years the phase transition process is quite extensively studied. 

The main problem with such a phase transition process is the presence of two phases because 

a moving interface is created where the heat and mass balance equation has to meet. The 

phase transition problems can be made simpler by utilizing the enthalpy method in which 

the governing equation is exact to the single-phase equation. At the phase transition 
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interface, no condition is required to be satisfied. The method allows a mushy region amid 

two phases. The phase transition problems are typically solved employing the finite 

difference method or finite element method. 

Several researchers have tried to make a theoretical study on the LHS system based on PCM 

[295–299]. The enthalpy method considers enthalpy as a dependent variable and therefore 

for the whole solid and liquid domain, a single equation can be constructed. In this method 

through volume integration, latent heat flow is created by utilizing the enthalpy of the system 

[300,301]. Voller [302] studied the latent heat storage system developing a finite difference 

method. Liu and Ma [303] made a numerical study on the melting process and further study 

the influence of various parameter viz. dimensionless heat flux,  thermal conductivity, 

thermal diffusivity, and Stefan number on melting process. However, very few studies are 

available on the influence of thermophysical properties of different PCM and choosing 

different container material on the melt fraction. A few attempts have been made by some 

researchers to analyze the influence of the thermophysical properties of PCM and container 

material on melt fraction. Sharma et al. [299] studied the effect of thermophysical properties, 

thickness, size, and kind of container materials on the melt fraction. Chen et al. [304] studied 

the melting behavior of six PCMs viz. erythritol, acetamide, stearic acid, and magnesium 

nitrate hexahydrate with different container material that can be used for the solar cooking 

application. The effect of the thermophysical properties of PCM and container materials was 

studied. Other parameters such as thickness, initial PCM temperature, and wall temperature 

on the melting behavior of the PCM. Sharma et al. [305] performed a similar theoretical 

study on n-octadecane with the different container material. The effect of thermal 

conductivity, specific heat, and density of the container on the melt fraction was studied. 
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Further, the effect of the initial PCM’s and wall temperature on the melting rate was also 

discussed.  

In the present investigation, a numerical study has been made using two-dimensional 

enthalpy formulation on the latent heat storage system employing two different PCMs. In 

the recent study made by Kant et al. and  Anand et al., various new PCMs were developed 

but the suitability of these PCMs with the various container material has not been made. 

Also, the melting behavior of these PCMs in these container materials is unknown. It is 

essential to analyze the melting behavior of these PCMs before they can be used in any 

thermal system. The novelty can be explained on the basis that only a few research is 

available that could predict the actual behavior of PCM on melting fraction due to its various 

thermophysical properties. The influence of container material on the melt fraction of the 

PCM is largely unknown. The study on the thickness of the container material which has 

important implications in melting behavior is also scarce. All these factors have contributed 

to the basic motivation behind undertaking this research.  The thermophysical properties of 

the PCMs chosen have been presented in Table 6.1 [233,241] and those of the container 

material are given in Table 6.2. CLM355 and CLM433 lie in the desired temperature range 

(18-32 °C) for PV/PCM and other building applications and also can store an enormous 

amount of energy as latent heat without raising the temperature. Its liquid being transparent 

having a uniform melting temperature. These PCMs being fatty acids have high thermal 

stability and reliability. The thermal stability test has confirmed that the above PCM can be 

used for several numbers of repeated cycles without degradation [306,307]. The effect of the 

thermophysical properties of two PCMs (CLM355 and CLM433) and container material ( 

glass, tin, stainless steel (SS), aluminum, aluminum mixed (AM), and copper) on melt 
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fraction was studied using FORTRAN programming language. The effect of thickness of the 

container, initial PCM’s temperature (Ti), and wall surface temperature (Twall) was also 

studied. 

Table 6.1: Thermophysical properties of the PCMs 

 

Properties CLM355 CLM433 

Melting point 28.40 26.09 

Latent heat of fusion (kJ/kg) 136.52 154.25 

Specific heat (kJ/kg °C) 

Solid 

Liquid 

 

1.90 

2.27 

 

1.78 

2.25 

Density (kg/m3) 

Solid 

Liquid 

 

1000.15 

866.45 

 

1000.7 

868.1 

Thermal conductivity 

(Liquid) (W/m °C) 

0.1498 0.1503 

 

Table 6.2: Thermophysical properties of the different container materials 

 

Material Density 

(kg/m3) 

Thermal 

Conductivity 

(W/m °C) 

Specific heat 

(kJ/kg °C) 

Glass 2700 0.78 0.840 

Stainless Steel 8010 7.7 0.500 

Tin 7304 64 0.226 

Aluminum mixed 2659 137 0.867 

Aluminum 2707 204 0.896 

Copper 8954 386 0.383 

 

6.2 Numerical simulation 

6.2.1 Formulations 

A system has been designed that can store off-peak electricity as thermal energy and can 

withdraw it when required. The system consists of some container material made up of 
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aluminum, aluminum mix, glass, copper, glass, and stainless steel. The container material 

behaves as a fin which improves the heat transfer rate in the PCM. For the melting of the 

PCM, a constant wall temperature above that of the melting point of the PCM was taken. 

The PCM was kept 5 °C lower than the melting temperature of the PCM. The wall of the 

container material is subjected to the adiabatic condition. The following performance 

parameters such as the effect of different container materials, thickness, wall temperature, 

and initial temperature were studied. 

6.2.2 Assumptions 

To study the heat storage system containing different PCMs, the following assumptions has 

been made 

(a) The thermophysical properties of the PCM, as well as fins and container material, 

remain independent of the temperature. Only PCM has different properties in solid 

and liquid states. 

(b) The PCM originally is in solid-state 

(c) The PCM is isotropic and homogenous 

(d) Conduction is the only mode of heat transfer  

6.2.3 Enthalpy formulation 

The mathematical model that has been used to undertake this study relies on enthalpy 

formulation. To solve the Stefan problem, this method is the most reliable and frequently 

used. Here the authors introduce enthalpy function h which is the function of temperature 

and the equations are executed over the entire fixed domains as suggested by Voller (1990) 

and Costa et al. (1998) 
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For any phase conversion process, the energy change as total volumetric enthalpy and 

temperature at constant thermophysical properties can be represented as: 

𝜕𝐻

𝜕𝑡
=  𝛥(𝑘𝑘(𝛥𝑇))                                                                                                                            (6.1) 

Here H is the total volumetric enthalpy which is obtained by adding sensible and latent heat 

i.e. 

H (T) = h (T) + ρ f (T) λ                                                                                                                  (6.2) 

Here 

ℎ = ∫ 𝜌𝑘
𝑇

𝑇𝑚
𝑐𝑘dT                                                                                                                             (6.3) 

For an isothermal process, the melt fraction can be represented as 

      0         if T < Tm                     (solid) 

f     0 – 1   if T = Tm                     (mushy)                                                                                      (6.4) 

      1         if T > Tm                     (liquid) 

From equation (6.2) and (6.3), the enthalpy can be rewritten as 

H =∫ 𝜌𝑠𝐶𝑠
𝑇

𝑇𝑚
dT                        T < Tm           (solid)                                                                     (6.5a) 

H = 𝜌𝑙 f λ                                T = Tm           (mushy)                                                                  (6.5b) 

H = ∫ 𝜌𝑙
𝑇

𝑇𝑚
𝑐𝑙dT                       T > Tm           (liquid)                                                                   (6.5c) 

From the equation (6.5), we can obtain the value of T i.e. 
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T = Tm + H/𝜌𝑠𝑐𝑠                      H < 0             (solid)                                                                   (6.6a) 

T = Tm                                     0 ≤ H ≤ 𝜌𝑙𝜆    (Interface)                                                            (6.6b) 

T = Tm + (H - 𝜌𝑙𝜆)/𝜌𝑙𝑐𝑙           H > 𝜌𝑙𝜆          (liquid)                                                                  (6.6c) 

By employing equations (6.2) and (6.3), equation (6.1) can be rewritten for two-dimensional 

heat transfer in PCM as 

𝜕ℎ

𝜕𝑡
= 

𝜕

𝜕𝑥
(𝛼

𝜕ℎ

𝜕𝑥
) + 

𝜕

𝜕𝑦
 (𝛼

𝜕ℎ

𝜕𝑦
) − 𝜌𝑙𝜆

𝜕𝑓𝑙

𝜕𝑡
                                                                                         (6.7a) 

And for the fin 

𝜕ℎ𝑓

𝜕𝑡
= 

𝜕

𝜕𝑥
(𝛼𝑓

𝜕ℎ𝑓

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝛼𝑓

𝜕ℎ𝑓

𝜕𝑦
)                                                                                                  (6.7b) 

6.2.4 Boundary conditions 

To solve the equation, 6.7a and 6.7b following boundary conditions have been considered. 

The PCM was initially in a solid state and its initial temperature was kept below the melting 

temperature of the PCM i.e.  

ℎ𝑖𝑛𝑖𝑡 = 𝜌𝑠𝑐𝑠(𝑇𝑚 − 𝑇𝑖𝑛𝑖𝑡)                                                                                                       (6.8) 

For the face x=0, the boundary condition is 

ℎ(0,𝑡) = 𝜌𝑘𝑐𝑘(𝑇𝑤𝑎𝑙𝑙 − 𝑇𝑚)                                                                                                (6.9a)                  

For the face x=L, y=L, and y=0 

𝑑ℎ

𝑑𝑥𝑥=𝐿 
 0                                                                                                                              (6.9b) 
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𝑑ℎ

𝑑𝑦𝑦=𝐿 
 0                                                                                                                             (6.9c) 

𝑑ℎ

𝑑𝑦𝑦=0 
 0                                                                                                                            (6.9d) 

6.2.5 Numerical solution 

To get the algebraic equation employing the control volume technique employed by Patankar 

(1980), it is required to split the domains into the fundamental control volumes and then 

integrate the equation over these control volumes. The equation (6.7a) is solved by applying 

the finite difference method. Equation (6.7a) for Δx = Δy can be changed to  

hp = hp° + αR[hE -4hp + hW + hN + hS] + ρlλ[fp° - fp
k]                                                                 (6.10) 

aEhE + aWhW + aPhP + aNhN + aShS = Q                                                                                      (6.11) 

where 

aE = aW = aN = aS = -α.R                                                  aP = 1 – aE – aW – aP – aN - aS 

Q = hP° + ρlλ[fp° - fp
k] 

R = dt/(dx)2 

Here, hP° and fP° act as enthalpy and the liquid fraction of the PCM respectively from the 

preceding time step. Q keeps track of the heat evolution and superscript k means the kth 

iteration of f at node P. Equation (6.11) can be resolved by a similar technique and via the 

same boundary condition in the program specified by Costa et al. [298]. 
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6.2.6 Code and model validation 

Equation 6.11 was solved using TDMA iteration and liquid fraction update method as 

proposed by Voller. On the node point, where 0<f<1, the phase change is happening, and the 

coefficient aP is set to a large number. The liquid fraction update can then be obtained by 

setting hP=0 and after rearrangement one gets 

(𝑓)𝑘+1 = (−𝑎𝐸ℎ𝐸 − 𝑎𝑊ℎ𝑊 + ℎ𝑝
° )/𝜌𝑙𝜆  +  𝑓

°                                                                  (6.12) 

Equation 6.12 is used at each node, along with under/over correction, i.e. 

𝑓 = 0   𝑖𝑓 (𝑓)𝑘+1      < 0,                                       

       1   𝑖𝑓   (𝑓)𝑘+1    > 1  

Convergence at a given time step is declared when a difference in total enthalpy fields below 

the given tolerance, i.e. 

𝐴𝐵𝑆 [(𝐻)𝑘 − (𝐻)𝑘+1]/𝜌𝑘𝑐𝑘  < 𝑇𝑂𝐿                                                                               (6.13) 

In the present case, the value of TOL is set to 10-3 

An algorithm of the code in the form of the flow chart has been provided in Figure 6.1. 
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Figure 6.1. Flowchart 

For the code and model validation, the result of our calculation in terms of the melt fraction 

is compared with that of Costa et al. [298] having Tm-Tinit = 5 °C and Twall-Tm=15 °C for the 

n-octadecane. Our results are in good agreement with that of Costa et al. The result of our 

and that of Costa et al. has been presented in Figure 6.2. 
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Figure 6.2. The comparison between the model considered in the present study (left) and that of Costa et al. (right) 
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6.3 Result and discussion 

To investigate the performance of PCM with various storage systems the effect of 

thermophysical properties of the container as well as PCM has been considered. A grid level 

of (32 × 32) was selected with the PCM grid level of  (30 × 30) having 2 mm of grid length. 

The PCM grid is enclosed by the grid of the fins as shown in Figure 6.3. The thickness of 

the container material was taken at 1mm. The PCM was kept at 5 °C  lower than the melting 

temperature of the PCM. The wall temperature was 15 °C higher than PCM’s melting 

temperature. The study is intended to show the effect of different container materials having 

different densities, thermal conductivity, and specific heat on the two PCMs materials having 

different thermophysical properties on the melting process. The effect of PCM temperature, 

wall temperature, and thickness on melt fraction has also been analyzed. 



 

183 
 

 

Figure 6.3. Two-dimensional domain 

 

6.3.1 Effect on melt fraction due to thermophysical properties of container material and 

PCMs 

To ascertain the effect of thermophysical properties of the container material on the melt 

fraction of the selected PCMs, different heat exchanger container material were chosen i.e. 

glass, SS, tin, AM, aluminum, and copper. The calculations were made based on selected 

PCMs and data were presented in Table 6.3. The table shows the value of the melt fraction 

up to 300 min with different container materials. The result linked to the direct relationship 

between the melt fraction of the PCMs and the thermal conductivity of the container material 

which increases as the value of thermal conductivity of the container material increases. 

Figure 6.4 shows the melt fraction plot of the two PCMs with the copper container. It shows 
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the time taken for two PCMs to melt completely which is 62 min for CLM355, and 69 min 

for CLM433. The melt fraction shown by the two PCMs is quite high. Based on the result it 

can be suggested that both PCM is compatible with the container material but CLM355 

showed better compatibility. The result further suggests that thermophysical properties have 

an important role in deciding the melt fraction of the PCM. 

Figure 6.5 shows the plot of the melt fraction of CLM355 with different container material 

within 300 min. The melt fraction within 300 min is 0.83 for glass, and the time taken for 

complete melting is 222 min for SS, 158 min for tin, 103 min for AM, 89 min for aluminum, 

and 62 min for copper. The time taken for complete melting is least for copper which is due 

to the highest thermal conductivity of the copper container. Good melt fraction is also 

observed for aluminum, and AM because of the excellent thermal conductivity of these 

materials. The melt fraction is least for glass which is due to its low thermal conductivity. 

The graph also suggests that thermal conductivity has a significant impact only at the lower 

value of container material on the melt fraction. At the higher value of the thermal 

conductivity of the container material, the increment has little effect on the melt fraction. 

Table 6.3: The value of melt fraction of the PCMs with different container material ( 

Twall – Tm = 15 °C, Tm – Tinit = 5 °C, and thickness 1mm) 

 

Name of the 

material 

CLM355 CLM433 

t* f t* f 

Glass 300 0.83 300 0.79 

Stainless steel 222 1.00 247 1.00 

Tin 158 1.00 176 1.00 

Aluminum 

mixed 

103 1.00 114 1.00 

Aluminum 89 1.00 99 1.00 

Copper 62 1.00 69 1.00 

 



 

185 
 

 

Figure 6.4. Melt fractions of two PCMs with the copper container (Twall – Tm = 15 °C, 

Tm – Tinit = 5 °C, and thickness 1mm) 
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Figure 6.5. Melt fraction of CLM355 at different time interval with various container 

material (Twall – Tm = 15 °C, Tm – Tinit = 5 °C, and thickness 1mm) 

 

6.3.2 Effect on melt fraction due to the thickness of the container material 

To analyze the effect of thickness of the container material on the melt fraction of the PCMs, 

the container material having thickness 1, 2, 3, and 4 mm were chosen and the calculations 

were made and the data were presented in Table 6.4. It can be seen that melt fraction 

increases with increases in the thickness of the container material. Figure 6.6 shows the plot 

of the melt fraction of CLM355 at the different thicknesses of the copper material. The time 

taken in this case for complete melting is 62, 46, 40, and 29 min respectively for thickness 

1, 2, 3, and 4mm. It can be said that when a volumetric amount of PCM with some thickness 

of the container material is occupied by a thicker wall of the same material then the melt 

fraction is noticeably increased. But this increase in the melt fraction is not in line with the 

increment in the thickness of the container material. The difference in the melt fraction is 
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not much as compared to the increase in the thickness. It can be concluded that the increase 

in the thickness of the container material has no significant impact on the melt fraction of 

the PCM.
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Table 6.4: The value of the melt fraction of PCMs with various container material at different thickness (Twall - Tm = 15 °C and 

Tm -Tinit = 5 °C) 

PCM Thickness 

(mm) 

Glass Stainless 

steel 

Tin Aluminum 

mixed 

Aluminum Copper 

  t* f t* f t* f t* f t* f t* f 

CLM355 1 300 0.83 222 1.00 158 1.00 103 1.00 89 1.00 62 1.00 

2 300 0.91 159 1.00 105 1.00 71 1.00 64 1.00 46 1.00 

3 300 0.97 126 1.00 86 1.00 60 1.00 54 1.00 40 1.00 

4 240 1.00 74 1.00 60 1.00 43 1.00 40 1.00 29 1.00 

CLM433 1 300 0.79 247 1.00 176 1.00 114 1.00 99 1.00 69 1.00 

2 300 0.86 177 1.00 117 1.00 79 1.00 71 1.00 51 1.00 

3 300 0.91 139 1.00 96 1.00 66 1.00 60 1.00 44 1.00 

4 268 1.00 92 1.00 67 1.00 47 1.00 44 1.00 32 1.00 
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Figure 6.6. Melt fraction of CLM355 with copper container at various thickness (Twall 

– Tm = 15 °C, Tm – Tinit = 5 °C) 

 

6.3.3 Effect on melt fraction due to variation in the wall temperature (Twall) 

To analyze the effect of the container wall temperature on the melt fraction of the PCMs, 

values of the melt fraction having different (Twall-Tm) i.e. difference of temperature between 

the wall of the container material and melting point of the PCM with value 5 °C, 10 °C, 15 

°C, and 20 °C  were calculated and presented in Table  6.5. It can be seen looking at the table 

as the value of (Twall – Tm) increases, the value of melt fraction also increases. The large 

value of (Twall-Tm) gives the high melt fraction. Figure 6.7 shows the melt fraction of 

CLM355 with the copper container having a different value of wall temperature. For 

complete melting, the time required is 161, 88, 62, and 49 min for (Twall-Tm)  value of 5 °C, 

10 °C, 15 °C, and 20 °C respectively. The data further shows that quite remarkable result is 
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obtained with melt fraction having 20 °C of the temperature difference between the wall 

temperature and the melting point of the PCM. This shows that the wall temperature has 

significant role in deciding the melt fraction of the PCM. 
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Table 6.5: The value of the melt fraction in 300 min for various (Twall-Tm) values (Tm-Tinit=5 °C and thickness = 1mm) 

PCM Twall-

Tm 

Glass Stainless 

steel 

Tin Aluminum 

mixed 

Aluminum Copper 

  t* f t* f t* f t* f t* f t* f 

CLM355 5 300 0.48 300 0.71 300 0.87 270 1.00 234 1.00 161 1.00 

10 300 0.68 300 0.98 227 1.00 146 1.00 127 1.00 88 1.00 

15 300 0.83 222 1.00 158 1.00 103 1.00 89 1.00 62 100 

20 300 0.95 175 1.00 123 1.00 80 1.00 70 1.00 49 1.00 

CLM433 5 300 0.45 300 0.67 300 0.82 300 0.99 262 1.00 180 1.00 

10 300 0.64 300 0.93 254 1.00 162 1.00 141 1.00 97 1.00 

15 300 0.79 247 1.00 176 1.00 114 1.00 99 1.00 69 1.00 

20 300 0.90 193 1.00 137 1.00 89 1.00 77 1.00 54 1.00 
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Figure 6.7. Melt fraction of the CLM355 with copper at different value of (Twall – Tm) 

having (Tm – Tinit = 5 °C and thickness 1mm) 

 

6.3.4 Effect on melt fraction due to variation in the initial PCM temperature (Tinit) 

To analyze the effect of the initial PCM temperature (Tm) on the melt fraction of the PCM, 

different (Tm-Tinit) i.e. temperature differences between the melting point of the PCM and 

initial PCM temperature were chosen i.e. 5 °C, 10 °C, and 15 °C. The data is presented in 

Table 6.6 with the two PCM having different container materials. In this case, Tinit has no 

direct influence on the melting point. In this case, the whole process is divided into two 

categories i.e. pre-melting and melting stages. In the former stage, the melting does not start 

until the temperature reached the fusion point. This affects the total melting time and the 

whole melting process. This is the reason that when real melting begins the interface has a 

higher temperature in comparison to the solid. Looking at Table 6.6, it can be clearly said 
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that as the difference between melting temperature and the initial temperature of the PCM 

value increases, the melt fraction decreases. So increasing the temperature difference has a 

negative influence on the melt fraction though this decrease is only marginal. But when the 

thermal conductivity value of the containers is increased, the melt fraction also increases. 

Figure 6.8 shows the melt fraction of CLM355 with the copper container having different 

(Tm - Ti) values i.e. 5 °C, 10 °C, and 15 °C. The time taken for complete melting is 

respectively 62, 63, and 64 min. This clearly shows that an increase in the temperature 

difference between melting temperature and the initial temperature of the PCM has a 

negligible influence on the melt fraction. 
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Table 6.6: The value of  the melt fraction in 300 min for various (Tm-Tinit) values (Twall – Tm = 15 °C and thickness = 1mm 

PCMs Tm-

Tinit 

Glass Stainless 

Steel 

Tin Aluminum 

mixed 

Aluminum Copper 

  t* f t* f t* f t* f t* f t* f 

CLM355 5 300 0.83 222 1.00 158 1.00 103 1.00 89 1.00 62 1.00 

10 300 0.82 225 1.00 160 1.00 104 1.00 90 1.00 63 1.00 

15 300 0.81 230 1.00 162 1.00 105 1.00 91 1.00 64 1.00 

CLM433 5 300 0.79 247 1.00 176 1.00 114 1.00 99 1.00 69 1.00 

10 300 0.77 250 1.00 179 1.00 115 1.00 100 1.00 69 1.00 

15 300 0.77 254 1.00 181 1.00 116 1.00 101 1.00 70 1.00 
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Figure 6.8. Melt fraction of the CLM355 with copper at different value of (Tm – Tinit) 

having (Twall – Tm = 15 °C and thickness 1mm) 
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Chapter 7: Development of nano-enhanced PCMs using nanoparticles 

obtained through green synthesis 

7.1 Introduction 

Environmental pollution is becoming a pressing issue due to an apparent increase in the 

demand for energy. In the contemporary period, most of the energy is obtained from 

conventional energy sources. These conventional energy sources are major greenhouse gas 

emitters that cause global warming and air pollution too. The whole world is looking toward 

renewable energy sources as a potential solution for future energy needs [308]. 

However, the crucial difficulty with renewable energy sources is their intermittent character. 

The gap in energy demand and supply is pushing the research fraternity to devise some 

energy storage systems for efficient energy utilization. They are looking forward to 

developing an energy storage system relying on solar thermal energy. In modern times, much 

concentration is put on the usage of the latent heat storage system as compared to sensible 

heat storage due to its isothermal characteristic and high energy storage potential. Thermal 

energy storage engaging PCMs is proficient in storing an enormous amount of energy and 

releasing it when needed. The energy is stored and released when a transition in phase occurs 

i.e. solid-solid solid-liquid, liquid-gas, solid-gas transition, or vice-versa. Above all, solid-

liquid transformation is most favored particularly due to the enormous amount of energy 

storage during phase transition, small volume change, and also due to economical viewpoint 

[3]. 

There are several kinds of PCM investigated earlier i.e. inorganic, organic, and eutectics. 

These PCMs are available for extensive temperature ranges from low to high thermal energy 
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storage applications viz. photovoltaic/thermal (PV/T), building, air/water heating, drying, 

space heating/cooling application, etc. The organic PCMs mainly fatty acids are quite useful 

for these types of thermal applications. They possess high latent heat of fusion, melt and 

freeze congruently, show self-nucleation properties, and are usually less corrosive [3]. Fatty 

acids are derived from bio-based sources such as animal fats and vegetable oils. These can 

be also obtained from waste cooking oils and fats and feedstock waste. As the raw materials 

are obtained from renewable and environmentally cleaner sources, it has great potential to 

reduce carbon footprints, reduce environmental impacts, and improve sustainability [309].  

However, a key problem with the organic-based PCMs is their low thermal conductivity that 

affects their widespread applicability in domestic and industrial applications [44]. There are 

two prominent methods for thermal conductivity enhancements i.e. chemical modification 

(grafting, and doping), and the addition of 3D, 2D, 1D, and 0D additives. The former is not 

a widely applicable method in response to a lower success rate and intricate operations. The 

latter however is a more sophisticated method as it reduces phonon scattering and enhances 

heat transmission on account of the formation of a thermal conductive chain. The 0D 

nanoparticles are widely used due to good dispersion, appropriate homogeneity, excellent 

interface interaction, and enormous specific surface region. Also, these 0D nanoparticles 

possess high thermal conductivity where only a minor fraction of addition can considerably 

escalate the thermal conductivity of the PCMs [310]. As 0D additives, metal and metal oxide 

nanoparticles are most frequently used. The major advantage of nanoparticles addition is the 

upsurge in the heat transfer rate which augument the charging/discharging rate resulting in 

faster melting and solidification [121]. 
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In recent times, several authors have used metal and metal oxide nanoparticles additives to 

augment the thermal conductivity of the PCM. Sharma et al. [44] developed Palmitic acid 

(PA)/TiO2 nanocomposite for various thermal applications. The authors informed that the 

thermal conductivity of the PA was improved by 12.7 %, 20.6 %, 46.6 %, and 80 % by the 

addition of 0.5 %, 1 %, 3 %, and 5 % TiO2 nanoparticles respectively. Barreneche et al. [311] 

developed a novel nano-enhanced PCM (NEPCM) with CA and PA as the base PCM. For 

the preparation of this formulation, the authors used CuO nanoparticles prepared via the co-

precipitation method. The nanoparticles were added in (1.0 wt. %, 1.5 wt. %, and 3.0 wt. %). 

The result exhibited that the thermal conductivity of the PA was enriched by 60 % with the 

addition of 3 wt. % of the CuO. Kumar et al. [312] inspected the working of paraffin with 

SiO2 nanoparticles. The authors selected 0.5, 1.0, and 2.0 mass % of the nanoparticles. The 

result indicated that the thermal conductivity was enhanced by 12.78 %, 22.78 %, and 33.34 

% respectively for these formulations. Chibani and Merouani [313] numerically analyzed 

the performance of NEPCM based on paraffin and various nanoparticles (viz. Al2O3, MgO, 

SiO2, and SnO2) at multiple concentrations (i.e. 1 %, 3 %, and 5 % v/v). The result unveiled 

that the melting and heat transfer rate was significantly boosted by the addition of the 

nanoparticles into the base PCM. Table 7.1 shows the recent advancement in thermal 

conductivity enhancement through 0D nanoparticles. 

The current study aims to develop NPCMs using α-MnO2 as the 0D nano-additives and CA 

as the base PCM. The α-MnO2 nanoparticles were synthesized by the less energy-intensive 

green technique using the aqueous extract of the leaves of the Ficus retusa plant. The present 

formulation is novel and not reported anywhere in the open literature. The foremost benefit 

of this method is its cost-effective and environmentally friendly approach that minimizes the 
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generation of any kind of hazardous waste. The developed nano-enhanced PCMs are 

thermally stable and reliable which was also confirmed with the 500 thermal cycle test. The 

developed PCMs are having improved thermal conductivity and are appropriate for various 

low-temperature thermal applications like buildings and photovoltaic/thermal (PV/T) 

applications. 

Table 7.1: Recent works on the thermal conductivity enhancement through the use of 

zero-dimensional nanoparticles 

 

Year Author Method PCM/0D 

nanoparticle 

system 

Result 

2017 Sharma et al. 

[44] 

Experimental PA/TiO2 The thermal 

conductivity 

enhanced by 

80 % 

2019 Barreneche et al. 

[311] 

Experimental CA,PA/CuO 60 % 

increment in 

the thermal 

conductivity 

2019 Kumar et al. 

[312] 

Experimental Paraffin./SiO2 The thermal 

conductivity 

was increased 

by 33.34 % 

2021 Chibani and 

Merouani [313]  

Numerical Paraffin/Al2O3, 

SiO2, MgO, SnO2 

The heat 

transfer rate 

and melting 

rate 

significantly 

improved by 

the addition of 

nanoparticles 

2021 Anand et al. Experimental CA/α-MnO2 This work 
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7.2 Experimental setup 

7.2.1 Materials 

Capric acid (CA) having a purity of 98 % and molecular weight of 172.27 g/mol was 

purchased from Avra Synthesis Pvt. Ltd., Telangana, India. The surfactant sodium dodecyl 

sulfate (SDDS) was procured from Thermo Fischer Scientific India Pvt. Ltd., Mumbai, India. 

The other chemicals such as potassium permanganate (KMnO4), methyl red, methyl orange, 

and nitric acid (HNO3) was procured from Molychem India Pvt. Ltd. For the experiment, all 

the chemicals were utilized devoid of any additional purification. 

7.2.2 Green synthesis of α-MnO2 nanoparticles 

There are several different methods applied for the synthesis of metal-based nanoparticles 

including chemical method and physical method (like pulsed vapor method, sonochemical 

reduction, microwave irradiation method, electrochemical synthesis, thermal oxidation, 

etc.[314,315]. All of these methods have certain limitations associated with them. These 

methods are expensive, toxic, and energy-consuming. In the existing work, nanoparticles are 

synthesized via simple, less energy-consuming, and environment-friendly green techniques 

employing the aqueous extract of leaves of Ficus retusa. The nanoparticles used for the 

NPCM formulation have been prepared via the method adopted by Srivastava & Choubey.  

The extract was formulated by boiling 50 g of dried and crushed leaves of F. retusa with 200 

mL of deionized water for 2 h. The extract obtained was then filtered using a 0.2 µm 

membrane filter to remove impurities. The filtered formulation was then added with the 

solution of 0.1 M potassium permanganate (KMnO4) in the ratio of 1:2 which acts as a 

reducing as well as capping agent. The solution was constantly stirred keeping it at room 

temperature. The solution was warmed to form a paste. The paste was transferred into the 
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ceramic crucible and put into the muffle furnace which was then oxidized at 800 °C to obtain 

α-MnO2 nanoparticles. The method is presented in full in the work reported by Srivastava 

and Choubey [316]. The graphic illustration of the synthesis steps is given in Figure 7.1. 

 

 

Figure 7.1. Preparation of the α-MnO2 nanoparticles 

 

 

7.2.3 Preparation of NPCM 

In this step, 50 g of the CA was taken in a beaker as the base PCM. The α-MnO2 nanoparticles 

were added in different weight fractions i.e. 1 % (nCA1), 2 % (nCA2), and 3 % (nCA3). The 

surfactant (SDDS) in equal proportion to that of the nanoparticles was also added to disperse 

the nanoparticle completely in the PCM solution. The mixture was melted and stirred for 
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about half an hour. To uniformly diffuse the nanoparticle, the melted solution was vigorously 

sonicated using an ultra probe sonicator ( SONICS VCX500) at the frequency of 20 kHz. 

The vibrational energy generated during this step assists in dispersing and avoiding the 

agglomeration and settling of the nanoparticles. The temperature of the mixture was 

maintained at 50 °C using the standard temperature probe to avoid the solidification of the 

PCM during the sonication. The entire schematic of the experimental setup and preparation 

steps for NPCM is shown in Figure 7.2. 

 

 

Figure 7.2. Schematic of the experimental setup and preparation of the NPCM 

 

7.2.4 FESEM and EDX analysis 

The FESEM was conducted using the JEOL JSM 7100F instrument to analyze the surface 

morphology of the synthesized nanoparticle. The sample was gold-coated with a thin layer 
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to prevent the charging of the sample. FESEM was also provided with an EDX for elemental 

analysis and quantitative information. 

7.2.5 XRD analysis 

The XRD was performed using the Bruker D8 advance Eco diffractometer. The system was 

equipped with Goniometer, X-ray source, Tube housing, Mount, Sample holder, and 

Detector with Optics and Slit systems. The system had DIFFRAC (EVA evaluation 

software), DIFFRAC (TOPAS software) for diffractogram analysis, and ICDD PDF-4 

Axiom 2020 database. 

7.2.6 FTIR analysis 

The FTIR of the sample was done availing PerkinElmer Spectrum Two instrument. For this 

analysis, the powdered form of the samples was taken. The data was recorded using 

“attenuated total reflectance mode” equipped with ZnSe ATR crystal. The FTIR spectrum 

was recorded from the frequency span of 400 to 4000 cm-1. 

7.2.7 Thermal cycle test 

The thermal cycle test of the prepared samples was done manually using a thermal cycle test 

analyzer. The unit had an ultra-cryostat circulator connected to a water bath with a capacity 

of 20 L. It had a temperature range of -20 °C to 80 °C. The system was also equipped with 

an inbuilt temperature regulator having temperature stability and accuracy of ±0.1 °C. The 

sample was dipped into the water bath and adjusted to 10 °C. The heating chamber had a 

temperature range from room temperature to 300 °C. The temperature was set at 40 °C and 

the sample was gently lowered into the chamber. In this process, one cycle was said to be 

completed when the complete heating and cooling (melting/solidification) process took 



 

205 
 

place. After the completion of each 100 cycles, about a few milligrams of the PCM sample 

was taken out and analyzed for DSC. The schematic and experimental setup is shown in 

Figure 7.3. 

 

Figure 7.3. Thermal cycle testing equipment 

 

7.2.8 Differential scanning calorimetry (DSC) 

The DSC study was undertaken using PerkinElmer DSC 4000 instrument. For this few 

amount (mg) of the samples was taken out and measured using a semi-analytical digital 
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balance having the accuracy of ±0.00001g. The weighted sample was loaded into an 

aluminum pan and the DSC was performed with a heating rate of 2 °C/min under nitrogen's 

environment at a flux of 20 ml/min. The DSC instrument had an accuracy of ±2 % in 

enthalpy measurement and ±0.1 °C in the temperature measurement. The various 

thermophysical properties were measured i.e. onset, peak melting temperature, and latent 

heat of fusion. In the DSC analysis, the reference and the sample pan are heated at a constant 

rate. The difference in the temperature between the references and the sample holder is 

proportional to the heat flow. The area under the curve provides the latent heat and the 

tangent of the greatest slope provides the onset melting whereas the peak point of the curve 

provides the peak melting temperature. 

7.2.9 Thermogravimetric analysis (TGA) 

For the thermogravimetric analysis (TGA), the Linseis PT1000 instrument was used. The 

temperature range selected was from room temperature to 600 °C at a heating rate of 10 

°C/min with the support of a stream of 50 ml/min of nitrogen. The TGA had a resolution of 

about 5 µg. For this analysis, 20 mg of the test sample was weighed and taken in a crucible, 

and put in the TGA furnace. After placing the sample, the temperature was gradually raised 

to reach the final temperature and the mass loss was tracked and noted as a function of 

temperature. 

7.2.10 Melting and freezing performance test 

The melting and freezing performances of the PCMs were tested through the experimental 

setup shown in Figure 7.4. For this, PCMs were filled into the glass tube having equal 

dimensions. A calibrated T-type thermocouple was positioned in the middle of the glass tube 

containing PCM to record the temperature. The thermocouple had an accuracy of about ±0.5 
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°C and precision of ±0.1 °C in the temperature measurement. A keysight DAQ970A model 

data logger was used for recording the temperature which was connected to a PC. For the 

solidification process, the temperature of the circulating water bath was put at 10 °C, and for 

the melting process, the temperature was fixed at 40 °C. The data logger was adjusted to take 

the temperature reading automatically at the interval of one minute both for the solidification 

and melting process. 

 

 

Figure 7.4. Melting and freezing performance test setup 
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7.3 Result and discussion 

7.3.1 FESEM analysis 

Figure 7.5 (a) shows the FESEM image of the α-MnO2 nanoparticles. The image shows the 

nice spherical shape of the nanoparticles having a dimension ranging from 30 to 50 nm. The 

nanoparticles were well separated from each other without any agglomeration. It was also 

confirmed that the α-MnO2 nanoparticles had a semi-linear and open structure rather than a 

compressed-packed structure [316]. 

Figure 7.5 (b) shows the EDX result of the α-MnO2 nanoparticles. The result shows the 

existence of Mn and O atoms in the sample. The result also confirmed a very high purity of 

the synthesized nanoparticles.  
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Figure 7.5. (a) FESEM image and (b) EDX result of α-MnO2 nanoparticles 
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7.3.2 XRD analysis 

Figure 7.6 shows the XRD spectra of α-MnO2 nanoparticles, CA, and other nanocomposites 

(nCA1, nCA2, and nCA3). The peaks at 2θ= 12.52°, 18.20°, 25.45°, 29.5°, 36.9°, 42.2°, and 

49.2° were due to the (110), (200), (220), (310), (211), (301), (411) planes conforming to 

the tetragonal planes of the α-MnO2 nanoparticles. The peaks were sharp confirming the α-

MnO2 nanoparticles synthesized were well crystalline and had minimum impurities [317]. 

The peaks at 2θ= 11.45°, 20°, 21.5°, 23.5°, and 30° corresponded to the well crystalline 

structure of CA, and strong and sharp peak confirmed the single phase of CA [318]. The 

peaks of CA remained intact in composite PCMs (nCA1, nCA2, and nCA3) which showed 

that the peaks of the CA were not destroyed after the addition of the nanoparticles. In the 

nanocomposites, the peaks of the CA and α-MnO2 nanoparticles were intact confirming the 

presence of both CA and α-MnO2 nanoparticles in the nanocomposite. 
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Figure 7.6. XRD spectra of the PCMs 

 

7.3.3 FTIR analysis of CA and NPCMs 

The FTIR spectra of CA and other nanocomposites PCMs in the wavenumber region of 400 

to 4000 cm-1 are presented in Figure 7.7. The peak at 3205 cm-1 corresponded to the 

stretching vibration of the H2O and -OH absorption. The peak at 1643 cm-1 was due to the 

bending vibration of the absorbed H2O molecules. The appearance of both these peaks 

showed the presence of water molecules in the sample. The peak at 1368 cm-1  and  1108 cm-

1 was due to the surface –OH group of the Mn-OH for the colloidal α-MnO2 nanoparticles. 

The peaks that appeared at 600 cm-1 and 550 cm-1 were the characteristic stretching vibration 

of O-Mn-O which confirmed the presence of α-MnO2 nanoparticles [319–321]. In CA, the 

peak at 2917 cm-1 and 2850 cm-1 was due to asymmetrical and symmetrical vibrations of the 
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–CH group. The peak at 1694 cm-1 was due to -C=O stretching vibration. The peaks at 1296 

cm-1 932 cm-1 were due to the in-plane and out-plane bending vibration of the –OH group of 

CA [121]. The composite PCMs (nCA1, nCA2, and nCA3) didn’t show any new peak or 

significant peak shift which confirmed only physical interaction between α-MnO2 

nanoparticles and CA. This also confirmed that there was no chemical rearrangement or any 

chemical reaction between α-MnO2 nanoparticles and CA. 

 

 

Figure 7.7. FTIR spectra of CA and nano-enhanced PCMs 
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7.3.4 Thermal energy storage characteristic 

In the solid state, CA has a well-ordered crystalline structure. When the molecules of CA get 

heat, they start to vibrate. This vibration increases the interatomic distance between the atom 

that causing them to take more space and ultimately volume increases. When the heat is 

further increased, molecules began to move faster due to a rise in kinetic energy thus 

breaking the supramolecular bond that exists between the individual atoms. When the 

temperature increases to a certain critical point i.e. phase transition temperature, the ordered 

crystal structure becomes a randomly oriented liquid state. This phase transition takes place 

at constant temperature and can be measured using a DSC. Therefore, the thermal energy 

storage characteristics of CA and other nanocomposites (nCA1, nCA2, and nCA3) were 

measured using DSC analysis [322]. 

Figure 7.8 shows the DSC curve of CA and other nanocomposites (nCA1, nCA2, and nCA3). 

The DSC curve of CA and all other nanocomposites showed similar trends and identical 

shapes. The onset melting point obtained for the CA was 32.10 °C. The onset melting point 

obtained for nCA1, nCA2, and nCA3 was 30.11 °C, 29.66 °C, and 28.77 °C respectively. 

Similarly, the peak melting temperature for CA, nCA1, nCA2, nCA3 found was 34.63 °C, 

33.38 °C, 33.49 °C, and 33.15 °C respectively. The result showed a decreasing trend with 

respect to onset and peak melting temperature. Also, the addition of the nanoparticles led to 

the widening of the DSC thermogram. This was due to the impurities effect caused by the 

nanoparticles. The addition of the nanoparticles caused the defect in the crystal lattice and 

made it facile to overcome the strong molecular interaction that existed between the 

molecules of CA thus lowering the onset and peak melting point. Table 7.2 also shows the 

data of the latent heat of fusion of the CA and other nanocomposites. The latent heat of 



 

214 
 

fusion obtained for CA was 164.10 kJ/kg. The latent heat of fusion obtained for 

nanocomposites nCA1, nCA2, and nCA3 was 161.46, 150.24, and 145.18 respectively. A 

regular trend in the decrease in the latent heat of fusion of the nanocomposites was obtained 

with increasing the mass fraction of nanoparticles as shown in Figure 7.9 which was due to 

the alteration in the physicochemical characterization of the CA triggered by the addition of 

nanoparticles. The crystal lattice now requires a lesser amount of energy for solid-liquid 

phase transition. A maximum decrease of  11. 53 % in the latent heat of fusion was noticeable 

for nCA3 which was within the acceptable limit and not significant enough keeping in mind 

the high loading of nanoparticles in the nanocomposite [44]. 

 

Figure 7.8. DSC curve of CA and other nanocomposites 
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Table 7.2: Thermophysical properties of CA and nanocomposites 

 

PCMs Melting 

temperature (°C) 

Latent heat of 

fusion (kJ/kg) 

Onset Peak 

CA 32.10 34.63 164.10 

nCA1 30.11 33.38 161.46 

nCA2 29.66 33.49 150.24 

nCA3 28.77 33.15 145.18 

 

 

Figure 7.9. The onset melting point (OM) and latent heat of fusion (LHF) at different 

concentrations of nanoparticles 

 

7.3.5 Thermal reliability 

Thermal reliability is a very essential parameter for the extended performances of PCMs. 

This ensures that the PCM remains functional for a prolonged period in the thermal energy 

storage system [307]. Thermal reliability is generally conducted through the thermal cycle 
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test and recorded in the relative percentage difference (RPD). For this purpose, the initial 

thermophysical properties are considered as reference and compared with the final 

thermophysical properties. The simplistic formula for the calculation of RPD is represented 

as: 

                                             𝑅𝑃𝐷 = 
𝑁𝑓−  𝑁0

𝑁0
 × 100                                                          (7.1)                                                                                               

Where Nf is thermophysical properties after the test cycle and N0 is the thermophysical 

properties before the reference test cycle [239].  

To find out the thermal reliability, 500 thermal melt/freeze cycles were conducted. The DSC 

results such as the onset, peak melting, and latent heat of fusion of nCA1 at an interval of 

100 cycles were calculated and noted down. Table 7.3 shows the variation with respect to 

onset melting at 100th, 200th, 300th, 400th, and 500th cycle which was reported to be -0.23 %, 

0 %, +0.53 %, +0.13 %, and -1.43 % respectively. The variation concerning melting peak 

was obtained to be +1.52 %, +0.26 %, -0.03 %, +1.47 %, and +0.90 respectively at 100th, 

200th, 300th, 400th, and 500th cycle. The variation concerning latent heat of fusion was -0.006 

%, +5.17 %, +9.94 %, -6.67 %, and -6.67 % respectively at 100th, 200th, 300th, 400th, and 

500th cycle. Figure 7.10 shows the DSC thermogram of the nCA1 sample at the 100th, 200th, 

300th, 400th, and 500th intervals of the thermal cycle. The thermogram obtained was similar 

in shape which also confirmed that the thermal behavior of the PCM remained identical at 

each stage of the thermal cycle. The data showed only minor variation concerning onset, 

peak melting, and latent heat of fusion as shown in Figure 7.11. These minor variations in 

the thermophysical properties were due to the impurities associated with the materials. These 

variations were within the acceptable limits for the PCMs that can be used in the thermal 

system. In the thermal system, the PCMs undergo at least one melt/freeze cycle during the 
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entire day. So, these developed nano-PCMs can be used for at least one and a half years in 

various domestic and industrial applications. Figure 7.12 shows the FTIR result of the nCA1 

sample before and after 500 thermal cycles. The position of the significant peaks remained 

intact prior to and following the thermal cycle test which also authenticated that the chemical 

formulation of nCA1 was similar and the thermal cycle test had no major impacts on the 

chemical makeup of sample [125]. 

Table 7.3: Cycle testing result of the NPCM (nCA1) 

 

Cycle 

number 

Melting temperature 

(°C) 

Latent heat of 

fusion (kJ/kg) 

Onset Peak  

0 30.11 33.38 161.46 

100 30.04 33.89 161.45 

200 30.11 33.47 169.82 

300 30.27 33.37 177.52 

400 30.15 33.87 150.68 

500 29.68 33.68 150.69 
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Figure 7.10. DSC thermogram of the NPCM (nCA1) at different steps of the thermal 

cycles 
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Figure 7.11. Variation in thermophysical properties, MP: melting peak, and LHF: 

latent heat of fusion 
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Figure 7.12. FTIR result of NPCM (nCA1) at 0th and 500th cycle 

 



 

221 
 

7.3.6 TGA analysis 

The TGA curve of the pure CA and the nanocomposite (nCA1) is shown in Figure 7.13. 

From the figure, it was apparent that the prominent weight loss of the CA noticed between 

208 and 257 °C, and for nCA1, the weight loss noted between 205 and 276 °C. The initial 

weight loss was due to the loss of the water molecules. The residual weight loss in the case 

of CA after 500 °C was about 0.50 % and remained constant afterward. It was evident that 

after 257 °C, CA was completely degraded which was due to the breakage of the polymeric 

chain into monomers and further breakage of the aliphatic chain into smaller alkanes. In the 

case of nCA1 nanocomposite having 1 % nanoparticles, the burnt residue left after 500 °C 

was less than 1.30 % and which stayed constant thereafter. It was evident that complete 

degradation of the nanocomposite took place after 276 °C. A delay in the degradation of the 

nanocomposite was observed in comparison to the pure PCM which was due to the fact that 

the nanoparticle acted as a thermal retardant in the nanocomposite that delayed the thermal 

degradation. The addition of the nanoparticles also increased the stability of the 

nanocomposite.  Looking at the TGA diagram, it was quite evident that the PCMs were stable 

up to 200 °C and can be used for various thermal applications such as photovoltaic/ thermal, 

building, etc. 
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Figure 7.13. TGA curve of CA and NPCM 

 

7.3.7 Thermal conductivity enhancement 

The thermal conductivity enhancement properties of the nanocomposites were confirmed 

using the melting and solidification curve of the developed nanocomposites. Figure 7.14 

shows the temperature-time curve of the melting process of the CA and other 

nanocomposites. Initially, the temperature of CA and other nanocomposites was 15 °C. As 

the PCMs start acquiring heat, the temperature began to rise continuously up to the melting 

point of the PCMs. When the temperature was reached up to the melting point of the PCMs, 

it began to melt thus establishing solid-liquid phase transition. The time required for 

complete melting of CA was 900 seconds. In comparison to that, nCA1, nCA2, and nCA3 

only took 746, 706, and 640 seconds respectively to melt completely. From the figure, it is 
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evident that all the PCMs have a comparable phase change temperature plateau. In the case 

of CA, the temperature plateau was broader. As the nanoparticles were added (in the case of 

nCA1), the temperature plateau became shortened which was evidence of the increase in the 

thermal conductivity of the nCA1. As the concentration of the nanoparticles was further 

increased (in the case of nCA2, and nCA3), the temperature plateau was further shortened 

which was due to the enhancement in the thermal conductivity of the PCMs. 

 

Figure 7.14. Melting temperature-time curve for developed PCMs 

 

Figure 7.15 shows the temperature-time curve for the solidification process of CA and 

other nanocomposites. Initially, the temperature for all the PCMs was 50 °C. As the 

PCMs started losing heat, the temperature began to fall continuously up to the freezing 

point of the PCMs. When the temperature reached the freezing point, the solidification 
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process started thus establishing liquid-solid phase transition. The time required by CA 

to solidify completely was 1264 seconds. In comparison to that nCA1, nCA2, and nCA3 

took 1136, 1011, and 965 seconds respectively. From the figure, it is evident that all the 

PCM have a similar temperature-time plateau. As the nanoparticles were added (in the 

case of nCA1), the temperature plateau became shorter due to the increase in the thermal 

conductivity of the PCM. As the concentration of the nanoparticles was further increased 

(in the case of nCA2, And nCA3), this plateau became more shortened thus confirming 

the increase in the concentration of nanoparticles increases the thermal conductivity of 

the PCM [120]. 

 

Figure 7.15. Solidification temperature-time curve of the developed PCMs 

 



 

225 
 

The decrease in the time for melting and solidification of the NPCM can be explained on the 

basis that the introduction of the nanoparticles in the NPCM increased the effective thermal 

conductivity of the NPCM. The nanoparticles present in the NPCM induced conductive as 

well as convective heat transfer during the melting process. During the solidification process, 

the presence of nanoparticles further indued the conductive heat transfer resulting in lesser 

time for solidification of NPCM. 

The increase in the thermal conductivity due to the addition of the nanoparticles comes at a 

cost of a decrease in the latent heat storage capacity of the NPCM. This is mainly due to the 

less specific heat of the nanoparticles as compared to the base PCM. The second reason can 

be explained as the weakening of the molecular forces by the introduction of the 

nanoparticles that causes the requirement of less energy to break the molecular bonds. 

The addition of most of the nanoparticles leads to a decrease in the value of latent heat 

resulting in a lesser amount of heat storage and release during the solidification and melting 

of NPCM. For most of the applications of NPCM, thermal conductivity is crucial as it can 

ensure faster heat absorption and release time, however, the significance of latent heat can 

not be ignored as it is the most important criteria for the selection of PCM for the thermal 

application. Here it is important to keep in mind that there is no prescribed standard method 

to keep an optimum balance between the latent heat and thermal conductivity.  This entirely 

depends on the type of application of NPCM and can vary from case to case. The increase 

in thermal conductivity and decrease in latent heat of the PCM strongly depend on the type 

(i.e. metal, metal oxide nanoparticles, graphene, and CNTs), size, shape, and mass fraction 

of the nanoparticles, If the thermal system requires quicker heat absorption and release then 

the thermal conductivity needs to be kept high adding higher fractions of the nanoparticles. 
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But when keeping a high amount of energy storage is essential, the weight fractions of 

nanoparticles can be kept low without compromising the thermal system [323,324]. 

The second important thing is the optimal concentration of the nanoparticles in the NPCM. 

Increasing the fraction of nanoparticles results in decreasing the latent heat of the NPCM 

due to a decrease in the mass fraction of base PCM in NPCM. Therefore, the fraction of the 

nanoparticles should be judiciously taken not to risk the thermal system with a low amount 

of heat storage. For the present case, increasing the weight fraction beyond 3 % would 

suppress the latent heat to a larger extent with little practical significance. Also, the increase 

in the nanoparticles concentration increases the interfacial thermal resistance between the 

nanoparticles and the base PCM that decrease the heat transfer during sensible heating. 

Furthermore, increasing the concentration of nanoparticles increases the viscosity of the 

NPCM which has a counteractive effect on the increase in the thermal conductivity due to 

decreased buoyancy that suppresses the natural convection in NPCM [325,326]. 

7.4 Conclusion 

This chapter deals with the development of NPCMs using CA as base PCM and α-MnO2 

nanoparticles as 0D additives. The nanoparticles were synthesized by the green technique 

using the leaves of Ficus retusa plant. The foremost advantages of this method were its low-

cost, environmentally friendly, and less hazardous approach. The nanoparticles were used in 

1 %, 2 %, and 3 % weight fractions to develop the nanocomposites. The FESEM image had 

shown the well-spherical shape of the nanoparticles and the presence of Mn and O were 

confirmed with EDX analysis. The XRD analysis confirmed that the CA and α-MnO2 

nanoparticles had a well crystalline structure and the addition of the nanoparticles did not 

affect the crystallinity of the CA. The FTIR had confirmed that there was no chemical 
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interaction between the CA and the nanoparticles. The DSC analysis showed that all the 

developed PCMs had excellent thermal energy storage capability lying between 145 and 164 

kJ/kg. The thermal cycle test reported up to 500 cycles confirmed excellent thermal 

reliability. The variation with respect to onset, peak melting point, and latent heat of fusion 

was -1.43 % to +0.53 %, -0.03 % to +1.52 %, and -6.67 % to 9.94 % respectively with 1 % 

NPCM. These variations are within acceptable limits and the PCMs are useful for a year-

long application. The TGA had shown that the developed PCMs were stable for low-

temperature applications such as building and photovoltaic/thermal. The nanocomposites 

also had excellent charging and discharging rates owing to the increased thermal 

conductivity. 
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Chapter 8: Summary, conclusion, and future perspective 

In the present work, development, utilization, performance evaluation, and application of 

PCMs have been carried out. The work is focused to develop novel ternary mixtures of PCMs 

for thermal energy storage. The PCMs are also subjected to extensive thermal cycle tests to 

understand their long-term performance of the PCMs. The PCMs are also tested with 

different container materials to test the behavior of PCM in the thermal system. The 

performance evaluation of PCM was carried out by developing a thermal model using 

different nanoparticles in the BIPV system. The performance enhancement of the PCM was 

carried out using nanoparticles with various weight fractions. The summary and conclusion 

of the present thesis work are given below: 

8.1 Development and characterization of ternary series of saturated fatty acids as 

PCMs 

The development of PCMs based on MCFA and LCFA such as CLM, CLP, CLS, CMP, 

CMS, and CPS with variable weight proportions (90/5/5, 80/10/10, 70/15/15, 60/20/20, 

50/25/25, 40/30/30, 30/35/35, 20/40/40, and 10/45/45) has been carried out. These blendings 

were characterized calorimetrically using DSC. The DSC results showed that only a few 

blends were found pleasing with respect to melting temperature in the desired temperature 

range (15-50 °C). These samples exhibited high latent (80-200 kJ/kg), which is an 

appropriate reason to endorse these mixtures for the various TES applications. From the 

results, it can be concluded that CA played a vital role to keep the low temperature in eutectic 

mixtures from 90 to 50 wt. % as the pure CA is low melting (29-31 °C) component in the 

mixture when compared to other acids which are high melting. This addition is indispensable 
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as this offers suitable temperatures for building-related thermal applications as well as for 

the thermal regulation of the PV systems. The higher concentrations of the LA, MA, SA, 

and PA also played a vital role in developing the materials for solar water/space heating 

systems and other applications.  

In short, it can be envisaged that CA plays a decisive role in the selection of materials for 

various applications. As the concentration of CA decreases, a dip in the melting temperature 

is observed. It can also be concluded that if CA concentration is 90 to 50 wt. % mixed with 

any other fatty acids, then the desired mixtures for the building's applications can be 

developed. In another case, if CA concentration is lower than 50 wt. %, then mixtures can 

be developed for solar water/space heating systems and other related applications in this 

temperature range. 

In terms of cost, the pure fatty acids (CA, MA, SA, LA, and PA) are available at a 

commercial rate of 18.06, 4.12, 5.31, 4.80, and 3.35 $/kg respectively in the Indian markets.  

Our developed eutectics are in the range of 5-17 $/kg which can be even dropped to 2-5 $/kg 

when produced in mass quantity. 

8.2 Thermal stability and reliability test 

The cycle test results of the ternary-developed PCMs have been presented. Up to 300 thermal 

cycle test was conducted for the 28 developed PCMs. The variation obtained with respect to 

peak melting temperature was ±10 % with average storage capability between 130-165 

kJ/kg. These PCMs are available within the 19-31 °C temperature range which can be 

suitable for building, photovoltaic/thermal, and other similar kinds of applications. The 

thermal gravimetric analysis revealed that these PCMs were stable in their working 

temperature ranges. No significant mass loss was observed up to 100 °C for almost all PCMs. 
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Fourier transform infrared spectroscopy showed that the thermal cycle test has no impact on 

the chemical structure and functional groups. The variation in thermophysical properties was 

observed due to different polymorphs, crystal structures, and impurities associated with the 

PCM. It can be concluded that the developed PCM can be used for one year without thermal 

deterioration when the PCM is subjected to a single melt/freeze cycle during the entire day. 

These PCMs can be also used as a base material for encapsulation, impregnation into matrix 

and fibers, doping, and nanoparticle enhancement. 

8.3 Heat transfer study of BIPV with nano-enhanced PCMs 

The computational fluid dynamics (CFD) study of  BIPV with nano enhance phase change 

materials were carried out. The effect of various nanoparticles on heat transfer and melting 

of PCM has been investigated. The addition of thermally conductive nanoparticles in PCM 

enhanced the effective thermal conductivity of solid PCM and liquid PCM due to the 

Brownian motion of nanoparticles. For the selected nanoparticles, superior working is 

achieved with Cu nanoparticles. The BIPV/NPCM systems limit the panel’s temperature to 

rise below 40 °C for about 60 minutes at constant exposure of radiation of 500 W/m2. A 

similar kind of temperature jump is observed after 10 min without PCM. From the study it 

is also observed that the melting rate not only depends on the thermal conductivity but also 

on the density of the nanoparticle. 

8.4 Numerical heat transfer study of PCMs 

The melt fraction analysis of two selected PCMs that can be used in various thermal energy 

storage devices has been carried out. The impact of thermophysical properties of the PCM, 

thermal conductivity, the thickness of the container material, wall surface temperature, and 
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the initial temperature on the melt fraction have been investigated. The result showed 

excellent compatibility of both PCMs with the container material. CLM355 outperforms 

CLM433 only slightly in terms of melt fraction with all types of container material. The 

thermal conductivity of the container material, as well as the effective thermal conductivity 

of PCM, has an important role in deciding the melt fraction. The increase in the thermal 

conductivity of the container increases the melt fraction of the PCM. The increase in the 

thickness of the container has little influence on the melting rate of the PCM. The initial 

temperature of the PCM has almost no role in deciding the melt fraction of the PCM. The 

outer wall temperature has a significant role in deciding the melt fraction. In the end, it can 

be said that both the PCMs can be used as storage media in various types of thermal storage 

devices choosing different container material according to the need. The configuration of the 

container material should be perfectly chosen to achieve better optimization. The higher 

conductivity of the container material does not contribute significantly to the melt fraction 

than one having lower thermal conductivity. 

8.5 Development of nano-enhanced PCMs through green synthesis technique 

The development of NPCMs using CA as base PCM and α-MnO2 nanoparticles as 0D 

additives has been carried out. The nanoparticles were synthesized by the green technique 

using the leaves of Ficus retusa plant. The foremost advantages of this method were its low-

cost, environmentally friendly, and less hazardous approach. The nanoparticles were used in 

1 %, 2 %, and 3 % weight fractions to develop the nanocomposites. The FESEM image had 

shown the well-spherical shape of the nanoparticles and the presence of Mn and O were 

confirmed with EDX analysis. The XRD analysis confirmed that the CA and α-MnO2 

nanoparticles had a well crystalline structure and the addition of the nanoparticles did not 
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affect the crystallinity of the CA. The FTIR had confirmed that there was no chemical 

interaction between the CA and the nanoparticles. The DSC analysis showed that all the 

developed PCMs had excellent thermal energy storage capability lying between 145 and 164 

kJ/kg. The thermal cycle test reported up to 500 cycles confirmed excellent thermal 

reliability. The variation with respect to onset, peak melting point, and latent heat of fusion 

was -1.43 % to +0.53 %, -0.03 % to +1.52 %, and -6.67 % to 9.94 % respectively with 1 % 

NPCM. These variations are within acceptable limits and the PCMs are useful for a year-

long application. The TGA had shown that the developed PCMs were stable for low-

temperature applications such as building and photovoltaic/thermal. The nanocomposites 

also had excellent charging and discharging rates owing to the increased thermal 

conductivity. 

8.6 Future scope of the work 

The environment-friendly energy source is becoming the need of the hour.  PCMs are a very 

promising alternative energy source. It is of the very fast delivering energy sources. It 

contains high latent heat of fusion. It can melt or freeze at a certain temperature thus releasing 

and storing a large amount of energy. It is very lucrative for thermal management and energy 

storage and has various applications in solar water heating systems (SWHSs), solar water 

desalination, solar greenhouse, solar cookers, solar stills, etc. It is also prevalently used in 

the fields such as cold chain, textile, electronics, building and construction, and HAVC 

(heating, ventilation, and air conditioning). The two main markets for PCMs are HAVC and 

construction. Due to the high demand for this material in both of these sectors, PCM 

production and revenue streams have recently expanded. In terms of the demand and market 

potential, PCMs will have greater demands in Europe and North America in the coming 
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years. Due to the low competition in this sector, the already established business will have 

greater opportunities in the future. 

There are great prospects for bio-based PCMs that can be derived from animal and plant 

sources. These materials have high biodegradability and low inflammability in comparison 

to other PCMs. These types of PCMs have high demand in the advanced PCMs markets 

across the globe. 

There are only limited studies related to the application of PCMs in biomedicine. It can offer 

new methods of treatment of various diseases. It can present new gateways to drug delivery 

systems, cold chains for vaccines and medicines, thermotherapy/cold compress therapy, and 

medical dressings. 

PCMs can be very suitable candidates for maintaining the right temperature in various space 

missions. PCM can be used to reduce any kind of temperature fluctuations and provides 

stability to the electronic circuits. It can be also applied to the spacesuits to maintain a 

comfortable temperature. The temperature can vary from -250 °F to 250 °F, during the 

spacewalks. PCMs can be used to absorb heat and produce a cooling effect in the high-

temperature zones while releasing stored heat in cold zones to produce a warming effect. 

Major challenges area for the application of PCMs in thermal energy storage systems 

includes the low thermal conductivity of the organic PCMs, supercooling, high volume 

change, incongruent melting, thermal instability, and corrosiveness in the case of inorganic 

PCMs. The eutectic PCMs are costly and data relating to their characters are limited. The 

low thermal conductivity of the PCMs causes asynchronous, delay in the complete phase 

change, and non-uniform heat fluxes between the heat transfer fluid and PCM are the major 

challenge that can be addressed. 
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The use of the multiple PCMs (M-PCMs), extended surfaces, nanoparticles, high 

conductivity porous materials, microencapsulation, metal surface, fins, etc. can be effective 

methods to solve the above problems which can be the future scope of the study. 

The present study focus on one of the very important topics i.e. storage and use of abundantly 

available solar energy by the application of PCMs. The success will rely highly on the 

effective utilization of the PCMs in the thermal system. The cost and economic analysis will 

ensure better market prospects and acceptability at the social level for the benefit of the 

mankind. 
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