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ABSTRACT 

The mismatch between energy demand and supply has provoked the researchers to look for 

clean and alternate energy supply methods. Thermal storages are cheaper and have high 

density whereas solar energy is renewable. Therefore, Solar systems incorporated with phase 

change materials (PCMs) as a thermal storage have significant plausibility to serve in this 

context. These systems are not yet able to endure the energy demands significantly but are 

being constantly improve. The aim of this project is to design and fabricate a Solar System 

integrated with a PCM thermal storage heat exchanger for achieving comfortable room 

temperatures in winters with almost zero operating cost. This project includes a review paper 

on Solar PCM Systems, a conference paper, submitted and to be presented in 19
th

 

International Bhurban Conference on Applied Sciences and Technology (IBCAST), a solar 

PCM heat exchanger designed for a small-scaled room and a research paper based on the 

testing of the fabricated system. The review paper will be focused on architectures of Solar 

systems integrated with PCMs tested by numerous researchers. Based on the extensive 

research on pre-existing Solar PCM systems, a novel design approach of Solar PCM System 

will be devised for indoor heating in winter conditions of Pakistan. A model based on this 

novel design is fabricated and installed. The fabricated model is tested in winter conditions 

and a research paper studying the room temperature and certain other associated parameters 

will be written. A parametric study is also conducted using an experimentally validated 

Computational Fluid Dynamics analysis.  
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NOMENCLATURE & ABBREVIATIONS 
 

Nomenclature 

Q Energy/heat, J 

T Temperature, T 

m Mass, kg 

V Volume, m3 

H Enthalpy 

S Location of phase change interface 

A Area, m2 

h Convection coefficient, W/m2.K 

 ̇ Heat flux, W/s 

    Latent heat of fusion, kJ/k 

Qconv Heat transfer due to convection 

Qr Heat transfer due to radiation 

D Half thickness of the fin 

k Ratio of heat conductivities 

Dimensionless number 

Nu Nusselt number 

Ri Richardson number 

Greek letters 

τ Time, s 

ɛ Rate of solidified PCM 

λ Root of the transcendental equation 

Ꝋ Dimensionless temperature distribution 

ζ Modified Stefan Number 

Abbreviations 

PCM Phase change material 

SPCMS Solar phase change material systems 

TES Thermal energy storage 

LHS Latent heat storage 

HVAC Heating, ventilation, and air-conditioning 

PTTS Passive thermal storage system 

ATTS Active thermal storage system 

UHI Urban heating island 

DWH Domestic water heating 

DP-SAH Double pass solar air heater 

GW Gray water 

TPF Thermal performance factor 

FEM Finite element method 

FVM Finite volume method 

FDM Finite difference method 
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Chapter 1: Introduction 
 

1.1 Background 

The amount of greenhouse gas emitted by ozone is steadily growing. Not only that, but high 

fuel costs and overuse of one source of energy have either generated a scarcity of energy 

supplies or increased the cost of it. Major energy resources are being squandered owing to 

inefficient methods of maintaining and storing energy sources. All of these factors are driving 

forces in attempts to provide and effectively utilise renewable energy supplies. One approach 

is to create energy storage devices, which are just as vital as developing a new renewable 

energy source. The stored energy can be turned into whichever form is desired. The energy 

storage system is today's technological problem.  

Solar energy is one of the most brilliant and widely available forms of energy on the planet. 

Scientists from all over the world are trying to figure out the most efficient way to use solar 

energy. Solar energy, on the other hand, is the most wasted energy on the planet. 

Thermal energy is already being used, as is the conversion of thermal energy to electricity. 

The issue it raises is that power can only be generated as long as sunlight is available. This is 

when heat storage becomes necessary. Thermal energy storage can also be used during the 

hours when the sun is not shining. It would also increase the operation of a power production 

plant by balancing load, and improved efficiency would result in energy saving and lower 

generation costs, making solar energy a viable option. 

The use of Phase Change Material is one of the potential strategies for thermal energy 

storage. The usage of a phase transition material-based latent heat storage device is an 

efficient technique to store solar thermal energy. It has a high energy storage density and a 

short heat transfer temperature interval. PCMs have been widely employed in heat pumps and 

spacecraft thermal control systems to store latent heat. 

1.2 Objective 

The goal of this project is to design and build a phase change material heat exchanger that 

can be utilised as a thermal energy storage device using shell and tube construction. This 

technique will be integrated with solar water heaters in the future, allowing the water heater 

to heat water during non-sunlight periods using a thermal storage system. 
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1.3 Thermal Energy Storage 

Thermal energy storage (TES) is a technology that stocks thermal energy by heating or 

cooling a storage medium so that the stored energy can be used later for heating and cooling 

applications and power generation. 

1.3.1 Significance of Thermal Storage 

A significant amount of energy is consumed by buildings to provide thermal comfort for the 

inhabitants, and this contributes to serious climatic changes. Hence, there is an urgent need to 

reduce the thermal energy consumption by this residential sector. Scientists and researchers 

are working on reaching zero energy buildings and thermal energy storages (TES) seem the 

best way to reach this goal [1]. In today‘s world, the usefulness of thermal energy storage is 

well known, and it seems hopeful prospect towards achieving a low-carbon future. TES 

technology is described as an initiative towards reduction in energy consumption in 

buildings. It aims to lessen the urban heating island (UHI) effects in cities and increase the 

energy efficiency and thermal comfort by balancing the energy demand between day and 

night [2]. Energy can be stored either physically or chemically. Physically, energy is stored as 

sensible and latent energy while thermochemical energy is when a chemical reaction occurs 

with heat of reaction. 

Sensible and latent heat storage are mostly considered for building applications, although 

thermochemical energy storage is growing in interest within researchers of today. In sensible 

heat TES, massive materials like concrete, stone etc. are used to store significant amount of 

thermal energy, on the other hand, in latent heat TES larger amount of energy per volume can 

be stored using phase transition of the storage material known as the phase change materials 

(PCM) [3]. Thermal energy although is a low-grade energy but is encountered in abundance.  

Geothermal and solar energy are the largest sources of thermal energy. Solar energy is 

renewable, clean, and very easy to harness. But its  limitation of being  available for limited 

hours in a day is the rational for thermal storages [4]. Thermal storages could be in form of 

sensible heat or latent heat. As it is well known that latent energy is large as compared to 

sensible energy and does not cause a temperature change during phase change. So, materials 

having flexible transition temperatures and high latent heat can serve as potential thermal 

storage candidates.  
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PCM‘s are characterized by high latent heat of fusions and various PCM‘s with various 

transition temperatures are readily available which makes them very good thermal storage 

Moreover, PCMs are of  low cost,  have high storage density  and operate isothermally [5]. 

Some good PCMs are paraffin waxes, salt hydrates, fatty acids, and sugar alcohols. The 

major disadvantage of using PCMs is their very low thermal conductivity. Salt hydrates and 

fatty acids have better thermal conductivity, but they are chemically active and undergo 

incongruent melting. Due to this reason Paraffin waxes despite their low thermal conductivity 

are preferred as a thermal storage medium due to their easy handling, low cost, availability, 

congruent melting, and chemical stability. Various studies and experiments have been done 

as stated earlier for enhancement of thermal conductivity of PCMs like inserting graphite 

particles, nano particles, honeycomb fillers, internal fins, and carbon fibers etc. [6]. The 

PCM-based thermal energy storage systems used in buildings are of two types: active and 

passive storage systems. Active systems involve auxiliary devices to help charge and 

discharge a storage tank. On the other hand, passive systems do not need such heat 

exchangers to extract heat or cold from the storage. The incorporation of PCM in building 

can be in two forms: PCMs in building components like wall, floor, ceiling etc and PCMs in 

heat and cold storages. The former are the passive systems while the latter are active systems 

[7].  

1.3.2 Types of Thermal Energy Storage 

These storage mediums are characterized by high latent heat of fusion. In a thermal storage, 

heat is absorbed or released when the material transforms from one phase to another. Due to 

this ability, these storages are classified as latent heat storage units. There are three types of 

phase changes: solid-liquid, solid-gas, liquid-gas phase change. Due to the involvement of 

large amount of volume change, the phase change from solid gas and liquid gas is eliminated, 

hence solid-liquid phase change is preferred Latent Heat Storage. 



PCM Heat Exchanger 

 

P a g e  15 | 82 

 

 

Figure 1: Types of thermal energy storage [8] 

1.4 Energy Storage System 

An energy storage system can be described in terms of the following characteristics: 

Capacity: It defines the energy stored in the system and depends on the storage process, the 

medium, and the size of the system.  

Power: It defines how fast the energy stored in the system can be discharged (and charged).  

Efficiency: It is the ratio of the energy provided to the user to the energy needed to charge the 

storage system. It accounts for the energy loss during the storage period and the 

charging/discharging cycle.   

Storage period: It defines how long the energy is stored and lasts hours to months (i.e., hours, 

days, weeks, and months for seasonal storage).  

Charge and discharge time: It defines how much time is needed to charge/discharge the 

system. 

Among the latent heat storages, PCM storages are widely used due to their easy of handling 

and cheaper cost. 

1.5 Classification of PCM 

PCMs can be classified into three categories: organic, inorganic and eutectics of inorganic 

and organic compounds, depending on the required temperature range. A detailed 

classification of PCM is shown in Figure 2. 
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Figure 2: Classification of PCM [9] 

 

1.6 Scope 

An energy storage heat exchanger will be designed and built as part of the project. The 

storage substance is paraffin wax, which is utilised to store thermal energy efficiently. 

Paraffin wax will be included into the heat exchanger, allowing the system to function as a 

thermal energy storage device, storing solar thermal heat in paraffin wax and then using the 

thermal heat to heat water during non-sunlight periods. 

1.7 Motivation 

The tenets that led to the selection of this project are listed below:  

 Devise a system capable of reducing the energy demands in both industrial and non-

industrial sectors of Pakistan.  

 Devise system with minimal operating cost  

 Devise a system that provides clean energy  

 Devise a system that efficiently harness renewable energy source. 

Chapter 2: Literature Review 

Energy consumption in the world is increasing exponentially. We stand in an era where 

natural energy resources are depleting at an expeditious rate and their demand is raising 

without bounds. In industrial countries one-third of the total energy is consumed by HVAC 

systems only [10]. This leads us to devise methods for providing alternative energy resources 

especially for heating and cooling requirements. Researchers have studied the use of 
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renewable energies to share the burden of energy consumption in buildings. Amongst all 

renewable energies, solar energy is vastly researched upon in conjunction to indoor 

environments because it is clean, easy to harness and safe [11]. Energy from the sun can be 

directly used to heat buildings or alternatively it can be concentrated on thermal collectors 

which in turn heat the carrying medium like water; that carries the heat through the system 

and supplies it to the desired area. The use of thermal collectors results in more absorption of 

solar energy as compared to direct heating and hence are preferred [12]. Due to the limited 

number of daily hours of sunlight, the working of solar systems is also limited. This problem 

can be addressed by integrating a thermal storage system with solar systems. Over the years 

latent heat storage (LHS) has been the focus of many researchers within the thermal energy 

storage domain [13]. 

The concept of LHS is to incorporate a material which changes phase during its operating 

temperature range and releases or absorbs large amount of latent energy which can be given 

to or extracted from the system in non-solar hours. PCMs are best for thermal storage due to 

their low cost, easy construction, high latent heat of fusions, flexible transition temperatures, 

high storage density, and isothermal operation. Several materials can serve as PCMs 

including paraffin waxes, salt hydrates, fatty acids, and sugar alcohols. Among all, paraffin 

waxes are widely used because they are cheap, readily available, and chemically stable [5]. 

The performance of PCMs is limited due to their low thermal conductivity and persistent 

efforts are being made to improve it. Researchers have used a graphite matrix, internal fins, 

honeycomb fillers and carbon fibres to enhance this thermal conductivity [14][15][16][17].  

Over the years, incorporation of PCMs as thermal storage has been the focus of researchers.  

A. Khan et al [18] reviewed solar collector designs integrated with PCMs. Their review was 

primarily focused on different types of thermal collectors such as flat plate water collectors, 

flat plate air collectors, parabolic collectors, and evacuated tube collectors resulting in higher 

absorption of radiation. They also briefly explored different perspectives through which 

PCMs can be integrated with solar collectors. They found that large collector area, large PCM 

layer thickness, large flow rates result in better thermal performance of the system. They 

found evacuated tube collectors to provide higher outlet temperatures indicating the 

feasibility of using high transition temperature PCMs with them. Moreover, they found 

parabolic collectors to have the potential to replace the existing thermal collector 

technologies; if more radiation could be concentrated on them because they have lower 
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surface area which inhibits their thermal performance. M.E. Zayed et al [19] 

comprehensively reviewed cascaded PCMs to provide thermal storage for solar water 

collectors. Their review emphasized on the structure of solar collectors and cascaded PCM 

storages for water heating. They classified solar collectors based on tracking and degree of 

freedoms along with their essential components like frame, seals, insulations, absorber plates, 

tubes, glass covers etc. Their review revealed that PCMs compounded in descending order of 

their melting temperatures significantly increases thermal storage capacity and 

charging/discharging time. Such cascaded PCMs are more suitable for large scale 

applications where different grades of energies required. They concluded that myristic acid 

and paraffin wax with transition temperature ranging from 50℃ to 60 ℃ are best for solar 

water heating systems. R.M. Muthusivagami et al [20] reviewed solar cookers with and 

without PCMs. They classified cookers as direct type, box type and concentrating type.  

They concluded that box type solar cooker having a thermal storage are best for farmers for 

cooking their noon meal and it is installed in different parts of India. Moreover, their study 

revealed that parabolic concentrators provide high absorption of radiation, enough to generate 

steam and provide thermal energy for cooking at community level. 

A review of SPCMS for drying of agricultural, seed grapes and food crops was done by 

Shalaby et al [21]. They assessed solar air heaters and exhaust air heaters for crop drying 

having PCMs directly and indirectly embedded in them. Their review revealed that 

appropriate flow rates with sufficient PCM embedded into the system can provide up to 68% 

energy savings. They found that lower thermal conductivity was the main hindrance in the 

thermal efficiency of these systems and therefore, they extensively reviewed the thermal 

conductivity enhancement techniques of PCMs. Chaturvedi et al [22] reviewed the 

applications of PCM in solar thermal storage. They classified thermal storages as sensible 

thermal storage, thermo-chemical storage, and latent heat storages. Latent heat storages were 

found to be very promising with materials that have high phase change energy (phase change 

materials) and high density. They broadly classified phase change materials as solid-solid, 

solid-liquid, solid-gas, and liquid-gas. Solid-solid phase change materials include cross-

linked high-density polyethylene, layered calcium titanium and polyatomic alcohol. Solid-

liquid PCMs include organic, inorganic, and composite PCMs. They reviewed applications of 

PCMs in buildings, water heating, photovoltaic heat management. They concluded that 

application of PCMs in photovoltaic heat management provides best results as it not only 
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improves electrical performance through cooling of photovoltaic panels but also provide 

useful thermal energy. Omara et al [23] reviewed the incorporation of PCMs for improving 

productivity of active and passive solar stills. They scrutinized numerous types of solar stills 

such as double slope solar stills, single stage solar stills, weir-type cascade solar stills, 

triangular pyramid solar still, tubular solar still, V-corrugated absorber solar still etc. Flat 

plate collectors, concentrators and heat pumps were also integrated into these systems for 

improving their thermal performance. In comparison with solar still without PCM, passive 

solar stills increased the productivity to 120% and active solar stills increased the 

productivity to 700% on inclusion of PCM. 

We can infer from the preceding literature review that most of the work done in the domain 

of SPCMS is focused on either the solar collectors or PCM incorporation and not their 

integration. As of the field of application: water heating, crop drying, and photovoltaic heat 

management has been vastly researched.  

We find comparatively less work on solar systems integrated with PCMs for domestic use. 

The scope of this project lies in the review, fabrication, and testing of novel architecture of a 

solar PCM system for indoor temperature and humidity stabilization. 

2.1 Thermophysical Properties of PCM 

After extensive research on novel architectures of solar PCM Systems, the focus of the 

researchers shifted towards optimization of these systems. This initiated a new paradigm 

towards efficient, low cost and clean energy systems. The idea was to study the performance 

of solar PCM Systems by varying various parameters such as the tube pitch, tube diameters, 

angle of solar collector, thermophysical properties of the used PCM etc.  

Table 1 reviews such technical and thermophysical indicators of PMCs: 

Table 1: Thermophysical Indicators 

 Indicator Variation Outcome Ref. 

 

Transition 

temperature 

of PCM 

 

 The transition temperature of 

PCM should be within the 

operating range of the system 

 

 The latent heat is extracted 

and stored efficiently during 

the operation of the system 

 

[24] 
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Density of PCM 

 

 The density of PCM should be 

high 

 

 This will reduce the volume 

of the thermal storage so that 

more energy can be stored in 

less volume 

 

[24] 

 

Latent heat of fusion 

of PCM 

 

 Latent heat of Fusion of PCM 

should be high 

 

 This will result in high 

density and consequently 

more energy 

 

[25] 

 

Specific heat of PCM 

 

 Specific heat of PCM should be 

high 

 

 This corresponds to high 

density energy storage which 

is desirable 

 

[24] 

 

Thermal 

conductivity 

 

 The main concern regarding 

PCM thermal storage is their 

lower thermal conductivity.  

 

 

 The use of graphite powder, 

carbon nanotube, graphene, 

Honeycomb filler, Aluminium 

Matrices, carbon fibres and 

nanoparticles in PCM. 

 

 These will help in increasing 

the thermal conductivity of 

PCM 

 

[26] 

 

Tube-Tube distance 

in PCM heat 

exchanger 

 

 The distance between tubes of 

heat exchangers plays significant 

role in its performance 

 The distance between the tubes 

should be decreased in order to 

make the system compact. 

 

 This reduces the loss of heat 

to the surrounding 

 It generates the space for 

more tubes causing an 

increase in heat transfer area 

 

[27] 

 

Insulation of solar 

PCM system 

 

 Transfer of energy from solar 

absorber to the heat carrying 

medium has a great negative 

effect on performance of the 

system 

 Insulation on the heat carrying 

medium tube walls should be 

 

 Preventing such heat loss can 

increase the performance of 

the system significantly 

 

[28] 
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done. Mostly Polyurethane and 

Wood are used for insulation. 

 

Circulation flow rate 

 

 The useful heat gain is found to 

be increased with the increase in 

flow rate of the circulating fluid. 

Thus, the flow rate should be 

increased. 

 

 This will consequently cause 

an increase in heat transfer to 

the facility for which the 

system is employed 

 

[29] 

 

Cascaded 

PCM arrangement 

 

 Using two PCMs having different 

transition temperatures 

 

 This results in increased 

thermal conductivity 

 

[30] 

[31] 

 

Internal fins 

 

 Another archetype for 

performance improvement is 

using internally finned structure 

 

 

 

 

 Internal fines should be used 

 

 

 Use of fins increases the 

thermal conductivity and 

hence the heat transfer. 

 

 

 

 

 Xuejio et.al found an 

optimum Length to Radius 

ration of 0.75. They used a 

total of 6 fins and found 

more than 50% decrease in 

discharging time (3600 s as 

compared to 770 s without 

fins) 

 

[32] 

 

PCM layer thickness 

 

 PCM layer thickness is essential 

indicator for Solar PCM System 

design 

 

 Large PCM thickness tends 

to increase overall volume of 

the system while small PCM 

thickness results in 

insufficient performance 

 

[33] 
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Solar irradiation and 

climate 

 Atmospheric conditions are the 

first most parameter that is 

considered for designing SPCMS 

 

 Transition temperature, mass 

of PCM, estimate of solar 

irradiation etc. all are 

dependent on climate of a 

particular place 

[34] 

 

Area of solar 

collector 

 

 Based on climatic predictions and 

energy storage demand, Area of a 

solar collector is a key parameter 

 

 It ensures that sufficient 

radiation from sun will be 

absorbed and thermally 

stored for use at off-solar 

time 

 

[35] 

[36] 

 

 

2.2 Key Performance Indicators 

As formerly explicated, Solar PCM Systems have a lot of ground to cover when it comes to 

their performance. Therefore, a comprehensive knowledge of all possible parameters that 

could affect the performance of these systems is indispensable. The subsequent sections 

discuss in detail about the technical and economic indicators that can significantly improve 

the performance of solar PCM Systems. 

2.2.1 Thermal Performance Indicators 

Mazhar et al. [37] carried out experimental investigation to study the performance of 

corrugated pipe in a PCM to harness grey water (GW).  

The best option for heat transfer is to boost heat transfer coefficient. A thermal performance 

factor TPF1 is introduced to assess the performance of pipe, which is basically a measure of 

surface enhancement and defined as: 

     
                    

                              
 

It is concluded that the corrugated pipe with lower pitch length is not preferable. Moreover, 

the performance of corrugated pipe increases at lower mass-flow rate. Another important 

outcome is that all the TPF ratios are less than 1 as compared to plane pipe. 

As TPF1 is a measure of the surface and not the thermal enhancement, so another thermal 

performance factor TPF2 is defined as: 
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 ̇                ̇     

 ̇            

 ̇       

 

According to this factor, higher pitch length is preferable. As compared to TPF1, high mass- 

flow rate with high rib height is more favoured. Moreover, for freezing the performance 

varies linearly with the variation of mass flow rate as compared to parabolic behaviour for 

melting. 

Mahboob et al. [38] performed the experiments to study the effect of aspect ratio on the 

performance of a latent thermal storage unit for solar thermal applications. The experimental 

set-up consisted of three cylindrical storage tanks with different aspect ratios (height to 

diameter) 320 mm: 330 mm for 1:1, 560 mm: 250 mm for 2:1 and 720 mm:240 for 3:1. PCM 

balls are placed in the top 50 mm and bottom 50 mm space.  

When the water in storage tank is stratified, the efficiency of TES and solar collector system 

increases. Stratification of water in tanks is produced by the difference in density between hot 

and cold water. Hot water comes at the top while the cold-water flows to the bottom. 

Richardson number is primarily used to describe stratification and is estimated by the 

following equation. 

   
   [             ] 

    
 

    
 

   
 

It is concluded that stratification is influenced by PCM balls in storage tank irrespective of 

aspect ratio. The increase in stratification level increases the instantaneous heat transfer rate. 

The cumulative heat transfer decreases with time as the aspect ratio increases. The 

Richardson number also depicts resistance of PCM balls and it increases throughout the 

charging process especially with aspect ratio 1:1. 

2.2.2 Economic Indicators 

With the increasing fuel and electricity prices, there is a need to reduce the energy 

consumption by buildings. Researchers are working on designing economically efficient 

systems for heating/cooling purposes. There has been a lot of work on PCM integrated 

systems which have proved efficient in saving energy. Xiangfei et al. [39] experimentally 
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analyzed a hybrid system of PCM wallboards, with magnificent thermal and mechanical 

properties, integrated with a solar thermal system. The result showed 44.16% reduction in 

daily energy consumption. Saafi et al. [40] worked on a brick wall with PCM impregnated on 

the inside and outside surface and studied the energy saving potential of the system. They 

came up with the conclusion that the outside surface of the brick wall with PCM applied on it 

delivered a better energy efficiency. There has been researches on single or multiple layer 

configuration of PCM and results showed that multi-layered layout has better energy saving 

than single-layer layout [41][42]. The local climate conditions also affects the energy saving 

potential of a PCM-integrated building to some extent, with energy saving ranging from less 

than 1% [41] to up to 90% [43]. Sovetova et al. [44] assessed the energy efficiency 

performance of PCM integrated residential buildings in eight different cities with thirteen 

different PCMs with the help of Energy Plus software. There was variation in the reduction of 

energy consumption in the targeted cities from 17.97% to 34.26. Qu et al. [45] studied the 

influence of four parameters on energy saving and found that with proper selection of PCMs 

in accordance with the climatic conditions, considerable energy saving rate can be achieved 

with maximum limit up to 34.8%. 

Morshed et al. [46] investigated the energy saving potential of PCMs in eight major 

Australian cities which represent six climate zones. The results showed 17-23% annual 

energy saving in the studied house depending on local weather. Haukeer et al. [47]evaluated 

the performance of PCM wallboards in air-conditioned buildings with summer and winter 

climate conditions. Different room locations on the middle floor of a building were studied. 

The results concluded that in summer, east and west wall has the highest energy saving rate, 

which can reach 27.78% in the east wall model. In winter, south wall has the highest 

efficiency, which can reach 96.2%. the room with south. PCM wall had the fastest payback 

period of 21.65 years. Juan et al. [48] studied the solar heating system with PCM storage tank 

and compared it with conventional water tank heating system for energy saving. The results 

shoe a 34% increase in energy saving capability. Paul Devaux [49] studied the PCM 

underfloor heating systems, and his analysis showed great potential of peak load shifting. He 

recorded 32% and 42% saving in energy and cost, respectively. Calise et al. [50] made a 

dynamic simulation, economic, and energy comparison between building integrated 

photovoltaic (BIPV) and building integrated photovoltaic/thermal (BIPV/T) collectors in 

TRNSYS. A payback period of 4.5 years was achieved using BIPV systems. This proves that 

the BIPV-based system was more energy efficient than the BIPV/T-based systems.  
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Researchers have used different tools to measure the economic impact of the PCM solar 

systems. They have calculated the energy saving, cost saving, electrical efficiency, payback 

period etc. Table 2 shows some of these parameters calculated in different literatures.  

Table 2: Energy and Economic savings in different literatures 

PCM Site 
Energy saving 

(kW/year) 

Payback period 

(year) 
Reference 

BioPCM@ ™ M91 Nicosia 20.567 14.5 [51] 

PCM27 Hong Kong 3798.34 30.09 [52] 

PCM23 Australia 4833.33 - [46] 

PCM29 Iran 2969.65 42 [53] 

PCM-enhanced 

insulation 
Miami 19,954 7 [54] 

TIM-PCM Paris 668.8 22 [55] 

n-hexadecane Seoul 326.36 6.88 [56] 

n-heptadecane Seoul 312.18 6.80 [56] 

n-octadecane Seoul 205.37 8.38 [56] 

25# Paraffin China - 3.32 [39] 

Dupon Energain Aveiro - 41 [57] 

BioPCM® M51 Aveiro - 18 [57] 

BioPCM® M91 Aveiro - 26 [57] 

2.3 Solar Integrated PCM Systems 

SPCMS are confronted by their economic feasibility, therefore, immense caution must be 

taken while designing these systems. The forthcoming section extensively reviews the design, 

performance, thermal efficiency, energy savings and the studied variables of active and 

passive SPCMS. 

 A general flow diagram of SPCMS is shown in Figure 3: 
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Figure 3: Flow diagram of SPCMs 

Solar Integrated PCM systems can be classified as active solar PCM systems and passive 

solar PCM systems. Active solar PCM systems include some active (power consuming) 

components, whereas, Passive solar PCM systems do not have any power consuming 

components.  

Figure 4 shows a generic schematic of solar PCM systems.  

 

Figure 4: Schematic of solar integrated PCM systems 

 

2.3.1 Active Systems 

SPCMS requiring auxiliary components for their operation are referred to as active solar 

PCM systems.  A detailed review of active SPCMS is tabulated in Table 3: 

Table 3: Summary of review papers in active domain  

Subject Overview Outcome Ref. 
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PCM 

storage for 

solar DHW 

using a 

water pump 

 The system comprised of a solar collector, 

pump, tank, water pipes, circular PCM tubes 

and an auxiliary heater 

 Solar collector warms the water for distributed 

heating which in turn transfers thermal energy 

to composite paraffin PCM present in circular 

tubes in the water tank. 

 Energy stored in PCM prevents auxiliary 

heater from turning ON and saves electricity 

consumption at night by releasing its energy to 

incoming cold water 

 A simple energy balance approach was used to 

obtain outlet temperature of water and useful 

heat gain. The problem was considered one-

dimensional and due to the use of composite 

PCM of good thermal conductivity, lumped 

capacitance approach was used. 

 Annual solar energy 

delivered to the consumer 

increased from 6457 MJ 

without PCM to 6692 MJ 

With PCM 

 Annual electricity backup 

for auxiliary heater reduced 

from 843 MJ to 723MJ 

 Collector efficiency using 

PCM increased from 45.2% 

to 46.5% 

[58] 

 

Compact 

PCM solar 

collector 

using a 

pump 

 

 The study aimed to check the relation between 

water flow rates and useful heat gain, heat 

transfer coefficient for charging of PCM and 

distribution of freezing and melting fronts of 

PCM during charging and discharging process. 

 The system consists of an absorber unit 

container made of steel. The absorber plate is 

tilted at 45 degrees. 

 The absorber container is filled with PCM and 

copper tubes containing water are embedded 

within PCM. Pump is used to circulate water 

in the absorber container 

 

 Sides of the container are insulated using 

polyurethane and wood. During charging 

process the glazing of absorber plate is 

exposed to sunlight and is covered with 

insulation during discharge time to prevent top 

losses to the environment 

 An analytical model using energy balance in 

one direction was used to find heat transfer 

 

 During charging process 

solid-liquid profiles are 

similar. 

 During the discharging 

process, the solid-liquid 

profile is elliptic for sensible 

phase and circular during 

latent phase. 

 Useful heat gain increased 

with increased flow rate. 

 Useful gain tends to 

decrease with time 

 

 The heat transfer coefficient 

decreases as the distance 

from the top decreases. 

 At the top layer, heat 

transfer coefficient increases 

with time due natural-

convection currents in 

melted layer. 

 

[13] 
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coefficient as a function of distance as well as 

useful heat gain. 

 

 

DP-SAH 

using 

capsules of 

PCM 

 

 

 

 The goal was to numerically and 

experimentally study the thermal performance 

of a double pass solar air heater (DP-SAH) 

having paraffin wax capsules integrated with 

finned absorber plate. 

 Focal point is to study the effect of solar 

irradiance and air flow rates on performance of 

DP-SAH. 

 Air is made to flow over both sides of absorber 

plate by a 65W axial fan. 

 

 The apparatus consists of a DP-SAH, glaze 

cover, finned absorber plate, fan, artificial 

solar simulator, and sensors for measuring 

flow rates, several k-type thermocouples, and 

solar intensity measurement sensors. 

 Energy balance was used to find useful gain 

and top loss from collector plate while finite 

element scheme based on Navier stokes 

momentum equation, continuity equation and 

energy equation was employed to simulate 

three-dimensional forced convective fluid 

flow. 

 

 

 

 

 

 All numerical and 

experimental results differ at 

max by 7% 

 Their research showed that 

increased air flow rate 

results in delay of melting 

period and decrease melting 

temperature of paraffin wax 

 

 It was shown that freezing 

time has an inverse relation 

with flow rate 

 

[59] 

 

 

 

Solar double 

slope PCM 

glazed roof 

 

 Glazed roofs are constructed for better lighting 

but due to poor insulation, they result in 

thermal discomfort. 

 The focus of the study lies in addressing this 

issue. The solution proposed is to embed the 

double sloped glazed roof with and without 

PCM sandwiched in between. The 

performance of both concepts would be 

 

 The average error between 

actual and numerical results 

were under 7% 

 Results showed that PCM 

sandwiched double glazed 

roof provide better thermal 

performance as compared to 

hollow double-glazed roof 

 

[60] 
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compared. 

 The effects of changing different parameters of 

PCM and glazing such as roof angle, PCM 

layer thickness, different PCM melting 

temperature, different PCM latent heat and 

different PCM melting temperatures were also 

studied 

 Air is passed on both sides using fans and this 

air warmed through forced convection is 

circulated in room to achieve thermal comfort 

zone. 

 For numerical modelling, radiative heat 

transfer is ignored, material properties are 

assumed to be independent of temperature, 

glazing and PCM is assumed to be 

homogeneous and optical properties are 

assumed to be independent of wavelength 

 Heat diffusion equation and Fourier law is 

used to obtain equation of heat conduction. 

From this equation, the problem is assumed to 

be one-dimensional along the thickness 

direction and internal energy generation is 

neglected which leads to a simplified equation. 

 A numerical model was also proposed on 

FLUENT module of ANSYS which simulated 

three-dimensional transient flow of the actual 

system modelled on CAD. Energy and 

momentum equations were enabled for the 

simulation. Energy residual monitor was set to 

1e-06 and time step was set to 10s. 

 It was also shown that 

increasing the layer 

thickness of both glazing 

and PCM results in better 

thermal performance 

 Under climatic conditions of 

Wuhan, phase change 

temperature between 26-30 

degrees provide better 

thermal performance 

 Thermal performance also 

increased by choosing a 

PCM of high latent heat and 

by decreasing the angle of 

roof glazing. 



PCM Heat Exchanger 

 

P a g e  30 | 82 

 

 

Active slab 

containing 

PCM 

integrated 

to solar air 

collector 

 

 Study of a horizontal concreate slab of a 

building construction having macro 

encapsulated PCM channels fitted inside to 

decrease the energy requirements of the 

building. 

 The reason behind the installation of PCM 

within the slab is to eliminate entirely the 

energy losses to environment. 

 The model was constructed to be tested under 

real time weather conditions of Spain. 

 The apparatus consisted of a small cubical 

building having a horizontal concrete slab 

having macro encapsulated PCM channels. 

The slab has a passage of air circulation to 

forcefully melt the PCM using the air warmed 

through solar air heater. 

 A control system was employed to control the 

melting of PCM through warm air coming 

from solar air heater. 

 

 In multiple testing, 

incomplete melting was 

observed which suggests 

exploring in detail the ratio 

of size of solar air heater and 

the quantity of PCM. 

 Complete melting of PCM 

showed energy savings of 

55%. Even if the PCM melts 

partially it results in energy 

savings of about 20%. 

 They suggested that 

optimization of control 

system algorithm can 

increase the energy savings 

further. 

 On average weather 

conditions,40% energy 

savings were achieved. 

 

[61] 

 

Preheating 

of the 

ventilation 

air using 

solar PCM 

 

 They aimed to supply pre-heated ventilation 

air using solar heat stored beneath a ventilation 

window in a PCM. 

 The objective of the study was to maintain 

thermal comfort of the room during ventilation 

at minimum cost. 

 The system was studied both experimentally 

and numerically. 

 Non-linear thermal properties of PCM, heat 

transfer model, and buoyancy derived laminar 

flow models, Navier stokes equation, 

continuity equation were integrated to 

numerically model the whole system. 

 The apparatus consisted of full scale hot and 

cold rooms. The cold room maintains its 

temperature through a cooling coil. PCM heat 

exchanger is in between hot and cold rooms  

 

 

 Close correspondence 

between numerical and 

experimental results was 

found which rationalised the 

use of this numerical model 

for further optimisation of 

the system. 

 The error between 

experimental and numerical 

studies never exceeded more 

than 6% in any aspect. 

 The heat released through 

fully charged PCM was 

93.31 Mj/   

 The system was exposed to 

550 W solar charging for 6 

hours 

 

 

[10] 
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 In the experiment, hot room is ventilated 

through the air from cold room. The cold room 

air passes through PCM heat exchanger which 

is being charged with an artificial sun and gets 

warm. 

 The air enters from the bottom of heat 

exchanger, in between the PCM plates and 

finally enters the hot room through the 

ventilation cavity of a double-glazed 

ventilation window. 

 The air passes through the heat exchanger only 

when solar radiation is less than 200 W/  . 

Otherwise, air directly goes into the room 

because it is sufficiently warmed by sun itself 

that there is no need for pre-heating. 

 Exact configuration can be used for cooling 

requirements in which discharged PCM gets 

charged by absorbing heat from the room 

where cooling is needed. 

 

 They studied the relation of 

various depths of PCM tubes 

with charging and 

discharging time along with 

the relation of gap between 

the tubes 

 They found maximum melt 

of PCM with 90mm PCM 

plate with a 90.2% melt 

fraction contrary to 59.5% 

and 69.8% from 100mm and 

110 mm plates. 

 They observed that depth of 

PCM plate does not affect 

the discharge time. 

Nonetheless, with 90mm 

plate depth, the energy 

released was exactly 93.31 

Mj/   

 The discharge rate decreases 

with increase of gap 

between the plates but not 

very significantly indicating 

that energy released is a 

dominant factor of total 

solar energy absorbed by 

PCM and not the air gap. 

 

Hybrid 

PCM system 

of an active 

composite 

wall 

 

 The system comprised of passive PCM 

wallboard linked with active solar thermal 

system to constitute a hybrid system. 

 In this study, expanded perlite-based 

composite was used as a phase change material 

and was integrated into a wallboard and then 

incorporated with solar thermal system by 

capillaries. 

 

 

 

 

 

 Incorporation of PCM 

wallboards with solar 

thermal system produced 

satisfactory results. 

 Thermal conductivity 

increases by 109.09% with 

the addition of aluminium 

powder in wallboard II. 

 

 

 

 

 

[39] 
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 Two PCM wallboards were made using newly 

made PCM particles, styrene acrylic emulsion, 

environment friendly paint, and fibre glass. 

Wallboard I was plain while wallboard II had 

grooves where capillaries were installed. 

Additional aluminium powder was used in 

wallboard II to enhance thermal conductivity. 

 Two same sized rooms were prepared to 

conduct three series of experiments. Both 

rooms comprised of a heat exchange tank and 

were connected with solar collectors. 

 PCM wallboard has 

maximum pressure 

endurance of 98N and 

maximum flexure strength 

0.41Mpa, with 7.85mm 

deflection, which indicates 

high strength of wall. 

 Daily energy consumption 

was reduced 44.16% using 

this hybrid system. 

 

PCM 

integrated 

solar 

chimney 

 

 The study intended to experimentally study the 

effects of PCM on the performance of two 

different solar chimney prototypes 

 The first prototype analysed the behaviour of 

Rubitherm RT44 PCM panels on simple-build 

solar chimney. The second prototype was a 

modified version build according to design of 

SPA (Solar Platform of Almeria). 

 Experiments were conducted with and without 

PMC comprising 6h long seven consecutive 

phases. The cycle starts with initialization, 

then charging of PCM, air circulation and 

maintaining of heat source, and then removal 

of air source. In last 3 phases it repeats the 

phase 1, 3 and 4. 

 High level instrumentation system was used to 

measure the parameters like air temperature, 

surface temperature, mass flow rate etc. 

 

 

 Although there was 

incomplete fusion of 

materials within the panels, 

the outcomes of the 

experiment were obtained. 

 Additional layer helped 

avoid heat loss across the 

chimney and PCM panels 

provided thermal inertia. 

 After a charging period of 

6h, an average ventilation 

rate of above 70 m3/h can be 

attained with a low gain of 

550W/m2 provided by a 

series of 7 halogen lamps. 

 During the discharging 

period solar chimney 

provided a slower decrease 

in ventilation rate with an 

overall higher ventilation 

rate. 

 

[62] 
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Dual-air-

channel 

PCM system 

with solar 

wall 

 

 The multi-functional dual-air-channel solar 

wall scheme with PCM consists of glass cover, 

absorbing plate, PV cells, water pipes, pump, 

cycle pump, tank, PCMs, Insulation later, wall 

and the vents. 

 In an entire year, the system works on three 

modes: winter mode, summer mode and 

transition season (spring and autumn) mode. 

 In winter mode, in daytime, heat is transferred 

between absorber plate and air via convection. 

The heated air charges the PCM. In night-time, 

heat stored in PCM is used. 

 In summer mode, in daytime, pump is used to 

circulate water which gains heat from absorber 

plate. The heat of air is absorbed by PCM, and 

it passively cools the air at night. 

 In transition season mode, in daytime t is same 

as in summer mode and in night-time is same 

as in winter mode. 

A mathematical model of whole system is 

formulated for validation. 

 

 In each working mode, the 

system accomplished good 

electrical and thermal 

performance and continuous 

indoor space heating was 

improved during night-time. 

 The correctness of 

established model was found 

acceptable through the 

model validation. 

 Performance of the system 

can be made better with a 

proper increase of the PV 

cells coverage and channel 

height. 

 The appropriate transition 

temperature range of PCM is 

19-21C in the winter days 

and 22-24C in the transition 

season days. This will 

provide better continuous 

space heating performance 

during nocturnal hours. 

 

[63] 

 

Solar aided 

PCM based 

Space 

heating 

 

 The goal was to investigate the thermal 

performance of a solar-aided latent heat source 

store for space heating by heat pump. 

 The experimental setup consists of flat plate 

solar collector, thermal energy storage tank 

filled with encapsulated PCM, a heat pump 

with water sourced evaporator and air-cooled 

condenser and a room for heating. 

 Two modes of operation were investigated. 

The first mode occurs when water receives 

solar heat from solar flat pate collector. This 

water goes to energy storage tank, a part of 

this energy releases to storage tank. Then it is 

used by water sourced evaporator of the heat 

pump. 

 

 The instantaneous total of 

percentages of PCM in 

transition and liquid range is 

always 100 % 

 The thickness of pipes 

should be less to minimize 

the energy storage in the 

walls of pipe. 

 In the beginning, the outlet 

temperature of tank is low 

which insisted that pipes od 

short length and tank with 

small hight should be 

selected. 

 

 

[64] 
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2.3.2 Passive Systems 

SPCMS which do not require any auxiliary components for their operation are referred to as 

passive solar PCM systems [65][66]. Table 4 extensively reviews passive SPCMS. 

Table 4: Summary of review papers in passive domain  

Subject Overview Outcome Ref. 

 

PCM 

in gypsum 

boards  

 

 

 The system consisted of gypsum board 

incorporated with PCM, minerals and 

admixtures to improve working properties. 

 The melting range of PCM is between 25    

and 28    with a constant heat and cooling 

rate of 2 K/min. 

 Two similar experimental chambers were 

made, the walls of 1st chamber were covered 

with ordinary plaster board while the walls of 

2nd chamber were covered with PCM wall 

board.   

 

 A reduction in temperature 

of about 3 K was achieved 

in test chamber having 

walls of PCM plaster board 

as compared to test 

chamber without PCM. 

 

 

[67] 

[68] 

[69] 

 

PCM 

in concrete 

 

 An experimental investigation carried out to 

study the performance of PCM concrete set-

up. 

 The system comprised of four testing 

chambers, two with PCM concrete floor and 

two with normal floor. Solar irradiation is the 

only heat source. 

 

 

 This research indicated that 

temperature fluctuation 

could be decreased by this 

technology. 

 Since the PCM floor was 

directly exposed to solar 

irradiation in this 

experiment. To implement 

this set-up in practice is 

difficult because floor is 

always covered with tiles, 

wood etc which minimizes 

direct contact of solar 

irradiation and PCM. 

 

[70] 

[71] 

 

PCM  

in bricks 

 

 The study was carried out to investigate the 

potential of PCM as passive solution in 

bricks to reduce the time delay in internal and 

external conditions and fluctuations. 

 

 The results showed that 

time delay of 3 h could be 

achieved by using brick 

wall with PCM. 

 

[72] 

[73] 



PCM Heat Exchanger 

 

P a g e  35 | 82 

 

 The set-up was comprised of two walls of 

clay, one with microencapsulated PCM and 

without PCM. Climatic chamber was used to 

test the walls, with one side having external 

boundary condition and the other with free 

floating condition. The PCM used was RT18 

having melting temperature of 18   . 

 Thermal amplitude 

decreased from 10   . with 

PCM wall to 5    without 

PCM wall. 

 

PCM based 

free cooling 

 

 An experimental investigation was performed 

to study the potential of PCM based free 

cooling i.e., storing energy at night-time in 

flat modular type heat exchanger 

incorporated with PCM and using same 

energy for cooling in daytime. 

 The system is consisted of a cabin with an 

area 64    . The temperature variations 

during charging and discharging were 

investigated. The heat exchanger was made 

up of 10 rectangular stainless-steel panels. 76 

kg of HS 29 PCM with transition temperature 

of 28 - 29    was used. 

 

 

 The results revealed that 

temperature could be 

reduced to 2.5    in the 

cabin. 

 At initial stage of charging, 

instantaneous heat rate of 

0.35 KW was noted which 

reduces t 0.2 KW after 500 

min. 

 It is also understood that 

temperature driving 

potential between phase 

change temperature and 

ambient temperature is the 

major design parameter.  

 

[74] 

 

PCM 

Trombe 

wall 

 

 

 Trombe wall consists of a glass glazing and a 

brick wall with an air gap of 4-5 inches in 

between. The air gap traps heat during the 

day and later at night is dissipated into the 

room through the wall. PCM is used in the 

walls for better heat storage. 

 The study was conducted on a PCM Trombe 

wall and a conventional concrete wall. 

Paraffin with mixed metal shavings was used 

for increased overall conductivity and 

efficiency. 

 The goal was to achieve low mass and high 

efficiency walls. 

 

 Conclusion was made that 

thermal resistance of the 

solar thermal wall should 

be as low as possible. 

 In comparison with 

concrete walls, paraffin-

metal mixtures offered a 

90% reduction in storage 

mass and a 20% increase in 

thermal efficiency. 

 

[75] 

[76] 

[77] 
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PCM 

Shutter 

 

 

 The goal is to increase thermal performance 

of shutters placed outside of windows in 

warming a cold room at night using thermal 

storage.  

 Thermal performance of a test cell (1m × 1m 

× 1m) is observed with and   without PCM. 

CG Lauric Acid with a melting point of 49    

was used as a storage material. 

 

 The heat storing capacity of 

the cell when used at night 

increases up to 4    for 4-5 

hrs due to presence of 

PCM. 

 

[78] 

 

PCM after 

mosaic tiles 

 

 A panel of PCM is placed after layer of 

mosaic tiles and cement of 0.005 m thickness 

with a melting point of 21.7   .  

 The system is used for cooling the room with 

a goal of higher efficiency. 

 

 Cooling energy savings 

achieved annually were low 

(2.9 %).  

 

[79] 

 

Air-based 

heating 

system 

 

 

 The performance of air-based solar heating 

system was studied using PCM.  

 The goal was to work out the effect of latent 

heat and melting temperature of PCM on the 

air-based solar heating system. 

 

 

 The selection of PCM 

should be made based on its 

melting point and latent 

heat. 

 The air-based heating 

system utilizing sodium 

sulphate decahydrate as a 

PCM requires roughly one-

fourth the storage volume 

of a rock bed and one-half 

the storage volume of a 

water tank. 

 

[80] 

 

 

 

 

 

 

PCM  

in ceilings 

 

 

 The experiment was carried out using sun 

reflectors to direct the solar energy on to 

PCM incorporated in the ceiling void for a 

space heating system.  

 The system had a large area for heat storage 

without needing large volumes for storage 

medium that would be required with sensible 

heat storage. The goal was to prevent heat 

loss. 

 

 This system had the 

potential to recover 17–

36% of heat lost over the 

initial gains. 

 

 

[81] 

[82] 
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2.4 Solar PCM Optimization Techniques 

Thermal performance of solar PCM systems being a challenge beseeched the researchers to 

optimize these systems for best performance. Following techniques are applied for 

optimization of solar PCM systems:  

 Analytical optimizations 

 Numerical optimizations 

 Algorithmic optimizations 

The forthcoming section extensively reviews analytical and numerical optimization 

techniques for various performance parameters  

2.4.1 Theoretical Optimization 

In this technique, fundamental equations of the field of study  are modelled in accordance 

with the specific problem at hand. For instance, in solar PCM systems, fundamental equations 

are the energy balance equation, continuity equation, heat diffusion equation, Fourier law etc. 

[57][83]. Once the parameters and boundary conditions of the problem at hand are 

compensated into these equations, we can solve them analytically. Consequently, by solving 

the equations mentioned in above table numerous times with different magnitudes of 

performance parameters results in optimization of the system. Although nowadays it is 

convenient to use algorithm or simulation-based techniques for optimization, a few examples 

of analytical optimization are discussed below. Consequently, by solving the equations 

mentioned in above table numerous times with different magnitudes of performance 

parameters results in optimization of the system. 

Xioa et.al. [56] optimized a solar system of PCM storage inside a lightweight construction 

room. They employed a theoretical approach for optimization of this system. For modelling 

purpose, following assumptions were made for simplification of this analysis: 

 Sensible thermal capacity was neglected and high latent heat of PCM was assumed at 

a single- phase change temperature. 

 A single heat transfer coefficient was assumed for both radiative and convective heat 

transfer. 

 Owing to small thermal conductance resistance inside the wall, temperature inside the 

wall is considered uniform. 
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Selection of phase change temperature is crucial for the performance of the system. For an 

optimum phase change temperature energy stored and released during a cycle should be 

equal. Following energy conservation equation was employed for optimum phase change 

temperature. 

  

   

  
        (        )              

where subscript ‗i‘ refers to i
th

 PCM panel. Assuming constant enthalpy over the cycle 

(taking dHi Term =0) and integrating the above equation on both sides we get the equation for 

melting temperature 

        
∫                

         
 

The above equation shows that optimum melting temperature depends on room temperature 

and the absorbed solar radiation. 

Lamberg et.al. [84] studied a solar PCM system with PCM encapsulated in a housing with 

internal metallic fins. This system is shown in Figure 5: 

 

 

Figure 5: PCM Embedded in a Wall [84] 

Two-dimensional problem is not possible to solve analytically, therefore a one-dimensional 

model was proposed with simplified assumptions.  
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The governing equation of the model is one-phase Stephan heat equation which is written 

below  

    
   

 
 

  
 
   
  

             

and the boundary conditions are: 

       
      

  
     

         

  
      

        

            

          (    )     

For fins, an energy balance was written as: 

                

After applying the boundary conditions, tedious manipulation and solving the above 

equations, the solution of the following form was obtained for the location of solid-Liquid 

interface: 

       

Where lc  is the length from where convection is taking place and  

 

  √        

And finally, the equation for fraction of solidified PCM is: 

  
    (       )      

        
 

This equation can be used to increase the fraction of solidified PCM by varying the 

parameters on the right side of this equation. Thus, this equation optimizes the solidification 

process. The subscripts and nomenclature have been defined at the start of the paper. 
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2.4.2 Numerical based Optimization 

Numerical models and their solutions using computer software are most convenient 

approaches used nowadays for optimization of solar PCM systems. These solutions are 

mostly based on finite element method (FEM), finite volume method (FVM) and finite 

difference method (FDM). These methods discretize the problems into smaller elements and 

provide a solution converged within very low error bounds. Among the prior mentioned 

methods; finite element analysis (FEA) is most preferred due to its capability of sampling at 

arbitrary space locations instead of chronologically following a rectangular grid as in FDM 

[85]. 

The principle of such solutions is that certain non-linear higher order partial differential 

equations such as Navier stokes equation, energy equation etc. which can model the problem 

at hand are given boundary conditions and inputs. Then whole domain of the problem is 

discretized in smaller elements and FEA, FEM, FDM are used to provide large set of 

equations whose common solution is required. Then using numerical approaches like RK, 

gauss elimination, newton method, quassi-newton method etc. the solution of these equations 

is approximated within defined error bounds. The forthcoming section presents some 

numerical and simulation-based optimizations done by various researchers. The approach is 

generally similar which includes developing of a CAD model. Importing of that cad model 

into a commercial software such as ANSYS FLUENT, COMSOL, Autodesk CFD etc. and 

then modelling that system using above mentioned equations and finally calculating desired 

parameters and post processing of the results. 

Allouhi et.al [33] analyzed an integrated collector storage solar water heater. The architect of 

the system is shown in Figure 6: 

 

 

Figure 6:  ICCSSW with and without PCM [33] 
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The goal of this study was to optimize melting and solidification of PCM layer at the bottom 

of Error! Reference source not found. by varying the design variables in a numerical 

model. Ansys Fluent was used to numerically solve this system. A cad model like the 

schematic shown in Error! Reference source not found. was developed and meshed using 

Gambit software. The number of cells were 29,925. The analysis was set to 2-D unsteady 

laminar incompressible flow and a time dependent heat flux was applied at the top of the 

absorber plate using a user-defined function to model solar irradiation. Water inlet 

temperature was set to 298 K and velocity of water was chosen such that Reynolds number is 

less than 200. The magnitude of solar flux was being updated on hourly basis using 

TRANSOL program according to Moroccan conditions. Following were the governing 

equations of the numerical model: 

 Enthalpy formation module for melting and solidification 

 Momentum equation 

 Continuity equation 

 Energy equation 

After fabricating the above-described numerical model. They solved that model several times 

with different operating conditions like varying mass flow rate, with or without PCM, 

different solar irradiation and inlet conditions. By just changing the parameters in the model 

they were able to optimize the mass flow rate, PCM layer thickness etc. This numerical 

model also enabled them to observe and optimize the melted fraction of PCM. 

A PCM system consisting of a sleeve in the form of a concentric tube heat exchanger was 

studied by Wang et.al in 2015 [86].  PCM in solidified form was filled in the outer tube of the 

sleeve. A numerical model was prepared for the optimization of melting of PCM by varying 

geometry of fins, angle between successive fins and melting without fins. Different 

geometries analyzed for optimization are shown in Error! Reference source not found. 

 

 

Figure 7: Different Configurations of PCM Sleeve Tubes (a) Without Fin ; (b) Half Fins ; (c) Full Fins [86] 
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The geometry without fin, with half fin, with full fins had 4732, 4731, 4764 grids 

respectfully. Ansys Fluent was used for solving the numerical model. Due to the symmetric 

nature of the geometry, only half geometry was considered for saving computational time. 

Since liquid-solid interaction was involved, so, melting/solidification module was used. For 

modelling of phase change process enthalpy model was used. Moreover, continuity equation, 

momentum equation and energy equations with power law differencing scheme and a time 

step of 0.05s was used. PRESTO scheme was used for pressure correction. A convergence 

criterion of 10
-5

 for continuity and velocity whereas 10
-9

 convergence criteria for energy 

equation was used.  After modelling the system according to the above-mentioned settings 

and modules, and boundary conditions, it was solved for the geometries shown in Figure 4 to 

see the optimized configuration. Numerical results agreed with experimental results which 

articulates the use of numerical models for optimizations. This numerical optimization 

suggested that optimum angle between consecutive fins is between 60-90 degrees. Moreover, 

melting time was least with half fin geometry and the combined effect of angle optimization 

and geometry optimization lead to a 49.1% decrease in melting time. 

Chapter 3: Design and Calculation of PCM Heat Exchanger 

Design Methodology is discussed in this section which resulted in the final model of heat 

exchanger represented in Figure 8. The model was rendered on KeyShot 9.0 and suitable skin 

layer was selected for better representation. 

 

Figure 8: Heat Exchanger Design 

3.1 Design Approach 

The purpose of PCM heat exchanger is to passively transfer heat from the phase change 

material (PCM), which stores latent energy, to air in the room. First step towards the deign of 

the system is the selection of type of heat exchanger.  
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There are different types of heat exchanger designs. A shell and tube heat exchanger design is 

used to enclose PCM in the shell and circulate hot water in the tubes. Heat is transferred from 

the hot water to the PCM. PCM is charged i.e. it stores the heat mostly in latent energy. For 

heating water, low grade thermal energy is required that can be taken from any renewable 

energy source. Solar energy could be used to heat up water to a higher temperature than the 

transition temperature of PCM. Concentrated solar collector with reflective surface are most 

appropriate to be used to concentrate direct sunlight at small areas of water to raise its 

temperature. To circulate hot water in the heat exchanger, a submersible pump is used. The 

pump is placed inside the hot water tank. Flexible plastic pipes, that can withstand high 

temperature, are used to direct hot water from submersible pump to the inlet of heat 

exchanger and direct cold water from heat exchanger outlet back to the water tank. Stainless 

steel fitting clamps are used to clamp the pipes to heat exchanger inlet and outlet. Forced fan 

is used to assist in transferring heat from PCM to air by forced convection.  

 

Figure 9: Flow diagram of design Approach 

3.2 Design Requirements 

To commence with the design approach, the dimensions of a feasible small-scale control 

room for experimentation of PCM heat exchanger are specified. Test month is decided, and 

the average radiation and ambient temperature of that month are noted. A targeted 

temperature difference of 10℃ is set to achieve in room according to thermal comfort zone of 

ASHRAE while keeping in mind the limitations of solar PCM systems due to their lower 

thermal conductivities. Heat flux required to raise the temperature in the control room to the 

targeted value is calculated using laws of convection.  
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PCM is then selected according to the design requirements and economical availability. Then 

the most important part is the design of a novice heat exchanger using theoretical and 

computational tools; encapsulating PCM in shell and water in tubes capable of augmenting 

the thermal conductivity of the system and heat transfer process through it. The heat transfer 

between PCM and the ambient air to achieve the calculated heat flux gives us the required 

mass of PCM. To encapsulate the required mass in the heat exchanger, the dimensions of a 

single heat exchanger unit are set, and the total number of units required are calculated. 

Auxiliary components used in the experimentation like pump, fan etc. are then selected 

according to the requirements. A submersible pump that can bear high thermal loads and has 

adequate pumping capacity required by our system is selected. Fan is selected that has 

enough flow rate to circulate air around the room. Finally, experimental configuration is set 

and experimentation is performed. 

3.3 Material Selection 

Mathematical modelling was done to reach on a suitable material as per requirements and 

availability in the region. Further details of the materials chosen for obligatory components ae 

discussed in this section. 

3.3.1 PCM 

We have used Paraffin wax as PCM in our project. It is mainly used because it is economical 

and easily available. Paraffin wax has some limitations as its transition temperature is 

relatively higher in the range of 45℃ to 50℃. An alternate option for PCM was L‘Oréal 

alcohol with transition temperature of 25℃ but it is much expensive i.e., it is Rs. 10,000/kg as 

compared to Paraffin wax which is Rs. 1,400/kg. The properties of Paraffin wax are given in 

the Table 5: 

Table 5: Properties of Paraffin wax 

Property Value 

Density 750 kg/m3 

Thermal conductivity 0.15 W/m.K 

Latent heat 190 kJ/kg 

Specific heat 2.3 kJ/kg/°C 

Transition temperature 45℃ - 50℃ 
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3.3.2 Heat Exchanger 

Heat exchanger is made of stainless steel. It is used because it is cheaper and has better 

strength. Although, copper has best conductivity, but it is expensive, so it is not used. Same is 

the case with brass. Mild steal is cheap but when in contact with water, rusting occurs which 

is a major problem. So, stainless steel is best among these. 

3.3.3 Control Room 

Walls, floor, and ceiling of the experiment room are made of tin. Tin is used because it is 

economical light weight and provides an airtight environment required for the testing. 

Styrofoam sheets are used to insulate the whole room for better results. Plastic sheet is used 

to wrap around Styrofoam sheets for firmly holding the sheets and adding to the insulation. 

3.4 Room Design 

For testing of solar PCM heat exchanger for indoor temperature stabilization, an experiment 

room is designed. Tin is used to make the room and mild steel is used for a frame at the 

bottom. The frame provides support and tires are attached at the bottom for east movement of 

the experiment room. To insulate the room, Styrofoam sheets are used around the walls. The 

dimensions of the room are listed in the Table 6: 

Table 6: Room dimensions 

Property Value 

Length 36 in. 

Width 36 in. 

Height 36 in. 

Volume 46656 1n.3 

 

3.5 Heat Exchanger Design 

A rectangular shell and tube heat exchanger is designed encapsulating PCM in shell and 

water in tubes capable of augmenting the thermal conductivity of the system and heat transfer 

process through it. The mathematical calculations of the heat exchanger are done in Section 

3.6 Calculations.  
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Heat exchanger consisted of seven units, a labelled unit in shown in Figure 10. 

 

Figure 10: Unit Exchanger 

3.6 Calculations 

Average indoor temperature in Pakistan in winters is 12℃. We intend to increase the room 

temperature by 5℃ up till 17℃. So, our ΔT = 10℃. 

Heat is transferred by free convection which has a convection coefficient h = 7.5 W/m
2
.K 

The area for this heat transfer is the whole surface of wall, A = 0.9x0.9 = 0.81 m
2
 

Hence, the thermal power needed to attain this temperature difference is given by the 

formula: 

 ̇             

 ̇                  

 ̇            

To find the thermal energy, we multiply the power with the discharge time. Discharge time 

varies in case of PCM from 2 hr to 8 hr. We take an estimated discharge time of 6 hrs. Table 

7 shows the iterations for different discharge times. 

For 6 hr. 

     ̇     

                    

             

To supply this much energy from PCM to air, the mass of PCM required can be calculated 

using the equation: 
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Where,      is  mass of PCM and     is latent heat of fusion of PCM which is 190 kJ/k 

So, mass of PCM required will be 

           

                

             

Hence, the mass of PCM required to raise the temperature of the room by 5℃ is 

approximately 7 kg.  

          

Table 7: Iterations for mass calculation 

Discharge Time (hrs) Thermal Energy (KJ) Mass of PCM (kg) 

2 437.4 2.31 

4 874.8 4.61 

6 1312.2 6.91 

8 1749.6 9.21 

 

We have specified the dimensions of one unit of heat exchanger. The dimensions are listed in 

the Table 8: 

Table 8: Dimensions of one unit of Heat exchanger 

Property Value 

Length 2 in. 

Width 6 in. 

Height 8 in. 

 

One unit contains 10 pipes of diameter d = 0.4in. 

Volume left for accompanying PCM is: 
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Mass of PCM in one unit can be calculated as: 

         

                

            

No. of heat exchanger units required are: 

No. of Units = total mass / mass in one unit 

No. of Units = 7 / 1.25 

No. of Units = 6.22 

So, the no. of heat exchanger units required are 7. 

We need air passage between each heat exchanger. There are 7 units so there will be 6 air 

passages in between. The thickness of one air passage is 1 in. So, the total length of heat 

exchanger will be: 

Total length = length of heat exchanger units + length of air passage 

Total length = 7(2) + 6(1) 

Total length = 20 in. 

Total volume of heat exchanger is: 

Vtotal = (6) (8) (20) = 960 in
3 

Percentage of room occupied by the heat exchangers: 

% Of room occupied = volume of heat exchanger / volume of room 

% Of room occupied = 960 / 46656 

% Of room occupied = 2.1% 
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The specifications of whole heat exchanger are summarized in the Table 9: 

Table 9: Specifications of the Heat exchanger 

No. of Units 7 

Height of one unit 8 in. 

Width of one unit 6 in. 

Thickness of one unit 2 in. 

Thickness of each air passage 1 in. 

Length of total heat exchanger 20 in. 

Volume of total heat exchanger 960 in3. 

% Of room occupied 2.1% 

 

Chapter 4: CAD Modelling 

SOLIDWORKS is used to model the experimental model. One of the most popular software 

solutions for engineers is SOLIDWORKS, a solid modelling computer-aided design and 

computer-aided engineering package. The programme is first used for project management, 

planning, visual ideation, modelling, feasibility evaluation, prototyping, and feasibility 

assessment. After that, the programme is used to design and create mechanical, electrical, and 

software components. Finally, the programme may be used to manage devices, analytics, data 

automation, and cloud services.  

Mechanical, electrical, and electronics professionals utilise the SOLIDWORKS software 

solutions to create an integrated design. The suite of applications is designed to keep all 

engineers in the loop and ready to respond quickly to design modifications or requests. We 

used SOLIDWORKDS 2020. 
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4.1 Heat Exchanger Unit 

The heat exchanger must be designed in accordance with the design standards outlined above.  

It contains the following: 

 Top Header 

 Tubes 

 Shell 

 Bottom Header 

 

Figure 11: Single Exchanger Unit 

The modelling of all pieces is covered in the sections that follow. 

4.1.1 Top Header 

The top header is divided into two parts, one for the inflow and one for the outflow. 

The water from the pump enters the inlet portion, which then distributes it to the tubes. The 

water is subsequently collected in the header's outflow part and delivered to the storage tank.  

 

 

 

 

 

 

Figure 12: Top Header 
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4.1.2 Tubes 

There are ten tubes in each of the unit. The tubes are connected with the inlet section of top 

header by which the water flows to the bottom header. These tubes are used to transfer heat to 

PCM in the shell.  

 

Figure 13: A tube 

4.1.3 Shell 

PCM is filled into this shell by the hole at the top header. PCM contained in the shell is 

charged and discharged through water. PCM heats up the room when room temperature is 

lower than PCMs‘. 

 

Figure 14: Shell 

4.1.4 Main Header 

Main header distributes water to seven units of the heat exchanger. This water flows with the 

help of the pump. Two main headers are attached to seven units for inlet and outlet of water 

through them from and to storage tank respectively. 

 

Figure 15: Bottom Header 
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4.2 Heat Exchanger Assembly 

First three components are assembled and attached to a mounting frame. Two extended inlet 

and outlet pipes are connected to inlet and outlet section of top header. 

 

Figure 16: Mounting Frame 

 

Figure 17: Heat Exchanger 

Chapter 5: Fabrication and Component Procurement 

In the light of the design and concept presented in the preceding sections, following 

components are required for the desired integrated system: 

1. PCM shell and tube type heat exchanger 

2. Control Room for experimentation 

3. Pump 

4. Fan  

5. Styrofoam sheets 

6. Plastic wrapping sheet 

7. Clamps 

8. K-type thermocouple 

9. Arduino microcontroller 

10. Flexible plastic pipes 

11. Water storage tank 
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5.1 Procurements 

A 25W pump was installed to circulate warm water throughout the heat exchanger. A ten-

inch diameter fan was procured to add forced convection and consequently enhance the heat 

transfer mechanism. The power rating of the fan was 10W. Pump and Fan is the only load in 

the system and is of mere 35W. Six Styrofoam sheets were procured and were wrapped with 

plastic sheets on six faces of the experimental room. Flexible water pipes were attached using 

clamps to avoid leakage of water during water circulation. A k-type thermocouple was used 

to sample the room temperature during the experimentation. The sensor has accuracy of 0.1 

℃ with options of variable sampling time. An Arduino controller was configured to read and 

store data from the temperature sensor. A water storage tank was used to store and provide a 

continuous water circulation basis for the system 

5.2 Fabrication of Single Heat Exchanger Unit 

Various conventional manufacturing processing including shaping, drilling, welding etc. are 

involved in the manufacturing of the heat exchanger. The selected material was stainless 

steel. Better materials like copper and aluminium were rejected due to high material costs 

while cheap material like iron was rejected due its susceptibility to corrode. Therefore, an 

economical and equally reliable material stainless steel was selected. 

The components of the designed heat exchangers are given in the list below: 

1. Shell 

2. Inlet Header 

3. Outlet Header 

4. Collector Header 

5. Divider Plate 

6. Water Inlet Pipes 

7. Water Outlet Pipes 

8. PCM Inlet Pipes 

9. Main Inlet and Outlet Headers 

Stainless steel sheets were cut and shaped in a U-bend to have minimum welding in the 

fabrication of the shell of heat exchanger. The remaining open sides of the U-bend were 

welded with steel plates. Argon welding was used instead of electrode welding to ensure a 

leakage free system. The dimensions of the shell thus fabricated were 6 x 8 x 2 inches.  
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Next square cross section pipes were cut to serve the purpose of headers. Inlet and outlet 

header had the dimensions of 4 x 2 x 1 inches. Their open sides were welded with steel plates 

to seal the headers. The plate in between the inlet and outlet header serves the purpose of 

keeping the inlet and outlet water separate from each other. A collector header that receives 

water form inlet pipe and directs it towards outlet pipes was fabricated using a square pipe. 

The dimensions of the collector pipe were 8 x 2 x 1 inches. Square pipes of 0.5 inches 

diameter and 6 inch in length were cut and welded up and down inside the holes drilled in the 

inlet, outlet and collector header. In a nutshell, each heat exchanger unit consist of one inlet, 

outlet and collector header along with a shell and ten circular tubes for water circulation. The 

fabricated heat exchanger unit is shown in Figure 18. 

 

Figure 18: Single Exchanger Unit without Sheet Covering 

 

5.3 Assembly of Fabricated Heat Exchanger Units 

There was a requirement of seven heat exchanger units which had to be interconnected in 

parallel. All interconnected units would have a single inlet header that distributes water in the 

inlet pipes of all exchanger units and collects this water in a single main outlet header. 

Interconnection eliminates the need to connect inlet and outlet pipes at each unit, rather only 

two pipes with a pump installed in the reservoir would serve the purpose of circulation of 

water through the tubes to transfer heat to PCM. Main inlet and outlet header were made 

from square pipes cut to a dimension of 18 x 1 x 2 inches. Holes were drilled to weld them in 

the inlet and outlet pipes of all exchanger units.  
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The resulting assembly is shown in Figure 19 

 

Figure 19: Top and Front View of Assembly 

5.4 Fabrication of Control Room 

The system was designed for specified volume of air i.e., 0.7 cubic meter. The dimensions of 

the room are 3 feet by 3 feet by 3 feet. Since the purpose of the room is to provide air space 

and keep it packed inside the room. The material did not really matter. Moreover, it was 

supposed to be insulated with Styrofoam sheets and wrapped with plastic sheet. Therefore, 

thin sheet of galvanized iron material was used to fabricate this control room. The room had 

buckles to lock it up and handles at the sides to facilitate the transportation. The fabricated 

room along with insulation on it is shown in Figure 20 

 

Figure 20: Control Room 
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Chapter 6: CFD Validation 

Ansys is a software explicitly developed for engineering simulations. This software offers 

various modules for simulating physics of various natures. Ansys Fluent is a module of 

Ansys, which is an extremely useful tool for simulating fluid and energy problems. 

Ansys Fluent was used to simulate the temperature difference caused by PCM heat exchanger 

in the room. Following section presents and debates on the results and setups of PCM heat 

exchanger simulations in two dimensions and three dimensions. 

6.1 Two-Dimensional Simulation 

To setup a two-dimensional simulation, a geometry representing a plane of the three-

dimensional geometry has to be modelled in a modelling software. The software used in this 

case was the design modular of Ansys. This section discusses in detail the ideology and 

methodology required for simulating the PCM heat exchanger in two-dimensions. Starting 

from geometry; creation of mesh, defining named selections for applying boundary 

conditions, application of boundary conditions, application of Multiphysics tool, patching, 

calculating and then eventually getting the results. 

6.1.1 Two-Dimensional Domain Creation 

To represent this model on two-dimensions, we need to create a rectangular domain. The 

rectangular sketch is converted into a surface. This rectangular surface would be modelled as 

the air in the room. Now the heat exchanger cross section as seen from the top view was 

sketched. This sketch was also converted into a surface. So, two-dimensional model consisted 

of two surfaces in total as shown in Figure 21. 

 

Figure 21: 2d geometry 
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6.1.2 Meshing 

After the two-dimensional geometry creation, next task was to created nodes and elements on 

this geometry called meshing of the geometry. The solver uses these nodes for calculating the 

desired parameters. The outer surface representing air in the room was given a mesh size of 

0.01 m. The heat exchanger surface was face meshed to an element size of 0.001 m. One 

hundred inflation layers were also added around the pipes of heat exchanger. The resulted 

meshed domain is shown in Figure 22. 

 

Figure 22: Structural Mesh 

6.1.3 Boundary Conditions and Initialization 

In meshing tool of Ansys, named selections were created at the locations where boundary 

conditions were to be applied. The boundary conditions include the adiabatic boundary at the 

walls and interface creation between heat exchanger walls and the room. The rest surfaces 

were initialized using the patch tool of Fluent. The heat exchanger was patched with a 

temperature of 46 ℃ while the room was initialized with a temperature of 30℃. The volume 

fraction of PCM was set to 1 in the heat exchanger and the rest of the room was automatically 

initialized with air.  

6.1.4 Models Used 

In Fluent, Multiphysics, energy, and solidification/melting modal was selecting to simulate 

the physics of this simulation. Multiphysics module allows more than one phase to interact. 

Heat transfer process in the room was modelled through energy modal while PCM material 

was manually added by checking the solidification/ melting module ON.  
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6.1.5 Calculation Activities 

Since the PCM has lower thermal conductivity, the time step size does not need to be small. 

The time step size chosen was 10 seconds and iteration per step were reduced to 10. Number 

of time steps set were 1200 making a real simulation time of around three hours. SIMPLE 

scheme solver was used, and the frames were saved after every 5 iterations. The solution data 

export file was also set to calculate volume fraction of PCM. The solver was started to 

simulate the conditions, geometry and physics prescribed above.  

6.1.6 Contour Plots and Results 

CFD Tool-Post was used to analyze the results of the simulation. A plane was created to see 

the contour plot of temperatures during the three-hour simulation. As the solver was saving 

files during the simulation; the contour plot at each time step is available and could be 

merged together to observe a video of the simulation. The results showed a temperature 

increase of 12℃ over a real time of three hours.  

At the beginning of the simulation the contour plot showed the room air to be at a 

temperature of 30℃ while the heat exchanger is at 46 ℃ and had started to transfer heat into 

the room. This contour plot is shown in Figure 23. 

 

Figure 23: Initial Contour Plot of Temperature 
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At the end of the simulation, the temperature contour plot was seen to show a temperature 

difference of 12℃ at the end furthest away from the heat exchanger. This contour plot is 

shown in the Figure 24. 

 

Figure 24: Final Temperature Contour Plot 

The initial conditions and the final results are tabulated in Table 10 

Table 10: Two-dimensional Simulation Results 

Time (s) Temperature at Further End of Room (℃) 

0 30℃ 

10800 s 42℃ 

 

6.2 Three-Dimensional Simulation 

Three-dimensional simulation is rather tedious to handle as compared to two-dimensional 

simulation. To reduce the computational cost of three-dimensional simulation. The geometry 

was scaled down. Therefore, instead of using seven interconnected units; a single unit could 

do the work. The air space was consequently reduced in same proportion to 0.1 cubic meter. 

The following section encompasses the detail of three-dimensional simulation. 

6.2.1 Geometry Creation 

For solving fluid problem in three-dimensions, fluid path, in addition to the geometrical 

structure had to be modeled. As said above, only one exchanger unit had to be modelled. This 

geometry mainly consisted of two domains: the water domain inside headers and pipes and 

PCM domain in the shell. 
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The three-dimensional representation of one unit of heat exchanger is shown in Error! 

Reference source not found.  

 

Figure 25: Three-Dimensional Simulation Geometry Representation 

To model the air space of the room, an enclosure had to be created using enclosure command 

of design modular. The coordinates had to be carefully selected to properly place the heat 

exchanger inside the room. After the creation of room, it had to be Boolean out from the 

space that is covered by heat exchanger. This would create a perfect setup of real time 

experiment in which there is a room which is insulated from outside and is placed with a heat 

exchanger near one wall of the room.  

The complete CAD model of the three-dimensional representation of the actual experiment is 

shown in Figure 26 

 

Figure 26: Overall Three-Dimensional Representation 

6.2.2 Meshing 

Due to large geometry and limitation of computational power, a simple mesh was generated 

with an element size of 0.01m. The nodes and elements created were 236445 and 777301 

respectively. The heat exchanger model was further fined through edge sizing and face 

meshing.  
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The meshed geometry is shown in Figure 27. 

 

Figure 27: Three-Dimensional Mesh 

6.2.3 Boundary Conditions and Initialization 

To apply boundary conditions, named selections were created in the mesh tool. Walls, 

interiors, and interfaces were defined to set boundary conditions in Fluent later. The 

enclosure domain is to be patched as air at a temperature of 30℃ while shell of the heat 

exchanger is to be patched with PCM volume fraction of 1 at a temperature of 46℃. The 

headers and pipes were initialized with water volume fraction of 1 at a temperature of 48℃. 

The left wall of the room was set at atmospheric pressure while the right side was set to a 

pressure of 101323.87 Pa to simulate forced convection by the movement of air by 1.5 meters 

per second due to this pressure difference. 

6.2.4 Models 

In Fluent, Multiphysics, energy, and solidification\ melting modal was selecting to simulate 

the physics of this simulation. Multiphysics module allows more than one phase to interact. 

Heat transfer process in the room was modelled through energy modal while PCM material 

was manually added by checking the solidification\ melting module ON. In Multiphysics, 

three phases air, water, and PCM were added. The surface tension between water and air was 

set to 0.072 N/m.  

6.2.5 Calculation Activities 

The time step size chosen was 0.1 seconds at the beginning to avoid divergence. It was 

increased gradually up till 10 seconds and iteration per step were reduced to 10. Number of 
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time steps set were 3000 making a real simulation time of around two hours. SIMPLE 

scheme solver was used and the frames were saved after every 5 iterations.  

The solution data export file was also set to calculate volume fraction of PCM. The solver 

was started to simulate the conditions, geometry and physics prescribed above.  

6.2.6 Contour Plots and Results 

CFD Tool-Post was used to analyze the results of the simulation. A volume render was 

created to see the plot of temperatures in the three-dimensional space during the three-hour 

simulation. As the solver was saving files during the simulation; the volume render at each 

time step was available and could be merged together to observe a video of the simulation. 

The results showed a temperature increase 15℃ of over a real time of two hours.  

At the beginning of the simulation the volume render showed the room air to be at a 

temperature of 30℃ while the PCM in heat exchanger was at 46 ℃ as shown in Figure 28.  

 

Figure 28: Volume Render at Start of the Simulation 
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At the end of the simulation, the temperature volume render was seen to show a temperature 

difference of 15℃ at the end furthest away from the heat exchanger as shown in Figure 30. 

 

Figure 29: Volume Render at the End of Simulation 

The results of this simulation are tabulated below: 

Table 11: Results of Three-Dimensional Simulation 

Time Step (s) Temperature at Further End of Room (℃) 

0 30 

7200 45 

 

Chapter 7: Experimentation 

A suitable space was selected to conduct the experiment. Necessary precautions were taken, 

and safety was kept as highest responsibility. The lab atmospheric conditions were kept in 

mind and the experimentation was set to begin. This chapter contains the experimental setup 

along with the details and results comprising charging and discharging of PCM. 
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7.1 Actual Experiment 

The experiment was carried out in order to put the system to the test in the actual world. The 

strategy was to integrate all the system's components so that any issues with the components 

could be resolved. By operating the system in a local setting, the goal was to achieve real 

results. The experimental results must be compared to the Ansys simulation results. 

7.1.1 Installation 

An experimental setup has been built to conduct the experiment. To begin, Styrofoam and 

plastic sheet are used to insulate the control room. Around the six sides of the control room, 

six sheets of Styrofoam have been affixed. Plastic sheet is placed over Styrofoam to insulate 

the space even further as shown in Figure 20. 

The next step was to put the heat exchanger in a state where it could circulate water. A heat 

exchanger was installed within the control room for this reason. To ensure zero leakage, two 

thermal graded pipes have been tightly linked at the heat exchanger's intake and output. The 

other end of one of the pipes is attached with the pump and other one is placed into the water 

reservoir. 

 

Figure 30: Experimental Setup 
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7.1.2 Auxiliary Components 

A standard air cooler pump was utilized to circulate the water. The pump's rated power, 

flowrate and head were 25 W, 1000 litre/hour and 1.8 m respectively. A small DC fan was 

also put inside the control room with heat exchanger to ensure forced convection in the 

control room for high heat transfer. 

 

Figure 31: Pump 

A stove and steel bucket needed to heat the water. The stove is turned on hand water was 

heated inside bucket placed on it. The temperature of water was raised and maintained at 50 

C. A digital sensor is being used to measure the temperature of water being heated by stove. 

 

Figure 32: Thermostat 

Vernier Surface Temperature Sensor was used to measure the temperature variations in 

control room. It has a range from -25 C° to 125 C° (-13 F° to 257 F°) with an accuracy of 0.5 

C°. The maximum it can tolerate with damage is 150 C°. 

 

Figure 33: Vernier Surface Temperature Sensor 
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Table 12 shows the specifications of vernier type temperature sensor. 

Table 12: Vernier Surface Temperature Sensor Specifications 

Temperature range                              

Maximum temperature that the sensor can 

tolerate without damage 
      

13-bit resolution 

                    

                   

                     

                      

                   

12-bit resolution 

                    

                   

                    

                      

10-bit resolution 

                    

                   

                    

                   

Temperature sensor                      

Accuracy                               

Response time (time for 90% change in reading) 
50 seconds (in still air) 

20 seconds (in moving air) 

Probe dimensions probe length (handle plus body) 15.5 cm 
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7.1.3 Arduino Setup  

For the integration of the sensors Arduino setup was utilized. The Arduino connection was 

made with the breadboard using jumper wires while code was loaded in the laptop using the 

installed Arduino IDE. 

 

Figure 34: Arduino Setup 

Wiring procedure was aided from the vernier user manuals. Using the instructions provided 

by Vernier sketches, the Protoboard adapter was connected to the breadboard. It included six 

labelled pins and were connected as described. 

 Wiring a Single Digital Protoboard Adapter: DIO0 (Vernier BTD pin 1) to Arduino 

pin 2 (function depends on sensor) 

 DIO1 (Vernier BTD pin 2) to Arduino pin 3 (function depends on sensor) 

 DIO2 (Vernier BTD pin 3) to Arduino pin 4 (function depends on sensor) 

 5V (Vernier BTD pin 4) to Arduino pin 5V (power) 

 GND (Vernier BTD pin 5) to Arduino pin GND (ground) 

 DIO3 (Vernier BTD pin 6) to Arduino pin 5 (function depends on sensor) 

Code for Vernier Surface Temperature Sensor is given below: 
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As the setup was completed, a steel bucket was filled with water and placed on the stove. The 

stove was turned on to heat the water. When the temperature of water reached to 50℃ the 

pumped was turned on to circulate water in the heat exchanger. In this way PCM got charged 

and tend to change its state from solid to liquid with heat dissipation in control room. The 

charging process continued for 4 hours. The rate of heat transfer increased by forced 

convection using a fan placed beside the heat exchanger. As the charging process completed 

and PCM turned liquid. The stove was turned off alongside the pump. Then the PCM was 

allowed to discharge in the control room for 1.5 hours.  

7.2 Cautions 

There were some cautions that were to be kept in check and required full supervision. They 

were significant factors in the conduction of the experiment. The team was present to keep 

check during the running time of the setup. 

7.2.1 Leakage 

A main concern during experiment setup and conduct was to stop leakages from water pipes 

specifically at connections. As the heated water flow through pipes, there was a high risk of 

pipe damage consequently the leakage which have been monitored during the experiment. 

7.2.2 Pump Tripping 

A room air cooler pump was being used for water circulation. The maximum temperature of 

water which can be flowed was     . On contrary, water circulated through pump was at 

     due which it got tripped after some interval. As a solution pump removed for some 

time, as it got cooled it again inserted in heated water to continue process.  

7.2.3 Water Temperature 

The stove being used for water heat was manually controlled to maintain temperature 

according to requirement. For this process, stove is turned, water temperature was raised. As 

it exceeded the required value being measured by thermostat, stove is turned off. The 

temperature of water reached to required value, as it stated to decrease stove is turned on 

once again. 
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7.2.4 Sensor Reading 

One of the important cautions was to monitor the temperature reading continuously. 

Sometimes sensor started to give illogical readings due to connection break or 

communication breakage which have been sorted out to get maximum accurate and precise 

values.  

7.3 Results 

The data collected from conduction of the experiment consisted in two phases, charging and 

discharging of PCM. Data was processed by Arduino as discussed in 7.1.3 Arduino Setup 

and, then formulated in MS Excel for data plots. 

7.3.1 Charging 

The PCM was charged for 2 hours. The room temperature at the start of experiment was      

which became     . During this period the temperature of control room rises to almost  

    . This is depicted in Figure 35. 

 

Figure 35: Charging Data Graph 
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7.3.2 Discharging 

PCM discharged and energy is released from PCM to stabilize the temperature for some time. 

In the experiment, the temperature of control room was maintained and only decreased      

in two hours.  

 

Figure 36: Discharging Data Graph 

Chapter 8: Comparison of Results 

The preceding sections covered the results of actual and multiple simulation results. This 

section would encompass the comparison of these results along with the debate on these 

results and the design calculations. Based on these discussions, recommendations for future 

researchers would be made in the subsequent sections. 

Three different set of results were presented in the preceding sections that are listed below: 

1. Actual Experimentation 

2. Two-Dimensional Simulation 
3. Three-Dimensional Simulation 

All results were in close correspondence with each other. 
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 A sophisticated comparison of two-dimensional and three-dimensional simulation with the 

actual experiment is given in Table 13. 

Table 13: Results Comparison 

Process Time of Process Temperature Rise 
Relative Error with 

Actual Experiment 

Actual Experiment 2 hours 16 °C 0 % 

Two-Dimensional 

Simulation 
2 hours 12 °C 25% 

Three-Dimensional 

Simulation 
2 hours 15 °C 6.25 % 

 

Thus, actual experiment is in close correspondence with the simulations in particular with 

three-dimensional simulation.  Two-dimensional simulation differs slightly from actual due 

to heat transfer, transfer coefficients, and gradients in planar surface rather than in integrated 

three-dimensional space. 

Chapter 9: Discussion on Conventional Analysis Techniques 

Among the possibilities for analyzing the performance of the full-scale PCM heat exchanger, 

the most appropriate technique for analyzing the performance of the full-scale PCM heat 

exchanger in this passive heating application is selected with justifications. These techniques 

are used for conventional applications and there are certain limitations in using these 

analytical techniques in the passive heating application. The reasons are discussed in Table 

14. 

Table 14: Adaptability of analysis techniques of PCM heat exchanger towards passive heating [87] 

Technique Adaptability to passive heating application 

 

Effectiveness-Number 

of Transfer Units 

(ε-NTU) 

 

Log Mean 

Temperature 

Difference (LMTD) 

 

 Because these methodologies are sizing based, using holistic 

thermal characteristics, the overall performance of the PCM heat 

exchanger is unknown, but the performance of a unit-volume is 

known, making applicability problematic. 

 Water, air, and the PCM make up the three-way heat exchanger in 

this application. Both approaches are suitable for sensible heat 

transmission but are ineffective in three-way thermal storage 

applications. 
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 Because phase transition in a PCM involves a combination of 

convection and conduction, it's impossible to forecast the U-value 

for both melting and freezing, which are required in these 

approaches, theoretically. 

 Both models assume that the PCM's thermophysical properties are 

constant, even though they are non-homogeneous, non-linear, and 

inconsistent. The specific heat capacity of a PCM, for example, is 

non-linearly depending on the incoming heat flux. 

 Due to the transitory nature of this passive heating application, the 

accuracy of these steady state models is limited. The PCM would be 

treated as having a constant enthalpy in these methodologies, even 

though it varies non-proportionally with time. 

 

Conduction Transfer 

Functions (CTF) 

 

 For this application, the CTF approach is utilized to estimate mainly 

transient heat conduction in the PCM, not convection. As a result, 

modelling simply freezing and not melting is more appropriate. 

 Heat fluxes are computed using a time series technique based on 

surface temperatures. The presence of corrugations and fins on the 

pipes makes determining the total surface temperature impossible 

without the use of a numerical technique. 

 For this case, a finite element based multiple CTF value approach 

would be appropriate, but it would complicate things and provide 

limited precision. 

 

Dimensionless analysis 

to predict correlations 

 

 Basic correlations are generalized in dimensionless analysis to 

expand their usefulness in similar contexts. Such design equations 

have been created for certain geometries. 

 Because of the complexities of the geometry in this application, as 

well as the variable PCM behavior, developing such correlations 

would be exceedingly generic and imprecise. 

 Similarly, without numerical approaches, analytical correlations for 

PCM heat exchangers, particularly in 3D layouts, are non-existent 

and imprecise to calculate. 

 

Empirical correlations 

of useful parameters 

 

 Empirical relationships of relevant variables are formed based on 

experimental/numerical observations. It is the most widely used 

method for modelling PCM heat exchangers in innovative 

applications. The equations' validity, on the other hand, is limited to 

the specific application. 
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Chapter 10: Future Recommendations and Limitations 

This section is comprised of future recommendations and limitation regarding the Phase 

Change Material Heat Exchanger Model 

10.1 Future Recommendations 

In the aristocratic goal of supplying clean and cost-free energy; solar PCM Systems clutch a 

bright future. Due to the low thermal conductivity of PCMs, solar PCM systems have always 

been confronted by the economics of their applicability. Therefore, immense care must be 

taken while designing such systems. In this spectrum, an encyclopedic review on novel 

design concepts of active and passive solar PCM systems was presented in this paper. The 

performance of the systems debated over in this review is adorable and economically 

applicable which has pronounced the spirit of research for further improvements and 

application of solar PCM Systems. Considering all matrices of performance, savings, and 

applicability; we conclude that active solar systems despite having some energy consuming 

components, provide better energy savings as compared to passive solar systems. The 

thermophysical properties of PCMs and technical design parameters influencing the 

performance of solar PCM systems were also enlightened. Moreover, the economics of solar 

PCM systems justifying the use of these systems were discussed in detail. Optimization of the 

key performance parameters has turned out to be extremely significant for the performance of 

these systems and has become a prime focus of researcher recently. In this regard, a 

comprehensive discussion on the optimization techniques was done in this paper. Numerical 

and simulation-based optimizations are the most powerful tools to serve this crucial purpose 

and are used in almost every research nowadays. 

The debate of this paper established that solar PCM systems are now improved to an extent 

that they can be used practically. Even then, these systems have an immense ground to cover 

to compete electrical storage systems. In this regard, few future recommendations are listed 

below: 

 Thermal conductivity of PCMs despite adapting several improvement techniques is 

still the main constraint that limits the efficiency of solar PCM systems and thus needs 

to be researched further.  

 Research should be done to increase the density of PCMs, to decrease the volume of 

system and thus increasing energy storage. 
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 Configuration and geometry of tubes exchanging heat with PCM needs to be explored 

so that complete charging and discharging can be achieved withing short span of time. 

 Optimization using algorithms such as genetic algorithm optimization has proved to 

be useful. Although these algorithms are complex but holds the potential of improving 

the performance of the system significantly. Therefore, development of similar 

algorithms is recommended for further improvements.  

 Due to uncertain whether fluctuations, these systems should be tested under real 

conditions instead of simulated conditions for more accurate results.  

 Focused research on prevention of energy loses should be done. 

 Simulations should be done with real-time climatic data using user defined functions 

instead of constant radiation fluxes. 

10.2 Limitations 

This system has a few limitations when comprised with PCM. These restrictions have 

suppressed the benefits of the system resulting in limited use in industry. But advancements 

with time can take the system a long way ahead.  

10.2.1 Phase Change Material 

The use of a phase change materials (PCMs) is a very promising technology for thermal 

energy storage where it can absorb and release a large amount of latent heat during the phase 

transition process. The issues that have restricted the use of latent heat storage includes the 

following: 

 Poor Thermal Conductivity 

 High Density 

 Heavy Weight 

The study of the influence of thermal cycling on the properties of PCMs, such as melting 

temperature and latent heat, is important. It is found that the paraffin wax and fatty acids 

(e.g., lauric acid, myristic acid, palmitic acid, and stearic acid) have good thermal stability 

and can be used for solar thermal energy storage applications. 
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10.2.2 System Designed 

The system designed in this paper has various restrictions that limits the use of PCM and the 

system industrially. The benefits can outweigh the limitations if overcome. Some of the 

restrictions of the system designed are listed below: 

 Large Size 

 Heavy Weight 

 Mounting Difficulties 

 Periodic Maintenance 

Chapter 11: Conclusion 

In the aristocratic goal of providing clean and free energy, passive PCM systems clutch a 

bright future as depicted from the literature review debated in the report. Moreover, the 

results of simulations and experimentation elevate the effectiveness of theses systems; but 

these systems have to cover a large ground before actually replacing the conventional fossil 

fuel systems. This report encompassed these limitations in detail and gave recommendations 

for improvement for future researchers. Furthermore, starting from the design basis and 

detailing up till the complete design and fabrication process; this paper gives a holistic 

elaboration of the novel design and fabricated model. The thickness of individual exchanger 

unit was only 2 inches to ensure proper melting of PCM. Further reduction in thickness will 

increase the effectiveness of the system. The actual experimental results differ from three-

dimensional simulation by only 6.25% and two-dimensional simulation by 25%; the causes 

of which have been briefly discussed. The most promising parameters to improve these 

systems are the thermal conductivity of the system including the PCM itself, density of PCM, 

mounting feasibility in the room, and weight reduction. 
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