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ABSTRACT 

This study provides an insight into the fundamentals of PV 

performance enhancement under different environmental 

conditions. The study also presents a new concept of PCM 

integrated PVT system which has a better performance from 

both electrical and thermal perspectives.  

 

The study employs both analytical and computational 

techniques to investigate the PV performance under the effect 

of different parameters such as wind speed, solar radiation 

level, ambient temperature and additional cooling condition. A 

parametric analysis of the PCM is also carried out under 

different solar radiation level, water inlet temperature and flow 

speed. Additional analysis regarding to the effects of PCM’s 

thermal physical properties against its thermal performance is 

also presented. A validation analysis is carried out prior to the 

parametric analysis to ascertain the reliability of the CFD 

models used, the prediction result of the CFD model is 

compared with analytical calculations as well as data from 

literature.   

 

The study found that the active water cooling is the best 

solution which can provide guaranteed performance 

enhancement regardless effects of ambient conditions. 

 

The novel PVT-PCM system is found to have a noticeable 

electrical performance enhancement over conventional PV 
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panel as well as having the ability to store a significant amount 

of thermal energy. It is found that the PVT-PCM system has 

much lower PV cell temperature (maximum temperature 

reduction of 36.5 ℃  and 38.3 ℃  respectively) compared to 

conventional PV systems when used in both Nottingham and 

Shanghai area, hence provide up to 5.4kWh (5.7kWh in 

Shanghai) more energy per unit module. The stored thermal 

energy could be utilized to provide moderate heating to air 

and/or water. The air preheated by PVT-PCM system could 

satisfy space heating requirement during April to October in 

Nottingham without any additional energy consumption. On 

the other hand, the preheated water could reduce boiler 

heating energy from up to 20% and 41% respectively for 

Nottingham and Shanghai climate. The overall performance 

benefits of the proposed PVT-PCM system could be greater if 

used in hotter climates. Finally, a cost analysis was carried to 

prove the whole system is financially feasible for use in both 

climates of Nottingham and Shanghai with a discounted 

payback period of 10.67 and 12.83 years respectively.  
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CHAPTER 1. INTRODUCTION 

 

1.1 Introduction 

At present, the rapid increase of global energy consumption has 

become a major concern. According to the international energy 

outlook (IEO) 2016, the world energy consumption increases from 

524 quadrillion Btu in 2010 to 630 quadrillion Btu in 2020 and 820 

quadrillion Btu in 2030, and most of the growth will be made by 

the developing countries (EIA, 2016). The transformation and 

adjustments of energy consumption structure are urgently needed 

to prevent global energy crisis. Thus, the development of new 

energy and renewable energy is becoming more and more 

important. Figure 1.1 below shows the energy structure outlook 

from 2012 – 2040, by the year of 2040, there will be 25% - 30% 

percent energy produced by renewable technologies. Compare 

with the current renewable market, there is a huge developing 

potential. 
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Figure 1.1 Energy consumption structure outlook (EIA, 2016) 

 

Today more than 50% of the electricity in the UK is generated 

by low carbon energy resources as shown in Figure 1.2 below, 

which includes clean energy sources like wind, solar, hydro 

and biomass as well as nuclear power. The percentage of low 

carbon generation in Scotland is even greater, at 77%. The 

percentage of electricity generated from coal-fired power 

plants has dropped from 34% in 2006 to less than 2% in Q3 

2016. In the next decade, the percentage of low carbon 

electricity generation will continue to rise, and another 25GW 

of new electricity generation is likely to be needed by the UK 

in the year 2025 (DBEIS, 2016).  
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Figure 1.2 Low carbon electricity’s share of generation (DBEIS, 2016) 

 

Figure 1.3 shows the percentage sector shares of UK energy 

consumption in the year 2015. It can be seen from the figure that 

the domestic sector comprises the most important energy 

consumer. In recent decades, small scale household renewable 

energy technologies have been used to reduce energy demand 

from the national grid as well as reducing carbon footprint. Among 

them, technologies that utilize solar energy to provide heat and 

electricity has become the most popular choices in the UK for 

average householders.  

 

Figure 1.3 Percentage sector shares of UK energy consumption in 2015 

(DBEIS, 2016) 
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As a major renewable energy source with the most noticeable 

characteristics of inexhaustibility and environmental friendliness, 

solar energy has great research values and broad application 

prospects. The solar energy technology and its applications have 

developed significantly over the recent years. Among them, two 

widely used systems have been developed to utilize solar energy: 

solar thermal system which converts solar energy into thermal 

energy, and photovoltaic (PV) system which converts solar energy 

into electrical energy. These two systems are ideally suitable for 

buildings as they can provide heating as well as the electricity to 

fulfil partial or even the whole amount of building energy 

requirement.  

 

The first photovoltaic application used for buildings appears during 

the early 1970s. It was framed by aluminium and mounted on the 

roof to provide electricity for off-grid houses. After several decades 

of development, building integrated photovoltaic (BIPV) system, 

which is the PV system specially designed to replace the 

conventional building envelope, has been commercially available. 

BIPV has many advantages over the conventional wall or roof 

mounted flat plate PV systems. The biggest advantage is that the 

initial cost of BIPV can be reduced by replacing the normal building 

envelope during the building design process, hence material and 

labour cost for the replaced building envelope could be saved. As 

a matter of fact, the BIPV has become one of the fast-growing 

applications of the PV industry. However, in 2011, the U.S. 

National Renewable Energy Laboratory mentioned that the overall 

cost of the BIPV applications is still less economical compared with 

other types of PV applications at the moment, as there are still 
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many technological challenges which might need to be solved 

before having the actual financial feasibility. 

 

 

 

1.2 Problem Statement 

With the vast advancement of global PV market, the overheating 

of PV cells under intense sunlight becomes a major concern. The 

excess amount of heat accumulated on the PV panel surface will 

not only reduce the photovoltaic efficiency but also reduce the life 

span of the PV cells. In some extreme conditions, the overheated 

surface temperature could reach to such a high temperature that 

may become a fire hazard to the surroundings. For combined PV 

Thermal (PVT) applications, although higher fraction of solar 

energy can be utilized compared with PV applications, the 

photovoltaic efficiency is still greatly affected by the thermal 

collecting part of the system.  

 

Moreover, most PVT systems nowadays are either air based or 

water based, and both types have their limitations. The air based 

PVT system could not effectively cool down the surface panel 

during hot days, and the thermal energy utilized is significantly 

less compared with water based PVT systems. On the other hand, 

the water based PVT systems often have bulky water storage 

tanks in order to store that amount of thermal energy.  

 

During recent years, phase change materials (PCMs) have been 

used by some researchers as an alternative solution to regulate 

PV cell temperature. At the moment, almost all PCM based PVT 
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systems share a similar design which consists a flat plate PV panel 

with an added PCM layer sticks to its backplate. While results 

prove that PCM could effectively reduce the peak cell temperature, 

due to PCMs’ low thermal conductivity properties, the 

enhancement is still restricted by the back mounted design. 

Moreover, most studies of PVT-PCM applications are more focused 

on the temperature regulating potentials; the related latent heat 

utilization is sometimes not considered. 

 

Thus, it is imperative to have a PVT-PCM system that has 

enhanced photovoltaic thermal performance, in a relatively small 

sized footprint. 

 

 

1.3 The proposed PVT-PCM system 

Instead of using common back mounted design, the novel PVT-

PCM system proposed in this study has a separate design to allow 

much flexible configuration. Instead of adding the PCM directly to 

the PV panel, the proposed design uses recirculated water to 

achieve better heat transfer between PV and PCM. The 3D layout 

of the system is shown in Figure 1.4. During the daytime, 

unwanted thermal energy is stored in the PCM as latent heat via 

recirculated water, and the stored latent heat can be utilized by 

demand. More detailed description of the system is presented in 

Chapter 7.   
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Figure 1.4 Layout of the proposed PVT-PCM system 

 

The novel PVT-PCM system has superior electrical performance 

over conventional air/water based PVT systems and back mounted 

PVT-PCM systems, without sacrificing thermal performance. 

Meanwhile, under the same system performance, the size of PCM 

storage is significantly smaller compared to the conventional water 

based storage solutions. Moreover, the PCM storage could also be 

integrated into the building structure such as floor or ceiling which 

doubles as an additional insulation layer. By doing so, the required 

space for the proposed PVT-PCM system could be further reduced, 

while at the same time, the unwanted fabric heat loss/gain could 

be better controlled due to the additional PCM insulation layer. 

 

At the moment, there are no other studies sharing the similar 

design of the proposed PVT-PCM system. Thus, this work is 

conducted to investigate the practicality of this design as well as 

its relevant performance potentials.  

 



8 
 

1.4 Aims and Objectives 

The aim of this research is to evaluate the energy and economic 

performance of the proposed novel PVT-PCM system. The following 

objectives need to be accomplished for this study: 

 

1) To evaluate the performance of conventional PV panel in 

different environmental conditions as a reference; 

 

2) To design a novel PVT-PCM system which has better overall 

performance without sacrificing other parameters such as 

compactness or cost; 

 

3) To develop analytical and numerical models for the 

components of proposed PVT-PCM system; 

 

4) To conduct parametric analysis for each of the system 

components; 

 

5) To evaluate the performance of the proposed PVT-PCM 

system in transient environmental conditions; 

 

6) To optimize the proposed PVT-PCM system for real 

environmental uses. 

 

7) To discover the feasibility of PVT-PCM’s latent thermal 

energy utilization via a case study; 
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1.5 Thesis Structure 

The thesis consists of 11 chapters. Below is the brief description 

of the contents of each chapter. 

 

 Chapter 1 – Introduction chapter that provides background 

information for the research, the problem and motivations of 

the study, as well as the objectives that need to be 

accomplished during the study. 

 

 Chapter 2 – Literature review that provides the framework of 

the current knowledge about PV/PVT and PVT-PCM applications 

which is critical to this study. Literature is organized and 

presented in different system classifications. 

 

 Chapter 3 –The analytical models used for evaluating the 

thermal and electrical performance of the system are 

presented. Principle and methodology of the computational 

fluid dynamics (CFD) are discussed. The governing equations 

are presented. The parameter selection of turbulence model as 

well as solver setup are presented and discussed.  

 

 Chapter 4 – The analytical calculations and the CFD models are 

validated with each other along with results from the literature. 

The CFD model is proved to be valid for further analysis. 

 

 Chapter 5 – The study of the characteristics of PCM-HS22P is 

presented. The effect of each thermal physical properties 

against the overall thermal performance is analysed and 

discussed. 
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 Chapter 6 – The proposed design of the novel PVT-PCM system 

is presented in this chapter. The parametric analysis of system 

components is presented. The final results are used to size the 

PVT-PCM system for real climate situations. 

 

 Chapter 7 – The performance of the PVT-PCM system is 

evaluated under the real climate conditions of Nottingham, UK. 

The thermal and electrical performance is compared with 

conventional PV only configuration. The energy and economic 

performance are also presented and discussed. 

 

 Chapter 8 – The potential performance of two proposed latent 

heat utilization methods under UK weather are presented and 

evaluated via a case study. 

 

 Chapter 9 – The system’s energy and economic performance if 

used in Shanghai, China is evaluated using the same 

methodology presented in chapter 8 and 9, and is compared 

against UK condition. 

 

 Chapter 10 – Conclusion and recommendations conclude the 

thesis with a brief summary of the results and achievements 

made during the study, as well as pointing out further research 

directions. 
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CHAPTER 2. LITERATURE REVIEW 

 

2.1 Introduction 

This chapter provides an extensive review of the literature 

covering major aspects of PV, PVT and PCM related applications. 

The review starts with basic principles of PV system. The effects 

of temperature on PV efficiency are discussed and 

corresponding thermal management techniques are 

summarised. After that, various design and optimization 

studies of PVT and BIPVT system are presented. The basic 

principles of PCM are also introduced as well as recent studies 

of PVT-PCM integration. In addition, some numerical studies 

are also reviewed, which are helpful for the design, evaluation, 

and optimization of the novel PVT-PCM system studied in this 

work. 

 

2.2 Photovoltaic system 

Photovoltaic (PV) system is currently a mature technology to 

generate and supply electric energy by converting a portion of 

solar energy. The photovoltaic effect was first discovered by 

Edmund Becquerel in 1839, and the first silicon solar cell was 

made later by Daryl Chaplin, Calvin Fuller and Gerald Pearson 

in 1954 (Chaplin et al., 1954). The core design of the PV cell at 
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that time is not changed by much compared with modern PV 

panels. A typical PV system consists of multiple arrays of 

photovoltaic cells (solar cells), which is a semiconductor 

incorporated with PN junction to develop photo voltage when 

exposed to the light (Goetzberger, 2003). Figure 2.1 below 

illustrates the construction of a typical PV cell. 

 

Figure 2.1 PN junctions inside a typical PV cell (Goetzberger, 2003) 

 

Despite of the great energy saving potential, during early years, 

PV panel is often considered to have very poor economic 

performance due to its high manufacturing cost. However, with 

the improvement of manufacturing techniques and the 

expanding of global PV market in recent decades, the cost of 

PV panel has dropped significantly. Figure 2.2 below shows the 

annual production growth of the PV module. It can be seen that 

the annual power produced by PV has increased by almost 

1000 times, and the relative annual growth was also growing 

steadily. Although PV installation at the moment only takes 

about 0.1% of the global electricity generation, a market 

review indicated that there will be a 40% annual growth on this 

potential market (Zhang et al., 2012). With the development 
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of the PV market, the manufacturing cost of the panel will 

continue to drop, and PV is becoming a competitive mean of 

electrical generation by the public. 

 

 

Figure 2.2 Global annual PV production from 1991-2010 (Zhang ET 

AL., 2012) 

 

 

2.2.1 PV module type 

 

The PV module types used in common PV applications could be 

divided mainly into three categories; Monocrystalline Silicon 

module, Polycrystalline Silicon module and thin-film module. 

Table 2.1 shows the comparison of three module type based on 

other’s literature (Sendy 2017; NEF 2017).  

 

Table 2.1 Comparison of different basic cell types under various factors. 

 Mono-

Si  

Poly- 

Si 

Thin 

film 

Higher efficiency ✓✓ ✓  

Lower cost  ✓ ✓✓ 

Better durability ✓✓ ✓  

Compactness  ✓ ✓✓ 

Better at hot climate ✓  ✓✓ 
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Lower performance 

degradation 

✓✓ ✓  

Better economic efficiency  ✓ ✓✓ 

Note: ✓✓ = best, ✓ = average, no ✓ = worst 

 

The Monocrystalline Silicon module is generally the most 

efficient type of PV module that is commercially available at the 

moment. The average efficiency of Monocrystalline Silicon 

modules is around 15%. The manufacturing cost of 

Monocrystalline Silicon modules is the highest compared to 

Polycrystalline Silicon modules or thin film modules due to its 

complicated manufacturing technique.  

 

The Polycrystalline Silicon module uses a simpler and more 

efficient manufacturing technique. The Polycrystalline Silicon 

module is cheaper but with a slightly less photovoltaic 

efficiency around 12%. With the rapid expansion of residential 

solar panel market, Polycrystalline Silicon modules are the 

dominant type used for residential applications (Sendy, 2017).  

 

Thin film modules use a technology which is different from 

monocrystalline silicon and polycrystalline silicon modules. 

Instead of slicing from a silicon ingot, the photovoltaic 

substance is deposited on a thin solid surface. The photovoltaic 

substance commonly used are Amorphous Silicon, Cadmium 

Telluride (CdTe), Copper Indium Gallium Selenide (CGIS) and 

Dye-sensitized solar cell(DSC) (NEF, 2017). The thin film 

modules are the cheapest, but the photovoltaic efficiency is 

also the lowest (around 6%) compared to Monocrystalline and 
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Polycrystalline Silicon modules. However, with the rapid 

advancement of technology, thin film modules have the 

greatest potential to become the most economical type of PV 

module. 

 

 

2.2.2 Effect of cell temperature  

 

As there are more and more extensive studies based on PV 

panels, the decrease of PV cell efficiency under high solar 

insolation conditions has been noticed and studied during 

recent years. When cell temperature rises, the rule of thumb is 

that the conversion efficiency of crystalline silicon module 

drops by around 0.5% per . The 

conversion efficiency drop of thin film modules, on the other 

hand, is lower around 0.21% - 0.36% per  depending on the 

material that made the module (Kumar & Rosen, 2011). 

Considering the fact that under intense sunlight, un-cooled PV 

cell temperature could rise significantly, it is hence necessary 

to consider the degree of surface temperature of PV modules 

while designing any PV applications as temperature rise can 

significantly reduce the photovoltaic efficiency. 
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Figure 2.3 Cell efficiency regard to temperature (Kumar & Rosen, 

2011). 

 

In general, commercial PV cells only convert around 4% - 17% 

of total solar insolation into electricity, and more than 50% of 

solar energy is absorbed as thermal energy (Chandrasekar et 

al., 2013). As a result, the temperature of PV panel increases 

rapidly when exposed to direct sunlight. The high temperature 

of PV panel causes the modules to suffer from both short-term 

and long-term losses. The short-term loss is the decrease of PV 

cell’s photovoltaic efficiency when the surface temperature is 

too high. The long-term damage will occur as high temperature 

causes thermal degradation of the module, and this damage is 

permanent and irreversible. 

 

The main reason for the reduced efficiency is the decrease of 

semiconductor’s band gap with increased temperature. As a 

result, the open circuit voltage drops significantly with 

increased temperature. The decrease of open circuit voltage 

under high temperature was studied by Huang et al. (2011) by 

measuring the junction PV cell temperature using an indirect 

non-destructive method. It is found that voltage drops with 
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increased cell junction temperature in all solar radiation levels. 

The correlation of voltage drop against cell junction 

temperature under difference solar radiation levels is shown in 

Figure 2.4 below. The drop rate of the voltage is consistent and 

is independent of solar radiation levels. The estimated drop 

rate is considered to be around 0.0021V/℃.  

 

 

Figure 2.4 Relationship between PV cell temperature against voltage 

drop under different solar insolation levels (Huang, et al., 2011) 

 

On the other hand, as temperature rises, the decreased band 

gap of the semiconductor also means a higher short circuit 

current as the energy carried from valence band to conduction 

band is increased (Singh et al., 2008). As a result, PV panel 

with higher temperature will have higher short circuit current. 

Figure 2.5 shows the difference of the short circuit current (𝐼𝑆𝐶) 

and open circuit voltage (𝑉𝑂𝐶) under different cell temperatures. 

It can be seen that the increase of short circuit current is 

insignificant compared to the drop of open circuit voltage, 

which leads to an overall efficiency drop. The temperature 

related overall efficiency is studied by Radziemska (2003). In 

his experimental study, monocrystalline silicon cells were 
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tested under different temperatures from 28℃  to 80℃ . The 

results are shown in Figure 2.6. It was found that the cell 

output power is decreased by 0.65%/ ℃  with increased 

temperature. 

 

 

Figure 2.5 IV Curve of Mono-Si PV cell under different temperature 

(Kalogirou, 2009) 

 

 
Figure 2.6 Mono-Si Panel output power against voltage under various 

temperatures (Radziemska, 2003). 
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2.2.3 Other parameters relating to PV efficiency 

One of other reasons of the performance degradation of 

outdoor PV system is the airborne particles such as dust. The 

accumulated dust on the surface of PV panel could block 

incoming solar insolation. Maliuha et al. (1994) studied the 

effect of dust concentration on the PV cell performance. The 

results are shown in Figure 2.7. It can be seen from the result 

that the performance degradation of PV cell is present with high 

dust concentration on the panel surface, the effect is more 

significant in conditions with low solar insolation level. A later 

case study by Radziemska (2015) shows that in northern 

Poland, the module efficiency degradation due to accumulated 

dust layer could be as high as 3% per year. It is highly 

suggested that PV panels should be cleaned regularly in order 

to maintain its optimum efficiency. 

 

Figure 2.7 PV cell power output wattage against dust thickness 

recorded by Mailuha et al., (1994). 
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Karatepe et al. (2007) studied the effect of shadow (non-

uniform solar irradiation) on the PV panel regarding to its 

electrical output. A group of PV modules were arranged into 

different array configurations. The numerical model was built 

and simulated at a normal working condition. A later study by 

Wang et al. (2014) continues to investigate the effect of frame 

shadow on its electrical performance. The conclusion from the 

simulation is that area of the shadow will significantly affect the 

electrical output of PV module even the shaded area is 

relatively small. There can be as much as 31.6% and 39.3% 

output reduction on series and parallel circuit, respectively, if 

part of the PV module is shaded by frame. The suggestion is 

that the PV cells must be placed without the shaded area at all 

times, not only shading caused by surround objects but also 

the shading from its frame.  

 

Another key factor that will affect PV cell efficiency is the tilting 

angle. Kacira et al. (2004) investigated the effect of collector 

tilting angle on maximizing solar irradiance on PV panel in 

Turkey. It was found that the optimum tilting angle was 30 -

50° from Jan to Mar, 0 – 20° from April to Aug and 40 -60° 

from Sep to Dec. The results indicate that higher tilting angle 

is recommended during winter time while lower tilting angle is 

recommended during summer time. 

 

Vasel and lakovidis (2017) studied the effect of wind direction 

on the PV cell performance. It was found that in northern 

hemisphere, fixed tilt PV panels generate more electricity under 
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southerly winds. It was hence suggested that the PV panel 

should be located on areas with strong and frequent winds from 

south. On the other hand, in southern hemisphere, the PV 

panel should be placed at locations with strong northerly wind.  

 

 

2.3 Thermal management of PV panel 

 

As mentioned above, excessive PV cell temperature could 

result in both short-term and long-term performance 

degradation; it is hence necessary to extract the extra amount 

of energy which is not converted to electrical energy. During 

recent decades, extensive efforts have been made to the 

techniques of PV panel thermal management. 

 

2.3.1 Passive cooling and active cooling 

There are many approaches that can be employed to provide 

cooling for PV panels. However, a valid and effective PV thermal 

management design could not be generalized and is highly 

dependent on various factors such as the size and geometry of 

the PV array, the geographical location of the system, and the 

macro and micro climate conditions where the system locates. 

 

Based on the review of various literature regarding to the PV 

thermal management techniques, those techniques could fall 

into two categories: passive cooling and active cooling. Passive 

cooling does not require additional energy, which usually can 
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be achieved by utilizing either natural convection or 

evaporation. Most of the passive cooling enhancement is 

achieved by adding fins as an extended surface for greater heat 

exchange rate (Theodore, 2011). More complicated passive 

cooling techniques include the use of phase change 

material(PCM) to reduce peak panel temperature or using heat 

pipes to extract heat from PV panels through condensation and 

vaporization process.  

 

The limitation of passive cooling techniques, however, is that 

the effectiveness of the technique is heavily dependent on the 

local climate conditions. As an example, the passive cooling 

technique will generally work better in areas with cold and dry 

climate rather than areas with hot and humid climate. Moreover, 

the effectiveness of passive cooling technique will also be 

greatly affected by transient ambient conditions such as 

ambient temperature and the presence of wind. For example, 

the passive cooling will have significantly reduced effects when 

there is little wind. 

 

On the other hand, the active cooling techniques often achieve 

better cooling performance compared to the passive cooling 

techniques by using blower fan or water pump to force the air 

or water to circulate through the heat exchange area. As a 

result, the effectiveness of the active cooling system is less 

sensitive to environmental factors such as the wind. One fact 

needs to be considered is that the active cooling technique 

consumes additional energy, however, compared to the 
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increased electrical performance resulted from active cooling, 

the amount of additional energy consumption is generally 

considered to be relatively small. 

 

2.3.2 Air cooling 

So far, many researches have been conducted to study the 

effectiveness and performance enhancement of various passive 

and active cooling designs. Krauter et al. (1999) did 

experimental studies on the performance comparison of 

different cooling systems used on a vertical PV facade. The 

types of cooling system studied are air based natural/forced 

convection, active water cooling system with additional 

insulation. It was then compared to the baseline model which 

has no cooling system with/without additional insulation. The 

results indicated that the ventilated types have up to 8% 

increase in electrical power output than conventional PV 

facades, the electrical power output of the insulation only type 

is reduced by 9.3% due to the high temperature of the PV 

module. Moreover, the hybrid system with water cooling 

system shows an increased 9% electrical power output, and 

the amount of heat can be utilized by demands. 

 

Gokmen et al. (2016) investigated the effect of wind speed on 

PV panel cooling in windy conditions. The study shows that the 

variation of wind speed could significantly affect PV cell 

temperature. Moreover, the tilting angle will also affect the 

wind flow especially during summer seasons. It is suggested 
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the added wind cooling effects could lead to an average 

increase of 3.5% of the predicted annual electricity output 

without considering the effect of wind. 

 

Teo et al. (2012) designed an air based active cooling system 

for PV panels by adding an air duct underneath the back plate 

of the panel (as illustrated in Figure 2.8). Several manifold 

designs were presented and discussed in order to ensure the 

air flow inside the duct is evenly distributed. The system is 

actively cooled by blower fans. Results show that the cell 

temperature could drop from 68℃  to 38℃  after using the 

active cooling, which increased the photovoltaic efficiency from 

8.6% to 12.5%. A later parametric study of the same system 

was done by Farshchimonfared et al. (2015) regarding to the 

effect of duct depth, air flow speed, air distribution duct 

diameter against panels with different length/with ratio. It is 

found that the optimum duct depth is associated with the 

length and width ratio of the solar panel. It is also noticed that 

the additional energy required for the fan is accounted at 23.5% 

of the total energy, which is considered not cost-efficient. In 

general, compared to the electrical performance gain of active 

water cooling system, the active air cooling system shows less 

efficiency due to the less heat extraction ability of air (Xu et al., 

2012). 
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Figure 2.8 An example of typical air cooling solutions for PV panel 

 

 

2.3.3 Water cooling 

Krauter (2004) developed a water cooling and cleaning system 

that uses water films flow from the top to the bottom of the 

front panel. The water is pumped to the top and spread on the 

surface panel by a line of nozzles, and then be collected at the 

bottom for recirculation. The results show that there is up to 

22  decrease compared with the panel without cooling, and 

the daily electricity yield is increased by 10.3%.  

 

 

Bahaidarah et al. (2013) developed a back surface water 

cooling system that can be attached on the back side of the PV 

panel in order to reduce the surface temperature of the PV 

module. The results show that the temperature has dropped by 

20% and the electrical efficiency has therefore increased by 

9%. However, the size of their design is relatively large, and 

the additional energy needed to operate the water pump is not 

considered in the study.  
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Baloch et al. (2015) studied the performance of a converging 

water channel used for cooling PV panel. The schematic of the 

system is shown in Figure 2.9 below. The result shows that by 

using the water cooling channel, the maximum cell 

temperature drops from 71.2℃  to 31.4℃  during the tested 

period. It is also found that the optimum converging angle ∅ 

is 2 degree, which has slightly better performance compared 

to the conventional parallel setup. The cooling effectiveness will 

drop significantly if the angle ∅ is greater than 2 degree angle 

due to the low uniformity of the flow. Moreover, from 

economy’s perspective, the cooled setup has 19.5% reduction 

of LCE(levelized cost of energy), which makes it economically 

feasible when used in extreme climate conditions. 

 

 

Figure 2.9 The converging channel cooling proposed by Baloch et al. 

(Baloch et al., 2015) 

 

 

Alami (2014) has introduced an evaporative cooling system 

using wet clay pad, and the results show a 19.1% 

enhancement in output power. However, as stated in his article, 

an automated water feeding system is needed, which means 

additional source of energy may be required to provide cooling. 

The technique is later adjusted by Ebrahimi et al. (2015) by 
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directly spreading water onto the panel surface. The effect of 

vapor flow rate, vapor temperature and vapor distribution 

against solar cell temperature were discussed. It is found that 

these three parameters are independent of each other, and all 

has an effect on the cooling performance of PV panel. Among 

them, vapor temperature is the most important factor that 

could affect the cell temperature. A similar approach has been 

used in Schiro et al. (2017)’s work with additional water 

spreading system installed on the PV panel surface. In order to 

achieve a uniform water film, 9 spreading nozzles were used, 

and the total water flow rate was 0.09l/s per m2 of surface area. 

The results show that by spreading water on to the surface of 

the PV panel, the cell temperature could be effectively reduced. 

The reduction of cell temperature is more significant when in 

high temperature, no wind, and high solar radiation conditions. 

 

Chandrasekar and Senthilkumar (2015) developed an 

experimental setup using cotton wick strips to provide cooling 

for solar panels. The cotton strips are fixed on an aluminum 

heat spreader located on the back of the PV panel, and both 

ends are connected with water header. Results show that there 

is a 5.9℃ peak PV cell temperature drop (from 49.2℃ to 43.3℃) 

by using the cotton wick cooling, which results in a 1.4% 

photovoltaic performance increase.  
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2.4 PVT and BIPVT system 

 

It is discussed in section 2.3 that by adopting proper thermal 

management solution, PV cell temperature could be greatly 

reduced under the same load. In order to further improve the 

efficiency of the PV module and make more use of solar energy, 

it is desirable to extract the extra amount of heat from the PV 

module and use as an energy source. PVT and BIPVT are 

technologies that aim to extract heat from the PV panel, which 

combines conventional PV panels together with heat extraction 

components. This kind of system allows cooling of PV panels in 

order to get higher electrical converting efficiency and at the 

same time utilizing the extracted heat for heating or other 

purposes. By doing so, the overall efficiency of the system is 

dramatically increased, and it is a better way to utilize solar 

energy. The concept of (BI)PVT system represents an 

alternative direction for sustainable power generation and 

heating. Figure 2.10 below indicates the relationship between 

different existing solar conversion technologies. 

 

Figure 2.10 Schematic diagram of different solar systems (Zhang et 

al., 2012) 
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Figure 2.11 Layers of components of a water based PVT system 

designed by Rockendorf et al. (1999) 

 

A typical PVT system is a sandwiched structure that consists of 

several layers, the most important layer is the photovoltaic 

module and the heat extracting components, and the heat 

extracting components also can be regarded as the active 

cooling system served for the PV modules. The cooling media 

(or working fluid) can vary by design. There is usually a thermal 

insulation layer at the bottom of the PVT panel to provide a 

near adiabatic boundary. Some of the design will add a glaze 

layer on top of the PV panel in order to increase the thermal 

efficiency of the whole system. The efficiency of a PVT system 

can be regarded as the sum of the photovoltaic efficiency and 

thermal efficiency. A typical water based PVT collector designed 

by Rockendorf et al. (1999) is shown in Figure 2.11. The 

system was later studied and improved by many researchers. 

 

At the same time, with the rapid advancement of building 

technology and PV manufacturing techniques, PV panels are 
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showing great potential to substitute part of building exterior 

components such as roof and vertical façade. Such PV systems 

are called building integrated photovoltaic (BIPV) systems. The 

first BIPV system was installed in 1991 (Hao, et al., 2007), 

after then, the demand for modules for building integration 

grew rapidly. Most BIPVT systems are designed to be used in 

the building envelope. The design principle of BIPVT system is 

more or less the same as the conventional PVT system; 

however, the BIPVT system is more compact and should be 

regarded as part of the building façade. Figure 2.12 shows a 

typical roof top BIPVT system. The BIPVT must be designed not 

only to optimize conversion of solar energy but also to provide 

wind and snow load as part of the structural elements. 

Moreover, other things such as thermal expansion coefficient 

should also be considered as the BIPVT is built within the 

building envelope thus damage to either PV panels or the 

structural substrate may occur as the temperature fluctuates.   

 

Figure 2.12 A typical roof top BIPVT system 

 

Similar to the thermal management solutions of PV panel, the 

working principle of PVT and BIPVT system could mainly be 

divided into two major parts: air based (BI)PVT system and 

water based (BI)PVT system. The difference between two 
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systems is the utilization of different cooling media (air and 

water). Most (BI)PVT systems found in literature uses active 

cooling techniques to achieve better overall performance.  

 

 

2.4.1 Air based PVT 

 

The simplest air based PVT system is the single-pass air based 

PVT system, which has an air duct located on the back of the 

PV panel. The thermal efficiency of the single-pass PVT system 

is generally very low at around 10% - 20% (Affolter, et al., 

2006). Many researches have been carried out to improve the 

efficiency of this single-pass PVT system. Mojumder et al. 

(2016) conducted an experimental investigation on the 

performance of the single-pass air based PVT system with 

integrated fins. The result shows that both electrical and 

thermal performance was enhanced after fins were added. The 

mass flow rate of air affects the PV performance significantly. 

At solar radiation level of 700W/m2, the thermal efficiency 

difference before and after adding fins is measured to be 19%. 

 

 Kim et al. (2014) did an experimental study on the efficiency 

of a single-pass air based PVT system with aluminium slats 

inserted in the air duct. It is found that the electrical and 

thermal efficiencies are measured at 15% and 22% 

respectively.  
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Kasaeian et al. (2017) studied the effects of forced convection 

on the performance of the single-pass air based PVT system. It 

is found that by variating air duct depth from 0.15 to 0.05m, 

the overall efficiency is reduced by 20%. On the other hand, by 

increasing the air mass flow rate from 0.018kg/s to 0.06kg/s, 

the thermal and electrical performance is increased by 15% - 

31% and 12% - 24% respectively. 

 

Ahn et al. (2015) designed a single-pass air based PVT system 

built into the heat recovery ventilation system. The schematic 

diagram of the system is shown in Figure 2.13 below. The heat 

recovery system has an overall heat recovery efficiency of 80%, 

The added PVT system provides additional fresh air preheating. 

The result shows that the system is capable of increasing fresh 

air temperature from 0℃ to 15℃ during the midday of wither 

period. The heat recovery efficiency was improved by 20% with 

air preheating using PVT system, and the performance of the 

PVT system is measured at 38%. 

 
Figure 2.13 Schematic diagram of the air based PVT built with HRV 

(Ahn et al., 2015) 
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Agrawai and Tiwari (2010) studied the influence of connection 

types of a series of single-pass air based BIPVT modules 

regarding to its performance in cold climatic conditions. In their 

experimental study, a series of 6 individual BIPVT modules 

were connected in three different types; the parallel connection, 

the series connection, and the mixed connection. The 

connection type only refers to the thermal side but not the 

photovoltaic side. The result shows that the series connection 

is more suitable for thermal energy utilization with the highest 

efficiency of 53.7% when fitted at roof top. 

 

Chow et al. (2007) designed a vertical ventilated PV glazing 

façade using similar designs of the single-pass air duct. The 

system is shown in Figure 2.14 below. A later performance 

study by Chow (2010) shows that this PVT façade could 

effectively reduce direct solar gain and glare during summer 

period compared to the normal double-glazing façade. The air 

conditioning power consumption could be reduced by up to 

82%. 

 

 

Figure 2.14 Ventilated PV glazing façade (Chow et al., 2010). 
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Sopian et al. (1996) designed a double-pass air based PVT 

system and is compared with conventional single-pass air 

based PVT system. The system adds an additional air duct at 

the front of the panel while conventional single-pass systems 

have only one air duct on the bottom of the PV cell.  The 

difference between single and double-pass air based PVT 

system is shown in Figure 2.15. The obtained result shows that 

the double-pass system has improved photovoltaic efficiency 

over the single-pass system, at the same time, the outlet air 

temperature is higher which represents higher thermal 

efficiency. The design was later modified by many researchers 

(Alfegi et al., 2008) (Srinivas & Jayaraj, 2013) (Elsafi & 

Gandhidasan, 2015) by adding various fin design to improve 

the overall performance further.  

 

 

Figure 2.15 Sample configurations of single and double-pass air 

based PVT systems (Chow, 2010) 
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Kamthania et al. (2011) designed a BIPVT façade using the 

same double pass design (shown in Figure 2.16) and evaluated 

the system performance. The results show that the system 

could potentially provide a total amount of 1729.84kWh 

thermal and electrical energy each year. The heated air by the 

BIPVT system shows a 5-6℃ increase during winter days. It is 

also suggested that using semi-transparent PV module could 

have better electrical performance compared with the opaque 

module due to the much lower module temperature. However, 

the thermal performance of the system will be reduced 

accordingly. 

 

 

Figure 2.16 Double-pass BIPVT façade (Kamthania et al., 2011). 

 

 

2.4.2 Water based PVT 
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The basic water based PVT collector was studied by Florschuetz 

in 1979 (Kalogirou, 2009). The working principle of a water 

based PVT or BIPVT system is to use circulated water as cooling 

media to extract heat from PV panels for water/space heating. 

A typical sheet and tube water based PVT configuration is 

shown in Figure 2.17 (a). The water based system is generally 

more efficient than air based PVT and BIPVT system (Daghigh 

et al,, 2011). Different water flow patterns could greatly affect 

the overall performance of the system; hence, researchers are 

mainly focused on studies to investigate the effectiveness of 

different water flow patterns. Among them, the most common 

design is sheet-and-tube design which consists of a flat sheet 

absorber and several water tubes. Another design is box 

channel design which consists of many rectangular flow 

channels below the PV panel. Figure 2.17 illustrates the sample 

configurations of two different water channel design. 

 

 
Figure 2.17 Sample configurations of water based PVT system (Chow, 

2010) 
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Huang et al. (2001) did an experimental performance 

evaluation of a water based solar PVT with parallel flow back 

plate absorber. The performance of the system is compared 

with a conventional solar hot water collector. Results show that 

the PVT system can achieve up to 76% of thermal efficiency of 

the solar hot water collector. Moreover, at a constant 

evaporating temperature, the increase of solar intensity will 

cause the increase of overall PVT efficiency but the decrease of 

Photovoltaic efficiency. At a constant solar intensity, the rise of 

evaporating temperature will lead to a decrease of both overall 

and photovoltaic efficiency. The same system was later 

improved and retested by Shan et al. (2014) using R410A as 

the working fluid.  

 

Chow et al. (2008) did an energy and exergy analysis of flat 

plate water based PVT collector with and without glass cover. 

The result shows that the energetic efficiency of the glazed 

collector is always better than the unglazed collector in all 

cases examined. However, it is suggested that in specific 

situations, i.e., the electricity output takes the priority, the 

unglazed collector can be chosen with proper design. 

 

Ibrahim (2009) studied the theoretical performance of various 

different absorber designs (shown in Figure 2.18). The results 

show that under water flow rate of 0.01kg/s, the spiral flow 

design (f) has the highest thermal and electrical efficiencies of 

50.12% and 11.98% respectively. The spiral design was later 

experimentally studied by Fundholi et al. (2014). The result 
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shows that system has achieved 13% - 13.8% electrical 

efficiency and 45% – 55% thermal efficiency. However, it is 

considered that in reality, spiral flow absorbers are generally 

much more expensive to make, and has more flow resistance 

hence requires much more pumping power. 

 

 

Figure 2.18. Different absorber flow designs studied by Ibrahim 

(Ibrahim , 2009) 

 

Haurant et al. (2014) did a full-scale experimental study on a 

water based PVT hybrid system for domestic hot water 

applications. This system connected a conventional flat plate 

PVT system to a water tank fitted with heat exchanger to 

provide domestic hot water. The system was tested in real 

climate, and the overall system efficiency reached 44.5%. A 

similar test was also done in South Korea by Kim et al. (2014), 

the results give the thermal and electrical efficiencies of 30% 
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and 17% respectively. When the thermal system works 

together with photovoltaic system, there is an increase of 

electrical efficiency of 6%. In addition, the BIPVT system can 

provide hot water for up to 40  which can be used as an 

alternative heat source and hence lower overall heating cost. 

 

 

2.4.3 PVT optimization 

The thermal and electrical performance of PVT system could 

vary significantly within a year. As an example, a real-time 

performance assessment done in India by Aaditya et al. (2013) 

indicates that maximum efficiency was recorded in February, 

while the minimum efficiency was recorded in July. During 

recent years, researchers have done enormous work on 

optimizing PVT system efficiency from different perspectives. 

 

Tripanagnostopoulos et al. (2002) researched the performance 

difference of four types of hybrid PVT system using either water 

or air as heat extraction fluid. The four systems are water 

cooled PVT system, Air cooled PVT system, Water cooled PVT 

system with glaze on top, and the air cooled PVT system with 

glaze on top. For all four systems, the cooling mechanisms are 

located behind the panel and are thermal insulated. The results 

show that compared with the air cooled system, the water 

cooled system can achieve much higher efficiency compared 

with the air cooled system, and the additional glaze will 

increase the thermal output by up to 45% and up to 100% 
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respectively to the system using water and air. However, the 

additional glaze will reduce the electricity output by 16%.  

 

Zakharchenko et al. (2004) studied the influence of the area 

ratio of the PV modules and the thermal collector on a flat plate 

water based hybrid PVT system. The experiment was carried 

out and proved that the optimal design of the system needs 

the PV module to be essentially smaller than the collector layer. 

Moreover, it is better to place the PV modules near the cold 

water inlet as the thermal conductivity of the PV panel is 

usually poor. They also suggested that the poor thermal 

conductivity can be improved by adding a metallic substrate 

covered with an insulation layer.  

 

Anderson et al. (2009) did a parametric analysis to maximize 

the performance of a water based BIPVT collector. The result 

indicates that the change of inlet water velocity, pipe diameter, 

and wind speed will affect the overall exergy efficiency. A 

similar study was also done by Sobhnamayan et al. (2014). It 

is found that the material that made the collector base made 

little difference to the thermal efficiency, which means low-cost 

material could be used with proper consideration to the balance 

between the thermal and electrical efficiency. The study also 

indicated that a good thermal contact between the PV cells and 

the absorber should be made; this can be achieved by using 

high conductive adhesives. Moreover, any modifications that 

can improve the absorption of long wave radiation should be 
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added as this will increase the thermal efficiency greatly 

without reducing too much electrical efficiency. 

 

Vats et al. (2012) studied the effect of packing factor (PV cell 

area against total module area) on the performance of a 

rooftop air based semi transparent BIPVT system. Different 

packing factors (0.42, 0.62 and 0.83) and types of PV modules 

(mono crystalline silicon (m-Si), poly crystalline silicon (p-Si), 

amorphous silicon (a-Si), cadmium telluride (CdTe), copper 

indium gallium diselenide (CIGS), and heterojunction with thin 

layer (HIT)) were chosen. The results show that the PV module 

temperature is increased by 10  when changing the factor 

from 0.42 to 0.83, and the outlet air temperature is also 

increased. It is also found that the packing factor of 0.62 has 

the best balance between the electrical and thermal efficiency 

(2212kWh annual thermal energy output by HIT module with 

0.62 packing factor versus 2129kW with 0.83 packing factor). 

 

Su et al. (2016) carried out a dynamic performance analysis of 

a dual channel PVT system using different combinations of 

water and air. The result shows that the water-water 

combination can achieve best electrical performance while air-

air combination has the least electrical performance. The study 

suggests that using water as cooling solutions will have better 

performance from both electrical and thermal perspective. It is 

also found that increasing the water flow speed or increasing 

the water pipe diameter can further enhance the photovoltaic 

efficiency. 
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Othman et al. (2016) carried out a performance analysis of a 

PVT system using both water and air. The system uses solar 

collector plate to heat up water while use air to cool the 

transparent PV panel. The schematic diagram is shown in 

Figure 2.19 below. The calculations are made from Hottel-

Whillier-Bliss equation. The result shows that under solar 

radiation level of 800W/m2, the maximum photovoltaic 

efficiency can be as high as 17%, while the corresponding 

thermal efficiency is predicted to be 4 times greater. 

 

Figure 2.19 Schematic diagram of the hybrid PVT system (Othman, et 

al., 2016). 

 

 

 

2.5 Phase Change Material  

 

Phase change material (PCM) is generally referred to the 

substance which will melt and solidify within a certain 

temperature range. The phase change process normally 

absorbs/releases a large amount of fusion heat. It has the 

capability to store and release a large amount of latent heat 

during its phase change. In general, the thermal energy is 
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stored either by changing the internal energy (sensible heat) 

of the material, or by changing the phase (latent heat) of the 

material. Compared with conventional thermal energy storage 

techniques, PCMs have much higher energy storage density 

together with an isothermal storage process. However, the 

disadvantage of the PCM is that they usually have poor thermal 

conductivities. Figure 2.20 shows the temperature change 

process during a typical discharging progress. Phase change 

material normally stores or releases a large amount of thermal 

energy at a certain phase change temperature during its fusion, 

melting and solidifying process. In that case, heat is stored as 

the material changes its phase from solid to liquid and vice 

versa without changing its temperature.  

 

 

Figure 2.20 PCM temperature change during the discharging period 

 

The working principle of a typical PCM latent heat storage 

system basically consists of two operation modes: 

 

• Charging process: The thermal energy is transferred into 

the heat storage system by heat transfer fluid or other 

media. PCM absorbs the heat by changing its phase from 

solid to liquid at a certain constant temperature.  
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• Discharging process: latent heat stored in PCM is 

discharged from the heat storage system for utilization. 

During the discharging period, PCM continuously releases 

heat by changing its phase from liquid to solid at a certain 

constant temperature.  

 

 

The criteria below should be considered when selecting proper 

materials for latent heat storage (Pasupathy et al., 2008). 

 

Thermodynamic properties 

• Melting temperature in the desired operating temperature 

range 

• High latent heat of fusion per unit volume 

• High specific heat, high density, and high thermal 

conductivity 

• Small volume changes on phase transformation and small 

vapor pressure at operating temperatures to reduce the 

containment problem 

• Congruent melting  

 

Kinetic properties 

• High nucleation rate to avoid super cooling of the liquid 

phase 

• High rate of crystal growth, so that the system can meet 

demands of heat recovery from the storage system 
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Chemical properties  

• Chemical stability 

• Low volume expansion 

• Complete reversible freeze/melt cycle 

• No degradation after thousands of freeze/melt cycle 

• Non-corrosiveness, non-toxic, non-flammable and non-

explosive materials 

 

Economic properties  

• Low cost 

• Large-scale availabilities 

 

 

2.5.1 Types of PCM 

 

According to Sharma et al. (2009), PCMs can be classified as 

organic PCMs, inorganic PCMs, eutectics, and hygroscopic 

materials. 

 

The most commonly studied organic PCMs are paraffins 

(𝐶𝑛𝐻2𝑛+2). Other non-paraffin organic PCMs include materials 

such as some fatty acids and carbohydrates. Those non-

paraffin PCMs have various thermal physical properties based 

on its own composition, unlike paraffin PCMs which have similar 

properties across the range (Sharma et al., 2009).  

 

The inorganic PCMs are mostly salt-hydrates (𝐴𝐵 ∙ 𝑛𝐻2𝑂) and 

some metals with low melting temperature. The salt hydrate 
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PCMs dehydrate and release water molecules at certain 

temperature, which is similar to the melting process of paraffin. 

The most extensive review regarding to the commercially 

available salt hydrate PCMs was done by Kenisarin and 

Mahkamov (2016). The review includes 18 salt hydrates 

including the calcium chloride hexahydrate, which is the basic 

components of PCM-HS22P used in this study. It is found that 

although the calcium chloride hexahydrate has been 

investigated by number of researchers, most of them were 

done 60 – 70 years ago, and the thermal phase change 

diagrams were mostly inaccurate (Kenisarin and Mahkamov, 

2016). Meanwhile, thermal physical properties such as density, 

specific heat, thermal conductivity, thermal diffusivity and 

viscosity are not sufficiently studied for most of the salt hydrate 

PCMs. It is also found that none of the thermal performance 

and stability data published by the PCM manufacture was 

certified by relevant authorities.  

 

Paraffins are the most commonly used PCM regarding to 

thermal management applications of PV panel, while salt 

hydrates are mainly used for other large capacity thermal 

storage solutions. The comparison of paraffin and salt hydrates 

in terms of various factors is clearly shown in Table 2.2 below. 

 

Table 2.2 Comparison between paraffin and salt hydrate PCMs 

 Paraffin Salt Hydrate 

Higher volumetric latent heat capacity  ✓ 

Non-flammable  ✓ 

Non-reactive ✓  

High heat of fusion ✓ ✓ 
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Smaller volumetric change  ✓  

Less segregation ✓  

Sharper melting point   ✓ 

Sharper solidification point ✓  

Higher thermal conductivity  ✓ 

Self-nucleating ✓  

Lower cost   ✓ 

 

The Eutectics are combinations of two or more PCMs, organic 

or inorganic. Eutectic PCMs are relatively new, which reduces 

the amount of segregation by the nature of mixed crystals. 

Hygroscopic materials are porous materials that can absorb 

and release water via condensation and vaporization. 

Hygroscopic materials are commonly found in building industry 

such as wool insulation, concrete, and clay. The detailed 

properties of eutectics and hygroscopic materials are not 

presented here as they are out of the scope of this study. 

 

 

2.5.2 Applications of PCM 

 

The application of PCM is a relatively new field which is showing 

great potential. Many studies use PCM as thermal management 

solution in small scale applications like electronic components 

(Ling et al. 2014; Wu et al. 2016; Sahoo et al. 2016). At the 

same time, studies also found that PCM could effectively be 

used in building industries to reduce heat or cooling load and 

improve comfort level (Lin et al. 2004; Biswas et al. 2014; Li 

et al. 2015; Lee et al. 2015). As for PV related applications, 

PCM is often directly attached to the panel to reduce the peak 
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PV temperature and improve electrical efficiency. This section 

mainly focuses on the recent studies of PVT-PCM applications. 

Figure 2.21 shows a typical back mounted PVT-PCM system 

which is commonly studied in various literature. 

 

 

Figure 2.21 A typical PVT-PCM configuration (Stropnik and Stritih, 

2016) 

 

Ho et al. (2012) studied the thermal and electrical performance 

of a BIPV integrated with a microencapsulated phase change 

material layer. The results shows that the minimum efficiency 

is increased by 0.13% and 0.42% respectively in summer and 

winter condition. It is also found that during the summer 

operation cycle, a portion of PCM stays in the liquid phase 

throughout the entire cycle. 

 

Aelenei et al. (2014) designed a hybrid BIPV-PCM system and 

studied its performance. The PCM storage layer is located on 

the wall and there was an air gap designed between the PV 

panel and the PCM layer. The numerical model is then 

compared with the real climatic measurement and shows a 
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fairly good prediction. The result shows that there is about 10% 

increase in both thermal and electrical efficiency. 

 

Elarga et al. (2016) studied the photovoltaic and thermal 

performance of a building integrated(BI) PV-PCM system in 

double skin facades. The result shows that the cooling energy 

demand is reduced by 20% - 30% while the heating energy 

demand is not affected in general. It is also found that the 

proper ventilation between the PV-PCM and the building 

facades is a key factor that will significantly affect the 

performance of the BIPV-PCM system. 

 

Stropnik and stritih (2016) carried out an experimental study 

of a PCM based PV panel setup using PCM-RT28HC. Based on 

the experimental result, the maximum PV cell temperature is 

reduced up to 35.6℃  in October 2013. The model is then 

simulated in TRNSYS software, and the predicted annual 

electrical power output is increased by 7.3% compared to the 

same panel without PCM base. 

 

Kosny et al. (2012) studied the performance of a naturally 

ventilated photovoltaic solar roof with PCM heat sink. The PCM 

is packed on the back side of the PV panel, and the natural 

ventilated air gap is located between the PV panel and the 

original asphalt roof. The result shows that with the installation 

of PV-PCM solar roof, in winter there is about 30% reduction of 

winter heating load and in summer there is about 55% 

reduction of cooling load. In addition, the peak daytime roof 
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heat flux is reduced by about 90% after the installation of the 

PV-PCM solar roof. 

 

Khanna et al. (2017) carried out a performance analysis of 

tilted PV system with back mounted PCM under various 

operating conditions. Results show that the PV temperature 

could be reduced by up to 19℃ with added PCM layer. Another 

finding is that by increasing the tilt angle of the PV panel, the 

rate of heat extraction of PCM is enhanced. It was also found 

that PCM with lower melting temperatures could maintain PV 

at lower temperatures, which can further enhance electrical 

performance. 

 

Hasan et al. (2017) studied the yearly energy performance of 

a PCM based PV system in a hot climate. The result shows that 

by adding PCM layer, the average peak PV cell temperature is 

reduced by 10.5℃  on a yearly basis. The annual electricity 

generation is increased by 5.9%. It is also found that by 

choosing the right type of PCM, it is economically feasible for 

the PV-PCM system to be used in such hot climates.  

 

 

Chandel and Agarwal (2017) did an extensive review of the 

current PCM based PV cooling solutions. The review shows that 

the PCM is currently not the most preferred way for cooling PV 

panels as its poor thermal conductivity and lack of 

configurability. It is also pointed out that the PCM used in 

building integrated designs are more economically suitable as 

the reuse of PCM latent heat is possible. However, the current 
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literature is more about the organic PCM; there is some 

literature pointing out that salt-hydrates are more suitable for 

PV cooling applications. However, the literature studying the 

salt hydrate is limited. 

 

2.5.3 Improving thermal performance of PCM 

 

It is found by numerous studies that due to the low overall 

thermal conductivity of PCM, the thermal performance of PCM 

is often limited. In order to remedy this, various heat transfer 

enhancement approaches have been suggested, such as fins, 

metal grids, dispersed highly conductive particles and 

microencapsulation (Shatikian et al., 2008). 

 

Jegadheeswaran and Pohekar (2009) did a review on 

performance enhancement techniques in latent heat storage 

systems. They conclude the current enhancement techniques 

into four categories: (1) Using extended surface, (2) Employing 

multiple PCM, (3) Thermal conductivity enhancement, (4) 

Microencapsulation of PCM. The features and limitation of each 

method have been concluded. This literature is highly referable 

when designing a PCM thermal storage system.  

 

Fu et al. (2000) used high conductivity carbon fibres to improve 

the thermal conductivity of PCM. Two types of techniques were 

presented in the study; one is using randomly oriented carbon 

fibres; the other one is using a carbon fibre brush. The result 
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shows that both of the enhancement techniques are effective 

in increasing thermal conductivity. The carbon fibre brush has 

more significant effect on the thermal conductivity along its 

direction. Meanwhile, the study indicated that the choice 

between the two techniques also depends on other parameters, 

i.e., the structure of the energy storage equipment and the cost. 

 

Shatikian et al. (2008) conducted a numerical investigation of 

the effect of added internal fins into PCM latent heat storage 

system. The numerical model has been built to have constant 

heat flux, both horizontally and vertically. The result shows a 

fairly good generalization of predicting melt fractions and 

Nusselt numbers, however, the fin efficiency could not be 

generalized using this constant heat flux model. Suggestions 

are made to taking account of additional width effect by 

Rayleigh number. Similar studies were later carried out 

experimentally by Huang et al. (2011). The fin used in the 

study is shown in Figure 2.22 below. It is found that by adding 

metal fins instead of the flat aluminium plate, the PV cell 

temperature could be reduced, however, on the other hand, 

adding fins also shorten the temperature regulation period. It 

is also noticed that solidification shrinkage which occurs during 

the phase change process will further affect the melting 

process. 
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Figure 2.22 PVT-PCM system with metal fins used in Huang et al.’s 

study (2011) 

 

Guo and Zhang (2008) used several layers of aluminium foils 

to enhance the heat transfer rate from the steam pipe to the 

PCM cells (see Figure 2.23). The model was simulated by Fluent 

6.2 software and was compared to the same model without 

foils. The result shows that the charging period is significantly 

accelerated by adding aluminium foils. Meanwhile, the 

parametric analysis of the geometry of the aluminium foil, the 

tube radius, boundary conditions and thermal conductivity of 

PCM was also done, and the relative equations were given. 

 

Figure 2.23 Cross section view of the aluminium foil TES system (Guo 

& Zhang, 2008) 
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Huang (2011) studied the effect of using two different types of 

PCMs to regulate the PV temperature (Figure 2.24). The 2D 

CFD model of the system is built and simulated under solar 

insolation of 1000W/m2 and ambient temperature of 20℃. For 

different types of PCM were used, with melting temperature 

ranging from 21℃ - 60℃. The results show that the two PCMs 

could effectively regulate PV cell temperature at around 25℃ 

which is close to their operating temperature. By using two 

different PCMs with triangular metal cells, the volume 

expansion of the PCM is reduced. 

 

 

Figure 2.24 Schematic diagram of PVT-dPCM system (Huang, 2011) 

 

 

Nithyanandam et al. (2014) analyzed a latent thermocline 

storage system with encapsulated PCMs for concentrating solar 

power. The system used a cylinder storage tank filled with 
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spherical PCM capsules. The computational model was built, 

and the effects of nondimensional variables on the steady and 

dynamic performance of the system were analyzed. The result 

shows that the smaller radius capsules can achieve higher 

latent heat utilization and higher mass flow rate of heat transfer 

liquid will decrease the system performance due to the 

expansion of heat exchange zone. The melting point of PCM 

has a non-monotonic effect on system utilization, which means 

in order to achieve high latent heat utilization, the melting point 

should either greater than the discharge cut-off temperature or 

lesser than the charge cut-off temperature. 

 

 

 

2.6 Numerical studies on PVT and PCM performance 

In order to predict or estimate the overall performance of a PVT 

or PCM system, various numerical models have been developed 

during past decades. For PVT system performance, analytical 

approaches has shown great accuracy based on the researches 

reviewed in section 2.6.1; For PCM system performance, CFD 

software is often used which has also shown its reliability. 

Researches about CFD approach is reviewed in section 2.6.2. 

2.6.1 Numerical studies on PVT performance 

Duffie and Beckman (1991) developed numerical models of 

both flat plate solar collector and concentrated solar collector. 

They took the vast majority of parameters into consideration 

and thus resulted in a very realistic approach. The two models 
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were lately being used by many researchers as fundamentals 

to estimate the thermal and electrical performance of these two 

systems (Costello, 2015). 

 

Bergene and Lovvik (1995) developed a mathematical model 

of a water based flat plate solar PVT collector. The model was 

created, validated compared with several experimental 

measurements done by previous researchers. The model turns 

out to be fairly well in predicting both thermal and electrical 

system efficiency (about 60% - 80% of overall efficiency). A 

similar model was used and improved by Hazi et al. (2014) and 

José et al. (2014), in their mathematical models, the system 

parameters can be varied and compared with clear trade-offs. 

These models can be used for making quantitative and 

qualitative predictions regarding the system performance. 

 

Garg and Adhikari (1999) developed a numerical study of the 

performance of an air based flat plate PVT collector with various 

coated absorber. The results indicated that the thermal 

performance of collectors with selective coated absorbers are 

better than the black painted absorber; The thermal 

performance of the collectors without PV modules are better 

than the collectors covered with PV modules for all kinds of 

absorbers. This behaviour is concluded as the portion of the 

solar energy is converted into electrical energy. 

 

Xu et al. (2014) developed an optimized numerical model for 

PV cells explicit equations; the model is much simple but 
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accurate compared with the PV cell manufacturer's original 

model. The I-V curves generated according to the model is 

highly acceptable. The maximum relative error was around 1% 

at the ideal temperature of 25 . However, and imprecise value 

of ideality factor may affect the accuracy in low light condition.  

 

Brideau and Collins (2014) developed and validated a 

numerical model of a hybrid air based PVT collector with 

impinging jets. The result shows a good agreement between 

numerical model and experimental results; however, the time 

step size in the numerical model may need to be adjusted if 

the thermal mass is changed. 

 

Brinkworth (2006) established a numerical method to calculate 

optimal depth of PV cooling air ducts. The suggestion is that 

the optimal duct depth is in relationship with PV panel length 

and air flow Reynolds number. The first order theoretical 

correlation can be expressed as: (𝐿 𝐷⁄ )𝑜𝑝𝑡 = 2𝑅𝑒𝐷
0.24  (7000 < 

Re <20000). 

 

 

2.6.2 Numerical studies on PCM performance 

Jmal and Baccar (2015) did a numerical study about the effect 

of natural convection during solidification process of a paraffin 

wax PCM in a finned tube. The results show that although 

adding fins could reduce the discharging process of PCM, 

adding too many fins will have little enhancement of the 
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discharging process due to the blockage of solid phase PCM 

reducing the thermal-convective flow. It is shown in the work 

that the natural convection takes a significant role in enhancing 

discharging performance. However, the kinetic viscosity value 

used in their study seems to be incorrect (1.5 x 10-6m2/s), 

which for paraffin wax PCM the kinetic viscosity should be 

within 10-3 range. 

 

For studying the melting and solidification process of PCM, due 

to the high viscosity of PCM, many researches use constant 

density for PCM instead of temperature dependent density 

while studying the melting & solidification process (Sebti et al., 

2013), (Sattari et al., 2017). An alternative practice when 

studying the buoyancy effect with PCM domain is to use VOF 

(volume of fluid) model with an additional layer of air (Darzi et 

al., 2015), (Dhaidan, 2017), (Puertas et al., 2017). 

 

Koller et al. (2016) studied the solidification and melting 

process of a sodium nitrate (NaNO3) using wired matrix (as 

shown in Figure 2.26). A transient numerical investigation has 

been conducted in order to study whether conduction or natural 

convection is the dominant heat transfer mechanism within the 

PCM domain. The result shows that the effect of natural 

convection is more obvious in charging process than the 

discharging process, while in both processes, conduction heat 

transfer takes the dominant effect over convection heat transfer. 

It is also found that the wired matrix could be an alternative to 

longitudinal fins used to as heat transfer enhancement 
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technique, assuming the wire has perfect connection with the 

tube surface. However, in real situations, the thermal 

performance will be less due to the thermal resistance of the 

wire and the connection between each part.  

 

 

 

Figure 2.26 Model of heat exchange tube with wire used in Koller et 

al. (2016)’s study 

 

Vikas et al. (2017) used Ansys FLUENT for simulating the 

melting process of paraffin wax PCM by a vertical heated wall. 

It is found that the melting process could be enhanced by PCM’s 

natural convection. It is also suggested that proper meshing 

and time step size should be carefully set prior to the 

simulation when using Ansys FLUENT. Otherwise the results will 

become diverged during the calculation process. 

 

Meng and Zhang (2017) designed and simulated a novel U 

shaped tube-in-tank latent thermal storage (LTS) unit (shown 

in Figure 2.27). The concept of this PCM storage system is to 

use water as heat transfer media, and flows through U shaped 

copper pipes inserted into the PCM. The results show that the 
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good heat transfer performance could be achieved with the 

design. It is also found that higher inlet temperature and flow 

speed could shorten the charging process of the LTS system. 

The system is fully modular and could be combined in large 

numbers, and the performance would be the same, which is 

similar to the PVT-PCM designs of this study.  

 

Figure 2.27 Modular LTS unit from Meng and Zhang (2017)’s work 

 

2.7 PVT-PCM Application 

During recent years, PVT-PCM related applications has drawn 

increasing interests. Huang et al. (2004) studied the 

performance of a BIPV panel with added PCM layer (Figure 

2.25). It was the first numerical study related to PV-PCM 

performance and was successfully validated with experiments. 

A follow-up study (Huang, 2006) used a small scale 3-D model 

to compare with a validated 2-D model, results show that the 

2D model can make good enough predictions of the results 

using the 3D model. Another study (Huang et al., 2011) 

presented a performance evaluation of PCM pack panel fitted 

below PV module, The CFD model was built and simulated, and 
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at the same time, the experimental test was also conducted. 

The result shows that the PV panel could remain cool during 

the first several hours due to the existence of PCM. However, 

due to the limit of space and the conduction area, the cooling 

capacity of this PCM back panel is restricted. 

 

 
Figure 2.25 PV-PCM configuration (Huang et al., 2004) 

 

Ciulla et al. (2012) built a finite difference model of a PV system 

with PCM backpack storage. The model is then simulated and 

compared with the real climatic condition. The results show 

that the proposed model is valid and it can also be used to 

calculate the thermal behaviour of the multilayer wall which 

contains PCM. The only thing different to the realistic 

measurement is the night time temperature which means there 

may be an error in estimating the radiative heat exchange 

during the night. 
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Qiu et al. (2016) carried out an experimental investigation of 

the energy performance of a novel Micro encapsulated PCM 

(MEPCM) slurry based PVT system. The idea is to use MEPCM 

based slurry instead of water in a conventional water based 

PVT system. It is found that by using MEPCM slurry of 10% 

concentration and 3000 Reynolds number, the system could 

achieve overall solar efficiency of 80.0 – 83.9%. 

 

Kant et al. (2016) built a CFD model to study the heat transfer 

of PV panels with added PCM layer on the bottom. The melting 

and solidification process of PCM during the working cycle has 

been simulated. Results show that while considering the 

convective heat transfer within the PCM, the maximum PV cell 

temperature is reduced by 3℃ , compared to the conduction 

only model. It is also found that the increase of tilting angle 

from the horizontal surface will slightly reduce the maximum 

PV cell temperature. However, the difference is within 1℃. 

 

Ho et al. (2013) designed an innovative BIPVT-PCM system 

which uses micro encapsulated PCM (MEPCM) instead of normal 

back plated PCM block. The layout of the system can be seen 

in Figure 2.26. It is found that the melting of MEPCM is evenly 

distributed along the panel, and the simulated performance 

gain is recorded as 1.8℃ reduction in cell temperature and 2.1% 

improvement in electrical efficiency. 

 



63 
 

 

Figure 2.26 PVT-MEPCM system (Ho et al., 2013) 

 

Iten et al. (2017) studied the level of agreements between 

experimental results and CFD simulation results. A commercial 

paraffin type PCM-RT25 has been tested through DSC 

(Differential scanning calorimetry) analysis for both charging 

and discharging process. The result is then compared with CFD 

simulation predictions. It is suggested that it is important to 

use correct thermal physical properties while using CFD 

simulations, in order to increase the precision. The most 

important thermal physical properties for simulating PCM 

performance is the temperature related specific heat. 

 

 

Preet et al. (2017) carried out an experimental investigation of 

a water based PVT system with and without PCM. The layout of 

the two system is shown in Figure 2.27 below. Results found 

that the PV cell temperature of the system without or with PCM 

is reduced by 47% and 53% respectively compared to 

conventional flat plate PV panel. It is also noticed that the 

overall daily electrical efficiency at water flow rate of 
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0.0031kg/s is increased by 230% without PCM and 300% with 

PCM when compared to conventional panels. 

 
Figure 2.27 Water based PVT without PCM (top) and with PCM 

(bottom) (Preet et al., 2017) 

 

Gaur et al. (2017) did a numerical study on the thermal and 

electrical performance of a wetted PVT collector with added 

PCM storage medium. The layout of the system is shown in 

Figure 2.28. The PCM acts as heat source for collector water 

during night-time. The performance of the system is compared 

numerically with the same system without PCM, and is found 

that PCM maximizes both electrical and thermal efficiency, with 

around 9% increase in electrical output and 51% increase in 

thermal output compared with the same system without PCM. 
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Figure 2.28 Wetted PVT collector with added PCM (Gaur et al., 2017) 

 

 

2.8 Summary 

This chapter presents an extensive literature review about the 

basics and the recent developments of PV, PVT and PCM 

applications. It is found that there is limited literature available 

to help accurately predict the thermal performance of PCMs 

especially salt hydrate PCMs. Meanwhile, literature on 

numerical studies and performance optimization is also 

reviewed to help evaluate and optimize system performance of 

the proposed PVT-PCM system. At the current stage, most of 

the PCM based PVT systems are air based systems that only 

has limited size back-mounted PCM storage, hence the benefits 

of added PCM is restricted. In most recent researches, water 

based PVT-PCM systems were introduced. Although the overall 

performance of system is further improved, the PCM is still 

back mounted and hence restricted in size. At the moment, 

very limited literature is available regarding both thermal and 

electrical performance of the PCM based PVT system.
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CHAPTER 3 ANALYTICAL AND CFD 

METHODOLOGY 

3.1 Analytical models for PVT-PCM system 

 

This section presents a comprehensive series of analytical 

models for all components in the proposed PVT-PCM system, 

including the PV panel, the cooling solution, and the latent heat 

storage system regarding their thermal and electrical 

performance. These numerical models are calculated using 

explicit method by Excel Spreadsheet. The results of the 

models are used during the system design and component 

selection process as they provide the baseline data and reflect 

basic requirements for specified system components. The 

results will also be used to gauge and validate the CFD 

simulation predictions to prove its reliability. 

 

 

3.1.1 Energy model of back cooled flat plate PV panel 

3.1.1.1 Energy model of PV 

The working principle of a PV panel is to absorb irradiance from 

the ambient environment and generate heat as well as 

electrical power. Main paths of energy transfer are illustrated in 

Figure 4.1 below. Thermal energy is transferred from and to 
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the module via three modes, conduction, convection, and 

radiation, while other energy is taken from the module in the 

form of electrical energy. The main energy exchange happens 

on the front and the back surface of the PV panel, while the 

energy loss/gain from the framework is considered negligible 

due to the relatively small exposed area for convection or small 

contact surface for conduction heat transfer with building 

structures.  

 

Figure 3.1 Main paths of energy transfer from and to the PV panel 

 

The energy balance equation of the working PV panel at steady 

state is as follows: 

 

Q𝐶𝑉 + Q𝐶𝐷 + Q𝑆𝑊 + Q𝐿𝑊 + Q𝐸𝑉 = 0        3.1 

 

Where Q𝐶𝑉  corresponds to the convective heat transfer(W) 

either by natural and/or forced convection, Q𝐶𝐷 corresponds to 

the conduction heat transfer to the back plate absorber, Q𝑆𝑊 

and Q𝐿𝑊 correspond to the short wave and long wave radiation 

heat transfer respectively. And Q𝐸𝑉  corresponds to electrical 

energy generated by the photovoltaic cells. 
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The module temperature is sensitive to the ambient conditions 

and will keep changing throughout a day.  

 

The module temperature change over a certain amount of time 

could be expressed by equations below: 

 

𝐶𝑃𝑚𝑝
∆𝑇

𝑡
= 𝑞𝑐𝑣 + 𝑞𝑐𝑑 + 𝑞𝑙𝑤 + 𝑞𝑠𝑤 − 𝑞𝑒𝑣        3.2 

 

Where 𝐶𝑃 corresponds to the specific heat of the PV module 

(J/kg), 𝑚𝑝  corresponds to the mass of the module (kg), 𝑇 

corresponds to the temperature and 𝑡 is the time(s). 

 

Rearranging the above equation gives the expression of cell 

temperature 𝑇(𝑡) by knowing the time period 𝑡 and the initial 

cell temperature 𝑇(𝑡′). 

 

𝑇(𝑡) =
𝑞𝑐𝑣+𝑞𝑙𝑤+𝑞𝑠𝑤

𝐶𝑃𝑚𝑝
× ∆𝑡 + 𝑇(𝑡′)         3.3 

 

 

3.1.1.2 Module heat capacity 

A typical flat plate PV module normally consists of three layers, 

on top is a toughened glass cover, on the bottom is a tri-

laminated polyester and a thin layer of PV cell array is in 

between. The panel used in this research consists of a 3mm 

thick toughened glass cover, a 0.5mm thick monocrystalline 
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silicon PV cell module, and a 0.5mm thick tri-laminated 

polyester (BP Solar, 2001). The surface dimension of the panel 

is 1183mm x 525mm. The characteristic properties of each 

material are listed in Table 4.1 below. Due to the lack of data 

in manufacturer data sheet, it is impossible to determine the 

exact properties of the material used in the PV panel. Thus the 

values are chosen based on known values of the same type. 

 

Table 3.1 Properties of the PV panel components 

Material 𝝆𝒎 𝑪𝒎 𝒅𝒎 

(kg/m3) (J/kgK) (m) 

Toughened Glass 3000 500 0.003 

Monocrystalline silicon cell 2330 677 0.0005 

Tri-laminated Polyester 1200 1250 0.0005 

 

The equivalent thermal capacity of the panel could be 

calculated from knowing its volume, density and specific heat 

capacity of each layer. The equation is shown in below. 

 

𝐶𝑝 = ∑
𝑀𝑚

𝑀𝑡
∙ 𝐶𝑚

𝑚
1             3.4 

 

Where 𝑀𝑚  corresponds to the weight of individual material 

layer (kg), 𝑀𝑡 corresponds to total weight of the panel (kg), 

and 𝐶𝑚  corresponds to the specific heat of each material 

(J/kgK). 

 

By knowing the individual properties of each component, it is 

then possible to determine the properties of the whole PV 

module. The table 4.2 below shows the heat capacity, weight 
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and thermal conductivity of three layers and the whole panel. 

(The surface area of PV panel is 0.621 m2). The total heat 

capacity of the module is calculated to be 560.96 J/kgK and the 

density is 2691.25 kg/m3. The panel total thermal conductivity 

k𝑡 with m individual layer could be calculated using equation 

below: 

 

k𝑡 =
𝑑𝑡

∑
𝑑𝑚
𝑘𝑚

𝑚
1

               3.5 

 

Where 𝑑𝑡 corresponds to the total thickness of the panel (m) 

and 𝑘𝑚  corresponds to thermal conductivity of each layer 

(W/mK). 

 

Table 3.2 PV panel equivalent thermal physical properties 

Layer Heat 

Capacity 

Weight Thermal 

conductivity 

(J/kgK) (Kg) (W/mK) 

Toughened Glass 500 5.59 0.8 

Monocrystalline 

silicon cell 

677 0.72 148 

Tri-laminated 

Polyester 

1250 0.37 0.17 

Total 560.96 6.69 0.59 

 

 

3.1.1.3 Short wave radiation heat transfer 

The short-wave radiation reaches the front surface of the solar 

panel can be determined by knowing the solar radiation 

intensity and the absorptivity of the PV cell face. The short 

wave heat transfer can be expressed as: 
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𝑞𝑠𝑤 = 𝛼 ∙ Φ ∙ 𝐴             3.6 

 

Where 𝛼 corresponds to the absorptivity of the panel (%), Φ 

corresponds to the radiation level (W/m2), and 𝐴 is the panel 

area(m2) 

 

The total absorptivity can be determined by knowing the 

individual absorptivity of each layer. It can be expressed by 

equation below. 

 

𝛼 = 𝛼1 · 𝛼2 ··· 𝑎𝑛            3.7 

 

The thermal absorptivity for monocrystalline silicon cells is 

considered to be around 77% (Merrigan, 1982). According to 

the manufacturer data sheet, a toughened glass cover has 

been added above the silicon cells which has a light 

transmission ratio of 92%. Thus, the total absorptivity of the 

whole panel can be determined as 71%.  

 

 

3.1.1.4 Long wave radiation heat transfer 

The Long wave radiation heat transfer, 𝑞𝑙𝑤 , per unit area at 

surface temperature, T, can be expressed by the Stefan-

Boltzmann equation below: 

 

𝑞𝑙𝑤 = 𝜎 ∙ ε ∙ 𝑇4             3.8 
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Where ε corresponds to emissivity (%) 

 

Due to the fact that long wave radiation could reflect between 

different surfaces, it is important to determine the net long 

wave radiation between two different surfaces. In particular, 

the net long wave radiation between the front PV panel to other 

surrounding surfaces. The back side of the panel is covered 

with cooling plates, and the side surfaces have relatively small 

surface area, the effect of the long wave radiation heat transfer 

from other surfaces of the panel is relatively small and could 

be neglected. The net long wave radiation between surface x 

and y can be determined by the equation below. 

 

𝑞𝑙𝑤 = 𝐴𝑥 ∙ 𝐹𝑥𝑦 ∙ (𝐿𝑥 − 𝐿𝑦) = 𝐴𝑦 ∙ 𝐹𝑥𝑦 ∙ (𝐿𝑦 − 𝐿𝑥)      3.9 

 

If the module has a tilted surface at angle β from the horizontal 

axis, it can be calculated that the two viewing angle of sky and 

ground are (1+cos β)/2 and (1-cos β)/2 respectively. By 

considering the tilting angle, the net long wave radiation of the 

front surface could be expressed as equation below (Liu & 

Jordan, 1963). 

 

𝑞𝑙𝑤 = 𝐴 ∙ 𝜎(
(1+𝑐𝑜𝑠𝛽)

2
𝜀𝑠 ∙ 𝑇𝑠

4 +
(1−𝑐𝑜𝑠𝛽)

2
𝜀𝑔 ∙ 𝑇𝑔

4 − 𝜀𝑃 ∙ 𝑇𝑃
4)    3.10 

 

Where 𝜎  corresponds to Stefan-Boltzmann constant which is 

5.669x10-8 W/m2K4, 𝜀𝑠 corresponds to the sky emissivity, it is 

considered to take 0.95 for clear sky conditions and 1.0 for 

overcast conditions (Liu & Jordan, 1963), 𝜀𝑔  corresponds to 

the ground emissivity and is considered to be 0.95 (Liu & 
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Jordan, 1963), 𝜀𝑃 corresponds to the emissivity of the panel 

front surface, which is considered to be 0.9 (Liu & Jordan, 

1963), 𝑇𝑔  corresponds to the ground temperature( 𝐾 ), 𝑇𝑠 

corresponds to the sky radiation temperature( 𝐾 ) and 𝑇𝑎 

corresponds to the ambient temperature of the surrounding 

environment(𝐾). It is considered that for clear sky conditions, 

𝑇𝑠 = (𝑇𝑎 − 20𝐾), for overcast conditions, 𝑇𝑠 = 𝑇𝑎 (Schott, 1985). 

 

 

3.1.1.5 Convection heat loss 

 

The convection heat transfer, 𝑞𝑐𝑣, can be expressed by equation 

below: 

 

𝑞𝑐𝑣 = −ℎ𝑐𝑣 ∙ A ∙ (𝑇𝑝 − 𝑇𝑎)           3.11 

 

Where 𝑞𝑐𝑣  corresponds to the convection heat transfer (W), 

ℎ𝑐𝑣  corresponds to the convective heat transfer 

coefficient(W/m2K), A corresponds to the surface area(m2), 𝑇𝑝 

and 𝑇𝑎  stands for PV panel and ambient temperature (℃ ) 

respectively. 

 

The convection heat transfer can be divided into 2 ways; the 

free convection, and the forced convection. The free convection 

is caused due to the temperature difference of the fluid which 

will affect density, and thus affect the relative buoyancy. Inside 

the fluid region, due to the presence of the gravitational field, 
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the less dense part will rise while the denser part will fall, thus 

cause bulk fluid movement. On the other hand, forced 

convection occurs due to the presence of external forces, in 

this case, wind. It accelerates the rate of heat exchange.  

 

 

Free convection coefficient 

The free convection heat coefficient can be determined by the 

equation below: 

 

ℎ𝑓𝑟𝑒𝑒 =
𝑁𝑢𝑓𝑟𝑒𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅̅ 𝑘𝑎𝑖𝑟

𝐿′
           3.12 

 

The characteristic length 𝐿′  of a flat plate PV panel can be 

calculated as follows, Where 𝐿 and 𝑊 is the length and width 

of the PV module. 

 

𝐿′ =
𝐿𝑊

2(𝐿+𝑊)
              3.13 

 

The 𝑁𝑢𝑓𝑟𝑒𝑒
̅̅ ̅̅ ̅̅ ̅̅ ̅ is the Nusselt number for free convection, according 

to Incropera (2007)’s work, the empirical correlation is defined 

as: 

 

𝑁𝑢𝑓𝑟𝑒𝑒
̅̅ ̅̅ ̅̅ ̅̅ ̅ = 0.68 + 0.67(𝑅𝑎𝐿Ψ)

1

4         3.14 

 

Where Rayleigh number 𝑅𝑎𝐿  ( 0 < 𝑅𝑎𝐿 < 109) , and Ψ  are 

defined as: 
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𝑅𝑎𝐿 = 𝐺𝑟𝐿𝑃𝑟 =
9.81β|𝑇𝑝−𝑇𝑎|𝐿′3

𝑣𝑎𝑖𝑟
2 𝑃𝑟         3.15 

and 

Ψ = (1 + (
0.492

𝑃𝑟
)

9

16
)

−
16

9

           3.16 

 

Where 𝐺𝑟 corresponds to the Grashof number, 𝑃𝑟 corresponds 

to Prantl number, β  corresponds to the volumetric thermal 

expansion coefficient, 𝑇𝑝  corresponds to the panel 

temperature (℃), 𝑇𝑎𝑖𝑟 corresponds to air temperature(℃), 𝑣𝑎𝑖𝑟 

corresponds to air kinetic viscosity(m2/s) and 𝐿′ corresponds 

to the characteristic length of the panel(m). 

 

For the PV panel with tilted angle 𝜃 , the 𝑁𝑢𝑓𝑟𝑒𝑒
̅̅ ̅̅ ̅̅ ̅̅ ̅ can also be 

calculated as (Bejan, 2003): 

 

𝑁𝑢𝑓𝑟𝑒𝑒
̅̅ ̅̅ ̅̅ ̅̅ ̅ = 0.14[(𝐺𝑟𝑃𝑟)1/3 − (𝐺𝑟𝑐𝑟𝑃𝑟)1/3] + 0.56(𝐺𝑟𝑐𝑟𝑃𝑟𝑐𝑜𝑠𝜃)1/4     3.17

  

Where the equation is suitable for 15° < 𝜃 < 75°. The 𝐺𝑟𝑐𝑟 is given as 

5x109, 2x109,108 and 106 for 𝜃 of 15°, 30°, 60°, 70° respectively. 

                

 

Forced convection coefficient 

 

Sparrow and Tian (1977) proposed an empirical correlation of 

the forced heat transfer coefficient, ℎ𝑓𝑜𝑟𝑐𝑒, as: 
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ℎ𝑓𝑜𝑟𝑐𝑒 =
0.931𝜌𝑎𝑖𝑟𝑣𝑎𝑖𝑟𝐶𝑝𝑎𝑖𝑟𝑅𝑒

1
2

𝐿′
          3.18 

and 

𝑅𝑒 =
𝐿′

𝜌𝑎𝑖𝑟𝜇𝑎𝑖𝑟
𝑣𝑤             3.19 

 

where 𝑣𝑤  corresponds to the local wind speed(m/s), 𝜌𝑎𝑖𝑟 

corresponds to the density of air(kg/m3), 𝜇𝑎𝑖𝑟 corresponds to 

the dynamic viscosity of air(Pa-s), 𝐶𝑎𝑖𝑟  corresponds to the 

specific heat of air(J/kgK), 𝑅𝑒  corresponds to the Reynolds 

number, and 𝐿′  corresponds to the characteristic length of 

panel. 

 

The Nusselt number of forced convection heat transfer, 𝑁𝑢𝑓𝑜𝑟𝑐𝑒, 

could then be calculated as: 

 

𝑁𝑢𝑓𝑜𝑟𝑐𝑒
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ =

ℎ𝑓𝑜𝑟𝑐𝑒𝐿′

𝑘𝑎𝑖𝑟
            3.20 

 

Where ℎ𝑓𝑜𝑟𝑐𝑒  corresponds to the forced heat transfer 

coefficient(W/m2K), 𝐿′ corresponds to the characteristic length 

of panel and 𝑘𝑎𝑖𝑟 is the air thermal conductivity(W/mK). 

 

An approximation (Incropera, 2007) showed the relationship of 

combined convection heat transfer coefficient against free and 

forced convection heat transfer coefficient which is: 

 

ℎ𝑐𝑣 =
𝑁𝑢𝑐𝑣̅̅ ̅̅ ̅̅ ̅𝑘𝑎𝑖𝑟

𝐿′
             3.21 

and 

𝑁𝑢𝑐𝑣

3
= 𝑁𝑢𝑓𝑟𝑒𝑒

3
+ 𝑁𝑢𝑓𝑜𝑟𝑐𝑒

3
          3.22 
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Where ℎ𝑐𝑣  corresponds to the convective heat transfer 

coefficient(W/m2K), 𝑁𝑢𝑐𝑣 ,  𝑁𝑢𝑓𝑟𝑒𝑒 ,  𝑁𝑢𝑓𝑜𝑟𝑐𝑒  correspond to the 

total Nusselt number, free convection Nusselt number and 

forced convection Nusselt number respectively, 𝑘𝑎𝑖𝑟 

corresponds to the thermal conductivity of air(W/mK), 𝐿′ 

corresponds to the characteristic length of the panel(m). 

 

 

3.1.1.6 Conduction heat transfer 

 

The conduction heat transfer from the back surface of the PV 

panel to heat absorber can be expressed as: 

 

𝑞𝑐𝑑 = −𝑄𝐻𝑇 ∙ 𝜂             3.23 

 

Where 𝑄𝐻𝑇  equals the total heat transfer rate of the heat 

transfer solution(W), 𝜂 corresponds to the adjustment factor 

based on how heat absorber attached to the PV back panel. 

 

 

3.1.2 Energy models of heat transfer  

3.1.2.1 Conduction heat transfer 

The conduction heat transfer, 𝑞𝑐𝑑, from the back surface of the 

PV panel to heat sink can also be expressed as: 
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𝑞𝑐𝑑 = 𝐴 ∙
𝑘

𝑑
∆𝑇             3.24 

 

Where 𝐴  equals the contacting surface area(m2), 𝑑 

corresponds to the thickness of the heat sink(m), 𝑘 

corresponds to the solid thermal conductivity(W/mK) and ∆𝑇 

corresponds to the temperature difference between two 

materials (℃). 

 

3.1.2.2 Water cooling system 

The equation describing heat transfer from back surface panel 

to copper water tube can be expressed as: 

 

𝑞𝑐𝑑 = 𝑚̇𝐶𝑝(𝑤𝑎𝑡𝑒𝑟)(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛) = ℎ𝑝𝑖𝑝𝑒𝐴𝑝𝑖𝑝𝑒(𝑇𝑤𝑎𝑙𝑙 − 𝑇𝑓𝑖𝑙𝑚)   3.25 

 

Where 𝑚̇  corresponds to the mass flow rate of water(kg/s), 

𝐶𝑝(𝑤𝑎𝑡𝑒𝑟) corresponds to the specific heat of water(J/kgK) ,𝑇𝑜𝑢𝑡 

and 𝑇𝑖𝑛  correspond to water outlet and inlet temperature 

respectively, 𝑇𝑤𝑎𝑙𝑙  and 𝑇𝑓𝑖𝑙𝑚  correspond to temperature of 

copper tube wall and the temperature of bulk fluid (mean 

temperature of the inlet and outlet temperature) 

respectively, ℎ𝑝𝑖𝑝𝑒 corresponds to the convective heat transfer 

coefficient of pipe(W/m2K), 𝐴𝑝𝑖𝑝𝑒  corresponds to the surface 

area of the pipe(m2). 
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The convective heat transfer coefficient of the pipe can be 

defined as: 

 

ℎ𝑝𝑖𝑝𝑒 =
𝑁𝑢𝐷𝑘

𝐷
             3.26 

 

Where 𝑁𝑢𝐷  corresponds to the Nusselt number of water, 𝑘 

corresponds to the thermal conductivity of water(W/mK), 𝐷 

corresponds to the internal diameter of pipe(m). 

 

The Nusselt number of water, 𝑁𝑢𝑤𝑎𝑡𝑒𝑟 in turbulent flow, can be 

determined by the Dittus-Boelter equation shown as: 

 

𝑁𝑢𝐷 = 0.023𝑅𝑒0.8𝑃𝑟0.4  (
𝐿

𝐷
> 10 𝑎𝑛𝑑 0.6 ≤ 𝑃𝑟 ≤ 160)    3.27 

 

The Nusselt number of water in turbulent flow could also be 

determined by Gnielinski correlation which can be expressed 

as: 

 

𝑁𝑢𝐷 =
(𝑓/8)(𝑅𝑒−1000)𝑃𝑟

1+12.7(
𝑓

8
)

1
2
(𝑃𝑟

2
3−1)

  (0.5 < 𝑃𝑟 < 2000 𝑎𝑛𝑑 𝑅𝑒 ≥ 3000)   3.28 

Where 𝑓 is the Darcy friction factor in the Moody chart. 

 

 

The Nusselt number of water, 𝑁𝑢𝑤𝑎𝑡𝑒𝑟, in laminar flow condition, 

can be determined by the below correlation according to 

Edward et al. (1970) as: 

𝑁𝑢𝑤𝑎𝑡𝑒𝑟 = 3.66 +
0.065𝑅𝑒𝑃𝑟

𝐷

𝐿

1+0.04(𝑅𝑒𝑃𝑟
𝐷

𝐿
)2/3

         3.29 
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Where the 𝑅𝑒  and 𝑃𝑟  correspond to Reynolds number and 

Prandtl number of water respectively, and can be calculated by: 

 

𝑅𝑒 =
𝑢𝜌𝐷

𝜇
              3.30 

𝑃𝑟 =
𝐶𝑝𝜇

𝑘
              3.31 

 

Where 𝐶𝑝 corresponds to the specific heat of water(J/kgK), 𝐷 

and 𝐿 corresponds to the diameter and length(m) of the pipe 

respectively, 𝜌 corresponds to water density(kg/m3), 𝑢 and 𝜇 

correspond to the velocity (m/s) and dynamic viscosity(Pa.s) 

of water respectively, and 𝑘  corresponds to thermal 

conductivity of water (W/mK). 

 

 

 

3.1.3 Model of PV panel electrical performance 

The electrical efficiency of PV module is determined by equation 

below (Chow et al., 2007), 

 

𝜂𝑐 = 𝜂𝑟[1 − 𝛽(𝑇𝑐 − 𝑇𝑟)] + 𝛾𝑙𝑜𝑔𝐺𝑟        3.32 

 

Where 𝜂𝑟  is the standard panel efficiency at PV cell 

temperature 𝑇𝑟  of 25 °C and at solar irradiance 𝐺𝑟  on the 

module equals to 1000 W/m2; 𝑇𝑐  is the average module 

temperature; 𝛽  and 𝛾  are the temperature and the solar 

irradiance coefficients of the PV panel respectively. 
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Generally, the parameters (𝑇𝑟 , 𝜂𝑟 , 𝛾 and 𝛽 ) are given by the 

photovoltaic manufacturer, and γ and β depend on the material 

used for the PV module. In most studies, 𝛾 is equal to 0. 

Thus, the electrical output can be expressed as  

 

𝑞𝑒𝑣 = 𝐺𝑟 ∙ 𝜂𝑟[1 − 𝛽(𝑇𝑐 − 𝑇𝑟)]          3.33 

 

3.1.4 Thermal Model of Phase Change Material 

The heat transferred to the PCM material can be divided into 

three parts, one part of the heat is used to increase the solid 

phase temperature, one part of the heat is used to complete 

the phase changing process, and the rest of the part is used to 

increase the liquid phase temperature. Among those three 

parts of heat transfer process, the most amount of heat is 

stored during phase change progress as latent heat; this 

unique characteristic makes PCM a superior solution for latent 

heat storage. 

 

The instantaneous heat balance equation is given by, 

 

𝛿𝑄 = 𝑚𝑠𝐶𝑝,𝑠
𝜕𝑇𝑠

𝜕𝑡
+ 𝑚𝑙𝐶𝑝,𝑙

𝜕𝑇𝑙

𝜕𝑡
+ ∆ℎ

𝑑𝑚

𝑑𝑡
        3.34 

 

For a certain charging process, the initial temperature of the 

PCM is 𝑇1, then the PCM is heated to its melting temperature 

𝑇𝑚 , after the phase change process, the liquid phased PCM 

continues to be heated up until the temperature reaches 𝑇2 . 

In order to express the amount of heat absorbed by the PCM, 

the above equation can be rewritten by, 
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𝑄 = 𝑚𝐶𝑝,𝑠(𝑇𝑚 − 𝑇1) + 𝑚𝐶𝑝,𝑙(𝑇2 − 𝑇𝑚) + 𝑚∆ℎ     3.35 

 

For transient calculation of PCM thermal performance, Poirier 

and Salcudean (1988) developed the effective heat capacity 

method. The method uses an approach to increase sensible 

heat capacity to account for the latent phase change progress. 

The equations are shown as below. 

 

𝜕

𝜕𝑡
(𝜌𝐶𝑒𝑓𝑓) = 𝑘∇𝑇            3.36 

 

Where 𝐶𝑒𝑓𝑓 corresponds to the effective heat capacity and is 

given by 

 

𝐶𝑒𝑓𝑓 = ∫ 𝜌𝐶𝑝𝑑𝑇
𝑇𝑙

𝑇𝑠
            3.37 

and 

𝐶𝑝 = 𝐶𝑝,𝑠 𝑖𝑓 𝑇 < 𝑇𝑠            3.38 

𝐶𝑝 = (1 − 𝑓𝑙)𝐶𝑝,𝑠 + 𝑓𝑙𝐶𝑝,𝑙 +
𝐿

𝑇𝑙−𝑇𝑠
 𝑖𝑓 𝑇𝑠 < 𝑇 < 𝑇𝑙     3.39 

𝐶𝑝 = 𝐶𝑝,𝑙 𝑖𝑓 𝑇 > 𝑇𝑙            3.40 

 

Where 𝐶𝑝,𝑠  and 𝐶𝑝,𝑙  are the specific heat of solid phase and 

liquid phase respectively(J/kgK), 𝑓𝑙  is the liquid fraction. 𝑇𝑠 

and 𝑇𝑙 are solid and liquid temperature(K). 
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3.2 Computational Fluid dynamics methodology 

 

Computational fluid dynamics (CFD) is a very powerful 

technique that has been used widely among industrial and non-

industrial areas. The CFD technique is first introduced in the 

1960s, after that, many from aerospace industry have started 

using CFD for the product design and R&D of aircraft and jet 

engines. CFD software can analyse a wide variety of fluid 

systems including fluid flow, heat transfer and other associated 

phenomena (Versteeg & Malalasekera, 1995). 

 

3.2.1 Governing equations 

The concept of CFD model is to discretise a complex flow 

domain into individual cells which has a finite volume. 

Sequential dissipative calculations are used to transform the 

cell into equations that can be solved to predict results for 

unknown variables in terms of continuity, momentum, and 

energy perspective. These equations were first introduced by 

Claude-Louis Navier and George Gabriel Stokes (NASA, 2015), 

known as Navier-Stokes equations.  

 

These equation set are widely used in scientific and engineering 

fields for predicting various flow types. The Navier-Stokes 

equation set can be described in Equation below. 

 

Momentum equation: 

𝜕

𝜕𝑡
(𝜌𝑣⃗) + ∇(𝜌𝑣⃗) = ∇⌊𝑇̿⌋ − ∇𝑝 + 𝜌𝑔 + 𝐹⃗        3.41 
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Where 𝑡 corresponds to time(s), 𝑇̿ corresponds to the stress 

tensor, 𝜌  corresponds to density(Kg/m3), 𝑣⃗  corresponds to 

the velocity(m/s), 𝑝  corresponds to the static pressure(Pa), 

and 𝜌𝑔   is the gravitational body force. 𝐹⃗  is external force 

which also contains other source terms such as porous media 

or user defined sources. 

 

The terms on the left side of the momentum equation represent 

the variation of total forces with time, the first term on the right 

side represents the total viscous forces, the second term 

represents the total pressure forces, the third term represents 

the gravitational force. and the fourth term represents the 

amount of external forces applied to the fluid.  

 

Continuity equation: 

 
𝜕𝜌

𝜕𝑡
+ ∇(𝜌𝑣⃗) = 0            3.42 

 

The continuity equation indicates the fact that the mass is 

conserved.   

 

Energy balance equations: 

𝜕

𝜕𝑡
(𝜌𝐸) + ∇[𝑣 (𝜌𝐸 + 𝑝)] = ∇[𝑘∇𝑇 − ∑ ℎ𝑗𝐽𝑗⃑⃑ 𝑗 + (𝑡̿𝑣 )] + 𝑆   3.43 

 

Where 𝐸 corresponds to energy(J), 𝑘 corresponds to thermal 

conductivity(W/m℃ ), 𝑇  corresponds to temperature( ℃ ), 𝐽𝑗⃑⃑  

corresponds to the diffusion flux of species J(mol/m2s), 𝑡̿ 

corresponds to the shear stress(Pa) and 𝑆  is the heat 

source(W).  
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The first term on the left side of the energy balance equation 

represents the energy stored during the specified time t; the 

second term represents the amount of energy change within 

the system, the first term on the right side represents the 

conduction heat transfer, heat diffusion, and viscous heat 

dissipation respectively. The second term represents the other 

amount of energy generated within the domain, i.e., by 

reaction.  

 

 

3.2.2 Turbulence models 

There are several turbulence models available in Ansys Fluent: 

RANS (Reynolds-Averaged Navier-Stokes) based models, 

Detached Eddy Simulation, and Large Eddy Simulation. The 

RANS based models consists of Spalart-Allmaras model, 𝑘 − 𝜀 

models, 𝑘 − 𝜔  models and Reynolds stress model (Ansys, 

2013).  

 

The Spalart-Allmaras model is a low-cost one equation RANS 

model which is still relatively new, its reliability is still not be 

proved to all types of complex engineering flows (Ansys, 2013). 

The 𝑘 − 𝜀  models are the most widely used engineering 

turbulence model in industrial applications, while the 𝑘 − 𝜔 

models are also gaining its popularity despite of the fact that it 

requires more computational cost per iteration. The Detached 

and Large Eddy Simulation, on the other hand, is mainly 

adopted in high-end applications where RANS models could not 
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meet the needs (e.g. Combustion, Mixing, External 

Aerodynamics), and the computational cost is significantly 

higher when compared to RANS models. 

 

The 𝑘 − 𝜀 model i is proposed by Launder and Spalding in 1972 

(Launder & Spalding, 1972). The standard 𝑘 − 𝜀  model is a 

two-equation model, allowing two extra transport equations to 

represent the turbulent properties of the flow, hence account 

for the history effects like convection and diffusion turbulent 

energy. The first transport 𝑘 determines the turbulent kinetic 

energy, and the second transport 𝜀  determines the scale of 

turbulence. The RNG 𝑘 − 𝜀  model and Realizable 𝑘 − 𝜀  model 

are both variations of the standard 𝑘 − 𝜀  model, The RNG 

model is derived from Navier -Stokes equation by using 

renormalization group (RNG) methods  (Ansys, 2013). 

Compared to the standard 𝑘 − 𝜀 model, the RNG 𝑘 − 𝜀 model 

is able to account for the effects of smaller scales of motion, 

which makes it more accurate for many flow conditions such as 

low Reynolds number flow and rapidly strained flow (Ansys, 

2013).  

 

The Realizable 𝑘 − 𝜀 model is proposed by Shih et al. in 1995, 

by adding an alternative formulation for turbulence viscosity, 

which is more accurate in certain situations than standard and 

RNG 𝑘 − 𝜀 model where mathematical constraints exist on the 

physics of turbulent flow. (Jean, 2013).  

 

It is considered that both RNG 𝑘 − 𝜀 model and realizable 𝑘 − 𝜀 

model have shown substantial improvements over the standard 

𝑘 − 𝜀  model in certain types of flow with strong streamlined 
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curvature, vortices and rotation (Ansys, 2013). Many 

researches indicated that in normal flow conditions, the 

difference between RNG and realizable 𝑘 − 𝜀 model is minimal. 

 

In this research work, the RNG 𝑘 − 𝜀  model is used for 

turbulent flow domains. The equation of RNG 𝑘 − 𝜀  model is 

shown as below: 

 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖) =

𝜕

𝜕𝑥𝑗
(𝛼𝑘𝜇𝑒𝑓𝑓

𝜕𝑘

𝜕𝑥𝑗
) + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜖 − 𝑌𝑀 + 𝑆𝑘  3.44 

 

and 

 

𝜕

𝜕𝑡
(𝜌𝜖) +

𝜕

𝜕𝑥𝑖
(𝜌𝜖𝑢𝑖) =

𝜕

𝜕𝑥𝑗
(𝛼𝜖𝜇𝑒𝑓𝑓

𝜕𝜖

𝜕𝑥𝑗
) + 𝐶1𝜖

𝜖

𝑘
(𝐺𝑘 + 𝐶3𝜖𝐺𝑏) − 𝐶2𝜖𝜌

𝜖2

𝑘
− 𝑅𝜖 + 𝑆𝜖 

                3.45 

 

Where 𝐺𝑘 corresponds to the generation of turbulence kinetic 

energy due to velocity gradients, 𝐺𝑏  corresponds to the 

generation of turbulence kinetic energy due to buoyancy. 𝑌𝑀 is 

the fluctuating dilatation in compressible turbulence to the 

overall dissipation rate. 𝛼𝑘  and 𝛼𝜖  are the inverse effective 

Prandtl numbers for 𝑘  and 𝜀  respectively. 𝑆𝑘  and 𝑆𝜖 

corresponds to additional user defined source terms. 

 

 

3.2.3 Near wall treatments 

The turbulence flow conditions near stationary non-slip walls 

are very different from the flow conditions at the centre of the 
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flow domain. Due to the presence of shear stress and viscosity, 

the local velocity of fluid contacting the walls has to be zero. 

This causes a steep velocity gradient within a relatively small 

area near the walls, which is defined as ‘near wall regions’ in 

FLUENT 18.0 (Ansys, 2013). The 𝑘 − 𝜀  model cannot give 

proper predictions of near wall flow as the model is only 

suitable for fully turbulent flow, where in near wall regions, the 

flow is not fully turbulent and is greatly affected by fluid 

viscosity. In order to accurately predict the near wall flow 

conditions, proper adjustments are made to the turbulent 

models by adding a viscosity-affected region between the wall 

and the fully turbulent region.   There are two common 

choices available in FLUENT 18.0 for calculating near wall 

conditions, which is the Standard wall function and the 

Enhanced wall function.  

 

The standard wall function is the default settings in FLUNET 

18.0, which is based on the proposal of Launder and Spalding 

(Launder & Spalding, 1972). The standard wall function works 

reasonably well for a wide range of wall-bounded flows, and is 

commonly used for industrial flows. However, the predictions 

may be affected in situations like when severe pressure 

gradient exist at near wall region, or the flow is in strong non-

equilibrium condition (Ansys, 2013). 

 

The enhanced wall function, on the other hand, performs 

similarly to standard wall functions while the mesh at near wall 

regions is fine enough. However, in cases with more coarse 

meshing, the Enhanced wall function can provide more 

accurate predictions compared to the Standard wall function, 
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hence greatly reduces computational requirement. Thus, it is 

considered that the Enhanced wall function has better all-round 

performance compared to the Standard wall function.  

 

In this work, the enhanced wall function will be used in all 

situations with turbulent flow domains. 

 

3.2.4 Enthalpy-porosity approach 

In FLUENT 18.0, enthalpy-porosity approach is used to predict 

the solidification & melting process. The approach uses a 

mushy zone instead of explicitly tracking the liquid-solid front. 

The mushy zone is treated as a porous zone, and the porosity 

equals the liquid-fraction. The mushy zone constant is set to 

105 as recommended by FLUENT user manual (Ansys, 2013) 

The energy equations of the enthalpy-porosity approach is 

shown as: 

 

𝜕(𝜌𝐻)

𝜕𝑡
+ ∇(𝜌𝑣⃗𝐻) = ∇(𝑘∇𝑇) + 𝑆          3.46 

 

Where 𝜌 corresponds to the density (kg), 𝑡 corresponds to the 

time (s), 𝑣 corresponds to the fluid velocity (m/s) and 𝑆 is the 

source term. 𝐻 is the enthalpy (J) and can be calculated as the 

sum of sensible and latent heat: 

 

𝐻 = ℎ + ∆𝐻                 3.47 

 

Where ℎ is the sensible heat (J) and ∆𝐻 is the latent heat (J). 

The ℎ and ∆𝐻 is calculated as: 



90 
 

 

ℎ = ℎ𝑟𝑒𝑓 + ∫ 𝐶𝑝𝑑𝑇
𝑇

𝑇𝑟𝑒𝑓
            3.48 

 

and  

 

∆𝐻 = 𝛽𝐿               3.49 

 

Where ℎ𝑟𝑒𝑓 corresponds to the reference enthalpy (J/kg), 𝑇𝑟𝑒𝑓 

is the reference temperature (℃) and 𝐶𝑝 corresponds to the 

specific heat (J/kg.K). 𝛽  is the liquid fraction and 𝐿  is the 

latent heat of fusion(J/kg). The definition of liquid fraction 𝛽 

can be expressed as: 

 

𝛽 = 0      𝑖𝑓 𝑇 < 𝑇𝑠              3.50 

𝛽 = 1      𝑖𝑓 𝑇 > 𝑇𝑚             3.51 

𝛽 =
𝑇−𝑇𝑠

𝑇𝑚−𝑇𝑠
  𝑖𝑓 𝑇𝑠 < 𝑇 < 𝑇𝑚           3.52 

 

Where 𝑇𝑠 and 𝑇𝑚 are solidification and melting temperatures 

(℃) respectively. 

 

 

3.2.5 Solver 

The pressure based solver will be used in this work as it is 

capable of predicting a wide range of flow regimes from low-

speed incompressible flow to high-speed compressible flow. 
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3.2.6 Spatial discretization  

As FLUENT 18.0 uses finite volume method, the flow domain is 

divided into individual mesh elements. Flow parameters are 

resolved around the mesh nodes, and is interpolated to the 

mesh faces. In order to interpolate field variables stored at the 

cell centre to the faces of control volumes, FLUENT 18.0 

provides several schemes for momentum, turbulent kinetic 

energy, turbulent dissipation rate and energy: First-Order 

Upwind, Second-Order Upwind, Power Law, MUSCL and QUICK. 

There are also four algorithms available in FLUENT 18.0 for 

pressure-velocity coupling: SIMPLE, PISO, SIMPLEC and 

Coupled. 

 

The discretization scheme used in this work is as follows: 

SIMPLE for pressure-velocity coupling, PRESTO for pressure 

interpolation, Second order upwind for momentum and energy, 

and First order upwind for turbulent kinetic energy and 

turbulent dissipation rate. 

 

3.2.7 Under-relaxation factors 

 

The default setting of under-relaxation factors is used for all 

models in this work (see Table 3.3). For models with converging 

issue with the default setting, the relevant adjustments will be 

made in the first few initial steps (up to 0.5 for Pressure and 

down to 0.6 for Momentum) to stabilize the calculation, and is 

set back to default afterward to ensure sufficient accuracy. 
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Table 3.3 Under Relaxation Factors used in FLUENT 

Under Relaxation Factors Value 

Pressure 0.3 (0.5) 

Density 1 

Body Forces 1 

Momentum 0.7 (0.6) 

Turbulent Kinetic Energy 0.8 

Specific Dissipation Rate 0.8 

Turbulent Viscosity 1 

Energy 1  

 

 

 

3.3 Summary 

In this chapter, a series of models have been presented for the 

PVT-PCM system. The complex problem of predicting and 

evaluating the working performance of a cooled PV panel and 

its latent energy storage solution is made possible by inputting 

boundary conditions such as ambient temperature, solar 

irradiance level, etc. It is also possible to make optimizations 

to the system by tweaking individual parameters of the system. 

Moreover, the results are also helpful to have better initial 

guess during the CFD simulation, as well as validate the 

predicted results. 

 

Moreover, the governing equations of the FLUENT 18.0 used in 

this work have also been presented in this chapter. After 

comparing the different specialization and limitation of each 

setup parameters, it is suggested that the RNG 𝑘 − 𝜀 
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turbulence model with enhanced wall treatment will be used for 

air and water flows during this study. The other used setup 

parameters such as discretization and under relaxation factor 

are also present.
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CHAPTER 4. VALIDATION OF CFD APPROACH 

 

4.1 Introduction 

This chapter presents the validations of several CFD models 

which will be used later for parametric and whole system 

analysis. Due to the fact that CFD is based fundamentally on 

combinations of governing equations, it is important to set up 

base line models and validate with other sources of results 

before proceeding for further analysis. In this chapter, three 

base line models (PV, water cooling section and PCM) will be 

established, which covers the main components of the 

proposed PVT-PCM systems. The predicted results of those 

base line models will be compared with either numerical 

calculations and / or other literature to prove the reliability of 

CFD modelling. The validated CFD models can then be used for 

different analysis requirements. 

 

 

4.2 Validation Analysis for PV-temperature 

The aim of the PV Validation model is to simulate the 

temperature performance of the BP-275L flat plate solar panel 

by considering the convection and radiation heat transfer to 

and from the panel. The predicted PV panel temperature of this 

CFD model will be compared and validated with analytical 
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results under different wind speed, solar radiation level, and 

ambient temperature conditions. 

 

4.2.1 Geometry, mesh, and materials 

The PV validation model is a rectangular shaped panel with 

dimensions of 1183mm x 525mm x 4mm. The case uses three-

dimensional geometry for a better overall accuracy. 

 

Figure 4.1 PV validation model geometry and dimension 

 

The adapted mesh has a total amount of 38776 elements. The 

mesh has been adapted twice to show its independency, so that 

the influence of mesh size against final results has been 

minimized. The values of maximum and minimum PV 

temperature calculated by each mesh are compared with the 

original mesh using RMS (Root Mean Square) error method, 

and is shown in Table 4.1 below. The equivalent properties of 

PV panel have been calculated and presented in Section 3.1.1. 

The properties are implemented into FLUENT 18.0 with user 

defined material function. 

 

Table 4.1 Mesh element counts and RMS error for CFD model 1 

Mesh Case Element count RMS Error  

Original 38776  
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1st Adaption 49768 0.04% 

2nd Adaption 68950 0.01% 

 

4.2.2 Boundary and Initial conditions 

Figure 4.2 below shows the boundary condition set up. The 

surrounding edges of the PV panel have been set to adiabatic 

conditions due to the relatively small exposure area. The front 

facing surface has been set to have convection heat transfer 

with free stream fluid, which needs input parameter of 

convection heat transfer coefficient and free stream fluid 

temperature.  The back surface has been set to have heat flux 

input, as in real situations the layer that absorbs heat is placed 

beneath the transparent tempered glass cover. The simulation 

solver has been set to steady state, and initial conditions other 

than the varying parameter are set as follows: Solar radiation 

level = 450W/m2, Ambient air temperature = 20 ℃ , the 

convective heat transfer coefficient = 20.9W/m2K at wind 

speed = 5m/s. The correlated convective heat transfer 

coefficient is calculated using Equation 3.20 and 3.21. The 

effective surface heat flux absorbed by the PV panel can be 

calculated by the equation below. 

 

𝑄𝐸 = 𝛼 ∙ Φ                5.1  

 

While 𝑄𝐸 corresponds to the effective surface heat flux (W/m2), 

Φ corresponds to the solar incident irradiance (W/m2), and 𝛼 

is the panel absorbance. 
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Figure 4.2 Boundary conditions of the CFD model 1 

 

 

4.2.3 Results and discussion 

The results calculated by FLUENT 18.0 are compared with 

analytical calculations. The analytical calculations are done by 

using explicit method using Excel with a set time step of 1s. 

The comparison has been made by changing one of the initial 

conditions, hence extensively examine the degree of 

agreement of the PV CFD validation model with the analytical 

model. 
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Figure 4.3 Steady state temperature of PV cell against wind speed for 

CFD model 

 

Figure 4.3 shows the steady state cell temperature variation 

with increased local wind speed. The temperature monitored in 

CFD is the average front surface temperature of the PV panel 

in order to be comparable to analytical results.  It is also 

noted as the PV panel’s thickness is only 0.004m, there is no 

notable temperature difference between front and back surface 

of the panel. The two methods have a very good agreement 

with each other, with an RMS (Root Mean Square) error of 

0.59%. It can be seen from the figure that the cell temperature 

drops from 70℃ to 35℃ as wind speed increased from 0.1m/s 

to 5m/s.  
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Figure 4.4 Steady state temperature of PV cell against solar radiation 

level for CFD model 

  

Figure 4.4 shows the steady state cell temperature variation 

with increased solar radiation. The two methods have a very 

good agreement with each other, with an RMS error of 0.46%. 

The temperature rise has a linear relationship with the increase 

of solar radiation, with an increased rate of 4.3℃/100W/m2 in 

steady condition.  

It is also noticed that the two methods have better agreements 

at low solar radiation levels while PV cell temperature is 

relatively low.  On the other hand, at solar radiation level = 

700W/m2, the difference of PV cell temperature predicted by 

the CFD model and analytical model is most significant (at 

43.41 ℃  and 43.63 ℃  respectively). However, it is still 

considered to be accurate enough with percentage difference 

value of 0.5%.  
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Figure 4.5 Steady state temperature of PV cell against ambient air 

temperature for CFD model 

 

Figure 4.5 shows the steady state cell temperature variation 

with increased ambient air temperature. The two methods have 

a very good agreement with each other, with an RMS error of 

0.49%. The cell temperature rise has a linear relationship with 

the increase of ambient temperature, with an increased rate of 

1℃ per 1℃ ambient temperature rise in steady condition.  

 

 

4.3 Validation Analysis for heat transfer in water pipe 

 

4.3.1. Model setup 

In order to validate the CFD’s prediction results of convective 

heat transfer, a 3d geometry of water pipe with a diameter of 

6mm and a length of 1183mm has been used for the simulation, 
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which is the same size of the water pipes used in proposed PVT 

system for panel cooling. Empirical correlations are used to 

calculate the average surface heat transfer coefficient, and the 

calculated data is then compared with CFD predicted results. 

Equation 4.28 is used to calculate the Nusselt number for 

laminar conditions, which is suitable for predicting the Nusselt 

number of water flow inside tubes with Reynolds number < 

2200. The critical point of Reynolds number when transition 

flow occurs is different in different flow geometry, for flow in a 

pipe, the critical Reynolds number is generally considered to be 

around 2100 – 2300 (Warhaft, 1997). For Reynolds number > 

4000, the flow is considered to be turbulent, in which case the 

Nusselt number could be calculated using Dittus-Boelter 

equation (equation 4.26) or Gnielinski correlation (equation 

4.27). 

 

 

4.3.2 Mesh, material and boundary conditions 

The total mesh element count for this 3D geometry is 698650. 

The mesh has been adapted twice in order to show 

independency. Table 4.2 below shows the element count of two 

adapted mesh and their RMS error against original one. The 

material used in this case is water liquid, which has its 

properties stored in FLUENT 18.0 database. The inlet water has 

been set to a constant temperature of 20℃ , with velocity 

variation from 0.35m/s to 0.65m/s for turbulent flow, and from 

0.004m/s to 0.1m/s for laminar flow. The outlet has been set 
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to pressure outlet. The pipe surface has been set to have a 

constant temperature of 30℃.  

 

Table 4.2 Mesh element counts and RMS error of heat transfer validation 

model 

Mesh Case Element count RMS Error  

Original 698650  

1st Adaption 1272908 0.63% 

2nd Adaption 1360013 0.22% 

 

 

4.3.3 Results and discussion 

Figure 4.6 below presents the comparison of the average 

surface heat transfer coefficient against different flow velocity 

for both CFD and analytical calculations in turbulent flow 

conditions. It can be seen from the figure that both analytical 

approaches have good agreements with CFD predictions with 

maximum RMS error less than 10 percent. In low Reynolds 

number regions (3000 < Re < 10000), The Gnielinski 

correlation is considered to be more accurate than the Dittus-

Boelter equation which is often used in flow conditions with 

Reynolds number greater than 10000. The CFD numerical 

prediction has better agreement with Gnielinski correlations 

with the RMS error of 3.25%. At the same time, the numerical 

prediction also shows a similar increasing trend with the Dittus-

Boelter equation, with a slightly larger RMS error of 8.52%. 
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Figure 4.6 Average surface heat transfer coefficient against flow 

velocity (Turbulent) 

 

 

Figure 4.7 Average surface heat transfer coefficient against flow 

velocity (Laminar) 
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Figure 4.7 above presents the comparison of the average 

surface heat transfer coefficient against different flow velocity 

for both CFD numerical prediction and analytical calculation for 

laminar flow conditions. It can be seen from the figure that the 

two methods had a good agreement, with an overall RMS error 

of 4.33%. The Reynolds number varies from 48 to 1800 while 

flow velocity is increased from 0.004m/s to 0.14m/s, at flow 

velocity of 0.16m/s, the flow will become transition flow as 

Reynolds number exceeds the critical point. Both methods 

show a nearly linear relationship between the flow velocity and 

heat transfer coefficient. The maximum percentage difference 

occurs at flow velocity of 0.02m/s with a value of 6.26%.  

 

In summary, the CFD predicted results are comparable to the 

data from analytical models in both laminar and turbulent flow 

conditions. The proposed heat transfer model can be 

considered valid to use in further analysis.  

 

 

 

4.4 Validation Analysis for PCM 

 

 

4.4.1 CFD Validation of solidification and melting approach 

against Solid (specified heat capacity) approach 

 

The purpose of this validation model is to compare two different 

approaches available in FLUENT 18.0 for numerically modelling 
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PCM performance. The name ‘solidification and melting 

approach’ represents that the PCM is set to be fluid, while the 

corresponding temperature related thermal physical properties 

are set through solidification and melting option in FLUENT 18.0. 

On the other hand, ‘Solid approach’ represents that the PCM is 

set to be solid (set PCM to fluid generates same results as 

there’s no flow inside the domain), with its thermal physical 

properties set within the material property configuration panel. 

The numerical predictions of the two results will be compared 

first, and then in section 4.4.2, the numerical prediction will be 

compared to external literature for further validation. 

 

 

Geometry, mesh, and materials 

The aim of the model is to study the surrounding PCM thermal 

performance while heated or cooled by a water pipe. For the 

purpose of studying PCM thermal performance, assuming the 

temperature gradient across the flow direction of the water 

pipe is negligible, the model could be simplified by using two-

dimensional geometry of the cross-sectional area. Figure 4.8 

below shows the geometry and its boundaries. This geometry 

represents the cross-sectional area of a 6mm diameter circular 

water pipe, surrounded by a 2.5mm thick layer of PCM. The 

thickness of pipe wall is neglected because its conductivity is 

much higher than the thermal conductivity of PCM.  
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Figure 4.8 Geometry dimension and structured mesh of the validation 

model 

 

The mesh has a total count of 8700 elements, and has been 

adapted twice to validate its independency, which means the 

effect of mesh element size against final results could be 

minimized. In order to compare results against three different 

meshes, average PCM temperature was recorded every 1800s, 

and RMSE method is used to calculate the error percentage. 

The element size and RMSE compared to the original mesh of 

two adapted mesh is shown in Table 4.3 below. 

 

Table 4.3 Mesh element counts and RMS error for liquid approach model 

Mesh Case Element count RMS Error 

Original 8700  

1st Adaption 15776 0.33% 

2nd Adaption 24678 0.16% 

 

The material used in this simulation case is PCM-HS22P which 

is later discussed and chosen for the PVT-PCM system in 

Nottingham. The specific properties of PCM-HS22P are given 

by its manufacturer data sheet (savENRG, 2015). Due to the 

fact that PCM has some temperature related properties, those 

temperature related properties are implemented into FLUENT 
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18.0 using piecewise-polynomial (for temperature related 

specific heat capacity) or piecewise-linear (for temperature 

related conductivity) function.  

 

Considering the fact that the internal buoyancy effect of PCM is 

minimal while being used in the proposed PVT-PCM application 

due to the nature of high viscosity and low temperature 

difference in heat transfer process, thus the density of the PCM 

is set to a constant value depending on the initial solid or liquid 

state. 

 

The specific viscosity property of PCM-HS22P is not provided in 

the manufacturer data sheet, and is not found in other works 

related to this particular PCM. The closest viscosity property 

available for CaCl2 ∙ 6H2O  salt hydrate is 11.8 mm2/s at 

temperature of 50℃ (OXY, 2016). 

 

While solidification & melting model is enabled, the melting 

latent heat could be directly set through the configuration panel. 

However, with solidification & melting model disabled, there is 

no such option available. In order to account for the latent heat, 

the latent heat is converted to the specific heat during melting 

temperatures by the equation below: 

 

𝐶𝑝 =
𝐿𝐻

∆𝑇
               4.1 

 

Where 𝐶𝑝 is the specific heat during melting process, 𝐿𝐻 is the 

total amount of latent heat, and ∆𝑇  is the temperature 

difference between the start and the end of melting process.  



108 
 

 

The converted 𝐶𝑝 is then implemented into FLUENT 18.0 

 

For comparing different timestep sizes, the solid PCM approach 

is used. For solid only and solidification & melting approach 

comparison, the PCM is set both as solid and as fluid (with 

solidification and melting on) for each specific approach. 

 

 

Boundary and Initial conditions 

Overall, the two-dimensional geometry has 2 boundary types: 

PCM panel wall and heated surface. The panel wall has been 

set to adiabatic condition, and the heated surface has been set 

to a constant temperature of 25℃ during the charging period 

and 20℃  during discharging period. At t=0, the PCM initial 

temperature is set to be 20℃  in charging process and 25℃ 

during the discharging process. The solution control is left as 

default, however, during simulations with timestep size less 

than 1s, the energy under-relaxation factor was set to 0.9 for 

the first 100 timesteps in order to achieve convergence. The 

under-relaxation factor was set back to default after the 

solution stabilizes. 
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Results and discussion 

 

• The effect of timestep size against final results 

The timestep size used during numerical simulation could affect 

the final results significantly. Hence it is necessary to validate 

the timestep size before conducting any numerical simulation. 

A common practice for PCM related simulation is using timestep 

start with 0.05s – 0.1s  (Koller et al. 2016; Wang et al. 2016; 

Vikas et al. 2017). Figure 4.9 below shows the comparison 

between different timestep size against average PCM 

temperature along the time during the charging process. It can 

be seen that The PCM finished it’s melting process at around 

27.5 minutes after the heating process, and reaches the 

maximum temperature at around 30 minutes. It is noticed that 

despite all temperature profile under different timestep 

settings show similar trends during the charging process, the 

0.05s timestep size has the longest charging time, which is 1.5 

minutes more compared to the rest of timestep settings. 

Considering the total time, the percentage difference regarding 

of the charging time is 5.45%. There is minimal difference 

between timestep sizes of 0.1s, 1s, and 10s. 
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Figure 4.9 PCM temperature against different timestep size in charging 

process 

 

 

Figure 4.10 PCM temperature against different timestep size in 

discharging process 
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Figure 4.10 shows the comparison between different timestep 

size against average PCM temperature along the time during 

the discharging process. It can be seen that the PCM is fully 

solidified after 15 minutes, and is fully discharged after around 

17 minutes. It is also noticed that the difference of temperature 

profile between each timestep size is smaller compared to 

temperature profile difference in charging process.  

Considering the fact that using timestep smaller than 0.05s will 

require significant amount of extra calculation time with limited 

computational resource, in order to optimize the simulation 

process without affecting the final results, initial timestep of 

0.05s will be used in all cases for this study. For models with 

large mesh elements and high complexity, after the 

temperature change rate is stabilized (PCM entering phase 

change state), the timestep is gradually increased so that the 

simulation time is significantly reduced without affecting 

accuracy.   

 

 

• Comparison between S&M and solid approaches 

Figure 4.11 below shows the comparison of the average 

temperature profile of PCM-HS22P in the PCM panel during 

charging process between solid only and solidification & 

melting approach. The results show that the two different 

approaches, despite having different material property and 

phase change consideration, have a very good agreement 

regarding to the prediction of PCM charging temperature profile. 

The PCM-HS22P starts to melt soon after the heating starts, 

and is able to stay in relatively low temperature until around 

30 minutes of heating (from 22.2 ℃ -23.5 ℃ ). The PCM 
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temperature then starts to rise at a faster speed due to the fact 

that the phase change process for the most part of PCM is 

finished. The fully liquefied PCM reached 25℃  which is the 

temperature limit of the heating surface after another 150 

seconds (32.5 minutes in total for charging process). There is 

a slight time difference of the finishing time of the melting 

process between two approaches. However, the difference is 

considered to be relevantly small (less than 1%) compared to 

the total time frame of the charging process. 

 

 

Figure 4.11 Temperature Profile comparison of PCM-HS22P during 

Charging process 

 

Figure 4.12 below shows the comparison of the average 

temperature profile of PCM-HS22P in the PCM panel during 

discharging process between solid and liquid approach. The 

results show that the two different approaches have a very 

good agreement. The PCM-HS22P starts to solidify at around 

90 seconds after the start of discharging process, and is slowly 

releasing its latent heat. After around 15 minutes, the 
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discharging process is finished, and the solid phase PCM is 

continued to be cooled to 20℃ which is the temperature limit 

of the cooled surface. There is also a slight time difference 

between two approaches regarding to the solidification time, 

however, the temperature difference is relatively small (less 

than 1%) compared to the total timeframe. 

 

 
Figure 4.12 Temperature Profile comparison of PCM-HS22P during 

Discharging process 

 

In summary, the predicted results of PCM temperature in both 

charging and discharging process from the solid only and 

solidification & melting approaches are comparable with 

minimal differences. Both methods could be used for numerical 

modeling for PCM thermal performance for this research work 

if either of the two approaches is valid. Section 4.4.2 below will 

present the validation of a recreated CFD model from Iten et 

al.’s work using solid only approach.  
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4.4.2 CFD Validation of PCM using solid only method against 

data from literature  

 

The purpose of this validation model is to replicate the PCM-

CFD model proposed by Iten et al. with the aim of comparing 

and justifying the setup parameters of the CFD model which 

can then be used in further analysis of this study.  

 

Geometry, mesh, and materials 

This simulation setup mainly represents three rectangular 

storage panels filled with PCM. The PCM panels were placed 

evenly inside an air channel. This simulation used two-

dimensional geometry of the cross-sectional area. The 

geometry and dimensions of the model is shown in Figure 4.13 

and Figure 4.14 below.  

 

Figure 4.13 3D geometry recreated for Iten et al. (2017)’s model 
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Figure 4.14 2D cross-sectional view of the PCM panel in the air duct 

(Iten et al., 2017) 

 

The adapted mesh has a total count of 43202 elements and 

has been implemented near wall refinement to better suits 

complex fluid structure and heat transfer process near 

boundaries (as illustrated in Figure 4.15). The mesh was 

adapted twice to show its independency, which in that case the 

effect of mesh element size against final results could be 

minimized. In order to compare results calculated using three 

different meshes, average PCM temperature for every 1800s 

was recorded and compared using RMSE method. The element 

size and RMSE of two adapted mesh against original mesh are 

shown in Table 4.4 below. The materials used in this simulation 

case are air and PCM-RT25. The properties of air can be 

acquired from the fluent database, and some of the properties 

of PCM-RT25 can be obtained from manufacturer data sheet 

(RubiTherm, 2017). The temperature related specific heat 

values of PCM-RT25 is taken from experimental measurements 

done by Iten et al. (2017), and is implemented into FLUENT 

18.0 using piecewise – linear function. It should be noted that 

due to the fact that there’s no exact data of the temperature 

related specific heat value of PCM-RT25, numbers were 

estimated from the graph at best effort, as shown in Table 4.5 
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below. The PCM-RT25 is set to be solid phase as the initial state 

in both charging period and discharging period.  

 

Table 4.4 Mesh element counts and RMS error for PCM-RT25 validation 

model 

Mesh Case Element count RMS Error  

Original 43202  

1st Adaption 69586 0.75% 

2nd Adaption 173824 0.67% 

 

 

Figure 4.15 Mesh and boundaries for the PCM-RT25 validation model 

 

Table 4.5 Thermal physical properties of PCM-RT25 (Iten et al., 2017) 

Property Unit Value 

Density Kg/m3 880 

Thermal conductivity W/mK 0.2 

Dynamic viscosity m2/s 0.0072 

Specific heat  kJ/kgK See Figure 4.16 
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Figure 4.16 Temperature related Specific Heat of PCM-RT25 read 

from Iten et al. (2017)’s measurements. 

 

 

Boundary and Initial conditions 

The boundary conditions of the model have been set as follows: 

The walls of air duct have been set to have a convective heat 

transfer coefficient of 10W/m2 with free stream bulk 

temperature of 19℃, while the PCM panel walls have been set 

as heat transfer interface between PCM and air. The inlet of air 

temperature has a constant velocity of 2.5m/s with 

temperatures of 38 ℃  in charging process and 12 ℃  in 

discharging process. At t=0, the PCM in charging process is set 

to have an initial temperature of 16℃ , while the PCM in 

discharging process is set to have an initial temperature of 30℃. 

All boundary and initial conditions are identical with Iten et al.’s 

work. 
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Results and discussion   

 

Figure 4.17 and Figure 4.18 show comparison of transient 

results between Iten et al. (2017)’s  and the finished results 

of CFD replication model. The two figures show the hourly 

Temperature profile of PCM-RT25 during charging process for 4 

hours. The contour temperature range is set from 16℃ to 25℃ 

in order to show clear and comparable temperature variation, 

which means the part of PCM will not show in the contour if the 

temperature of that part is below 16℃  or above 25℃ .By 

comparing both temperature contours, it is found that the CFD 

model produces similar results as Iten et al.’s work, which is 

validated experimentally. It can be seen from two figures that 

the PCM has almost finished the charging process at around 2 

hours, where temperature of the majority of PCM-RT25 is 

above 25℃. The PCM temperature rises soon after the charging 

process started, to a point when outer layers of PCM start 

melting. The melting process is not uniform along the panel 

due to the fact that the hot air is cooled when in contact with 

PCM panel. Air moves from right side to the left, and is cooled 

down along the channel, causing the Melting speed of the left 

side of PCM slower than the right side. 
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Figure 4.17 Temperature contours of the PCM RT-25 from CFD model 

during charging process from t= 0 (a) with 30min interval 

 

 

Figure 4.18 Charging process PCM temperature contours from Iten et 

al. (2017)’s work from t= 0 (a) with 30min interval 
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Figure 4.19 Minimum PCM temperature profile comparison during 

charging process 

 

Figure 4.19 shows the minimum temperature of PCM-RT25 

inside the panel during the charging process. It can be seen 

from the figure that the CFD results show a good agreement 

with Iten et al.’s CFD and experimental results, with an RMS 

error of 4.52% and 1.77% respectively. The temperature 

profile of CFD results matches to Iten et al. (2017)’s  

experimental results better; possible reasons are the finer 

mesh (43202 vs. 12160) with refined boundaries and more 

realistic specific heat input at higher temperatures when using 

the piecewise-linear function. It can be seen from the figure 

that the PCM finished charging process completely at around 

2:15 hours, and is then heated up in the pure liquid state where 

the rise of temperature becomes significant.   
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Figure 4.20 Temperature contours of the PCM RT-25 from CFD model 

during discharging process from t= 0 (a) with 30min interval 

 

 

Figure 4.21 Discharging process PCM temperature contours from Iten 

et al. (2017)’s work from t= 0 (a) with 30min interval 

 

Figure 4.20 and Figure 4.21 show comparison of transient 

results between Iten et al.’s work and the finished results of 

replication CFD model for the discharging process. The two 

figures show the temperature profile of PCM-RT25 during the 

discharging process at every 30 minutes for a total amount of 

2 hours. The contour temperature range is set from 23℃ to 

30℃, which means the part of PCM will not show in the contour 

if the temperature of that part is below 23℃. Results show that 
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the proposed CFD simulation produces similar results 

compared to Iten et al.’s work, with a slight variation towards 

the end of discharging process, where the temperature from 

the CFD model drops slightly faster. It can be seen from two 

figures that in both cases the PCM finished the discharging 

process after 2 hours. The bulk PCM temperature decreases 

after the cooling started to a point when solidification starts 

around outer layers. The solidification process is not uniform 

along the panel due to same reason in charging period, and 

same temperature variation pattern applies to both charging 

and discharging process. 

 

 
Figure 4.22 Maximum PCM temperature profile comparison during 

discharging process 

 

Figure 4.22 shows the minimum temperature of PCM-RT25 

inside the panel during the charging process. It can be seen 

from the figure that the CFD results show a good agreement 

with Iten et al.’s CFD and experimental results, with an RMS 

error of 0.93% and 2.26% respectively. The temperature 
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profile of the CFD model shows a slight offset compared to Iten 

et al.’s work towards the end of discharging process. One 

possible reason is that the input specific heat of PCM when the 

temperature drops below 23℃ is lower than actual value. It can 

be seen from the figure that the PCM finished its discharging 

process completely at around 2 hours, and is then continually 

cooled in solid state where the gradient of temperature 

decrease becomes steeper.   

 

 

 

4.5 Summary 

For PV cell temperature validation, the CFD model has a very 

good agreement with analytical calculations for different 

variables of wind speed, solar radiation level, and ambient 

temperature.  

For water heat transfer validation, the CFD model and 

numerical calculations have very good agreement in both 

laminar and turbulent flow conditions. It is considered that in 

turbulent flow conditions, the Gnielinski shows better 

agreement with CFD predictions rather than the Dittus-Boelter 

equation.  

For PCM validation, two CFD models have been built with 

different PCM property settings. The first PCM model is used to 

compare the solid only and solidification & melting approach, 

the result shows that both solidification & melting method and 

solid only method can accurately predict the PCM phase change 

process, while the only difference is that by using solidification 
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& melting method, the exact value of liquid fraction of PCM 

could be known, while using solid only method, the phase 

change situation can only be deduced by the temperature of 

the PCM. On the other hand, the charging and discharging of 

PCM-RT25 predicted by CFD models are compared with Iten et 

al. (2017)’s work. The results show that the replication of Iten 

et al.’s model generates comparable results as the original 

work. 
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CHAPTER 5. STUDY ON THERMAL PERFORMANCEE OF 

SALT HYDRATE PCM 

 

5.1 Introduction 

In this chapter, the thermal performance of a typical salt-

hydrate PCM (PCM-HS22P, which is later used in the proposed 

PVT-PCM system) will be investigated and compared with most 

commonly used heat storage media - water. Despite of the fact 

that PCM-HS22P is commercially available and is often claimed 

to have better thermal performance than organic paraffin wax 

PCMs, there is currently no complete study available on its 

thermal performance as well as its thermal properties. Hence 

the chapter also presents parametric studies regarding to some 

thermal physical properties such as heat capacity, fusion heat 

and thermal conductivities for better understanding the effect 

of each property against overall thermal performance. By 

studying the characteristics of PCM-HS22P, a general idea could 

be given to predict the performance of other similar types of 

salt hydrate PCM.   

 

 

5.2 Model setup 

 

Geometry, mesh, and materials 

The geometry and mesh profile of the model used is the same 

to the PCM validation model used for in section 4.4.1. The 
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materials used in this simulation case are PCM-HS22P and 

water. The properties of water can be found in the database of 

FLUENT 18.0, while the specific properties of PCM-HS22P can’t 

be found. Thus the properties are acquired by its manufacturer 

data sheet (savENRG, 2015). Due to the fact that PCM has 

some temperature related properties, those temperature 

related properties are implemented into FLUENT 18.0 using the 

piecewise-polynomial function.  

 

 

Boundary and Initial conditions 

Overall, the two-dimensional geometry has 2 boundary 

conditions: PCM outer wall and Heated surface. The Outer wall 

has been set to adiabatic condition, and the heated surface has 

been set to a constant temperature of 25℃ during the charging 

period and 20℃  during discharging period. At t=0, the PCM 

initial temperature is set to be 20℃ in charging process and 

25℃  during the discharging process, on the other hand, in 

order to have a direct comparison, the initial water temperature 

at t=0 is set to be the same as PCM-HS22P in both situations. 

 

 

5.3 Comparison between PCM and water  

Figure 5.1 and 5.2 show the temperature comparison of PCM-

HS22P and water during charging and discharging process 

respectively. It can be seen from the figures that the PCM has 

much slower temperature changing rate compared to the 

common heat storage solution used in PVT researches. The 
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water reaches the maximum temperature in only 3.5 minutes 

during the charging process, while PCM can still maintain a low 

increase rate for up to 39 minutes. The discharging process 

shows similar trends; the water reaches the minimum 

temperature in 3.5 minutes while PCM uses 17 minutes.  

 

 

Figure 5.1 Comparison of average Temperature of Water vs PCM 

(Charging period) 
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Figure 5.2 Comparison of average Temperature of Water vs PCM 

(Discharging period) 

 

From the above comparison, it is clear that PCM has superior 

thermal performance over water, which means it is capable of 

providing long time cooling for PV during daytime as well as 

long time heating if moderate heating is required during night 

time. By using PCM over conventional water as thermal storage 

solution, the size of storage tank could be reduced significantly 

(by up to 17 times). 

 

 

5.4 Thermal performance of PCM-HS22P 

Figure 5.3 shows the temperature contour of the PCM around 

the heated pipe wall during the charging process. It can be 

seen from the result that the PCM near pipe wall has reached 

the maximum temperature of 25℃ soon after the start of the 

charging process, but the temperature diffusion towards the 
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outside is relatively slow. The PCM is fully melted after 25 to 

30 minutes, while the temperature change becomes large 

during the 5-minute time interval compared to other contours. 

All part of PCM temperature reaches 25 ℃  soon after 30 

minutes of charging, which means that the charging process is 

fully completed. 

 

 

Figure 5.3 PCM temperature contour during charging process 

 

 
Figure 5.4 PCM liquid fraction contour during charging process 

 

Figure 5.4 shows the liquid fraction contour of the PCM during 

the charging process. It can be seen from the figure that the 

PCM started to melt from the centre and slowly spreading 

outward. All PCM is melt after 25 – 30 minutes of heating, 

which explains the significant change of the corresponding 
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temperature contours. By comparing with Figure 5.1, it can be 

seen that the melted portion of PCM is always more than the 

fully charged PCM at a certain time, this layer of ‘melted but 

not fully charged’ PCM is a result of the low thermal 

conductivity properties of PCM.  

 

 

Figure 5.5 PCM temperature contour during discharging process 

 

Figure 5.5 shows the temperature contour of PCM during the 

discharging process. It can be seen that the discharging 

process takes less time when compared to the charging process, 

which is the same found by Iten et al.’s case (2017). The PCM 

is fully discharged after 17.5 minutes of cooling. 
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Figure 5.6 PCM liquid fraction contour during discharging process 

 

Figure 5.6 shows the liquid fraction contour of PCM-HS22P 

during the discharge process. It can be seen that compared to 

Figure 5.10, the spreading speed of solidified PCM is faster than 

the melting process. The solidification is completely finished 

slightly after 15 minutes of cooling (there is still a very thin 

layer of mussy PCM at t =15min). Another observation after 

comparing the liquid fraction and temperature contour is that 

the liquid fraction contour could be replaced by the 

temperature contour with temperature range set to the phase 

change temperature (i.e., 22 ℃ -23 ℃  for PCM-HS22P). By 

utilizing this method, liquid fractions could also be known even 

if the model is simulated in solid only approach. 

 

 

 

Figure 5.7 below shows the average temperature profile of 

PCM-HS22P in the panel and its liquid fraction against time 

during the charging process. It can be seen from the figure that 

the liquid fraction has a near polynomial growth with increasing 

time. The average temperature rises rapidly while the liquid 

fraction is near 0 at the beginning, and then starts to increase 

gradually. The increase rate of temperature keeps steady until 

around 36 minutes, and is increasing rapidly again when the 

liquid fraction reaches 1, which means the PCM is fully melted 

at that time. The PCM is then heated up to the maximum 

temperature in 3 more minutes, and the total charging process 

is finished after 39 minutes. It is also noticed that the rate of 

first rapid PCM temperature increase is higher than the second 
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rapid increase, which can be explained by the fact that the 

specific heat capacity of liquid phase of PCM-HS22P is higher 

than the specific heat capacity of solid phase (3040J/kgK in 

liquid phase compared to 2200J/kgK in solid phase), while at 

the same time the temperature difference between PCM and 

heated surface (∆𝑇 ) is larger at the start of the charging 

process, which further enhances heat transfer. 

 

 

Figure 5.7 Average Temperature and Liquid Fraction of PCM-HS22P 

during charging process 
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Figure 5.8 Average Temperature and Liquid Fraction of PCM-HS22P 

during discharging process 

 

 

Figure 5.8 shows the average temperature profile of PCM-

HS22P in the panel and its liquid fraction against time during 

discharging process. It can be seen from the figure that the 

liquid fraction also has a polynomial decrease along with 

increased time. The average temperature decreases at a very 

fast rate while the liquid fraction is near 1, after that the 

temperature starts to decrease gradually. The decrease rate of 

temperature keeps steady until around 15 minutes, and the 

second rapid temperature decrease appears where The PCM is 

fully solidified (liquid fraction = 0). The discharge process is 

completed at t = 17 minutes with the average PCM temperature 

reaches 20℃. It is noticed that the rate difference between first 

and second rapid PCM temperature decrease is not significant. 

This can be explained by the fact that although the specific heat 

capacity of PCM in the liquid phase is larger than the solid 
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phase, the greater initial temperature difference between PCM 

and cooling surface (∆𝑇 ) enhances the initial heat transfer, 

hence minimize the effect of heat capacity difference.  

 

It can also be found by comparing Figure 5.5 and Figure 5.6 

that the discharging process takes shorter time compared to 

the charging process, while the temperature difference in both 

cases is set to be same (initial temperature of 25℃ for 23℃ 

melting temperature in charging process and initial 

temperature of 20℃  for 22℃  solidification temperature in 

discharging process). This is due to the thermal conductivity 

difference between liquid and solid phase of PCM (0.56W/mK 

against 1.13W/mK respectively). During the second half of 

charging process (temperature from 22.5 ℃  to 25 ℃ ), the 

spreading of PCM melting is significantly restricted by all factors 

of lower thermal conductivity, higher heat capacity and lower 

∆𝑇, on the other hand, during discharge process, despite of the 

same lower ∆𝑇, the spreading of PCM solidification is relatively 

faster due to the higher thermal conductivity and lower heat 

capacity value. The effect of thermal conductivity and heat 

capacity against PCM’s charging and discharging performance 

will be detailly discussed in section 5.5 below.  

 

 

5.5 Effects of PCM thermal properties  

There is a wide arrange of PCM currently on the market with 

individual characteristics, in thermal performance perspective, 

the related properties are heat capacity, heat of fusion, phase 

change temperature and thermal conductivities. As stated in 
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Kenisarin and Mahakamov (2016)’s review, after extensive 

research, there is no clear information about the impact of each 

of PCM’s thermal properties on the overall thermal performance. 

Hence, in this section, the effect of each thermal properties will 

be briefly investigated. The table of thermal properties used in 

the study is shown as below. 

 

Table 5.1 Input data of PCM-HS22P thermal properties 

 Heat 

capacity  

Cp 

(kJ/kgK) 

Heat of 

fusion  

LH 

(kJ/kg) 

Thermal 

conductivity  

k 

(W/mK) 

Phase change 

temperature 

T 

(Ts, Tm) 

Solid 

(Set 1) 

2.2 185 1.13 22,23 

Liquid 

(Set 2) 

3.04 185 0.56 22,23 

Property Variations 

Cp LH k Ts Tm 

1.6 160 0.50 21 22 

1.7 170 0.70 22 23 

1.8 180 0.90 23 24 

1.9 190 1.10  

2.0 200 1.30 

 

 

In order to study the effect of temperature related PCM thermal 

properties against the charging and discharging performance, 

the PCM-HS22P is first assumed to have constant thermal 

properties regardless of temperature and phase change. Figure 

5.9 below shows the temperature profile comparison of PCM-

HS22P in charging and discharging process using two different 

thermal property sets. The set 1 uses thermal properties of 

solid phase PCM-HS22P, which has heat capacity of 2200 J/kgK 

and thermal conductivity of 1.13 W/mK, and set 2 uses thermal 
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properties of liquid phase PCM-HS22P, which has heat capacity 

of 3040 J/kgK and thermal conductivity of 0.56 W/mK. Results 

show that although the heat of fusion is the same, the charging 

and discharging time of PCM with different thermal properties 

can vary significantly. The PCM with liquid phase thermal 

properties has significantly longer charging and discharging 

time compared to the PCM with solid phase thermal properties. 

There is a 13-minute charging and discharging time difference 

between PCM with two sets of thermal properties. It is also 

noted that by eliminating the time-related thermal properties, 

the temperature profile, as well as time required for both 

charging and discharging of the PCM, is the same. 

 

 
Figure 5.9 Temperature profile of PCM-HS22P in charging and 

discharging process using solid and liquid state thermal properties. 
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5.5.1 The effect of thermal capacity 

In order to study the effect of different PCM heat capacity 

against its thermal performance, the PCM-HS22P with thermal 

property set1 is modified to have different heat capacity values 

of 2200 J/kgK, 2400 J/kgK, 2600 J/kgK, 2800 J/kgK and 

3000J/kgK. The results in the same charging conditions are 

shown in Figure 5.10 below. It can be seen from figure that the 

changing value of heat capacity of PCM has very little effects 

on the overall charging time, due to the fact that most heat 

stored in the PCM during charging process is in the form of 

latent heat, there is only very little amount of sensible heat 

which could be affected by the varying heat capacity. Overall it 

is considered that the effect of heat capacity is minimal and 

could be neglected due to the significantly larger amount of 

fusion heat. 

 

 

Figure 5.10 PCM temperature profile against time at different heat 

capacity values. 
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5.5.2 The effect of fusion heat 

The heat of fusion is one of the unique characteristics of PCM, 

which makes it capable of storing/releasing a large amount of 

energy by completing phase change process with very small 

temperature change. In order to study the effect of fusion heat 

on the PCM’s thermal performance, the PCM-HS22P with 

thermal property set1 is modified to have different fusion heat 

values of 160kJ/kg, 170 kJ/kg, 180 kJ/kg, 190 kJ/kg and 200 

kJ/kg. All modified PCMs have been put under the same 

charging process. Figure 5.11 below shows the comparison of 

the temperature profile of all cases against time. The result 

shows that by increasing fusion heat from 160kJ/kg to 

200kJ/kg, the charging time needed is increased from 12.5 to 

24.5 minutes. There is a 30s difference of charging time with 

every 10 kJ/kg fusion heat increase. The main reason for the 

time difference is the temperature increase rate during phase 

change, while PCM has higher fusion heat will need more 

energy and hence longer time to complete phase change. On 

the other hand, the thermal performance of discharging 

process is identical to that of charging process with a reversed 

temperature profile. In general, The PCM with higher fusion 

heat is capable of providing a steady temperature for a longer 

time while the heat/cool input is the same, hence stores more 

latent energy. 
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Figure 5.11 PCM temperature profile against time at different heat of 

fusion values. 
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panel cooling, it is desired to have PCM melting temperature as 

low as possible for a given source temperature. 

 

 

 

Figure 5.12 Temperature profiles of modified PCM with different 

phase change temperature 

 

 

5.5.4 The effect of thermal conductivity (k)  

In order to study the effect of thermal conductivity on PCM’s 

thermal performance, the PCM-HS22P with thermal property 

set1 is firstly modified to have different thermal conductivity 

values of 0.5 W/mK, 0.7 W/mK, 0.9 W/mK, 1.1 W/mK and 1.3 

W/mK. The chosen thermal conductivity values filled the gap 

between PCM-HS22P’s solid and liquid phase thermal 

conductivity values. The results of discharging time difference 

20

21

22

23

24

25

0 180 360 540 720 900 1080 1260 1440 1620 1800

T
e
m

p
e
ra

tu
re

 (
)

Time (s)

PCM TEMPERATURE AGAINST TIME 

21 -22 - Charging 22 -23 - Charging

23 -24 - Charging 21 -22 - Disharging

22 -23 - Discharging 23 -24 - Disharging



141 
 

of modified PCM with different thermal conductivities are 

shown in Figure 5.13. Note that the figure only illustrates the 

temperature profile of discharging process, as the thermal 

performance in charging process is identical with a reversed 

temperature profile. From the figure, it can be seen that the 

time needed for discharging process with different thermal 

conductivity values are significantly different. The PCM with 0.5 

W/mK thermal conductivity value needs 30.5 minutes to finish 

discharging, while the PCM with 1.3 W/mK thermal conductivity 

value only needs 12.5 minutes. The main cause of the time 

difference is the different temperature drop rate during phase 

change process. The PCM with higher thermal conductivity can 

achieve higher heat transfer rate during phase change, hence 

needs less amount of time needed for completing the phase 

change process.  

 

 
Figure 5.13 Temperature profile of modified PCM-HS22P in 

discharging process with different thermal conductivities 
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Figure 5.14 Comparison of time needed for completing discharging 

process for PCM with different thermal conductivities 

 

Figure 5.14 above shows the comparison of time needed for 

completing discharging process for PCM with different thermal 

conductivities. It can be seen that the time needed against 

thermal conductivity could be represented by a power law 
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conductivity values compared to organic PCMs such as paraffin 

wax, which has a typical thermal conductivity value of 
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temperature related thermal properties will cause PCM to 

perform differently during charging and discharging process. In 

order to study the effects of temperature related thermal 

conductivity against overall PCM thermal performance, the 

PCM-HS22P with the thermal property set 1 is further modified 

into 5 sets (A,B,C,D,E). Each set has constant heat capacity 

but with different temperature related thermal conductivity. All 

sets has the same liquid phase thermal conductivity of 0.5 

W/mK, while the solid phase thermal conductivity is set to 0.5 

W/mK, 0.7 W/mK, 0.9 W/mK, 1.1 W/mK and 1.3 W/mK for set 

A,B,C,D,E respectively. All 5 sets are put into same charging 

and discharging conditions so that the amount of time needed 

to complete the process could be compared against each other. 

Figure 5.15 below shows the temperature profiles for both 

charging and discharging processes of all 5 sets.  

 

 
Figure 5.15 Temperature profiles of modified PCM sets A,B,C,D,E 

against time 
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It can be seen from the figure that the PCM thermal 

performance of charging and discharging process starts to 

show differences when only solid phase thermal conductivity is 

changed. By increasing solid phase thermal conductivity from 

0.5W/mK to 1.3 W/mK, the amount of time needed for 

discharging process has reduced from 30.5 minutes to 12.5 

minutes, while the time required for charging process is only 

reduced from 30.5 minutes to 28.5 minutes. The smaller 

difference of charging time across all sets indicates that the 

heat transfer is restricted by the low liquid phase thermal 

conductivity, which slows the spreading of melting process. On 

the other hand, the time required to complete discharging 

process is also affected by the low liquid phase thermal 

conductivity (see Figure 5.22 below), but at a significantly 

smaller scale.  
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Figure 5.16 Discharging time comparison between constant thermal 

conductivity (Single k value) against temperature related thermal 

conductivity (Dual k value) 

 

Figure 5.16 above shows the discharging time comparison 

between constant thermal conductivity (0.5 - 1.3 W/mK for 

both solid and liquid phase) against temperature related 

thermal conductivity (0.5 - 1.3 W/mK for solid phase and 

0.5W/mK constant for liquid phase). It can be seen that the 

time needed against solid phase thermal conductivity for the 

dual k models could also be represented by the power law 

trendline.  

 

It is also noticed that the amount of time difference is 

decreases with increasing solid phase thermal conductivity. 

This is due to the fact that the negative impact of low liquid 

phase thermal conductivity is reduced by the larger 

temperature difference between solid and liquid phase PCM at 

the phase change boundary.  

y = 1916.8x-0.933

R² = 0.9972

0

500

1000

1500

2000

2500

3000

3500

4000

0.5 0.7 0.9 1.1 1.3

T
im

e
 (

s
)

k (W/mK)

TIME NEED TO FINISH CHARGING AT 

DIFFERENT THERMAL CONDUCTIVITIES

Dual K value Single k value

Power (Dual K value)



146 
 

 

On the other hand, the charging time affected by the changing 

solid phase conductivity is much smaller (shown in Figure 5.17 

below) due to the restriction of the low liquid phase thermal 

conductivity. The time required for charging process against 

different solid phase thermal conductivity values could be 

represented by linear correlation. 

 

 
Figure 5.17 Time required for charging process against different solid 

phase thermal conductivity values. 
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In other words, charging time is mainly affected by the liquid 
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is much smaller compared to the daytime charging 

temperature. 

 

 

5.6 Summary 

In this chapter, the thermal performance of PCM-HS22P is 

studied, at the same time, the effects of heat capacity, fusion 

heat, phase change temperature and thermal conductivity on 

the PCM’s thermal performance are also discussed. It is found 

that the heat capacity has very little effect on the total charging 

and discharging time, while PCM with larger fusion heat has 

longer charging and discharging time. Additionally, PCM with 

lower melting (higher solidification) temperature has better 

charging (discharging) performance. Another finding is that the 

temperature related thermal conductivity has different 

performance impact on charging and discharging process. The 

PCM with higher solid phase thermal conductivity has a 

significant reduction in discharging time while the reduction of 

charging time is relatively small. 
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CHAPTER 6. ANALYSIS OF THE PVT-PCM SYSTEM 

COMPONENTS 

 

6.1 Introduction 

In this chapter, the proposed design and components selection 

of the PVT-PCM system is presented. The system can be 

separated into two parts: a water-cooled PV panel and a water 

heated PCM storage panel. A series of parametric analysis will 

be carried out, the impact of different parameters such as 

ambient temperature, flow speed, solar radiation levels against 

PV and PCM performance will be analysed and discussed. The 

investigation was carried out for each parameter individually 

while other parameters were set to be constant. By examining 

the effects of each parameter, the correlation between the 

parameter and whole system behaviour could be revealed. 

Hence design optimization could be made. In addition, a fin 

analysis is also conducted in order to enhance heat transfer 

between circulated water and PCM. 

 

 

6.2 Proposed design of the novel PVT-PCM system 

The concept of the proposed PVT-PCM system is to combine 

conventional flat plate PV panels with custom designed PCM 

latent heat storage system. The system can achieve better 

electrical performance compared to conventional PV panels, as 
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well as have the ability to store the extra amount of thermal 

energy without affecting the photovoltaic efficiency. Unlike 

back-mounted PVT-PCM system used in many recent studies, 

in this study the PCM is designed to be separated from the PV 

panel. As a result, the thickness and weight of PV module is 

greatly reduced, while the heavy PCM storage panel could be 

placed elsewhere as long as they are connected with PV module. 

The modular and highly flexible design allows the proposed 

PVT-PCM to suit for different configuration requirements. This 

chapter will introduce the detailed design and components of 

the proposed PVT system as well as its various working modes. 

 

 

6.2.1 System components 

The PVT-PCM system mainly consists of a flat plate PV panel, a 

rectangular sized storage panel, as well as a small water pump 

for water circulation. A sample configuration of the system is 

illustrated in Figure 6.1 below. Note that PCM storage tank is 

placed beside PV panel just for illustration purpose, it could be 

placed anywhere by demand.  
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Figure 6.1 3D illustration of a sample configuration of the PVT-PCM 

system 

 

 

 

 Selection of PV panel 

There are different makes of PV panels available on the market 

at the moment; the most used is the crystalline silicon module. 

In this study, the PV panel used is the BP-275L, which is a 75W 

monocrystalline silicon module manufactured by BP solar. The 

manufacturingr data is presented in Table 6.1 below (BP Solar, 

2015). 

 

Table 6.1 Properties from BP-275L manufacturer datasheet 

Electrical data  

Maximum power (Pmax)@STC 75W 

Open-circuit voltage (Voc) @STC 21.4V 

Short-circuit current (Isc) @STC 4.75A 

Voltage at point of maximum power (Vmpp) @STC 17V 

Current at point of maximum power (Impp) @STC 4.45A 

Nominal efficiency (ηr) @STC 11.9% 

Fill Factor 73.8% 

Nominal Cell Operating Temperature (NOCT) 47oC 

Dimension (A0) 1183.0 × 525.0 × 4mm 
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Effective surface area (A1) 1125mm x 500mm 

Weight 7.5kg 

Temperature Coefficient of Isc 0.065 %/ºC 

Temperature Coefficient of Voc -0.38 %/ºC 

Temperature Coefficient of Pmp -0.50 %/ºC 

*STC: Standard Test Condition: Irradiance = 1000W/m2, Air mass = 1.5, 

Cell temperature = 25 oC 

 

 

 

 PCM material selection 

There are mainly 2 types of PCM available on the market, 

namely organic PCMs and inorganic PCMs. Generally speaking, 

the inorganic salt hydrate PCM has better thermal conductivity 

performance compared to organic ones. In this study, inorganic 

salt hydrate PCM-HS22P is chosen to be the heat storage 

solution in order to effectively control PV cell temperature. The 

manufacturer datasheet is shown in Table 6.2 below (savENRG, 

2015). 

 

Table 6.2 Properties from PCM-HS22P manufacturer datasheet 

PCM-HS22P 

Property Value 

Melting Temperature (℃) 22 

Freezing Temperature (℃) 23 

Liquid Density (kg/m3) 1540 

Solid Density (kg/m3) 1840 

Latent Heat (kJ/kg) 185 

Specific Heat – Liquid (kJ/kg.K) 3.04 

Specific Heat – Solid (kJ/kg.K) 2.2 

Thermal Conductivity – Liquid 

(W/m.K) 

0.56 

Thermal Conductivity – Solid 

(W/m.K) 

1.13 

Max. Operating Temperature (℃) ~80 
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6.2.2 System working principles  

 

Daytime working cycle 

The daytime working cycle of the PVT-PCM system is shown in 

Figure 6.2 below. The flat plate PV panel is located at a place 

on a building envelope. The back side of PV panel is attached 

to a copper heat absorber, and the absorber is cooled by 

recirculated water via multiple 6mm diameter copper pipes. 

The water-cooled PV panel is separate from the PCM latent heat 

storage panel and connected by additional pipework according 

to different installation demands.  

 

During the daytime, the PV panel gets cooled down by the 

recirculating water; the water is then pumped through PCM 

panel to charge the PCM. The cooled outlet water is then 

recirculated back to the panel for cooling. The only active 

component of this system is the small water pump, which is 

used to circulate water within the closed loop system and can 

be fully powered by PV panel. 

 

 

Figure 6.2 Daytime operation schematic diagram of the PVT-PCM 

system 
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Night time working cycle 

During night time, the pump used for cooling PV is not used as 

there’s no cooling requirement. The stored latent heat inside 

PCM could either be utilized or be dissipated using night time 

natural ventilation. By using either of the methods mentioned 

above, the PCM could be cooled back to the solid state to 

perform another daytime cycle.  

 

 

6.2.3 Latent heat utilization 

The energy stored in the PCM during the daytime needs to be 

released effectively in order to prevent overheating of the 

whole system. There are many ways to utilize the latent heat; 

the proposed design features two different approaches. Figure 

6.3 and 6.4 below illustrate the two ways of utilizing latent 

thermal energy. As the fully charged PCM temperature is only 

23℃, it is not efficient to directly provide water or space heating. 

Thus, the concept of the heat utilization is to reduce water and 

space heating energy consumption by providing a moderate 

degree of preheating. 

 

In water preheating configuration, the PCM can be used to 

preheat water from supply water mains in order to reduce the 

hot water heating load, or can be used directly to increase 

comfort level. In air preheating configuration, the PCM panel 

modules could be put together inside a specially designed air 
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duct, hence preheating cold air to a moderate temperature 

during cold days.  

 

 

Figure 6.3 Schematic illustration of water preheating configuration 

 

 
Figure 6.4 Schematic illustration of air preheating configuration 

 

 

 

6.3 Analysis of system components 

 

6.3.1 Pump power calculation 

Due to the separated design, the amount of pipework needed 

can vary from case to case. Hence it is impossible to accurately 

predict the power requirement of water pump. However, the 

minimal pump power required could be known by eliminating 

all additional pipework. 

 

The Pump power could be calculated by equation below, 



155 
 

 

𝑃 =
𝑄×𝐻×𝑔×𝜌

𝑝𝑢𝑚𝑝 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
              6.1 

 

Where 𝑃  is the pump power(W), 𝑄  is the volume flow rate 

(m3/s), g is the gravitational acceleration (m/s2), 𝜌 is water 

density and 𝐻 is the total head, which equals to the sum of 

static head (𝐻𝑆) and dynamic head (𝐻𝐷): 

 

𝐻 = 𝐻𝑆 + 𝐻𝐷              6.2 

 

The proposed system is a closed loop system, thus 𝐻𝑆 = 0. The 

dynamic head could be calculated using equation below: 

 

𝐻𝐷 =
𝐾𝑣2

2𝑔
               6.3 

 

Where 𝑣 is the flow velocity and 𝐾 is the total loss coefficient, 

which is the sum of the loss coefficient of fittings (𝐾𝑓𝑖𝑡𝑡𝑖𝑛𝑔) used 

and the loss coefficient of pipe (𝐾𝑝𝑖𝑝𝑒).  

Assuming the PVT-PCM system is looped with 180 °  bends 

(𝐾𝑓𝑖𝑡𝑡𝑖𝑛𝑔 = 0.2) (The Engineering Tool Box, 2016) on each side 

of the pipe, the total 𝐾𝑓𝑖𝑡𝑡𝑖𝑛𝑔 is equal to 2.8. 

 

The loss coefficient of pipe, on the other hand, can be 

calculated using the equation below: 

 

𝐾𝑝𝑖𝑝𝑒 = 
𝑓𝐿

𝐷
               6.4 
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Where 𝐿 is the pipe length (m), and d is the pipe diameter (m). 

the friction factor (𝑓) in smooth pipe could be determined by: 

 

𝑓 =
64

𝑅𝑒
  for laminar flow, and 𝑓 =

0.316

𝑅𝑒1/4
 for turbulent flow 

(Smooth pipe only with Re<10000) (Kiijarvi, 2011).  

6.5 

 

Where 𝑅𝑒 is the Reynolds number. Alternatively, 𝑓 could also 

be found in moody chart. 

 

As an example, for flow speed = 0.05m/s, with total effective 

pipe length of 16.56m the 𝐾𝑝𝑖𝑝𝑒  of the PVT-PCM system is 

calculated to be 774.22. 

 

By using equation 6.1 – 6.5, assuming 80% pump efficiency 

(centrifugal pumps normally offer efficiency between 75% - 93% 

(Evans, 2012)), the minimum pump power needed is calculated 

as 0.002W.  

 

Figure 6.5 shows the pump energy consumption against 

different flow speeds. It can be seen that increasing the flow 

speed will require a lot more pumping power due to the 

increased dynamic head. In this case, without considering the 

additional resistance from pipework, the pump energy 

difference is neglectable. However, in real situations, with 

system configuration with lots of pipework, the difference will 

become more significant. 
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Figure 6.5 Pump energy requirement against flow speed 

 

In general, the required amount of pumping energy for low 

speed closed loop water circulation is relatively small, however, 

the pumping energy is greatly dependent on the actual system 

configuration and pipework layout. The further the PCM storage 

tank is located away from the PV panel, the more the pumping 

power it will need to compensate for the additional friction loss. 

 

 

6.3.2 Parametric analysis on PV side 

 

Geometry, mesh, and materials 

This model has a 3D geometry of one of seven identical 

sections sliced from the whole panel geometry (as shown in 

Figure 6.6). It is considered that the thermal performance of 

the whole PV panel is equal to the thermal performance of the 

sliced section. The meshing profile contains 1264718 mesh 
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elements along with two adapted meshes. Results generated 

by all three mesh are compared to ensure the results are 

independent of element size level. The mesh element counts 

and the relative RMS errors of each mesh profile is shown in 

Table 6.3 below. The materials used in this case are liquid water, 

copper, and PV, the properties of water and copper can be found 

in FLUENT 18.0 database, and the properties of PV are 

calculated previously. 

 

Figure 6.6 3D geometry of the PV model 

 

Table 6.3 Mesh element and RMS error of the PV analysis model 

Mesh Case Element count RMS Error  

Original 1264718  

1st Adaption 1517661 0.23% 

2nd Adaption 1770605 0.15% 

 

Boundary and Initial conditions 

There are 4 specified boundary types, namely water inlet, 

water outlet, PV panel surface and bottom surface. The inlet is 

set as velocity inlet with given velocity and temperature value, 

and the outlet is set to pressure outlet. The bottom surface of 

the heat sink is set to adiabatic condition along with all other 

walls in order to have better-controlled value for parametric 
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analysis. The PV panel surface has been set to have a constant 

heat flux with 4mm thick PV layer. The conversion of solar 

radiation (∅, W/m2) to heat flux (𝑄, W/m2) can be done using 

below equation. 

 

𝑄 = 𝑃𝑉 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 ×  ∅         6.6 

  

 

Parametric analysis setups 

The model has been simulated with different parameter 

adjustments. The effect of velocity, ambient temperature as 

well as solar radiation level on the PV thermal performance has 

been studied. Each simulation has been set to have only 1 

modifying parameters at a time with other parameters set to 

initial condition values. Table 6.4 below shows the parameter 

sets used in the analysis. 

 

 

Table 6.4 Parameter sets of the PV side analysis 

 Solar 

radiation  

Φ (W/m2) 

Inlet water 

temperature  

Ti (℃) 

Flow speed  

 

v (m/s) 

Set parameter 900 23 0.05 

Parameter Variations 

 Φ Ti v 

400 23 0.005 

500 25 0.01 

600 27 0.03 

700 29 0.05 

800 31 0.07 

 0.09 

0.11 

0.2 

 



160 
 

The base conditions other than the varying parameter are set 

with inlet velocity of 0.05m/s, inlet water temperature of 23℃ 

and solar radiation of 900W/m2. A monitor line is used to 

generate X-Y plots of PV cell temperature, the line is located at 

the centre of the panel surface, and the direction is parallel to 

flow direction (as illustrated in Figure 6.7).  

 

 
Figure 6.7 Temperature monitor line on PV panel surface 

 

 

Results and discussion 

 

• Effect of Velocity  

Figure 6.8 shows the X-Y plot of PV cell temperature variations 

along the panel with different water inlet velocities. It can be 

seen from the figure that the PV cell temperature rises when 

the distance of the cell is far from the water inlet. The water 

temperature rises as water gets heated up from inlet to outlet. 

It is also noticed that the cell temperature change along the 

flow direction is relatively small while the flow speed is reduced 

from 0.2m/s to 0.05m/s, however, when changing flow speed 

from 0.005m/s to 0.001m/s, the cell temperature rises 

significantly.  
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Figure 6.8 X-Y Plot of PV cell temperature against X position in 

different flow velocity 

 

 

Figure 6.9 Average temperature of Panel and water outlet against 

flow velocity 
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Figure 6.10 Water inlet and outlet temperature difference against 

flow velocity 

 

Figure 6.9 shows the average panel and water outlet 

temperature against different flow velocities. It can be seen 

that the outlet water temperature at velocity of 0.001m/s 

reaches a maximum temperature of 120 ℃  while its 

corresponding panel temperature also reaches 71.81℃. This 

indicates the fact that the bulk water is heated up to the same 

cell temperature before reaching the outlet, which leads to 

the loss of overall cooling capability. As flow speed increases, 

the difference of water outlet temperature and panel 

temperature reduces. There is not much temperature change 

for both outlet water and PV panel once the velocity is higher 

than 0.05m/s. At velocity higher than 0.1m/s, the outlet 

water temperature starts to drop below average panel 

temperature, which indicates that the bulk water fluid is still 

at cooler temperature. Figure 6.10 shows the trendline of 

water temperature rise between inlet and outlet at different 
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flow velocity. The temperature difference diminishes as flow 

velocity increases.  

 

Additionally, in order to sufficiently utilize the connected PCM 

panel, it is desirable to have outlet temperature higher than 

the melting temperature of PCM which is 23℃, in order to 

initiate the phase change process which would be achieved 

after recirculating water in the system. 

 

 

 

• Effect of solar radiation 

Figure 6.11 and 6.12 present the PV cell temperature variation 

along the X position with different solar radiation levels, at flow 

velocity of 0.05m/s. The panel temperature near water inlet 

has the lowest temperature, and increased gradually along the 

panel towards water outlet. The increasing rate changes as 

water is heated up during the cooling process. The result shows 

that the increasing solar radiation level will lead to a relatively 

small rise of the overall cell temperature, at an average rate 

about 1.2℃ per 100W/m2 increased solar radiation (as shown 

in Figure 6.12). The water outlet temperature variation also has 

similar trends, at the rate of 1.1℃   per 100 W/m2 increased 

solar radiation. 
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Figure 6.11 X-Y Plot of PV cell temperature against X position in 

different solar radiation conditions (Φ, W/m2) at flow velocity of 

0.05m/s 

 

 

Figure 6.12 Average temperature of panel and outlet water in 

different solar radiation conditions (Φ, W/m2) at flow velocity of 

0.05m/s 
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• Effect of inlet water temperature 

Figure 6.13 shows the PV cell temperature difference along the 

X position at different inlet water temperatures. It can be seen 

from the figure that for every 2℃ of inlet water temperature 

rise, the overall panel temperature is raised for 2℃ . The 

temperature increase profiles of different inlet temperature 

settings are parallel to each other, which means the heat 

transfer efficiency is not changed. The maximum temperature 

difference of the panel surface keeps constant at 9.66℃  as 

shown in Figure 6.14. Similarly, the temperature increase of 

outlet water is also constant at around 10.67℃. 

 

 

Figure 6.13 X-Y Plot of PV cell temperature rise against X position in 

different water inlet temperatures 
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Figure 6.14 Outlet and inlet temperature difference under different 

ambient temperatures 

 

 

 

• Parallel flow against counter flow 

In addition to the parallel flow pattern, the PVT-PCM system 

could also be configured to have counter flow pattern, which 

means each 6mm pipe has opposite flow direction against the 

pipes nearby. In order to study the effects of counter water flow 

against parallel flow, three of the sliced sections are combined 

together with the middle pipe flowing at opposite direction. The 

results are shown in Figure 6.15 below. It can be seen that by 

using counter flow, the temperature difference across the PV 

panel has been reduced by 3.32℃. However, the average panel 

temperature has also increased from 31.72 ℃  to 34.66℃ . 

Meanwhile, the outlet water temperature is also significantly 

reduced compared to the parallel flow configuration. The 

reason of that is because counter flow introduces heat transfer 

within the water domain, hence reduces the cooling capacity of 
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the absorber.  In this study, the parallel flow configuration is 

used as it has higher outlet water temperature and lower 

average PV panel temperature. 

 

 

Figure 6.15 Temperature contour comparison of parallel and counter 

flow. 

 

From the parametric analysis of the water-cooled PV panel, it 

can be seen that the water cooling solution can effectively 

reduce PV cell temperature. The performance difference is 

significant compared to the natural air cooling which were 

presented in Section 5.2.  

 

 

6.3.3 Parametric analysis on PCM side 

The size and shape of PCM storage panel could vary 

significantly depends on the system configuration, climate, and 

energy utilization requirements. Thus, for the purpose of 

parametric study, only a certain amount of PCM surrounded by 

the 1183mm length, 6mm diameter pipe is considered. In this 

case, the thickness of the surrounded PCM is set to 10mm, as 

further increase thickness will only increase total charging and 
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discharging time. Figure 6.16 below shows the 3d geometry of 

the PCM model. The model could be further simplified to 2D 

geometry to reduce calculation loads. 

 

Figure 6.16 3D geometry and 2D slice of the PCM model 

 

 

Geometry, mesh, and materials 

The meshing profile contains 40244 mesh elements along with 

two adapted meshes. Results generated by all three meshes 

are compared to ensure the final result is independent against 

element size. The mesh element counts and the relative RMS 

errors of each mesh profile is shown in Table 6.5 below. The 

material used in this case is liquid water and PCM-HS22P. 

 

Table 6.5 Mesh element and RMS error of the PCM parametrical analysis 

model 

Mesh Case Element count RMS Error  

Original 40244  

1st Adaption 68617 0.14% 

2nd Adaption 91699 0.12% 

 

Boundary and initial conditions 

There are 2 specified boundaries, water inlet, and water outlet, 

as shown in Figure 6.17 below. The inlet is set as velocity inlet 

with given velocity and temperature value, and the outlet is set 

to pressure outlet. The other walls are set to adiabatic condition. 
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Other than the varying parameter, the initial conditions are set 

with PCM initial temperature of 20℃, flow speed of 0.05m/s 

and inlet temperature of 25℃ for charging process, and PCM 

initial temperature of 25℃ , flow speed of 0.05m/s and inlet 

temperature of 20℃ for discharging process. 

 

 
Figure 6.17 Schematic diagram and boundaries of the PCM model 

 

 

Parametric analysis setups 

The model has been simulated with different parameter 

adjustments. The effect of flow velocity and water inlet 

temperature against PCM thermal performance has been 

studied. Table 6.6 below shows the parameter sets used in this 

analysis 

 

Table 6.6 Parameter sets of the PCM side analysis 

Set 

parameter 

Phase change 

temperature 

Tp (℃) 

Inlet water 

temperature  

Ti (℃) 

Flow 

speed  

v (m/s) 

Charging 23 25 0.05 

Discharging 22 20 0.05 

Parameter Variations 

 Ti (Charging) Ti (Discharging) v 

25 20 0.01 

27 18 0.03 

29 16 0.05 

31 14 0.07 

33 12 0.09 
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Results and discussion 

 

• Effect of flow velocity 

Figure 6.18 below shows the PCM temperature contour of the 

charging process. It can be seen that the PCM gets heated up 

slowly while higher temperature water is running from the left 

to the right. The whole charging process is finished around 5 

hours. It is noted that at t = 4 hours, portions of PCM on the 

left side is fully melted, and there is a transition boundary 

which could be observed in the middle section. This is due to 

the temperature change of water flowing from left to the right 

side, which reduces the heat transfer along the flow direction. 

Same observation could also be seen during the discharging 

process, which is the reverse of the charging process.  

 

 
Figure 6.18 PCM temperature contour of the charging process at flow 

velocity of 0.05m/s 

 

Figure 6.19 shows the average PCM temperature change during 

charging and discharging process at different water inlet 

velocities. It can be seen from the figure that by increasing flow 

speed from 0.01m/s to 0.03m/s, the time needed for 
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completing both charging and discharging process is greatly 

reduced. However, the difference becomes smaller when flow 

speed is further increased to 0.05m/s. For flow speed above 

0.05m/s, the resulted time changes are further reduced and 

become minimal. Same pattern could also be found in Figure 

6.20, which shows the PCM liquid fraction against time. The 

limiting factor of the charging and discharging performance is 

the low thermal conductivity of PCM, which limits the maximum 

rate of energy transfer. Figure 6.21 shows the correlation 

between charging and discharging time against different flow 

velocity, which again shows the fact that further increasing flow 

speed has no effects on time reduction. 

 

 

Figure 6.19 Average PCM temperature against time during charging 

period under different inlet water velocities 
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Figure 6.20 PCM liquid fraction against time of different flow 

velocities. 

 

 

 

Figure 6.21 Total charging and discharging time required against 

different flow velocities. 
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Figure 6.22 shows the average water outlet temperature 

against time under different flow velocities. It can be seen from 

the figure that at lower inlet velocity, the increase rate of water 

outlet temperature is slower compared to higher inlet velocities. 

Similar to the change pattern of PCM temperature, the most 

significant difference is between flow velocity of 0.01m/s to 

0.03m/s. The outlet temperature differences become closer as 

flow speed increases. It is noticed that at higher flow velocities, 

the outlet temperature rises (drops) soon after the charging 

(discharging) process starts, with less than 1 ℃  difference 

compared to the inlet temperature which is 25℃ (20℃). The 

limitation of PCM’s low thermal conductivity restricts the heat 

transfer process between water and PCM.  

 

 

Figure 6.22 Average water outlet temperature against time during 

under different inlet water velocities 
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• Effect of inlet water temperature 

Figure 6.23 and 6.24 shows the average PCM temperature and 

liquid fraction at different water inlet temperatures. It can be 

seen from the figure that the increased (decreased) water inlet 

temperature reduces the time needed for completing charging 

(discharging) process. Similar to the pattern observed from 

changing flow velocity, the effective time reduction becomes 

smaller when temperature difference is further increased for 

both charging and discharging process. The correlation of time 

needed for charging and discharging process against the 

temperature difference between inlet water and PCM’s phase 

change temperature is given in Figure 6.25. It can be seen that 

the further increase the temperature difference will have very 

little effects on the reduction of both charge and discharge time. 

The limitation here is due to the solidification and melting 

speed within the PCM, which is another result due to PCM’s low 

thermal conductivity. 
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Figure 6.23 Average PCM temperature against time under different 

inlet water temperatures 

 

 
Figure 6.24 PCM liquid fraction against flow time during discharging 

process under different inlet water temperatures 
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Figure 6.25 Total charging and discharging time required against 

different inlet temperature 

 

Figure 6.26 shows the average water outlet temperature 

against time at different inlet temperature settings. It can be 

seen from the figure that the overall change pattern is similar 

compared to the change of PCM temperature. During charging 

(discharging) process, the higher (lower) the inlet temperature 

is, the sooner the outlet water will rise (fall) to the same 

temperature of the water inlet.  
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Figure 6.26 Average water outlet temperature against time under 

different inlet water temperature 

 

In order to effectively cool the PV panel during daytime 

operation, the outlet water temperature must be kept relatively 

low for a long period of time. The above analysis indicates that 

only using bare pipe is not effective from both PV cooling and 

heat utilization’s perspective due to the low thermal 

conductivity of the PCM. In order to improve the heat transfer 

between water and PCM, additional fins should be added to 

increase the surface area of contact, hence enhance the heat 

transfer process.  
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6.3.4 Fin analysis for PCM storage system 

In many common heat transfer designs, fins are widely used 

as an extension of surface area in order to increase the rate of 

heat transfer. In recent years, researchers have studied the 

feasibility and the degree of thermal performance 

enhancement of added fins in PCM latent heat storage system. 

However, most of the studies are based on paraffin PCMs, and 

there is no clear correlation available at the moment to help 

with fin sizing of this work’s design. Hence it is decided to study 

the effect of added fins to the overall heat transfer 

enhancement to the Salt-Hydrate based PCM storage systems. 

There are many types of fins with different structures, the fins 

to be discussed is the most common type of longitudinal fins, 

which is commonly used in terms of PCM heat transfer 

enhancement. The longitudinal fins could either be square or 

round according to the usage (as illustrated in Figure 6.27), 

with the same 2D cross-sectional geometry.  

 

 

Figure 6.27 Common designs of longitudinal fins 

 

 

 

 Effect of fin interval 
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Due to the low thermal conductivity of PCM, even when added 

with additional fins, the temperature variation inside PCM 

storage tank is still uneven across the whole body. In order to 

investigate the effect of fin density and its enhancement on 

heat transfer perspective, several models have been built with 

different fin intervals. The model is simulated and compared 

with reference value where there’s no fin been added. 

 

 

Model setup 

This model is a two-dimensional cross-sectional plane consists 

of two fins with a certain interval and a section of PCM domain 

placed in between. The fin is 1mm thick and 10mm long (same 

as the thickness of PCM), with one of four interval values of 

5mm, 10mm, 25mm, and 50mm (shown in Figure 6.28). As an 

example, the meshing profile with fin interval of 25mm has an 

element count of 46253. The mesh has been adapted twice 

(element count of 66076 and 92506 respectively), and the 

benchmark result of all three meshes have been compared to 

ensure the result is independent of element size level (RMS 

error of 0.15% and 0.04% respectively). The material used in 

this model is aluminium (for fins) and PCM-HS22P. Aluminum 

is chosen to be the fin material instead of copper because while 

aluminium could achieve around 60% of copper’s heat transfer 

ability, the weight and cost of aluminium are significantly less 

than copper, hence it is more practical to be used in applications. 
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Figure 6.28 model geometry used for interval analysis (not to scale) 

 

 

Boundary and initial conditions 

There are only one specified boundary conditions, the heated 

surface, is at the bottom of the aluminium plate. The model is 

simulated in both charging and discharging conditions. The 

initial temperature of heated surface and PCM in charging 

process is 25 ℃  and 20 ℃  respectively, and the initial 

temperature of heat surface and PCM in discharging process is 

20℃  and 25℃  respectively. The average temperature of the 

PCM is monitored and recorded every 5 minutes.  

  

 

Results and discussion 

 

Figure 6.29 shows the comparison of time-related PCM 

temperature contour between the case with 25mm fin interval 

and reference case in charging process. It can be seen from 

the figure that the PCM temperature of the model with fins is 

generally higher than the model without fins. It takes less than 

3 hours for the PCM in model with fins to complete its charging 

process, while the reference model needs an extra hour. The 

temperature gradient in reference model is evenly along the 
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horizontal axis, while in model with fins the gradient is U 

shaped due to the existence of two extra hot surface on both 

sides. It can also be seen that the general temperature 

distribution of discharging process is similar to the temperature 

gradient in charging process. Both reference model and model 

with fins finishes discharge in less than 2 hours. However, the 

time needed for model with fins is still less than the reference 

model (could be found in Figure 6.32). 

 

 

Figure 6.29 Comparison of time-related PCM temperature contour 

between case with 25mm fin interval and reference case in charging 

process 
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Figure 6.30 Average PCM temperature against flow time for various 

fin intervals in charging process 

  

Figure 6.30 shows the PCM temperature variation along with 

time for different model settings in charging process. The 

temperature rise of the reference model is the slowest among 

all other models and is the one that needs the most time to 

complete charging process. There is not much difference at the 

beginning of the charging process when comparing the 50mm 

interval model with 25mm interval model, however, when 

entering the melting phase, the difference starts to become 

noticeable. The model with 25mm fin interval finishes charging 

process around t = 7800s (120min) while the model with 

50mm fin interval finishes around t =11100s (185min). By 

further reducing fin interval, the time needed for charging 

process is significantly reduced. It can be seen that the model 

with 10mm interval finishes charging process around t = 3000s 

(50min) and the model with 5mm interval finishes at t = 900s 

(15min). Thus, it can be concluded that reducing fin intervals 

can significantly enhance the rate of heat transferred into PCM, 
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the shorter the interval is, the soonest the PCM will finish its 

charging process. 

 

 

Figure 6.31 Average PCM temperature against flow time for various 

fin intervals in discharging process 

 

Figure 6.31 shows the PCM temperature variation along with 

time for different model settings in discharging process. The 

temperature drop of the reference model is the slowest among 

all other models and is the one that needs the most time to 

complete discharging process. All models perform similar 

trends compared with charging process, with the only 

difference is that the time required to complete discharging 

process is less due to the thermal physical properties of PCM-

HS22P. The reference model is the slowest that finishes at t = 

6900s (115min), while the other four models of 50mm, 25mm, 

10mm and 5mm finish their process at t = 6300s (105min), 

4800s (80min), 1500s (25min) and 300s (5min) respectively. 
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Similar conclusion could be drawn that reducing fin interval can 

significantly reduce the time needed to complete discharging 

process. One thing should be noted, however, is that the as the 

fin density increases, the volume portion of PCM is reduced. 

With fin interval of 5mm, PCM melts or solidifies so quickly, 

which makes one of the big advantages of PCM – the 

characteristic of offset temperature hardly noticeable. Another 

thing should be noted is that for a given volume, higher fin 

density means less volume for PCM, which results in reduced 

heat storage capacity. Thus, it is important to consider such 

effect when calculating the required PCM volume. 

 

 
Figure 6.32 Charging and discharging time requirement of fins with 

different length/interval ratio 

 

Figure 6.32 shows the charging and discharging time required 

for fins with different length/interval ratio. It can be seen from 

the figure that assuming the temperature at fin surface is 
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uniform and constant, exponential correlations could be used 

to describe the relationship of time and length/interval ratio.  

 

 

 

 Effect of fin length 

 

Fins are most commonly made by highly conductive metals 

such as copper or aluminium. Those metals have very high 

thermal conductivity, but at the same time, they also have low 

specific heat capacity. This leads to a fact that the longer the 

fins are, the greater the temperature drop/increase at the fin 

tip will be. The amount of temperature drop per unit length of 

the fin depends on the thickness and the thermal conductivity 

of its surrounding materials.  

 

 

Model setup 

This model is a a two-dimensional geometry of a 20mm long, 

1mm thick aluminum plate with a 1mm thick fin attached at 

the middle of the plate. The length of the fin varies from 10mm 

to 40mm (see Figure 6.33 below) with aspect ratios (length : 

thickness) of 10, 20, 30 and 40. The thickness of PCM is set to 

50mm. All meshes have been adjusted to have acceptable 

mesh independency, for example, the meshing profile of 40mm 

fin length model contains 18500 elements, and has been 

adapted twice (element count of 23250 and 31600 respectively) 

with an acceptable difference (RMS error of 0.12% and 0.05% 

respectively). The material used in this model is aluminium and 

PCM-HS22P. 
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Figure 6.33 Geometries of the Fin length analysis models 

 

 

Boundary and initial conditions 

There are only one specified boundary conditions, the heated 

surface, is at the bottom of the aluminium plate. The model is 

simulated twice in both charging and discharging conditions. 

The initial temperature of heated surface and PCM in charging 

and discharging process is 25℃ and 20℃ respectively, and the 

initial temperature of heat surface and PCM in discharging 

process is 20℃ and 25℃ respectively.  

 

 

Results and discussion 

 

Figure 6.34 and 6.35 shows the temperature (color scale) and 

liquid fraction (grey scale) contour of all the fin length analysis 

models at the time of 1hr, 2hr, 3hr and 4hr during charging and 

discharging process. It can be seen from the figure that after 

4 hours of charging, most part of PCM melted with 40mm 

length fin while only small amount of PCM melted with 10mm 

length of fin. The difference is minimal at the beginning of 
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charging process, and becomes more obvious with time. It can 

also be observed from the figure that the temperature drop 

along the fin is more noticeable with longer fin lengths. On the 

other hand, the discharging process shares similar 

observations as charging process other than the fact that the 

temperature drop along the fins are generally more significant 

compared to the temperature drop in charging process. 

 

 

Figure 6.34 Temperature and liquid fraction contour of the fin length 

analysis models at time of 1hr, 2hr, 3hr and 4hr during charging 

process 
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Figure 6.35 Temperature and liquid fraction contour of the fin length 

analysis models at time of 1hr, 2hr, 3hr and 4hr during discharging 

process 

 

 

Figure 6.36 and 6.37 shows the maximum temperature drop 

from the fin tip to the bottom plate with different fin lengths 

during charging and discharging process. It can be seen from 

the figure that in charging process, although at t = 0, all fins 

have the same temperature drop of 5℃, soon after the charging 

process starts, the temperature drop of 10mm fin length 

reduces significantly, and is trending to 0. The temperature 

drop reduction of fins with longer length are slower. After 5 

hours of charging, the temperature drops of 10mm, 20mm, 

and 30mm fin lengths are reduced within less than 1℃, while 

the fin length of 40mm still needs more time to achieve that. 

On the other hand, the discharging process shows similar trend 

other than one fact that the temperature drop along the fin 

becomes more consistent with reduced decreasing rate 

compared to the charging process. This is due to the higher 

solid phase thermal conductivity of PCM. 
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Figure 6.36 Fin temperature drop against times during charging 

process 

 

 

Figure 6.37 Fin temperature drop against times during discharging 

process 
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Figure 6.38 PCM liquid fraction against time during charging process 

 

 

Figure 6.39 PCM liquid fraction against time during discharging 

process 
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Figure 6.38 and 6.39 shows the PCM liquid fraction against time 

during charging and discharging process. It can be seen from 

figure that in charging process, after 5 hours of heating, the 

PCM with 40mm fin length is almost fully melted with liquid 

fraction of 98.5%, while the liquid fraction of PCM with 30mm, 

20mm and 10mm fin length is at 83.3%, 63.5%, and 43.6% 

respectively. For all fin lengths, the fastest PCM melting rate 

occurs at the start of the charging process, and is reduced 

gradually along increased time. The model with longer fin 

length could maintain higher melting rate for a longer time, 

while the melting rate of model with shorter fin length drop in 

sequence to the same melting speed. The discharging process 

also shows similar trends, with liquid fraction of 3.76%, 

18.79%, 35.22% and 52.68% for fin length of 40mm, 30mm, 

20mm and 100 respectively.  

 

 

 

Figure 6.40 Average PCM temperature against time for charging 

process 
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Figure 6.41 PCM melt fraction contour at stage A(top left), B(top 

right), C(bottom) 

 

Figure 6.40 shows the average PCM temperature against time 

for charging process with all fin lengths. The temperature 

profile could be categorized into three stages, where at each 

stage, the PCM is fully melted around one of the shorter fins 

(as illustrated in Figure 6.41). It can be seen that although 

10mm fin could maintain highest temperature, it has the least 

effect in reducing charging time. The benefit of 10mm fin 

diminishes at stage A, where the whole fin is submerged into 

the fully charged PCM layer. On the other hand, the 20mm, 

30mm and 40mm fin lengths have similar time-reduction 

benefits during the first 2 hours until stage B, where the fully 

charged PCM layer rises above 20mm length fin. Similarly, at 

stage C, the benefit of 30mm fin diminishes as submerged into 

the fully charged PCM layer. The square box of stage A,B and 

C shown in Figure 6.41 and 6.42 are marked as indication only, 

showing that the time reduction effect of the shorter fin 

diminishes within the marked period. 
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On the other hand, the average PCM temperature against time 

for discharging process is shown in Figure 6.42. The 

temperature profile of all fin models has similar three different 

stages as the charging process. The three stages are marked 

in the figure. It is noted that the transition into the next stage 

is less noticeable, and the overall enhancement of added fins 

are smaller compared to the charging process. This is due to 

the larger solid state thermal conductivity. In order to match 

the same degree of performance enhancement of the charging 

process, thicker (smaller aspect ratio) fins should be used 

instead. 

 

 

Figure 6.42 Average PCM temperature against time for discharging 

process 
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better thermal performance enhancement compared to the fins 

with shorter length (small aspect ratio). 

 

6.4 Summary  

The proposed PVT-PCM system has been presented and the 

component selection as well as related working principles have 

been briefly discussed. 

The parametric analysis of PV panel reveals that using water 

cooling could effectively lower the PV cell temperature, by 

increasing flow speed, the temperature gradience on the panel 

surface will be smaller, hence better thermal performance. 

However, the degree of performance gain is significantly 

reduced with increased velocity larger than 0.05m/s. 

The parametric analysis of PCM storage tank shows that the 

PCM has great potential to be used under various 

environmental situations if the limitation due to PCM’s low 

thermal conductivity could be lifted. Again, the performance 

gain of PCM is minimal after increase water velocity over 

0.05m/s. 

The fin analysis for PCM storage system reveals the correlation 

between different fin length and intervals against the melting 

and solidification conditions of PCM. It is found that the heat 

transfer rate could be greatly enhanced by adding additional 

fins into the storage tank. The fin with shorter intervals and 

longer length is preferred as it can further accelerate the phase 

change process for a longer period of time. 
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The results of this chapter are used for the initial design and 

optimizations for the whole system analysis in transient 

weather conditions in the following chapters.
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CHAPTER 7. PVT-PCM OPTIMIZATION FOR UK WEATHER. 

 

7.1 Introduction 

Having completed the parametric analysis of the individual 

system components under the effects such as water flow speed, 

solar radiation level and ambient temperature. The whole 

system is put into a transient simulation with real weather 

conditions. The weather profile of Nottingham has first been 

chosen as it is located in the middle part of England. The 

weather and solar radiation data of Nottingham for summer 

and winter design days are shown in Table 7.1 below (CIBSE, 

2015). The hourly thermal and electrical performance of the 

whole system will be investigated, at the same time, the 

performance of the PVT-PCM system is then compared with the 

conventional flat plate PV only setup in terms of energy saving 

potentials as well as cost.  

 

Table 7.1 Hourly ambient temperature and solar radiation of summer and 

winter design days of Nottingham, UK 

 Summer design day (21
st
 July) Winter design day (21

st
 Jan) 

Hour Temperature (℃) Solar radiation 

(W/m
2
) 

Temperature (℃) Solar radiation 

(W/m
2
) 

1:00 14 0 0 0 

2:00 13 0 0 0 

3:00 13 0 0 0 

4:00 12 16 -1 0 

5:00 12 103 0 0 

6:00 13 241 0 0 

7:00 15 389 0 0 

8:00 16 532 0 17 

9:00 17 655 1 110 



197 
 

10:00 18 757 1 203 

11:00 19 824 2 261 

12:00 20 845 3 282 

13:00 21 811 2 261 

14:00 21 736 2 191 

15:00 22 614 1 96 

16:00 21 467 0 12 

17:00 21 312 0 0 

18:00 20 176 0 0 

19:00 20 53 0 0 

20:00 19 0 0 0 

21:00 18 0 0 0 

22:00 17 0 0 0 

23:00 15 0 0 0 

0:00 14 0 0 0 

 

In order to study the maximum latent heat storage 

performance of the PCM panel, it is considered in this case that 

the enclosure of PCM panel is free from natural convection in 

order to store energy with minimal heat loss. However, due to 

the fact that heat utilization from PCM is not a fixed rate and is 

heavily affected by demand, in some extremely hot situations, 

additional natural or forced air convection is sometimes 

necessary to prevent overheating of the system if stored latent 

heat is not utilized during the previous day. There are many 

ways to introduce natural or forced convection to the PCM panel, 

this study provides an example of utilizing natural ventilation 

without additional power requirement. In order to achieve that, 

the PCM panel can be placed at a well-ventilated area with an 

additional enclosure which has self-controlled dampers 

installed (as illustrated in Figure 7.1 below).  



198 
 

 

Figure 7.1 Sample illustration of additional PCM enclosure with 

dampers and a simple damper contol algroism 

 

 

7.2 Performance evaluation for PV only system 

In order to set design parameters to the PVT-PCM system, the 

transient thermal performance of a conventional flat plate PV 

panel is studied first. This performance evaluation sets a 

benchmark for the newly designed system to evaluate the 

degree of performance enhancement. 
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The model used in PV only evaluation is the same model used 

in Section 5.2. The hourly temperature and solar radiation data 

are considered to be accurate enough for such PV performance 

evaluation due to the uncertain nature of real weather 

conditions. To simulate the real time PV panel temperature 

under hourly environmental conditions, the model is simulated 

in transient solver with input data updated hourly. At each 

hourly interval, new boundary conditions of air temperature 

and PV panel heat flux will be input to represent real time 

environmental conditions. The whole model is simulated for 24 

hours, and the average temperature of the PV panel is 

calculated hourly.  

 

There are two types of weather which will be discussed, windy 

day condition and calm day condition. Windy day is generally 

more performance friendly for PV panels as additional cooling 

is provided by forced convection. However, in some situations 

there might be little or no wind, or there might be obstacles 

blocking the air movement, i.e., building facades. Considering 

the fact that serious overheating issue often occurs during calm 

day, it is also important to evaluate the PV performance under 

such extreme conditions with minimal wind. In this case, the 

wind speed of windy day is set to 5m/s which is the average 

wind speed of Nottingham, and the wind speed in calm day is 

set to 0.1m/s. 
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7.2.1 Summer design day 

Figure 7.2 shows the hourly temperature profile of the 

conventional back plate PV system in summer design day with 

moderate wind along with environmental conditions. It can be 

seen from the figure that PV temperature stays the same to 

the ambient when there’s no solar radiation. The cell 

temperature starts to rise at 5:00 at about 15.6℃, and the peak 

cell temperature is recorded at 13:00 with cell temperature of 

43.3℃ . The cell temperature starts to drop gradually after 

13:00, and reaches ambient temperature after 20:00.  

 

 
Figure 7.2 Hourly PV temperature profile in windy condition (Summer 

Design day) 
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Figure 7.3 Hourly PV temperature profile in calm condition (Summer 

Design day) 

 

Figure 7.3 shows the hourly temperature profile of the 

conventional back plate PV system in summer design day with 

minimal wind along with environmental conditions. It can be 

seen that due to the lack of cooling provided by natural 

convection, the PV cell temperature rises significantly when 

compared to the windy day condition. The PV cell temperature 

increases rapidly with the time, and the maximum cell 

temperature is 68.8 ℃  at 12:00, which is too hot as the 

electrical efficiency of PV cells is significantly reduced under 

that temperature. Moreover, the structural stability will also be 

affected at such high temperature. Although this is not an 

average daily situation, it is important that a proper PV system 

design should also consider those extreme weather conditions. 
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7.2.2 Winter design day 

Figure 7.4 shows the hourly temperature profile of the 

conventional back plate PV system in the winter design day 

with wind or without wind along with other environmental 

conditions. It can be seen from the figure that at conditions 

where there is no wind, the maximum cell temperature can 

reach 24.6℃ at 12:00, while on the other hand, the maximum 

cell temperature is only 12℃ in windy situations. Considering 

the fact that although the photovoltaic efficiency will be 

improved by further reducing cell temperature, not much 

power gain can be obtained using additional cooling method 

during winter time. As a result, both temperatures are 

considered to be acceptable without additional cooling. 

However, considering the fact that PV panel could also be used 

as a reasonably good solar collector, the PVT-PCM system could 

also be used only for the purpose of collecting solar thermal 

energy, which is equivalent up to 1.1kWh/m2 per day without 

considering any potential energy loss. 
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Figure 7.4 Hourly PV temperature profile in winter design day for both 

calm and windy conditions 

 

 

7.3 PVT-PCM system design and optimization 

7.3.1 PCM storage panel sizing 

The size of the PCM storage tank depends on the amount of 

heat that can be stored during the daytime period. The daily 

energy delivered by solar radiation is calculated to be 

5.8kWh/m2, with the absorbance ratio of 0.71 and the surface 

area of 0.621m2, the maximum amount of energy that can be 

stored in the PCM is calculated to be 3.4kWh/day. The energy 

loss due to natural ventilation in PV only system is not 

considered here as this PVT system utilizes water cooling as its 

only method of convection heat transfer (built into the building 

envelope). At the same time, the energy loss via long wave 
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radiation is negligible due to the small temperature difference 

between water cooled PV panel temperature and surrounding 

temperature. Table 7.2 below shows the calculation process 

required to acquire the amount of PCM storage needed for the 

maximum daily load. It is calculated that approximately 

0.036m3 of PCM is needed in order to fully utilize the energy. 

 

Table 7.2 Sizing of required PCM material 

Daily load Total energy PCM fusion heat Required PCM Volume 

3.4kWh 12240kJ 185kJ/kg 0.036m3 

 

7.3.2 System specification 

The 1183mm x 525mm x4mm PV panel is cooled by a 1mm 

thick copper absorber plate with a series of circular water pipe 

evenly distributed below the plate. The water pipe is assumed 

to have perfect contact with the copper plate. The number and 

diameter of the water channels are customizable under 

different maximum working loads. In this study, the number of 

pipes is chosen to be seven and pipe diameter is set to 6mm, 

this combination is proved to be sufficient for cooling PV panel 

in previous parametric analysis.  

 

The Shape of PCM storage panel is also customizable as long 

as the volume and heat transfer design is sufficient for the 

types of usage. In this case, the dimension of the PCM panel is 

set to have similar foot print of the PV panel. The thickness of 

the storage tank is set at 61mm so that the total volume of 

PCM panel is 0.038m3 (allowing some headroom for extra fin 
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installation). A series of seven 6mm diameter water pipe is 

evenly distributed along the horizontal axis in the middle of the 

storage tank. The position of the water pipe is evenly 

distributed across the width of the PCM panel.  

 

The PV and PCM parts are connected with each other using 

additional water pipes, so that they can be placed separated to 

in order to suit different physical restrictions while installing. 

The cross-sectional view of the PV and PCM parts are shown in 

Figure 7.5 below. 

   

 

Figure 7.5 Cross sectional view of the PV and PCM parts 

 

 

7.4 System performance evaluation and optimization 

Before conducting a whole day simulation, a capacity analysis 

will be conducted to study the performance on a steady state 

setting with peak temperature and solar radiation levels of the 

day. This is to ensure the preliminary design can withstand 

extreme situations, in this case, a maximum solar radiation and 

temperature of 845Wh/m2 and 22℃ respectively, for 5 hours. 
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In order to reduce the complexity of simulation process, the 

model is simplified by dividing the whole model vertically into 

7 equal parts; each part has exact same geometry. It is 

expected that each individual part will perform very similarly 

to the whole unit. 

 

7.4.1 PV performance under maximum loads 

The 3D model of the divided PV part has been illustrated in 

section 6.3.2. Figure 7.6 below shows the geometry and 

meshing of the model. The material of heatsink has been set 

to copper, and the flow domain has been set to water. There 

are three specified boundary types in this model, water inlet, 

water outlet and panel surface. The panel surface is set to have 

a constant heat flux of 600W/m2 after considering the panel 

absorbance ratio, and have thermal physical properties of PV 

with 0.004m thickness. The water inlet has been set to have 

velocity values range from 0.01m/s to of 0.1m/s with inlet 

water temperature of 23℃  which equals to the fully melted 

PCM temperature. The initial temperature of the model is also 

set to 23℃. 
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Figure 7.6 Meshing of the sliced PV absorber unit 

 

Results and discussion 

 

 
Figure 7.7 Temperature contour of the PV surface on the heatsink 

 

Figure 7.7 shows the temperature contour of the PV 

surface. It can be seen from the figure that the 

temperature increases along the water flow direction. The 

maximum panel temperature is 31.8℃ near the outlet and 

the average PV temperature is 28.25℃ . There is a 5℃ 

temperature rise along the flow direction, which is 

relevantly small. Considering the fact that PV panel 

without cooling will reach near 80 ℃  under the same 

condition, the thermal management of PV panel is 

significantly improved by using water cooling. Another 

transient simulation of the same initial condition indicates 

the PV temperature becomes steady in less than 1 hour, 

which means the water flow is more than sufficient to 

maintain PV at cooler temperature during maximum solar 

loads. Another three runs of the model with lower inlet 

velocity value of 0.05m/s, 0.02m/s and 0.01m/s shows 
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different results of PV temperature. The comparison is 

presented in Figure 7.8 below. 

 

 

Figure 7.8 Average temperature of PV panel and outlet water 

 

From the figure, it can be seen that by changing inlet water 

speed from 0.1m/s to 0.05m/s, there’s a 2.8℃ rise in average 

PV temperature. However, if the inlet velocity is further reduced 

to 0.02m/s, the temperature increase of PV panels will become 

greater, at 8.56 ℃  after 5 hours. Results show that inlet 

velocities of 0.1m/s are 0.05m/s are adequate for cooling PV 

panel under maximum load, while on the other hand, there is 

a significant PV temperature increase at flow speed of 0.02 and 

0.01m/s, which show the sign of accumulated heat stored on 

the PV panel. All the water outlet temperatures are higher than 

the melting temperature of PCM-HS22P which is 22℃ , and 

hence can successfully trigger the phase change process.  

 

 

0

10

20

30

40

50

60

70

80

0.1m/s 0.05m/s 0.02m/s 0.01m/s

T
e
m

p
e
ra

tu
re

 (
)

Inlet water velocity (m/s)

AVERAGE TEMPERATURE OF PV PANEL AND 

OUTLET WATER

PV Temperature

Water temperature



209 
 

7.4.2 PCM performance under maximum load 

The 3D model of the divided PCM part has been built according 

to Figure 7.5 with dimension of 1183mm x 75mm x 61mm. The 

meshing contains 682028 elements and is adapted and 

examined to eliminate the effect of mesh element size against 

final results (RMSE <1%). The materials used in this case are 

PCM-HS22P and liquid water. The material of PCM storage panel 

has been set to PCM-HS22P, and the flow domain has been set 

to water. There are two specified boundary conditions in this 

model, water inlet, water outlet. The water inlet has been set 

to have an initial velocity of 0.1m/s at a constant temperature 

of 31℃, The initial temperature of the PCM is set to 20℃. At 

this stage, no additional fin is added. 

 

 

Results and discussion 

 

Figure 7.9 shows the temperature contour at the outlet end of 

PCM storage tank. It can be seen from the figure that even 

after 5 hours of maximum load, there is only a small fraction 

of PCM melted around the water pipe. At the same time, the 

outlet water temperature still stays relatively high, at range 

from 29.7℃  to 30.9℃ . Considering the fact that the inlet 

temperature is only 31℃, which means most of the thermal 

energy carried along with the water flow is not efficiently stored 

in the PCM. In this case, fins must be added in order to enhance 

heat transfer between water and PCM. 
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Figure 7.9 Temperature contour at the outlet end of PCM storage tank 

 

 

 

7.4.3 Additional fin design 

In order to increase contact surface area inside the PCM tank, 

an additional fin array has been added on the surface of the 

water pipe as shown in Figure 7.10 below. The fin surface is 

measured to be 61mm X 61mm and the thickness of the fins is 

1.5mm with 15mm fin spacing based on the analysis presented 

earlier. In order to enhance heat discharging rate during 

nighttime using natural convection, the fin is also connected 

with the outer enclosure of the PCM panel, which is made by 

3.5mm thick aluminium. In addition, an extra 1.5mm thick pipe 

wall has been added to the model, where in previous models 

there is only a surface acting as an interface between fluid 

domain and PCM.  The results with/without additional pipe wall 

are still comparable by considering the fact that the boundary 
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interface without additional pipe wall acts like a surface with 

very high thermal conductivity.  

 

Due to the fact that the sliced PCM panel section has wider 

width (75mm) compared to the height (61mm), there will be a 

small gap of 14mm without fins between two fin arrays. Such 

small un-finned volume is essential to prevent any uneven 

thermal expansion of PCM in real situations, as well as allow 

PCM to be poured into the PCM panel much more easily. 

 

 

Figure 7.10 Dimension and placement of the added fin 

 

The modified model has a total number of 3318566 mesh 

elements, and is adapted and examined to ensure mesh 

independency. The fin material is set to aluminium. The total 

volume of the fins is less than 0.003m3 which replaces 7.8% of 

the PCM in the panel, however, the amount of PCM reduced 

could be neglected considering the fact that the preliminary 

PCM sizing is only a rough estimation. In addition, hourly 

simulation study presented in section 7.4.5 indicates that the 

reduced amount of PCM is still enough even under the hottest 

summer design day. All the other model setting criteria is the 
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same as previous model without fins, and the total simulation 

time is also set to 18000s.    

 

 

Results and discussion 

 

Figure 7.11 shows the temperature contour at the outlet end 

of PCM storage tank. It can be seen from the figure that 

although PCM temperature near the outlet section is much 

lower compared to the model without added fins, the outlet 

water temperature has dropped significantly compared to the 

previous model without fins, at around 25℃ which is 5℃ less. 

It is also noticed that there is only a little temperature 

difference between the centre position of the water pipe and 

the near wall position, which indicates that a more complete 

heat exchange has taken place.  

 

 

Figure 7.11 Temperature contour at the outlet end of PCM storage 

tank with added fin 
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Figure 7.12 Temperature contour of added fins 

 

Figure 7.12 shows the temperature contour of the added fin 

surface with flow speed of 0.1m/s at t = 18000s. It can be seen 

that the fin temperature drops gradually along the flow 

direction. The fin temperature near the rear portion is around 

22℃, which indicates that a complete heat exchange process 

has taken place. The added fin allows the PCM to melt in a more 

desirable pattern (front portion melt first, and slowly spread 

towards rear portion). The melting pattern could be clearly 

seen in Figure 7.13 below. 

 

 
Figure 7.13 Comparison of melt fraction contour of the cross-

sectional area of the PCM panel at time = 18000s 
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Figure 7.13 shows the PCM melt fraction contour of the cross-

sectional area of the PCM tank at flow time = 18000s. It can 

be seen from the figure that the fraction of PCM melted in the 

model with added fins is significantly larger than the model 

without added fins. Without fins, the melted PCM is surrounding 

the water pipe, which further reduces the heat transfer process 

due to the low liquid phase thermal conductivity of PCM. As a 

result, the outlet water temperature is not reduced by much, 

which will cause the reduction of cooling efficiency if 

recirculated as inlet water for PV cooling. On the other hand, 

for model with added fins, the most part of melted PCM is 

located at the front portion near the inlet, while at the rear 

portion, despite of much lower water temperature, PCM around 

the fins is still melting slowly. The outlet water temperature is 

reduced significantly when compared to the inlet temperature 

which can be seen in Figure 7.11, which can be effectively 

reused for PV cooling.  By comparison, the added fin is a 

significant improvement in heat transfer efficiency. 

 

 

 
Figure 7.14 PCM melt faction contour comparison between two 

different inlet velocity settings 
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Figure 7.15 Comparison of average PCM temperature and water 

outlet temperature between model with fins and model without fins 

 

Figure 7.14 shows the comparison of PCM melting fractions 

between two different inlet velocity settings. It can be seen 

from the figure that by changing the flow to 0.05m/s, there’s 

less PCM melted during the 5-hour period, however, the water 

outlet temperature is dropped significantly, which is better 

when reused for PV cooling.  Figure 7.15 shows the 

comparison of average PCM temperature and water outlet 

temperature between model with fins and model without fins. 

The result shows that there is a 1.48 ℃  decrease in PCM 

average temperature with added fins when flow speed is 

reduced to 0.05m/s, while the PCM temperature of model 

without fins is only decreased by 0.03℃. In both velocities, the 

model with added fins shows a more complete phase change 

process. it is obvious that the PCM stored far more amount of 

energy with added fin than without fins. While the average 

outlet temperature of the model without fin decreases about 

1.24℃ with reduced speed, both values are still considered to 
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be significantly higher than the average outlet temperature of 

the model with added fins. Considered the fact that PCM is not 

only used to store latent energy, but is also used as heat sink 

to cool recirculated water in the closed loop PVT-PCM system, 

hence the water flow speed of 0.05m/s has the best 

performance balance between PV and PCM side, and will be 

used in the hourly analysis in section 7.4.5. 

 

7.4.4 PVT-PCM pump sizing 

In order to effectively circulate the water within the water pipes, 

additional pump is needed. It can be calculated that at 

optimum flow velocity of 0.05m/s, there is a total water volume 

flow rate requirement of 35l/h. Due to the fact that the PVT 

system uses closed loop water cooling, the hydraulic head is 

small enough to be neglected, and the minimum pumping 

power needed was calculated at 0.002W per module (0.62m2 

PV panel with associated PCM storage). The detailed pump 

power calculation has been presented in section 6.3.1.  

 

 

 

7.4.5 Hourly analysis – daytime 

 

Simulation procedure 

To simulate the whole PVT-PCM system under hourly load and 

evaluate the end of the day performance, both PV and PCM 

models will be run in sequence. For each hour, the predicted PV 
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outlet temperature is transferred as PCM water inlet 

temperature, and the PCM water outlet temperature is the PV 

water inlet temperature at the following second (as Figure 7.16 

shown below). The water velocity is set to 0.05m/s. The 

simulation starts 4:00 in the morning in summer condition and 

9:00 in winter condition, and is run throughout the day. The 

initial temperature of PCM is set to be the same as the ambient 

temperature at 4:00 in summer and 9:00 in winter. The 

ambient temperature and solar radiation data are updated 

hourly, as preliminary simulations indicate that using smaller 

timestep sizes has negligible improvements on final results due 

to the very consistent temperature of PCM outlet water under 

a given load (shown in Figure 7.17).      
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Figure 7.16 Flow chart of the hourly simulation process 

 

 
Figure 7.17 PCM outlet water temperature under different inlet 

temperature settings. 
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Results and discussion 

 

• Summer design day 

Figure 7.18 shows the daily maximum temperature contour of 

PV temperature at 12:00. The average temperature of the 

panel is 32.09 ℃  with peak cell temperature measured at 

35.72℃ . There is 9℃  temperature variation along the flow 

direction as the water temperature increased during the flow. 

However, considering that the PV only system reaches 68.76℃ 

under the same environmental condition, there is a massive 

36.67℃ reduction in PV cell temperature. Due to the fact that 

the PVT system is working as a closed loop system, there is no 

heat exchange to the outside environment, hence the panel 

temperature is independent with the variation of ambient 

temperature.  

 

 

Figure 7.18 Daily maximum temperature contour of PV temperature 

at 12:00 (summer) 
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Figure 7.19 Hourly liquid fraction contour of the vertical and 

horizontal cross-sectional area of the PCM storage panel (summer) 

 

Figure 7.19 shows the hourly temperature contour of the cross-

sectional area of the PCM storage tank during the daytime 

charging period. It can be seen from the figure that the PCM 

gets heated up slowly and stays in solid phase during early 

morning. The first part of PCM starts to melt at temperature 

over 22℃ near the water inlet section between 8:00 – 9:00. 

The melting process is slowly spreading along the flow direction 

to the rear section after that. The first portion of fully liquified 

PCM appears around 11:00, and the liquid phase PCM is 

spreading along the flow direction with increased time. It can 

also be seen that the melting speed of PCM is the fastest during 

the midday while solar insolation level is high (> 800W/m2). 

Towards the end of the day, the PCM melting speed is reduced 

after 16:00 due to the reduced solar insolation level. By the 

time of 20:00, most of the PCM are fully melt, with a small 

portion of PCM near the water outlet still in phase change 

process, and the phase change process is towards the liquid 

phase (liquid fraction >50%).  
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Figure 7.20 Hourly average temperature profile of PCM and the outlet 

water (summer) 

 

Figure 7.20 shows the hourly average temperature profile of 

PCM and the outlet water during daytime charging period. It 

can be seen from figure that the temperatures of both PCM and 

PCM water outlet start to rise rapidly in early morning, and are 

both reached over 22℃ at 10:00. After that, the temperature 

change becomes very stable and the relative temperature 

difference in the rest of the day is less than 3℃. On the other 

hand, the outlet water temperature from PV panel rises 

significantly with increased solar insolation level. However, the 

water outlet temperature from PCM panel during the day is able 

to be kept below 24℃, which indicates the adequate thermal 

performance of PCM as a heat sink. It is also noticed that from 

18:00 to 20:00, the average temperature of both PCM and 

outlet water start to decrease slightly, this is due to the reason 

that as the water inlet temperature decreases, the high 
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temperature (super-heated) portion of PCM near water inlet is 

disappearing as sensible energy is taken away by water to the 

PCM with lower temperature at the rear portion and is stored 

there as latent heat, which lowers average temperature slightly.  

 

 

 

• Winter design day 

Figure 7.21 shows the temperature contour of the PV panel 

temperature at 16:00. The average panel temperature is 

observed to be 16.21℃. It can be seen that the temperature 

difference along the flow direction is much smaller when 

compared to the summer design day, at 1.69℃. This is due to 

the lower solar insolation level during winter period.  

 

Figure 7.21 Daily maximum temperature contour of PV temperature 

at 16:00 (winter) 
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Figure 7.22 Hourly average temperature profile of PCM and the outlet 

water (Winter) 

 

Figure 7.22 shows the hourly temperature profile of PCM and 

outlet water during the daytime charging period. It can be seen 

that the PCM temperature rises from 0℃ to 15.6℃ during the 

daytime. The difference between PV outlet water temperature 

and PCM temperature is small due to the low solar insolation 

level in winter time. The PCM is not melt and the heat is stored 

as sensible heat. 

 

7.4.6 Ability of PCM self-heat dissipation  

The latent heat stored during the daytime can be utilized by 

multiple ways during night, however, in extreme situations 

while heat utilization is not possible, it is essential that the 
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no heat is utilized during the night, hence the PCM storage 

panel needs to be cooled by natural ventilation only after 20:00. 

The PCM is assumed to be fully melted with temperature of 

23℃. The average wind speed is set to 5m/s according to the 

Nottingham’s climate data.  

 

 

Results and discussion 

 

Figure 7.23 shows the liquid fraction contour of the horizontal 

and vertical cross-sectional area of the PCM panel. It can be 

seen from figure that at 5:00 in the morning, the PCM is still 

not fully solidified. However, as another daytime working cycle 

starts, the damper is still opened so that the natural convection 

continues to cool the PCM panel due to the low ambient 

temperature in the early morning. By comparing with Figure 

7.18, it can be seen that at time of 11:00, the comparison of 

two melting contours of PCM is identical, which means the 

excess amount of heat is successfully dissipated and hence 

there is no overheating possibility. The damper on the 

enclosure of the PCM panel could be closed and the whole PVT-

PCM system is resumed to the normal working condition.  
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Figure 7.23 Hourly liquid fraction contour of the cross-sectional area 

of the PCM storage panel during summer night time. 

 

 

 

Figure 7.24 PCM temperature comparison of the two working modes 

with/without latent heat utilization 
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Figure 7.24 shows the PCM temperature comparison of the two 

working modes where latent heat is dissipated either by 

utilization or natural convection. It can be seen that although 

the solidification process of PCM by natural convection is 

extremely slow, the whole system is still managed to perform 

the normal daytime working cycle. The PCM temperature 

difference between two situations becomes minimal at 08:00, 

thus the overall PV performance during the day will not be 

affected by much. It should be noted that the marked heat 

utilization rate is just for illustration only, as actual heat 

utilization rate is heavily dependent on actual system 

configuration which will be discussed in Chapter 8. It is certain 

that no matter how slow the heat utilization rate is, the 

temperature of PCM at the start of next working day is lower 

than the yellow line (no utilization at all), which means no 

potential overheating will happen on the next working day no 

matter whether the stored heat is utilized or not, and how fast 

the heat is utilized. 

 

Considering the fact that the summer design day represents 

the maximum solar load and the highest ambient temperature 

profile, thus it can be proved that the proposed PVT-PCM 

system can work effectively without overheating issues in the 

UK. 

 

 

7.5 Performance comparison 
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7.5.1 PV panel thermal management  

 

Summer design day 

Figure 7.25 shows the comparison of panel temperature 

between PV only and PVT-PCM system under windy conditions. 

The PVT-PCM system enters daytime working cycle as water 

circulation pump switched on at sunrise. The daytime working 

cycle stops at 20:00 when water pump stop circulating at 

sunset. It can be seen from the figure that despite the 5m/s 

wind provides good amount of cooling for the PV only system, 

with a maximum panel temperature of 43.3℃ at 13:00, the 

PVT-PCM system still has better thermal performance, with a 

significantly reduced peak panel temperature of 32.3 ℃  at 

13:00 under the same condition. It is noticed that at 19:00, 

the PV cell temperature of PVT/PCM system is higher than the 

PV only setup, this is due to the fact that while the circulation 

pump is still on, the PV panel has been kept at same 

temperature as PCM, and the PCM is nearly fully charged at the 

end of the daytime (water temperature~24℃). On the other 

hand, the PV only system doesn’t have active circulation, and 

the temperature drops closely to ambient as the solar 

insolation level is low at 19:00. The PV cell temperature of PVT-

PCM and PV only setup both drops to the same as ambient 

temperature after sunset at 20:00.  

 

The cell temperature sensitivity to the environmental condition 

of the PVT system is much lower compared to the PV only setup, 

which results in the steadier temperature profile across the day. 

The maximum temperature difference between PV only and 
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PVT set up occurs at 13:00, at around 11.6℃. The advantage 

of lower cell temperature is the improved conversion efficiency 

from solar energy to electricity, as well as the reduced 

degradation of crystalline silicon modules and hence the 

extended life cycle. 

 

 

Figure 7.25 Summer time hourly average PV temperature comparison 

(Windy day) 
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Figure 7.26 Summer time hourly average PV temperature 

comparison (Calm day) 
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significantly reduced peak cell temperature of 32.3℃ . The 
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system is significantly superior regarding to the ability of 

regulating PV cell temperature, in both windy and calm weather 

conditions. 

 

 

Winter design day 

Figure 7.27 shows the winter design day temperature 

comparison of the PV only setup against PVT-PCM system in 

windy condition. Similarly, the PVT-PCM system enters daytime 

working cycle as water circulation pump switched on at sunrise. 

The daytime working cycle stops at 16:00 when water pump 

stop circulating at sunset. It can be seen from the figure that 

the temperature rise of PVT-PCM is slower than the PV only 

setup due to the low PCM temperature. The peak panel 

temperature of PV only setup occurs at 12:00 with the 

temperature value of 11.5℃, while the peak panel temperature 

of PVT-PCM system occurs at 16:00 with the temperature value 

of 15.5℃. It is noticed that the PV only setup shows lower PV 

cell temperature after 13:00, this is due to the nature of closed 

loop system as PCM is still in charging process, while PV only 

setup uses passive cooling and is kept cooler under low solar 

insolation level and low ambient temperature.  Although the 

PV only setup up shows lower panel temperature in the 

afternoon, the overall electrical performance difference of the 

two setup is nearly identical. The detail electrical performance 

comparison of will be presented in section 7.5.2.  
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Figure 7.27 Winter time hourly average PV temperature comparison 

(Windy day) 

 

 

Figure 7.28 Winter time hourly average PV temperature comparison 

(Calm day) 
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minimal wind condition. It can be seen that without the aid of 

natural convection, the peak panel temperature of PV only 

setup reaches 24.6℃  at 12:00, while the PVT-PCM system 

could maintain a lower panel temperature with a peak value of 

15.5℃ at 16:00. 

 

 

7.5.2 PV electrical performance 

 

Summer design day 

The electrical efficiency of PV panel is affected by cell 

temperature, and the correlation used to calculate temperature 

dependent electrical output is presented and discussed in 

chapter 4. The temperature dependent power rating of both 

system in summer design day condition is shown in Figure 7.29 

and 7.30 below.  

 

 

Figure 7.29 Summer time hourly PV electricity output comparison 

(Windy day) 
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Figure 7.29 shows the hourly electrical output ratings of the PV 

panel used in PVT-PCM and PV only setup in windy conditions. 

It can be seen that the electrical performance of PVT-PCM 

system is more efficient when compared to the PV only model. 

The peak power output of PV only setup is observed at 

91.41Wh/m2 at 13:00, while the peak power output of PVT-

PCM system is 96.87Wh/m2 at 13:00. The difference is small 

during early morning and late afternoon, but is increased to 

about 7% during the mid of the day where the ambient 

temperature and solar radiation are both at maximum level. 

The PVT-PCM system can have 4.3% increased power output 

at the end of the day compared to the PV only setup 

(879.26Wh/m2 versus 843.05Wh/m2) in windy days. 

 

 
Figure 7.30 Summer time hourly PV electricity output comparison 

(Calm day) 

 

Figure 7.30 shows the hourly electrical output ratings of the 
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PV only setup is significantly reduced due to excess amount of 

accumulated heat on the surface of the Panel. The maximum 

performance dip happens at 12:00, at 86% compared the 

windy conditions for the PV only setup. The peak electrical 

output of PV only setup is observed at 78.55Wh/m2 at 13:00, 

while the peak power output of PVT-PCM system is 

96.87Wh/m2 at 13:00. The PVT-PCM system can have 17.4% 

more power output at the end of the day compared to the PV 

only setup (879.26Wh/m2 versus 749.40 Wh/m2) in calm days. 

 

It is hence to be concluded that the PVT system has much 

higher electricity output efficiency compared to conventional 

PV only setups and can withstand extreme hot weather 

conditions without affecting electrical performance. 

 

 

Winter design day 

On the other hand, the hourly PV electricity output comparison 

in winter design day condition is shown in figure 7.31 and 7.32 

below. It can be seen from figure 7.30 that in windy conditions, 

the electrical performance of PVT-PCM system and PV only 

setup is very similar. The peak performance of PVT-CPM system 

can be obtained at 13:00 with an electricity output of 

36.12Wh/m2, while the peak performance of PV only system is 

35.82 Wh/m2. The PVT-PCM system has 0.5Wh/m2 lower power 

output compared to the PV only setup at the end of the day, 

however, the reduction in electrical power output is negligible 

(less than 0.5%) compared to the total power output of the 

day (184.45Wh/m2) 
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Figure 7.31 Winter time hourly PV electricity output comparison 

(Windy day) 

 

 
Figure 7.32 Winter time hourly PV electricity output comparison 

(Calm day) 
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more power output at the end of the day compared to the PV 

only setup (183.96Wh/m2 versus 175.21W/m2) in calm days. 

 

Considering the fact that the additional power required for the 

pump is very small (<0.1W per module), the performance 

comparison of two system in winter design day shows that the 

PVT-PCM system still has its advantage over traditional PV only 

setup even in extremely cold conditions. 

 

7.6 Energy saving potential of PVT system 

 

Table 7.3 below shows the energy saving potentials of the PVT-

PCM system compared with conventional PV only system. It 

can be seen that in summer design day, every 1m2 PVT-PCM 

module can output 152.92Wh more electricity compared to the 

PV only setup in minimal wind conditions, after considering the 

additional pump energy consumption. In windy conditions, the 

difference in electricity output is smaller, at 44.92Wh per day, 

but it still proves that the PVT-PCM system has superior 

performance over PV only setup even in windy conditions. After 

taking into account the potential latent energy stored by the 

PCM system, the difference becomes significantly larger, at 

5499.92Wh/day and 5391.92Wh/day depending on weather 

conditions.  

 

On the other hand, when operating in winter design day 

conditions, the electrical performance gain of every 1m2 PVT-

PCM system is much smaller, at 10.35Wh/day in minimal wind 

condition and -0.15Wh/day in windy condition. However, after 
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considering the thermal energy stored in PCM, the difference 

becomes 1027.35Wh/day in minimal wind condition and 

1016.75Wh/day in windy condition.  

 

Table 7.3 Energy saving potentials of the PVT-PCM system compared 

with PV only system 

Summer design day Calm  Windy  

(Wh/m2.day) PVT PV Difference PVT PV Difference 

Electricity output 879 749 130 879 843 36 

Pump energy -0.08 0 -0.08 -0.08 0 -0.08 

Net electricity gain   129.92   35.92 

Thermal energy 5347 0 5347 5347 0 5347 

Total energy gain 
 

5476.92 

 

5382.92 
 

Winter design day Calm  Windy  

(Wh/m2.day) PVT PV Difference PVT PV Difference 

Electricity output 184 175.2 8.8 184 184.5 -0.5 

Pump energy -0.05 0 -0.05 -0.05 0 -0.05 

Net electricity gain   8.75  -0.55 

Thermal energy  1017 0 1017 1017 0 1017 

Total energy gain   1025.75  1016.45 

 

Table 7.4 Overall daily electrical and thermal efficiency 

Summer  Calm Windy 

 PVT-PCM PV Only PVT-PCM PV Only 

Electrical efficiency 11.6% 9.9% 11.6% 11.2% 

Thermal efficiency 71% 0% 71% 0% 

 

Winter Calm Windy 

 PVT-PCM PV Only PVT-PCM PV Only 

Electrical efficiency 12.8% 12.8% 12.8% 12.2% 

Thermal efficiency 71% 0% 71% 0% 

 

Table 7.4 shows the overall daily electrical and thermal 

efficiency for summer and winter design day. It can be seen 

that the PVT-PCM system could achieve daily electrical 

efficiency of 11.6% - 12.8% throughout a year, which is about 

the same as PV panel’s nominal efficiency (11.9%), while the 
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PV only setup has reduced electrical efficiency range from 9.9% 

to 12.8%. The thermal efficiency of PVT-PCM system is 71% 

year-round, the limitation here is the thermal absorbance of 

PV panel.  

 

From above analysis, it is considered that the PVT-PCM system 

has superior performance over conventional PV only setup 

throughout the year. The performance advantage increases 

with increased solar insolation level. 

 

7.7 Cost analysis 

In order to estimate the cost and benefit of the PVT-PCM 

system, a simple cost analysis is presented in this section. The 

total cost of the system could be divided into material cost, 

installation cost and maintenance cost. 

 

 

 Material cost 

 

The material cost of PCM could be determined as table 7.5 

below. The price of PCM-HS22P can only be disclosed to bulk 

buyers at the moment according to the manufacture, hence 

the unit price is determined from an alternate source 

(Mickpeterson.org, 2017).  

 

Table 7.5 Material cost of PCM 

PCM-HS22P Unit price quantity total price  
£/kg unit £  
3.7 70 259 
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The material cost of copper plate and copper pipe can be 

determined as table 7.6 below. The prices of the copper plate 

and pipe are acquired from current copper market value as 

well as from JTM Plumbing (JTM Plumbing, 2017). 

 

Table 7.6 Material cost of Copper plate and pipe 

Copper plate Unit price Density Volume  Weight Total price  
£/kg kg/m3 m3 kg £ 

4.5 8960 0.00621 5.56 25.02 
 

Copper pipe Unit price Quantity Total price 
 

 
£/m unit £ 

1.06 8.2 8.692 

 

The material costs of aluminium pipe and aluminium sheet can 

be determined as table 7.7 below. The price of aluminium pipe 

and sheet are acquired from MW Profiles (MW Profiles, 2017) 

and Rapid Lab (Rapid Fab, 2017). 

 

Table 7.7 Material cost of aluminium pipe and sheet 

Aluminium pipe Unit price Quantity Total price  
£/m unit £ 

0.99 8.2 8.118 
 

Aluminium sheet 1.5mm Unit price Total fin area  total price  
£/m2 m2 £ 

25 2 50 
 

Aluminium sheet 3.5mm Unit price  Area  total price  
£/m2 m2 £ 

75 1.24 93 

 

The material cost of water pump is based on a 2W pump 

acquired from Alibaba (Alibaba, 2017), as pump with power 
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rating smaller than 2W could not be found on the internet. The 

price of the pump is shown as table 7.8 below. 

 

Table 7.8 Material cost of water pump 

Water pump Unit price Quantity Total price  
£ unit £ 

3 1 3 

 

By knowing the material cost of each system component, the 

total additional material cost per m2 could hence be 

determined as table 7.9 below. 

 

Table 7.9 Total additional material cost of PVT-PCM (apart from PV) 

PCM (£) 259 

Copper plate (£) 25.02 

Copper pipe (£) 8.69 

Aluminium plate (£) 8.12 

Aluminium sheet 1.5mm (£) 50 

Aluminium sheet 3.00mm (£) 93 

water pump (£) 3 

Total (£) 443.83 

Total cost per m2 (£) 714.61 

 

 

 Yearly saving estimation 

 

The average performance of PVT-PCM system is assumed to 

be the average between maximum (summer design day) and 

minimum (winter design day) throughout a year. The average 

PV only performance is assumed to be the average of 

maximum (windy condition) and minimum (calm day 

condition) throughout a year. Assuming electricity is the only 

energy source, the yearly energy saving beneficial from 
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upgrading PV only to PVT-PCM system could be determined as 

table 7.10 below. It should be noted that if hot water or space 

heating is provided by alternate sources such as gas, the 

yearly cost beneficial will be affected accordingly. 

  

Table 7.10 Yearly saving estimation 

Average daily energy saving (kWh/m2) 3.23 

Number of days 365 

Utility price (£/kWh) 0.13 

Yearly saving (£/m2) 153.27 

 

 

 Installation/maintenance cost and discounted payback 

period 

 

The installation and maintenance cost is assumed to be 50% 

of the total material cost. The annual discount rate and 

inflation rate is assumed to be 5% and 3% respectively. As a 

result, the yearly discounted cash flow could be calculated 

from table 7.11 below. 

 

Table 7.11 Discounted payback period calculation 

Year Cash 

flow (£) 

Present value 

factor 

Discounted 

cash flow (£) 

Cumulative 

discounted cash 

flow (£) 

n CF PV=(1/1+0.08)n CF X PV 
 

0 -1071.92 1.00 -1071.92 -1071.92 

1 153.27 0.93 141.92 -930.00 

2 153.27 0.86 131.40 -798.59 

3 153.27 0.79 121.67 -676.92 

4 153.27 0.74 112.66 -564.27 

5 153.27 0.68 104.31 -459.95 

6 153.27 0.63 96.59 -363.37 

7 153.27 0.58 89.43 -273.93 

8 153.27 0.54 82.81 -191.13 
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9 153.27 0.50 76.67 -114.45 

10 153.27 0.46 70.99 -43.46 

11 153.27 0.43 65.73 22.27 

Total payback period (year) 10.67 

 

From the cost analysis, the calculated total payback period is 

10.67 years. However, in real life the payback period may vary 

significantly due to various reasons such as different location, 

different installation and different method of latent heat 

utilization.  

 

Considering the fact that the material costs of most system 

components are based on individual order price, the future cost 

could be reduced if parts are ordered in larger quantities. 

Moreover, since the cost of PCM takes the most significant part 

of the overall cost, the payback period could also be 

significantly reduced by the future mass production price drop 

of PCM as currently PCM is only prepared on demand by a few 

manufacturers.  

 

 

7.8 Summary 

In this chapter, the performance of the proposed PVT-PCM 

system is analysed and compared with conventional flat plate 

PV panels. From the analysis, it can be seen that the PCM can 

effectively manage the PV cell temperature without any 

additional cooling. The added fins inside PCM panel has 

significantly enhanced the whole system performance, hence it 

is a vital part to ensure sufficient heat transfer rate to and from 

the PCM.  
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The results are clear from the comparison that the PVT-PCM 

system has superior performances from both electricity 

generation and thermal storage perspective. During summer 

design day conditions, the cell temperature of PV panel is 1.8 

times lower compared to the PV only setup, and in extreme 

weather conditions where there is minimal wind, the cell 

temperature difference is increased to 3 times. The reduction 

of cell temperature results to an increased photovoltaic 

performance of 44.93Wh/m2 (5.38% improvement) per day in 

windy conditions and 152.93Wh/m2 (21.06% improvement) 

per day in minimal wind conditions. Even during the coldest 

winter day, the PVT-PCM system still managed to have better 

overall performance. The thermal efficiency of PVT-PCM is 

consistent at 71% throughout a year while PV only setup is 0. 

The additional cost of the PVT-PCM solution compared to PV 

only setup could be recovered in an estimated payback period 

of 10.67 years. The payback period of the proposed PVT-PCM 

system could be much less in mass production.  
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CHAPTER 8. POTENTIAL HEAT UTILIZATION – CASE 

STUDY  

 

8.1 Introduction 

As one of several advantages of PVT-PCM system, the amount 

of latent heat stored by PCM panels is quite significant, thus it 

is worth studying the potential ways to utilize this amount of 

energy. The biggest problem of PCM thermal storage solution, 

compared to conventional PVT solution, is that the temperature 

of charged PCM is much lower compared to the heated water 

using additional solar collector, hence it is insufficient to provide 

direct heating from the PCM material. Thus, the idea of the 

latent heat recovery is to introduce two-stage heating rather 

than conventional single stage heating. The concept of two 

stage heating is to add preheating stage provided by PCM 

before conventional boiler or air-con unit, and hence offset the 

heating energy consumption.  

 

Figure 8.1 shows the PVT-PCM configuration used for this case 

study. The example house is located in Nottingham, UK, and is 

installed with a 1.5kW rated solar panel array. The whole 

system contains 20 individual modules of 75W unit which was 

studied in previous chapters. The PCM modules could be 

configured either as a series of modular panel or a combined 

panel. Figure 8.2 shows some sample configurations of 20 PCM 

panels. In this study, the combined panel option will be used. 
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Instead of 20 separate PCM storage panels, they are combined 

into a single PCM storage panel which has the dimension of 

5915mm x 2100mm x 61mm (5 x 4 array of the single unit). 

The reason to combine the separate PCM panel into one large 

panel is to reduce material and installation cost in practical 

situations. The PCM panel is placed above ceiling inside a 

ventilation channel in order to ensure sufficient natural 

convection when needed (as shown in Figure 8.3). The PCM 

panel is charged during the daytime, and can thus be used for 

air and water preheating.  

 

 
Figure 8.1 A sample configuration of PVT-PCM system used for the 

case study 
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Figure 8.2 Sample configurations of PCM modules (stacked modular 

panel, 4 x 5 modular panel and 4 x 5 combined panel) 

 

 
Figure 8.3 Detailed vie of PCM panel inside the ventilation channel 

 

Additionally, in situations where air preheating is not required, 

the PCM panels could be combined as a thin layer and placed 

under the floor. By doing so, the PCM panels could act as an 

additional insulation, while at the same time provide moderate 

underfloor heating. 
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8.2 PCM melting condition prediction 

 

In order to know whether the PCM is able to melt after the 

daytime, below equation is used to estimate whether the 

amount of solar insolation of a particular month is able to let 

PCM reach melting temperature. 

 

𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 = ∑ 𝑚𝑛𝐶𝑝.𝑛(22 − 𝑇𝑎
𝑛
1 )          8.1 

And 

 𝑄ℎ𝑒𝑎𝑡 = ∅𝑡𝑜𝑡𝑎𝑙 × 0.71 × 3600          8.2

                  

Where 𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 is the total amount of energy needed for the 

PVT-PCM system to reach PCM melting temperature (22℃). 𝑚𝑛 

is the mass of each system components (kg), 𝐶𝑝.𝑛  is the 

specific heat capacity of each system component (J/kgK), and 

𝑇𝑎  is the minimum ambient temperature (℃ ). On the other 

hand, 𝑄ℎ𝑒𝑎𝑡 is the heat absorbed by PV panel during the day, 

and ∅𝑡𝑜𝑡𝑎𝑙 is the daily total solar insolation. 

 

If 𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 > 𝑄ℎ𝑒𝑎𝑡 , PCM is not melted (no latent energy stored), 

if 𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 < 𝑄ℎ𝑒𝑎𝑡, PCM is (full/partially) melted.  

 

The result of the monthly PCM melting ability is calculated and 

presented in table 8.1 below. The monthly temperature is 

determined from BBC weather (BBC weather, 2017) and the 

monthly average solar insolation level is determined from 

CIBSE guild A (CIBSE, 2014). It can be seen that PCM is able 

to melt during February to October, while the solar insolation 
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level during November to January is too low to trigger the 

phase change process of PCM. 

 

 

Table 8.1 Monthly PCM melting ability estimation  

Mont

h 

Energy 

absorbed 

Ambient 

temperature 

Energy 

required 

PCM>22℃ 

 (kJ) (℃) (kJ)  (Yes/No) 

Jan 3662.75 0 4760.97 N 

Feb 7057.12 1 4760.97 Y 

Mar 11241.29 3 4307.54 Y 

Apr 14242.03 4 4080.83 Y 

May 16596.11 6 3627.40 Y 

Jun 17258.11 10 2720.55 Y 

Jul 15952 12 2267.13 Y 

Aug 13280.98 11 2493.84 Y 

Sep 10249.56 7 3400.69 Y 

Oct 8179.2 5 3854.12 Y 

Nov 3624.41 2 4534.26 N 

Dec 2660.80 3 4307.54 N 

 

 

 

8.3 Air preheating 

 

8.3.1 System description 

The concept of air preheating mode is to use charged PCM 

storage panel to preheat outside fresh air before entering the 

room. Figure 8.4 below shows the detailed view of the proposed 

air preheat system. There are 4 dampers that can direct air 

into different paths. While air preheat mode is in operation, the 

damper 2 and 3 are closed and damper 1 is open, and the fan 
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is turned on to suck air into the room. By doing this, fresh air 

is forced into the ventilation channel where PCM panel is 

located. The air gets heated up while passing through the PCM 

panel and enters the room with a warmer temperature. On the 

other hand, when additional heating is not required, damper 1 

is closed and dampers 2,3 are open, the fan is turned on and 

suck the air out of the room. By doing that the air bypasses the 

preheating air chamber and enters directly to the room.   

 

Figure 8.4 Schematic diagram of the designed air preheating system 

 

 

8.3.2 Case model setup 

Figure 8.5 shows the cross-sectional dimension of the 

ventilation channel. The PCM panel is located at the middle of 

the channel, with 50mm gap between each side. The total 

cross-sectional area could be calculated as 0.354m2, and the 

cavity area for air to pass through can be calculated as 0.226m2.  

 

Figure 8.5 Cross sectional view of the ventilation channel. 

 

Because the air gaps at the sides are much smaller compared 

to the size of PCM panel, a simplified two-dimensional model is 
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set up to evaluate the air preheating ability of the PCM panel. 

The geometry and dimension of the model is shown in Figure 

8.6 below. 

 

Figure 8.6 Geometry and dimension of air pre-heating model 

 

The mesh profile of this model has 206496 elements, and has 

been adapted twice to ensure its mesh independency. The 

initial temperature of PCM panel enclosure is set to 22.5℃ , 

which is the average temperature during the discharge process. 

The inlet air temperature is set to have different values range 

from 2℃ to 12℃, which represents the air temperature at night 

time throughout a year. The insulated walls of the model are 

set to have zero heat flux with outside environment. The initial 

room temperature is set to the same as ambient temperature. 

 

According to CIBSIE guide of occupancy fresh air requirement  

(CIBSE, 2014), the minimum fresh air supply rate must be 

above 10l/s per person. A typical UK household will have 4 

occupants during night time (2 adults, 2 children), thus the 

required air is 40l/s and hence the corresponding air flow speed 

can be calculated as 0.12m/s. Due to the large amount of latent 

heat stored in the PCM and the lower convection heat transfer 
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rate at low air velocity, it is considered that the PCM panel could 

stays above 22℃ for an extended period of time based on the 

convection heat dissipation performance studied in section  

 

 

8.3.3 Results and discussion 

Figure 8.7 shows the temperature contour of air from t = 5min 

to t = 30min. It can be seen that the warm air drops down from 

the ceiling to the bottom right of the room, and starts to fill up 

the whole room as cold air is vented through outlet located at 

the lower left corner. The air flow pattern could be obtained in 

Figure 8.8, it can be seen that the maximum air velocity is 

observed when passing through the opening on the ceiling. 

After the warm air left the opening, it circulates within the room 

while mixing with existing room air. The velocity magnitude of 

air is gradually decreased from the right side of the room to 

the left side. The air flow pattern is unsteady and changes with 

time. It is considered that the room air temperature becomes 

relatively steady at t = 30min. There is no hot or cold spot 

inside the room, and there is no place with insufficient air 

movement, thus the ventilation design of this case study is 

considered to be effective. 
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Figure 8.7 Room air temperature contours with 2℃ inlet temperature 

 

 

 

Figure 8.8 Room air velocity vectors with 2℃ inlet temperature 
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Figure 8.9 Temperature and velocity at different inlet temperature 

 

 

Figure 8.9 shows the air temperature contour and velocity 

magnitude at different inlet temperature conditions from 2℃ to 
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12℃ at t = 30min. It can be seen that the room temperature 

rises with increased inlet temperature. The air flow pattern at 

inlet temperature of 2℃ and 4℃ are different from the air flow 

pattern at higher inlet temperatures, which is probably due to 

the increased air temperature difference when initial room 

temperature is low at lower inlet temperature settings. Again, 

no hot or cold spot are found in all inlet temperature settings 

after 30 minutes, and the air movement within the room is 

sufficient for ventilation purposes. The average room 

temperature obtained from the results shows a linear 

correlation with corresponding inlet temperature, and the 

correlation is shown in Figure 8.10 below. For every 1 ℃ 

increase of inlet air temperature, the corresponding room 

temperature is increased by 0.55℃. 

 

 
Figure 8.10 Correlation between room temperature and inlet 

temperature 
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Figure 8.11 Room temperature under different PCM storage surface 

temperature 

 

 

 
Figure 8.12 Correlation between room temperature and PCM storage 

surface temperature 

 

Figure 8.11 shows the temperature contour of room 

temperature at t= 30min under different surface temperature 

of PCM storage when the inlet temperature remains constant 

at 2℃. It can be seen that despite of the fact that the condition 

of warm air distribution is not changed by much, the reduced 

surface temperature will result in the reduction of room 

temperature. The linear correlation is shown in Figure 8.12. It 
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can be seen that for every 1℃ of reduced surface temperature 

of PCM storage panel, the room temperature is reduced by 

approximately 0.41℃.  

 

By knowing the correlation shown in Figure 8.10 and 8.12, the 

air preheating performance of such configuration can be 

predicted under different environmental conditions by knowing 

both the inlet air temperature and the surface temperature of 

PCM storage tank. 

 

 

Figure 8.13 Monthly comparison between ambient temperature and 

predicted preheated room temperature 

 

Figure 8.13 shows the monthly daytime and night time 

comparison of the ambient temperature and maximum 

preheated room temperature predicted by the correlation 

shown in Figure 8.10. The indoor comfort room temperature 

range is normally between 18℃  – 24℃  depending on local 
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climate condition (CIBSE, 2014). It can be seen that with the 

preheating of air by utilizing latent energy stored in PCM panel, 

the room temperature could be maintained at a much higher 

degree compared to the ambient temperature. As a result, the 

additional heating demand during cold time will be greatly 

reduced. Moreover, in months of April, May, September and 

October, the additional space heating demand may be fully 

substituted by only using PCM for air preheating when adding 

additional sources of heat gain (i.e. internal/fabric heat gain) 

into consideration. 

 

 

8.4 Water preheating 

 

8.4.1 System description 

The purpose of this heat recovery mode is to save energy 

consumed for boilers by preheating the cold water coming from 

the main before entering the boiler. A simple schematic 

diagram showing the principle of water preheating 

configuration is illustrated in Figure 8.14 below. It is 

recommended by UK Energy Saving Trust (Energy saving trust, 

2008) that for a domestic high pressure system, the minimum 

water flow rate requirement is 14l/min(2.3x10-4m3/s). The 

single large PCM panel used in this case study has a total 

number of twenty-eight individual 6mm pipes, each pipe has 

the same length of 5195mm. In order to provide 14l/min water 
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through the system, each parallel pipe should have a minimum 

flow speed of 0.29m/s. 

 

Figure 8.14 Schematic diagram of the water preheating configuration 

 

8.4.2 Case model setup 

The model built for study uses the horizontal cross-section area 

of five individual PCM modules (used in section 7.4.5) 

connected in series with a total length of 5195mm (shown in 

Figure 8.15 below). 

 

 

Figure 8.15 Geometry of the water preheating model 

 

The meshing profile has 271364 elements, and is adapted twice 

to ensure mesh independence. The inlet water temperature 

from the main water supply is considered to be around 10℃ 

with small variations of several degrees year-round (Anglian 

water, 2015). In this case, the inlet water temperature is fixed 

to be 10℃. The initial temperature of PCM is set to be 23℃. 
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8.4.3 Results and discussion 

Figure 8.16 shows the liquid fraction contour of the PCM panel 

cross-sectional area. It can be seen that the most part of PCM 

solidifies after 1 hour of cold water flow. The PCM near inlet is 

fully solidified at t = 1h as seen in figure, and there is still some 

liquid phase PCM left near the water outlet. The fast 

solidification process proves that water preheating mode could 

also be used to dissipate unwanted heat from the PCM panel. 

Considering that hot water is needed every day for shower or 

other usage in domestic homes, by using cold water supply to 

dissipate unwanted heat from PCM panel during summer period, 

the requirement of occasional natural convection cooling to 

prevent overheating is no longer necessary. 

 

 

Figure 8.16 Liquid fraction contour of PCM panel cross-section after 1 

hour. 
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Figure 8.17 Temperature profile of pre-heated water and PCM against 

time. 

 

Figure 8.17 shows the temperature profile of PCM and 

preheated water temperature. It can be seen that even most 

of the PCM solidifies within two hours, the preheated water 

temperature could still be kept at a relevant high degree. For 1 

hour of hot water usage, the PCM panel could provide pre-

heated warm water with 8.5 ℃  to 13 ℃  temperature rise. 

Consider that a normal boiler heats water up to around 60℃ 

(Energy saving trust, 2008), a 10 ℃  preheating can thus 

represent a 20% energy saving from the boiler. For 2 hours of 

hot water usage, the preheating temperature rise drops to 

5.5℃, and for 3 hours of usage, the temperature rise drops to 

3.7℃. 

 

It should be noted that using both air preheating and water 

preheating at the same time will affect both performances. 

However, both air and water preheating shows great potential 

of latent heat utilization.  
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8.5 Summary 

This chapter demonstrates the potential of PCM latent heat 

utilization via a case study. From the study, it can be seen that 

the stored latent thermal energy is capable of providing fresh 

air preheating at more comfortable temperature for a long 

lasting period when the ambient temperature is low. On the 

other hand, it can also reduce hot water load by around 20% 

during the first hour of water preheating. By combining both 

heat recovery method, it is clear that the latent heat stored 

within PCM could be effectively utilized even in the hottest day 

(by water preheating) without additional heat dissipation by 

natural convection. 
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CHAPTER 9. PVT-PCM SYSTEM IN SUBTROPICAL 

CLIMATE 

9.1 Introduction 

As discussed in Chapter 7 and 8, the proposed PVT-PCM system 

shows great advantages over conventional PV only setup under 

UK (temperate) climate. In order to further study the potential 

performance difference under different climate conditions, the 

PVT-PCM system is simulated again under a different climate 

zone. In this case, the temperature profile of Shanghai, China 

is chosen due to the fact that Shanghai is part of ‘hot summer 

cold winter’ region which has extreme weather conditions both 

in summer and in winter (JCJ,2001). The weather data of 

summer and winter design day is shown in Table 9.1 below 

(NASA, 2015). 

 

Table 9.1 Hourly ambient temperature and solar radiation of summer and 

winter design days of Shanghai, China 

 Summer design day (21
st
 July) Winter design day (21

st
 Jan) 

Hour Temperature (℃) Solar radiation 

(W/m
2
) 

Temperature (℃) Solar radiation 

(W/m
2
) 

1:00 30 0 -1.6 0 

2:00 30 0 -2 0 

3:00 30 0 -2.5 0 

4:00 29 0 -2.9 0 

5:00 29 22 -2.7 0 

6:00 30 178 -2.5 0 

7:00 31 395 -2.3 33 

8:00 33 608 -1.1 181 

9:00 34 786 0.1 359 

10:00 36 915 1.3 500 

11:00 37 975 1.6 581 

12:00 38 975 1.8 587 
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13:00 38 911 2.1 518 

14:00 38 786 1.7 385 

15:00 38 612 1.4 209 

16:00 37 399 1 50 

17:00 36 181 0.6 0 

18:00 36 23 0.3 0 

19:00 34 0 -0.1 0 

20:00 33 0 -0.4 0 

21:00 31 0 -0.7 0 

22:00 31 0 -1 0 

23:00 31 0 -1.3 0 

0:00 31 0 -1.3 0 

 

9.2 Thermal Performance analysis 

Due to the fact that the summer ambient temperature in 

Shanghai is much higher than Nottingham, the PCM-HS22P is 

considered not suitable for such high temperature. In this case, 

another PCM from PlusICE is chosen which has a higher melting 

temperature of 32℃ as the temperature range of Shanghai is 

higher than the working temperature range of PCM-HS2P . The 

properties of PCM-S32 is shown in Table 9.2 below. A simple 

PCM capacity sizing (Table 9.3) shows that the minimal 

required PCM volume is 0.042m3, as a result, compared to the 

size chosen under UK climate, the new PCM panel size is 

increased by 15% according to the increased solar insolation 

to allocate the extra amount of PCM. 

 

Table 9.2 PlusICE PCM-S32 properties (PlusICE, 2013). 

Phase 

Change 

Temp (℃) 

Density 

(kg/m3) 

Latent 

Heat 

(kJ/kg) 

Conductivity 

(W/mK) 

Specific 

heat 

(kJ/kgK) 

32 1460 200 0.51 1910 

 

Table 9.3 Sizing of required PCM material 
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Daily load Total energy PCM fusion heat PCM Volume 

3.43kWh 12330kJ 200kJ/kg 0.042m3 

 

The hourly simulation process used in this chapter is the same 

in chapter 8. The PCM and PV initial temperature are set to the 

ambient temperature at the start of the daytime circle. 

 

9.2.1 Summer design day 

Figure 9.1 shows the hourly PV temperature comparison 

between PVT-PCM and PV only setup in windy (5m/s wind) 

conditions. It can be seen that even with moderate natural 

convection, the peak PV cell temperature of PV only setup still 

reaches at 59.92℃ at 13:00, which is significantly higher than 

the PV panel’s suggested normal working cell temperature 

(NOCT) of 47.5 ℃ . On the other hand, the peak PV cell 

temperature of PVT-PCM system only reaches 43.71℃, which is 

37% lower than the PV only setup. 

 

The performance of PV only setup where there is minimal wind 

(0.1m/s wind) is much worse than the windy condition. Figure 

9.2 illustrates that the peak cell temperature under minimal 

wind condition can reach 82℃, which is 36.8% higher than the 

peak temperature under windy condition. Compared with the 

temperature profile of PVT-PCM, the difference is almost 

doubled.   

 

 



265 
 

 

Figure 9.1 Summer design day PV panel temperature comparison of 

PVT-PCM and PV only setup in windy condition. 

 

 

 
Figure 9.2 Summer design day PV panel temperature comparison of 

PVT-PCM and PV only setup in calm condition. 

 

 

 

 

Figure 9.3 shows the melt fraction contour of PCM-S32 during 

the summer daytime cycle. It can be seen that by the time of 
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18:00, most majority of PCM is melted. Figure 9.4 shows the 

temperature profiles of PCM, PCM outlet and PV outlet. It can 

be seen from the figure that the PCM shows adequate ability of 

cooling down the hot water circulated from PV panel. The PCM 

outlet temperature stays relatively low during the midday, 

results in much reduced PV temperature. The rate of PCM 

temperature rise tends to increase towards the end of the day 

as PCM melt fraction increases, however, due to the faster 

decrease rate of solar radiation, the overall temperature within 

the system keeps stable with no overheating throughout the 

day. During the night the stored latent heat is released and the 

PCM temperature is lowered back to ambient before next 

morning. 

 
Figure 9.3 Melt fraction contour of PCM-S32 
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Figure 9.4 Temperature profile comparison of PCM, PCM outlet and PV 

outlet (Summer). 

 

9.2.2 Winter design day 

The PV cell temperature during winter period is much lower for 

both systems compare to the summer time. Figure 9.5 shows 

the temperature comparison in windy condition. The PVT-PCM 

could manage a lower PV temperature until 12:00, after which 

the PV only setup has lower cell temperature due to reduced 

solar insolation level. The peak cell temperature of PV only 

setup is 18.69℃ at 12:00, while the peak cell temperature of 

PVT-PCM system is 27.78 ℃  at 16:00. Similar as the in 

Nottingham, the PV cell temperature of PVT-PCM system is 

higher than PV only setup in the afternoon, and this is due to 

the continues charging of PCM. The water circulation pump 

could always be switched off anytime in the afternoon to reduce 

PV cell temperature if electricity output is the priority. 
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Figure 9.5 Winter design day PV panel temperature comparison of 

PVT-PCM and PV only setup in windy condition. 

 

 

 
Figure 9.6 Winter design day PV panel temperature comparison of 

PVT-PCM and PV only setup in calm condition. 

 

Figure 9.6 shows the PV temperature comparison under 

minimal wind conditions. Without natural ventilation, the peak 
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cell temperature of PV only setup increases significantly to 

40.68℃ , hence the advantage of PVT-PCM system is more 

noticeable. 

 

Figure 9.7 shows the temperature profile comparison of PCM, 

PCM outlet and PV outlet during the daytime cycle in winter 

period. It can be seen that by the end of the day, the PCM 

temperature increases from -0.65℃ to 27.64℃. The PCM did 

not melt due to the low solar radiation and ambient 

temperature at winter design day. During the night the stored 

latent heat is released and the PCM temperature is lowered 

back to ambient before next morning. 

 

 
Figure 9.7 Temperature profile comparison of PCM, PCM outlet and PV 

outlet (Winter). 
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9.3 Electrical performance analysis 

9.3.1 Summer design day 

Figure 9.8 shows the hourly electrical output ratings of the 

PV panel used in PVT-PCM and PV only setup in windy 

conditions. It can be seen that the electrical performance of 

PVT-PCM system is more efficient when compared to the PV 

only model. The peak power output of PV only setup is 

observed at 96.53Wh/m2 at 12:00, while the peak power 

output of PVT-PCM system is 105.28Wh/m2 at 12:00. The 

PVT-PCM system has 9% higher peak power output. Similar 

to the performance difference under UK weather, the 

difference is small during early morning and late afternoon, 

but is obvious during the mid of the day where the ambient 

temperature and solar insolation are both at maximum level.  

 

The electricity output power difference under summer 

minimal wind condition, on the other hand, is much more 

significant. Due to the extreme high PV cell temperature of 

PV only setup at midday, the peak electricity output drops by 

a further 11.58% to 83.38Wh/m2 compared to the windy 

condition. The peak electricity output enhancement of the 

PVT-PCM system increased to 26.3% under minimal wind 

condition. 
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Figure 9.8 Summer time hourly electricity output comparison (Windy 

condition) 

 

 
Figure 9.9 Summer time hourly electricity output comparison (Calm 

condition) 

 

9.3.2 Winter design day 

The electrical performance of the two systems during coldest 

winter design day with moderate wind is barely noticeable. As 
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Figure 9.10 shown below, the PVT-PCM system has slightly 

higher electricity output during the first half of the day. After 

14:00, the electricity output drops below the PV only setup due 

to the increasing PV and PCM temperature. It can be seen from 

the figure that despite the difference is barely noticeable, the 

PVT-PCM system still has slightly better overall performance.  

 

On the other hand, under minimal wind condition, the overall 

electrical performance of PV only setup drops significantly due 

to the lack of natural convection cooling. The peak electricity 

output of PV only setup is observed at 64.37Wh/m2 at 13:00, 

while the PVT-PCM has a much higher peak output of 

73.18Wh/m2 (13.7% increase) at 12:00. 

 

 

Figure 9.10 Winter time hourly electricity output comparison (Windy 

condition) 
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Figure 9.11 Winter time hourly electricity output comparison (Calm 

condition) 
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wind condition and -1Wh/day in windy condition. Similarly, 

after considering the thermal energy stored in PCM, the 

difference becomes 2451.95Wh/day in minimal wind 

condition and 2415.95Wh/day in windy condition.  

 

Table 9.4 Energy saving potentials of the PVT-PCM system  

Summer design day Calm  Windy  

(Wh/m2.day) PVT PV Difference PVT PV Difference 

Electricity output 848 712 136 848 797 51 

Pump energy -0.08 0 -0.08 -0.08 0 -0.08 

Net electricity gain   135.92   50.92 

Thermal energy 5513 0 5513 5513 0 5513 

Total energy gain 
 

5649.92 

 

5563.92 
 

Winter design day Calm  Windy  

(Wh/m2.day) PVT PV Difference PVT PV Difference 

Electricity output 424 388 36 424 425 -1 

Pump energy -0.05 0 -0.05 -0.05 0 -0.05 

Net electricity gain   35.95  -1.05 

Thermal energy  2416 0 2416 2416 0 2416 

Total energy gain   2451.95  2415.95 

 

Table 9.5 Overall daily electrical and thermal efficiency 

Summer  Calm Windy 

 PVT-PCM PV Only PVT-PCM PV Only 

Electrical 

efficiency 

10.9% 8.5% 10.9% 10.8% 

Thermal 

efficiency 

71% 0% 71% 0% 

 

Winter Calm Windy 

 PVT-PCM PV Only PVT-PCM PV Only 

Electrical 

efficiency 

12.4% 11.4% 12.4% 12.4% 

Thermal 

efficiency 

71% 0% 71% 0% 

 

Table 9.5 shows the overall daily electrical and thermal 

efficiency for summer and winter design day. It can be seen 
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that the PVT-PCM system could achieve daily electrical 

efficiency of 10.9% - 12.4% throughout a year, while the PV 

only setup has reduced electrical efficiency range from 8.5% to 

12.4%. The serious overheating issue of PV only setup during 

summer time can be solved completely if replaced by the PVT-

PCM system. 

 

9.5 Cost analysis 

Considering the fact that labour and manufacturing costs in 

China are generally much lower when compared to the UK, the 

overall initial cost estimation is reduced by 30% according to 

the average price difference between China and UK (70% of 

the material cost in UK with another 20% additional installation 

and maintenance cost). In addition, the utility price in Shanghai 

is also much lower, at the rate equivalent to £0.06/kWh in the 

British pound.  

Following the same procedure of the cost analysis presented in 

section 7.7, the discounted payback period can then be 

determined by using Table 9.6 – 9.8 below. The calculated 

discounted payback period if the upgrade took place in 

Shanghai is 12.83 years. 

 

Table 9.6 Adjusted additional cost of PVT-PCM 

Initial material cost 

 (£/m2) 

Adjustment factor Adjusted material cost 

 (£/m2) 

714.61 1.15 x 0.7 575.26 

 

Table 9.7 Yearly saving estimation for Shanghai 

Average daily energy saving (kWh/m2) 4.02 

Number of days 365 
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Utility price (£/kWh) 0.06 

Yearly saving (£/m2) 88.04 

 

Table 9.8 Discounted payback period calculation for Shanghai 

Year Cash 

flow (£) 

Present value 

factor 

Discounted 

cash flow (£) 

Cumulative 

discounted cash 

flow (£) 

n CF PV=(1/1+0.08)n CF X PV 
 

0 -690.31 1.00 -690.31 -690.31 

1 88.04 0.93 81.52 -608.79 

2 88.04 0.86 75.48 -533.31 

3 88.04 0.79 69.89 -463.42 

4 88.04 0.74 64.71 -398.71 

5 88.04 0.68 59.92 -338.79 

6 88.04 0.63 55.48 -283.31 

7 88.04 0.58 51.37 -231.94 

8 88.04 0.54 47.57 -184.38 

9 88.04 0.50 44.04 -140.33 

10 88.04 0.46 40.78 -99.55 

11 88.04 0.43 37.76 -61.80 

12 88.04 0.40 34.96 -26.83 

13 88.04 0.37 32.37 5.54 

Total payback period (year) 12.83 

 

9.6 Latent heat utilization  

Due to the nature of ‘hot summer cold winter’ climate condition 

in Shanghai, there’s no space heating requirement most of the 

year except winter period. As a result, the benefit from a 

dedicated fresh air supply system with PCM air preheating is 

likely to be unjustified to the additional investment. On the 

other hand, in some cases where air preheating is required, the 

PCM-S32 can achieve better performance compared to PCM-

HS22P due to its much higher phase change temperature. 
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In this study, only water preheating is considered as the heat 

utilization which is more practical as hot water is needed 

everyday regardless the geographical location.  

 

According to an experimental observation (Xue, 1991), the 

average water supply temperature in Shanghai is around 14℃. 

Assuming the PCM is fully charged with an average 

temperature of 33℃, the water preheating performance could 

be evaluated using the same method presented in section 8.4. 

 

 
Figure 9.12 Temperature profile of PCM and pre-heated water 

temperature. 
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trust, 2008), a 19℃ preheating can result in 41% less boiler 

energy consumption. For 2 hours of hot water usage, the 

preheating temperature rise drops to 4.55℃, and for 3 hours 

of usage, the temperature rise drops to 2.7℃. It can be seen 

that the water preheating could effectively discharge the PCM 

during night time, and the effect is greater compared to colder 

climate conditions due to the higher temperature difference 

between PCM and water supply. 

 

9.7 Performance comparison under two climate 

conditions 

 

Table 9.9 below shows the comparison of some key factors 

regarding to the PVT-PCM performance under different climate 

conditions of Nottingham and Shanghai. From the electrical 

performance’s perspective, it can be concluded that in hotter 

climates, the proposed PVT-PCM system could achieve better 

thermal management over PV cell temperature, which leads to 

a further increase in electrical performance gain when 

compared to colder climates. From the thermal storage 

perspective, the overall efficiency is still restricted by the PV 

panel absorbance ratio. However, due to the fact that higher 

melting point PCM is used for hotter climates, the overall 

thermal utilization could have better performance compared to 

colder climates. However, from the economical perspective, 

due to the geographical and economic difference between two 

countries, the payback period if used in Shanghai is about 2 

years longer than Nottingham. The increased payback period 

in Shanghai is mainly due to the much lower utility price in the 
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local region. Thus, it is important to consider both energy and 

economic performance when designing such system for a 

specific location.  

 

Table 9.9 Comparison of some key factors under two climates  

 Nottingham Shanghai 

Max. PCM temp  24.5℃ 34.7℃ 

Max. boiler energy saving 20% 41% 

Max. cell temp reduction 36.5℃  38.3℃  

Max. PV efficiency increase 1.7% 2.4% 

Daily energy saving 3.23kWh/m2 4.02 kWh/m2 

Payback period 10.67 years 12.83 years 

 

9.8 Summary 

In this chapter, the performance of the proposed PVT-PCM 

system is evaluated again under a hotter climate condition of 

Shanghai. The thermal, electrical and cost analysis, as well as 

latent heat utilization are presented. By comparing the system 

performance under both climates, it is found that the energy 

saving potential of the PVT-PCM system is greater in hotter 

subtropical climate conditions. However, the cost comparison 

shows that the increased energy performance might not result 

in increased economic performance if used in different climate 

conditions due to the difference in local utility rates.  
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CHAPTER 10. CONCLUSION AND RECOMMENDATIONS 

 

10.1 Introduction 

Overheating of PV panel under intense sunlight has been an 

issue affecting its electrical performance. The dilemma 

between photovoltaic and thermal performance can be eased 

with properly designed PVT systems. This study brought up a 

new concept of a PCM based PVT system which is superior from 

both photovoltaic and thermal performance’ perspective. 

 

During the research process, an extensive literature review has 

been done to study the state of the art of PV, PVT and PCM as 

well as their applications. Several analytical and numerical 

models were built for individual components to assess the 

feasibility of the proposed BIPVT design. Due to the lack of 

related study, the effect of PCM thermal properties was firstly 

studied via computational modelling prior to the parametric 

analysis for each system components. The effect such as solar 

radiation level, ambient temperature, wind speed and water 

flow rate have been analysed and discussed. The results from 

parametric analysis were then used to size the PVT-PCM system. 

The energy and economic performance of the PVT-PCM are 

evaluated under two different climate conditions. The results 

show that the system has superior performance over 

conventional PV systems under both climate conditions. In 

addition, two ways of latent heat utilization were also 

presented and discussed; both were showing great potentials. 
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10.2 Achievements and Findings 

This research involves a novel PVT-PCM system which has 

better overall performance compared with many existing PVT 

systems. During the research process, several important 

findings have been revealed and are listed below: 

  

 The conventional PV panel temperature may be acceptable in 

windy conditions in UK climate (43℃  in Nottingham with 

5m/s wind), but when there is little wind, it will rise 

significantly (up to 69℃) which will result in overheating. The 

situation is worse in Subtropical areas like Shanghai, where 

the temperature could reach from 59℃  to 82 ℃  even if 

there’s wind;  

 

 Based on literature review, the most significant factor that 

affects the PV cell temperature is the unpredictable ambient 

conditions. Passive cooling can reduce maximum cell 

temperature effectively, however, by providing additional 

active cooling, effectiveness is usually much greater; 

 

 Active water cooling of the PV panel can greatly improve 

photovoltaic efficiency, while only consuming small amount 

of extra energy (0.002W per module in this case). The 

performance boost is most significant in extreme weather 

conditions (hot with little wind), even during windy conditions, 

there is still a slight performance increase; 

 

 The PCM thermal storage solution is superior to conventional 

water based storage solution as PCM could store up to 14 
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times more energy than water for the same volume, and can 

maintain a moderately cool temperature during the working 

hours of PV panel; 

 

 The PCM with higher solid phase thermal conductivity has 

significantly shorter discharging time compared to the 

charging time, and Vice versa; 

 

 The PCM thermal performance is greatly affected by fin 

designs, thus it is essential to integrate properly designed 

fins while using PCM as latent heat storage solutions; 

 

 By careful design of the PVT-PCM system, the PCM can 

effectively regulate the PV panel temperature for an 

extended period of time without any additional cooling; 

 

 Due to the fact that the PV cell temperature of the PVT-PCM 

system is less dependent on ambient conditions, the system 

can be used in hotter climates and the proportion of 

performance enhancement will be greater, as long as the 

thermal capacity of PCM system is effectively managed; 

 

 The PVT-PCM system could achieve a maximum PV cell 

temperature reduction of 36.5℃  (38.3℃ ) when compared 

with conventional PV only setups in Nottingham (Shanghai) 

area, which leads to a maximum of 1.7% (2.4%) electrical 

efficiency enhancement; 

 

 The PVT-PCM system could provide up to 5.4kWh (and 

5.7kWh) more energy per unit module during the summer 

design day of Nottingham (and Shanghai) compared to the 
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conventional PV only setup of same size; The yearly average 

daily energy saving of the PVT-PCM system in Nottingham 

(Shanghai) is estimated at 3.23kWh (4.02kWh) per unit 

module; 

 

 The additional cost other than the PV panel could be 

recovered after an estimated payback period of 10.67 years 

if used in Nottingham (12.83 years if used in Shanghai). The 

payback period could be significantly shortened in the future 

if the system is mass produced; 

 

 Better energy performance does not always represent better 

economic performance; the economic performance will be 

greatly affected by the regional economic differences, in this 

case, the Payback period in Shanghai is longer than 

Nottingham despite of the lower initial and maintenance cost 

due to the much lower utility rate; 

 

 The charged PCM could effectively provide warm air when 

space heating is required. In Nottingham, the required space 

heating energy could be solely provided by PCM air 

preheating during April to October; 

 

 The amount of latent heat stored in the PCM during the 

summer design day is capable of saving up to 20% of boiler 

heating energy for Nottingham (41% if used in Shanghai) 

climate condition.  
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10.3 Limitations 

Although this research has achieved its objectives, there are 

still some unavoidable limitations. First, due to the nature that 

utilization of CFD software requires a significant amount of time 

as well as computational resources, the proposed PVT-PCM 

system is only evaluated in two specific design conditions of 

Nottingham, UK and Shanghai, China. Second, due to the 

recent change in laboratory regulations, re-using existing 

experimental rig that doesn’t meet new regulation is no longer 

permitted, thus, carrying out experimental work is hardly 

possible within the given timeframe. As a result, the 

experimental performance evaluation of the designed system 

in real environmental conditions cannot be carried out. 

  

10.4 Future work 

It is recommended for future work to continuing study the 

system’s performance under other climate conditions in order 

to have a generalized sizing guide. The monthly and yearly 

performance could also be detailly investigated. At the same 

time, experimental works could be carried out to further 

evaluate the system’s realistic energy saving potential. 

Moreover, it is recommended to study the performance of 

multiple system configurations in a real case study, by 

mounting the system in different angles and orientations. 
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APPENDIX 

1. Data of PV model validation  
    

Air temp=20℃ Radiation=450W/m2 

Wind speed Analytical CFD RMSE 

0.1 70.72 70.17 6.05E-05 

0.5 60.77 60.22 8.19E-05 

1 52.15 51.75 5.88E-05 

2 43.70 43.45 3.38E-05 

3 39.54 39.38 1.58E-05 

4 36.98 36.99 7.31E-08 

5 35.21 35.23 3.23E-07 

   0.0059914 
    

wind speed=5 m/s radiation=450 W/m2 

Air temp Analytical CFD RMSE 

10 25.22 25.01 6.93E-05 

15 30.22 30.01 4.83E-05 

20 35.21 35.23 3.23E-07 

25 40.21 40.24 5.57E-07 

30 45.21 45.25 7.83E-07 

      0.004884 
    

wind speed=5 m/s air temp=20℃ 

Solar Radiation Analytical CFD RMSE 

300 30.15 30.05 1.1E-05 

400 33.52 33.35 2.57E-05 

500 36.89 36.72 2.12E-05 

600 40.26 40.07 2.23E-05 

700 43.63 43.41 2.54E-05 

      0.004597 
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2. Sample of steady state PV temperature calculation 
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3. Calculation of PV material properties 

 

Elements of module Density Specific heat Thickness Surface area Heat capacity Weight Thermal conductivity 

 (kg/m3) (J/kgK) (m) (m2) (J/K) (kg) (W/mK) 

Toughened glass cover 3000 500 0.003 0.621 2794.50 5.59 0.8 

Monocrystalline silicon PV cell 2330 677 0.0005 0.621 489.79 0.72 148 

Tri-laminated Polyester 1200 1250 0.0005 0.621 465.75 0.37 0.17 

Whole Panel 2691.25 560.96 0.004 0.621 3750.04 6.69 0.59 
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4. Data of Heat transfer validation 

 

Velocity Mass flow rate Re Pr Nu Numerical hconv CFD hconv RMSE 

m/s Kg/s    W/m2K W/m2K  

0.004 0.000451256 48 5.3 3.755997 187.7998 181.85 0.001004 

0.008 0.000902511 96 5.3 3.899674 194.9837 184.82 0.002717 

0.01 0.001128139 120 5.3 3.968288 198.4144 187.08 0.003263 

0.02 0.002256278 240 5.3 4.287417 214.3709 200.96 0.003914 

0.04 0.004512557 480 5.3 4.843133 242.1566 229.98 0.002528 

0.06 0.006768835 720 5.3 5.326017 266.3009 254.38 0.002004 

0.08 0.009025114 960 5.3 5.758096 287.9048 278.8 0.001 

0.1 0.011281392 1200 5.3 6.151631 307.5816 301.27 0.000421 

0.15 0.016922088 1800 5.3 7.012749 350.6375 353.6618 7.44E-05 

 

Velocity Mass flow rate Re Pr Nu Numerical hconv CFD hconv RMSE 

m/s Kg/s    W/m2K W/m2K  

0.35 0.039484872 4200 5.43 35.83003 1791.502 1613.28 0.009897 

0.4 0.045125568 4800 5.43 39.8695 1993.475 1804.33 0.009003 

0.45 0.050766264 5400 5.43 43.80894 2190.447 1987.03 0.008624 

0.5 0.05640696 6000 5.43 47.66162 2383.081 2174 0.007698 

0.55 0.062047656 6600 5.43 51.43786 2571.893 2370.7 0.00612 

0.6 0.067688352 7200 5.43 55.14597 2757.298 2557.68 0.005241 

0.65 0.073329048 7800 5.43 58.79271 2939.635 2747.43 0.004275 
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5. Data of PCM RT-25 validation 

 

Charging Process  Discharging Process 

Time Step (h) PCM-RT25 (℃) Iten et al. (℃) Numerical (℃)  Time Step (h) PCM-RT25 (℃) Iten et al. (℃) Numerical (℃) 

0 16 16 16  0 30 30 30 

0.5 19.9 20 20.5  0.1 25.61 26 26.3 

1 22.18 22 22.5  0.2 25.54 25.5 25.7 

1.5 23.38 23 23.2  0.3 25.498 25.4 25.5 

2 24.4 24 24.5  0.5 25.46 25.3 25.3 

2.3 26.05 25 26  1 25.196 25 25 

2.4 29.78 33 30  1.5 24.5478 24.5 24.7 

2.5 32.24 33.7 32.5  2 23.013 23.3 23.6 

2.7 33.17 34.8 34  2.5 20.66 21 21.8 

2.8 33.58 35.2 34.5  RMS  0.0093 0.0226 

3 34.07 35.5 35      

RMS  0.04522 0.01768      
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6. Data of PCM HS22P validation – Timestep 

 

Charging      Discharging    

 0.05s 0.1s 1s 10s   0.05s 0.1s 1s 10s 

Time Temperature  Time Temperature 

s ℃ ℃ ℃ ℃  s ℃ ℃ ℃ ℃ 

0 20 20 20 20  0 25 25 25 25 

1800 22.50 22.50 22.50 22.48  1800 22.30 22.30 22.30 22.31 

3600 22.71 22.72 22.72 22.70  3600 22.00 22.00 22.00 22.00 

5400 22.86 22.88 22.88 22.87  5400 21.75 21.76 21.76 21.77 

7200 23.00 23.02 23.02 23.02  7200 21.53 21.55 21.55 21.56 

9000 23.11 23.16 23.16 23.15  9000 21.22 21.27 21.27 21.29 

10800 23.23 23.28 23.28 23.28  10800 20.01 20 20 20.03 

12600 23.34 23.41 23.41 23.40  12600 20 20 20 20 

14400 23.47 23.56 23.56 23.54  

16200 23.61 23.75 23.75 23.71  

18000 24.24 24.88 24.87 24.75  

19800 25 25 25 25  
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7. Data of PCM HS22P validation – Solid vs. Solidification & Melting 

 

Charging    Discharging  

 Solid Solidification & Melting   Solid Solidification & Melting 

Time Temperature Temperature  Time Temperature Temperature 

s ℃ ℃  s ℃ ℃ 

0 20 20  0 25 25 

1800 22.50 22.48  1800 22.30 22.30 

3600 22.71 22.68  3600 22.00 22.00 

5400 22.86 22.85  5400 21.75 21.76 

7200 23.00 22.99  7200 21.53 21.55 

9000 23.11 23.11  9000 21.22 21.28 

10800 23.23 23.24  10800 20.01 20 

12600 23.34 23.35  12600 20 20 

14400 23.47 23.49  

16200 23.61 23.64  

18000 24.24 24.32  

19800 25 25  
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8. Data of PV temperature - PV only – Summer - Nottingham 

Time PV Temp windy (℃) PV Temp calm (℃) Air Temp(℃) Solar rad(W/m2) 

4:00 13.17 15.48 12 16 

5:00 15.57 21.69 12 103 

6:00 20.34 31.41 13 241 

7:00 26.31 41.71 15 389 

8:00 31.11 50.17 16 532 

9:00 35.32 57.18 17 655 

10:00 38.96 62.91 18 757 

11:00 41.66 66.83 19 824 

12:00 43.17 68.76 20 845 

13:00 43.26 67.91 21 811 

14:00 41.32 64.44 21 736 

15:00 39.12 59.49 22 614 

16:00 34.3 51.26 21 467 

17:00 30.2 42.96 21 312 

18:00 25.56 34.11 20 176 

19:00 22.23 26.18 20 53 

20:00 19 19 19 0 
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9. Data of PV temperature - PV only – Winter - Nottingham 

 

PV only PV Temp windy (℃) PV Temp calm (℃) Air Temp(℃) Solar rad(W/m2) 

8:00 1.1 3.44 0 17 

9:00 4.73 11.45 1 110 

10:00 7.33 17.72 1 203 

11:00 9.94 22.33 2 261 

12:00 11.51 24.55 3 282 

13:00 9.94 22.33 2 261 

14:00 7.99 17.89 2 191 

15:00 4.34 10.45 1 96 

16:00 0.97 3.03 0 12 
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10. Data of PVT-PCM design - Summer – Nottingham 

 

 

Time  PV water outlet Temp(℃)  PCM water outlet Temp(℃) PV Temp(℃) PCM Temp(℃) Air Temp(℃) Solar rad(W/m2) 

4:00 12.13 12.08 12.16 12.07 12 16 

5:00 13.27 12.73 13.2 12.84 12 103 

6:00 15.88 14.48 15.63 14.76 13 241 

7:00 19.62 17.43 19.18 17.89 15 389 

8:00 23.73 20.96 23.17 21.34 16 532 

9:00 29.28 22.46 28.51 22.09 17 655 

10:00 31.87 22.71 30.99 22.21 18 757 

11:00 33.06 22.89 32.1 22.41 19 824 

12:00 33.31 23.08 32.33 22.91 20 845 

13:00 32.61 23.28 31.72 23.7 21 811 

14:00 32.63 23.65 31.76 24.73 21 736 

15:00 31.02 23.87 30.35 25.34 22 614 

16:00 29.21 23.96 28.76 25.51 21 467 

17:00 28.03 24.04 27.69 25.5 21 312 

18:00 26.18 23.87 26 25.03 20 176 

19:00 24.95 23.64 24.89 24.47 20 53 
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11. Data of PVT-PCM design - Winter – Nottingham 

 

Time  PV water outlet Temp(℃)  PCM water outlet Temp(℃) PV Temp(℃) PCM Temp(℃) Air Temp(℃) Solar rad(W/m2) 

8:00 0.1 0.08 0.08 0.1 0 17 

9:00 2.14 1.21 1.86 1.39 1 110 

10:00 3.38 2.85 3.79 3.1 1 203 

11:00 6.95 5.86 6.75 6.34 2 261 

12:00 9.99 9.02 9.74 9.52 3 282 

13:00 13.11 12.15 12.66 12.64 2 261 

14:00 15.19 14.346 14.6 14.86 2 191 

15:00 15.83 15.33 15.51 15.51 1 96 

16:00 15.6 15.58 15.56 15.59 0 12 
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12. Data of PV temperature - PV only – Summer – Shanghai 

 

Time PV Temp windy (℃) PV Temp calm (℃) Air Temp(℃) Solar rad(W/m2) 

5:00 30.47 33.056 29 22 

6:00 35.61 43.81 30 178 

7:00 42.27 56.56 31 395 

8:00 49.7 68.75 33 608 

9:00 55.16 77.66 34 786 

10:00 60.31 84.85 36 915 

11:00 62.75 88.16 37 975 

12:00 63.71 88.97 38 975 

13:00 62.12 86.33 38 911 

14:00 59.03 81.02 38 786 

15:00 54.68 73.29 38 612 

16:00 48.3 62.23 37 399 

17:00 41.69 49.74 36 181 

18:00 37.56 40.18 36 23 
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13. Data of PV temperature - PV only – Winter - Shanghai 

 

PV only PV Temp windy (℃) PV Temp calm (℃) Air Temp(℃) Solar rad(W/m2) 

7:00 -0.75 2.45 -2.3 33 

8:00 4.62 14.28 -1.1 181 

9:00 10.76 26.51 0.1 359 

10:00 15.82 35.56 1.3 500 

11:00 18.33 40.19 1.6 581 

12:00 18.69 40.68 1.8 587 

13:00 17.11 37.23 2.1 518 

14:00 13.07 29.46 1.7 385 

15:00 7.89 18.49 1.4 209 

16:00 3.04 7.05 1 50 
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14. Data of PVT-PCM design - Summer – Shanghai 

 

Time  PV water outlet Temp(℃)  PCM water outlet Temp(℃) PV Temp(℃) PCM Temp(℃) Air Temp(℃) Solar rad(W/m2) 

5:00 29.16 29.11 29.2 29.12 29 22 

6:00 31.30 30.5 31.13 30.68 30 178 

7:00 35.73 32.22 35.29 32.04 31 395 

8:00 39.63 32.52 38.97 32.13 33 608 

9:00 42.05 32.75 41.11 32.26 34 786 

10:00 44.11 33.01 43.06 32.58 36 915 

11:00 44.59 33.29 43.51 33.39 37 975 

12:00 44.78 33.79 43.71 34.91 38 975 

13:00 43.88 34.31 43.02 36.1 38 911 

14:00 43.69 34.95 42.81 37.25 38 786 

15:00 41.94 35.48 41.28 37.77 38 612 

16:00 40.24 35.85 39.81 37.79 37 399 

17:00 37.19 35.32 37.02 36.48 36 181 

18:00 35.41 34.72 35.37 35.34 36 23 
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15. Data of PVT-PCM design - Winter – Shanghai 

 

Time  PV water outlet Temp(℃)  PCM water outlet Temp(℃) PV Temp(℃) PCM Temp(℃) Air Temp(℃) Solar rad(W/m2) 

7:00 -2.11 -2.16 -2.15 -2.15 -2.3 33 

8:00 -0.17 -0.79 -0.18 -0.65 -1.1 181 

9:00 3.38 2.12 3.04 2.42 0.1 359 

10:00 8.46 6.56 7.9 7.03 1.3 500 

11:00 14 11.82 13.29 12.36 1.6 581 

12:00 19.24 17.1 18.58 17.63 1.8 587 

13:00 23.5 21.69 22.9 22.15 2.1 518 

14:00 26.02 25.14 25.66 24.84 1.7 385 

15:00 27.38 26.71 27.21 26.88 1.4 209 

16:00 27.84 27.56 27.78 27.64 1 50 
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16. Manufacturer datasheet of BP275 PV panel 
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17. Manufacturer datasheet of PCM-HS22P 
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18. Manufacturer datasheet of PCM-S32 

 

 

 


