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ABSTRACT 

 
One of the worldwide challenges is reducing energy consumption to reduce greenhouse gas 

(GHG) emissions that are associated with energy production and use.  Delay in taking proper 

action will lead to the catastrophic effect of global warming (Ghoneim, 2016). In general, until 

today, the majority of energy is produced from fossil fuel sources (Riffat, 2011). There are 

various reasons for still depending on fossil fuel resources to produce energy. Fossil fuel energy 

has a lower production cost than renewable energy (Sharma, 2016). In addition, fossil fuel is 

very efficient in producing energy. On the other hand, generating power from solar energy is 

considered to be a promising solution. However, the Photovoltaic system has low efficiency 

resulting from the low conversion factor of Photovoltaic cells (Shaneb & other 2017). 

Accordingly, various researchers focused on enhancing the PV performance through avoiding 

shading and, using the sun tracking system. Photovoltaic thermal is considered to be one of the 

methods used to enhance the electrical performance of PV systems. The main working principle 

of PVT is passing fluid at the back of the PV panel that removes the excess heat from the PV 

panel surface and enhances electrical efficiency. The fluid used in PVT is either water, air, or 

refrigerant (Shaneb et al, 2017).   

The aim of performing the test was to evaluate and assess both electrical and thermal 

performance of the PVT system, under UAE climate conditions, in the first phase of the study. 

Then, enhance the performance of PVT, by optimizing some of the design parameters. To 

achieve the project aims, the research started with a review of previous studies related to PVT. 

The literature review focused on data required to be collected during the experimental phase, 

the capability of TRNSYS software, and optimization parameters.   

Therefore, the research methodology has been carried out in two parts: experimental and 

simulation. In the first part, the performance of PVT, in comparison with PV panel, was tested 

experimentally. The collected data from the experiment were utilized to develop a simulation 



 

model to represent PVT by using TRNSYS software. The simulation model was used to 

optimize the PVT performance by changing some of the design parameters. The design 

parameters were: number of collector tubes, tubes diameter, and PVT panel area, and water 

flow rates. 

Experimental results showed that the enhancement in electrical efficiency of PVT in winter was 

0.7%, which is equal to 5% more in comparison with PV. The results in summer were 1.2%, 

which is equal to 8.9% more in comparison with PV panel. The overall PVT efficiency in winter 

was 53.8%, and in summer the overall PVT efficiency was 57.1%.  

A simulation model was developed for the PVT system, based on data collected from the 

experiment. The model has been validated, comparing the experimental results with simulation 

results, with a tolerance of 5% error. In the simulation part, some design parameters were 

optimized by testing a range of values: number of collector tubes, tubes diameter, PVT panel 

area, and water flow rates. The aim of changing the design parameters was to optimize the 

performance of PVT during winter and summer.  

The results showed that the optimum number of collector tubes was 12 tubes; the optimum tube 

diameter was 0.04 m; and the water flow rate was 2.5 GPM in both winter and summer. In 

addition, results showed that changing the PVT area was not feasible. There was no 

enhancement in the overall efficiency.  

Based on the identified optimum values of design parameters, the optimized model was created. 

The results from the optimized model showed further enhancement in comparison with the 

reference model. The percentage of electrical efficiency enhancement of PVT was 7.2% in 

winter and 7.5% in summer, compared to the reference model. 



 

In addition, the research compared the electrical performance of the PV panel with the PVT 

optimized model. The electrical efficiency of the PVT optimized model provided higher 

electrical efficiency than the PV panel by 6% during winter and 10% during summer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 ИмϽЇгЮϜ ЉϷЯв 

 

сгЮϝК ХЯЦ ϼϹЋв Ϝ̯Ͻ϶ϕв ϣЦϝГЮϜ ШылϧЂϜ ЭуЯЧϦ ϱϡЊϒ .ϖ ϢϸϝтϾ Йв рϼϜϽϳЮϜ ЀϝϡϧϲъϜ ϤϜϾϝО ϤϝϪϝЛϡжϜ ϸϜϸϿϦ ϣЦϝГЮϜ Ϭϝϧж

ϝлЪылϧЂϜм . ШылϧЂъϜ ϹЎ ϟЂϝзв ̭ϜϽϮϖ рϒ ϺϝϷϦϜ аϹК ϣЮϝϲ сТуЂ рϼϜϽϳЮϜ ЀϝϡϧϲъϜ дϗТ ̪ ϣЦϝГЯЮ ЭϚϝлЮϜ ϝ̯уϪϼϝЪ днЫ) бузО

 ̪2016 .( оϽ϶цϜ ϼϸϝЋгЮϜ еуϠ ев ϣЋϲ пЯКϓϠ ЙϧгϧϦ рϼнУϲцϜ ϸнЦнЮϜ ϼϸϝЋв ев ϣϯϧзгЮϜ ϣЦϝГЮϜ ЬϜϿϦ ъ)Тϼ ̪ ϥЛ

2011 .(Ю ϣв̭ыв ϽϫЪϒм ϢϸϹϯϧгЮϜ ϼϸϝЋгЮϝϠ ϣжϼϝЧв Љ϶ϼϒ ϽϡϧЛт ϣЦϝГЮϜ ев рϹуЯЧϧЮϜ ИнзЮϜ дϒ ск ϞϝϡЂцϜы аϜϹϷϧЂ) ϝвϼϝІ

 ̪2016 .(ϸϜϸϿт ϢϸϹϯϧгЮϜ ϣЦϝГЮϜ пЯК ϿуЪϽϧЮϜ дϗТ ̪ ϴϝзгЮϜ ϽуПϦ ϟϡЃтм ϣϛуϡЮϝϠ ϽЏт йжц Ϝ̯ϽЗж еЫЮм .ЛϦ ϣуЃгЇЮϜ ϣЦϝГЮϜ Ͻϡϧ

 ϤϝЧуϡГϧЮϜ ев ϣЛЂϜм ϣКнгϯвм ϝкϽТнϧЮ Ϝ̯ϽЗж ϢϹКϜнЮϜ ϢϸϹϯϧгЮϜ ϣЦϝГЮϜ ϼϸϝЋв ев) ̪ ϝвϼϝІ2016 .(ЇгЮϜ еЫЮ ϣуЃуϚϽЮϜ ϣЯЫ

ЮϜ аϝЗзЮϜ сТ ϣуϚнЎмϽлЫЮϜ ϝтыϷЯЮ ЭтнϳϧЮϜ Ϣ̭ϝУЪ ЌϝУϷжϜ еК ϣϯϦϝзЮϜ ϣЏУϷзгЮϜ Ϣ̭ϝУЫЮϜ ск сϚнЎмϽлЫ)Shaneb  &

other 2017 .(зϯϦм сЃгЇЮϜ ИϝЛІшϜ ϢϸϝтϾ Ьы϶ ев сϚнЎмϽлЫЮϜ ̭ϜϸцϜ еуЃϳϧЮ ϤϝузЧϧЮϜ ев ϹтϹЛЮϜ аϹϷϧЃϦ ЭуЯЗϧЮϜ ϟ

сЃгЇЮϜ ЙϡϧϧЮϜ аϝЗж аϜϹϷϧЂϜм . аϝЗж ϰϽϧЧтPVT ϧЃϦ оϽ϶ϒ ϣузЧϦ ЭвϝК ЭϚϝЂ ϽтϽгϦ ХтϽА еК ϢϼϜϽϳЮϜ ЉЯϷ)̭ϝв  ̭Ϝнк ̪

 ̭ϝв ̪ ϸϽϡв ̪/ ̭Ϝнк ( ϣуϚнЎмϽлЫЮϜ ϢϹϲнЮϜ ев сУЯϷЮϜ ̭ϿϯЮϜ пЯК)Shaneb  &other 2017 .(бϧт ̪ сЮϝϧЮϝϠм  ϢϼϜϽϳЮϜ ЭуЯЧϦ

ϣуϚнЎмϽлЫЮϜ Ϣ̭ϝУЪ пЯК ДϝУϳЮϜ ЭϮϒ ев ϣуϚнЎмϽлЫЮϜ ϢϹϲнЮϜ ев сУЯϷЮϜ ̭ϿϯЮϜ еК ϣϯϦϝзЮϜ ϢϹϚϜϿЮϜ. 

 ̭Ϝϸϒ бууЧϦ нк ϼϝϡϧ϶ъϜ ев РϹлЮϜ дϝЪPVT ϝϳЮϜ ϴϝзгЮϜ ϣЧГзв сТ мϒ ϢϹϳϧгЮϜ ϣуϠϽЛЮϜ ϤϜϼϝвшϜ ϣЮмϸ ϥϳϦ ̭ϜϸцϜ еуЃϳϦ бϪ ϼ

ϤϝгЯЛгЮϜ еуЃϳϦ Ьы϶ ев .ϲϽвм ϣуϡтϽϯϧЮϜ ϣЯϲϽгЮϜ ск ϣуЃуϚϼ ЭϲϜϽв ϨыϪ Ьы϶ ев ϣЂϜϼϹЮϜ ̭ϜϽϮϖ бϦ ЩЮϻЮ ϢϝЪϝϳгЮϜ ϣЯ

еуЃϳϧЮϜ ϣЯϲϽвм .ϽϯϧЮϜ ϣЯϲϽгЮϜ сТ ̭Ϝϸϒ ϼϝϡϧ϶Ϝ бϦ ̪ ϣуϡтPVT  ̯ϝуϡтϽϯϦ ϣуϚнЎмϽлЫЮϜ ϣϲнЯЮϝϠ ̯ϣжϼϝЧв .бϦ  ϤϝжϝуϡЮϜ аϜϹϷϧЂϜ

 ϭвϝжϽϠ аϜϹϷϧЂϝϠ ϢϝЪϝϳгЮϜ ϬϺнгж ϽтнГϧЮ ϣуϡтϽϯϧЮϜ ϣЯϲϽгЮϜ ев ϣЛгϯгЮϜTRNSYS .ϹϷϧЃгЮϜ ϢϝЪϝϳгЮϜ ϬϺнгж еуЃϳϧЮ а

 аϝЗжPVT ϤϝгЯЛгЮϜ ϽууПϦ Ьы϶ ев. 

 ϒϹϠ ̪ ИмϽЇгЮϜ РϜϹкϒ ХуЧϳϦ ЭϮϒ ев ̮Ϡ ϣЧЯЛϧгЮϜ ϣЧϠϝЃЮϜ ϨϝϳϠцϜ ϣЛϮϜϽгϠ ϩϳϡЮϜPVT .ϠϸцϜ ϣЛϮϜϽв ϤϿЪϼ пЯК Ϥϝу

 ϭвϝжϽϠ ϤϝужϝЫвϖм ̪ ϣуϡтϽϯϧЮϜ ϣЯϲϽгЮϜ Ьы϶ ϝлЛгϮ ϞнЯГгЮϜ ϤϝжϝуϡЮϜTRNSYS еуЃϳϧЮϜ ϽутϝЛвм. 

 аϝЗзЮ ϢϝЪϝϳв ϬϺнгж ϽтнГϦ бϦPVT ϣуϡтϽϯϧЮϜ ϣЯϲϽгЮϜ ев ϝлЛгϮ бϦ сϧЮϜ ϤϝжϝуϡЮϜ пЯК ̯̭ϝзϠ .в ХЧϳϧЮϜ бϦ ϬϺнгзЮϜ ϣϳЊ е

ϣуϡтϽϯϧЮϜ ϤϝжϝуϡЮϜ Йв йЧТϜнϦ ев ϹЪϓϧЮϜм . Эϫв бугЋϧЮϜ ϤϝгЯЛв ЍЛϠ ϼϝϡϧ϶Ϝ бϦ ̪ ϢϝЪϝϳгЮϜ ϣЯϲϽв сТ)ϸϹК  ̪ ЙугϯϧЮϜ ϟуϠϝжϒ

 ϣϲнЮ ϣЧГзвм ̪ ϟуϠϝжцϜ ϽГЦPVT иϝугЮϜ ХТϹϦ ϤъϹЛвм .(ЮϜ дϝЪϒ еуЃϳϦ нк бугЋϧЮϜ ϽутϝЛв ϽууПϦ ев РϹл ̭ϜϸPVT 

СуЋЮϜм ̭ϝϧЇЮϜ Ьы϶. 



 

 дϝЪ ЙугϯϧЮϜ ϟуϠϝжц ЭϫвцϜ ϸϹЛЮϜ дϒ ϭϚϝϧзЮϜ ϤϽлДϒ12  дϝЪ ЭϫвцϜ ϞнϡжцϜ ϽГЦм ̪ ϝ̯Ϡнϡжϒ0.04  Ϝ̯Ͻϧвм ̭ϝгЮϜ ХТϹϦ ЬϹЛв

2.5 СуЋЮϜм ЬнϠϻЮϜ ев ЭЪ сТ ϣЧуЦϹЮϜ сТ ϝ̯вϜϽϮ .уПϦ еЫт бЮ ̪ ЩЮϺ пЮϖ ϣТϝЎшϝϠ ϣϲнЮ ϣЧГзв ϽуPVT  ̯зЫгв ϽууПϧЮϜ дц ϝ

ϝ̯УуУА дϝЪ Ϣ̭ϝУЫЮϜ сТ сЯЫЮϜ .ЭϫвцϜ ϬϺнгзЮϜ ̭ϝЇжϖ бϦ ̪ ϢϸϹϳгЮϜ ϣзΖЃϳ̳гЮϜ ϤϝгЯЛгЮϜ пЯК ̯̭ϝзϠ .ϽлДϒ ϬϺнгзЮϜ ев ϭϚϝϧзЮϜ Ϥ

сЛϮϽгЮϜ ϬϺнгзЮϝϠ ϣжϼϝЧв еуЃϳϧЮϜ ев Ϝ̯ϹтϿв ЭϫвцϜ . ϤϹϮм еуЃϳϧЮϜ ϣϡЃж7.2 м ̭ϝϧЇЮϜ сТ ́7.5СуЋЮϜ сТ ́. 

 ϬϺнгж Йв ϣуϚнЎмϽлЫЮϜ ϣϲнЯЮ сϚϝϠϽлЫЮϜ ̭ϜϸцϜ ϣжϼϝЧв ̪ ЩЮϺ пЮϖ ϣТϝЎшϝϠPVT ЭϫвцϜ .ЮϜ Ϣ̭ϝУЫЮϜ ϥвϹЦ ϬϺнгзЮ ϣуϚϝϠϽлЫ

PVT  ϣϡЃзϠ ϣуϚнЎмϽлЫЮϜ ϰϜнЮцϜ ев пЯКϒ ̯̭Ϝϸϒ еЃϳгЮϜ6 м ̭ϝϧЇЮϜ Ьы϶ ́10СуЋЮϜ Ьы϶ ́. 
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CHAPTER I  

Introduction  

1.1 Background 

 

Globally there are increasing concerns related to the catastrophic effect of increasing CO2 

emission. During the United Nations Climate Change Conference, COP 21, in 2015, over 190 

countries signed an agreement to keep global warming below 2oC by 2050 (Guarracino, 2017). 

The agreement goal cannot be achieved unless all the countries locally limit CO2 emission. 

Accordingly, many countries around the world initiated green agendas to mitigate the effects 

of increasing CO2 concentration. The agenda included initiatives that focus on energy 

conservation and the use of renewable energy sources.  

The UAE is committed to the COP 21 agreement, through establishing Energy Strategy 2050 

(National Climate Change Plan of the United Arab Emirates 2050, 2017). The UAE energy 

strategy aims to produce energy from mixed renewable sources (solar and nuclear) sources. 

Therefore, the UAE increased the renewable energy share by implementing a series of 

initiatives on different scales (Kazim, 2015). One of the best renewable energy solutions is 

solar energy, as it is available in the UAE and GCC areas all around the year.  

Despite the fact that earth receives a huge amount of solar energy on daily basis (Bagher & 

others 2015), utilization of solar energy is marginal.  Mainly sun light can be utilized in two 

ways; either generating electricity by using photovoltaic, or heat by using a solar collector. In 

the case of a water collector, working fluid is used to transfer the absorbed heat from solar 

radiation to be utilized in different applications. The type of application determines the type of 

solar collector that needs to be used. As an example for domestic use water heater, a flat plate 
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solar collector is the best option for the application. However, for higher temperature 

applications concentrated solar collector can be used. Solar collectors and photovoltaic both 

have a variety of types available in the market, with different specifications and efficiencies. 

Boubekri (2009) stated that, at the peak time the highest efficiency of PV panels can reach only 

up to 20%. The rest of the absorbed solar energy is wasted as heat. The wasted heat affects the 

PV panel's electrical performance negatively (Sciubba and Toro, 2011). The electrical 

efficiency of the PV panel loses about 0.25% to 0.5% if the surface temperature of the panel 

increases by 1 degree Kelvin above the reference temperature. 

Therefore, the idea of attaching PV panels with solar collector panels was initiated. The panel 

is called PVT hybrid which can produce both electrical and thermal energy simultaneously 

(Allan, 2015). Coupling PV panel with solar collectors, removes the excess heat from the back 

of the panel, which results in higher produced voltage. 

Based on previous research, PVT has proven to be a promising solution for various reasons: 

the overall efficiency is higher than sole PV, enhanced electrical performance, and the cost of 

integration of both panels is considered to be moderated (Sciubba and Toro, 2011). Figure 1.1 

PVT Hybrid basic components.                     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure1.1: PVT Hybrid basic components 

(www.solarpowerworldonline.com) 
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1.2 Research Problem 

 

Since the UAE has the vision to achieve 50% clean energy by 2050, adopting a system such as 

PVT, would be feasible. However, PVT performance is affected by changing geographical 

location and climate conditions. Geographical location affects the solar intensity and climate 

condition affecting the surface temperature of the PVT panel. The UAE has hot climate 

conditions. Therefore, PVT performance is required to be tested under UAE climate conditions 

to assess the performance of PVT prior to start the adaptation process. From the literature 

review several knowledge gaps have been identified: 

¶ There are inadequate studies performed in the UAE to study the performance of the 

PVT system. Therefore, the current study will focus on testing PVT under UAE climate 

conditions. 

¶ Performance evaluation and optimization for PVT will be conducted in the same 

study.   

 

1.3 Study Motivation 

 

There are several reasons to highlight the importance of this study. The UAE has an energy 

vision that aims to achieve 50% clean energy by 2050. The vision focus on reducing CO2 

emissions and mitigating climate change (National Climate Change Plan of the United Arab 

Emirates 2050, 2017).  
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Therefore, to achieve the stated vision, the UAE has many initiatives in different ranges to 

transfer incrementally from using the conventional type of fuel to renewable energy. Dubai 

(one of the seven UAE emirates) started an initiative called ñShams Dubaiò. Shams Dubai aims 

to encourage householders to install PV panels on the house roof to provide electricity and 

connect to the local Electricity and Water Authorityôs grid. In addition, Dubai Municipality has 

Green building regulations and specifications which require Dubai residents to use solar water 

heating systems for domestic systems (Green Building Regulations & Specifications, 2015) in 

all types of buildings. Hence, using PVT to produce both electricity and hot water from the 

same unit will be a suitable solution to stratify Dubai regulations. 

In addition to the above reason, energy is responsible for about 80% of CO2 emissions and 

almost 70% of GHG emissions. Hence, finding alternative renewable sources to reduce GHG 

emissions is a must (Sciubba and Toro, 2011). Solar energy is considered one of the best 

renewable energy sources due to it is availability (Nalis, 2012). Adaptation of new solar 

technology can increase the renewable energy share and help reduce GHG emissions (Nalis, 

2012). PVT is considered a promising solution (Sciubba and Toro, 2011).   

1.4  Scope of the Study 

The scope of the research will cover the following main activities: 

1- Field experimental test for two panels the PVT panel and conventional PV panel in Dubai. 

The collect data from experiment are (power output from both panel, inlet and outlet water 

temperature from PVT panel and solar intensity). The experiment will be conducted twice 

during summer and winter. 

2- Develop simulation model on TRNSYS by using the collected data from the field 

experiment.  
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3- Enhancing the overall performance (electrical and thermal) of PVT through changing 

design parameters and assessing the impact of each parameter on overall PVT 

performance. 

The re-test for the optimized parameters will not be covered in this study due to time 

limitations. However, the retest can be covered in another study.  

 

1.5 Research Aims and Objectives 

 

This search is intended mainly to achieve two main aims. The first aim is to assess PVT system 

performance under UAE conditions. The second aim is to develop a simulation model to 

optimize the PVT performance. The aims will be achieved through the following objectives: 

1. Test and evaluate electrical efficiency of PVT systems in comparison to standard PV 

systems during winter and summer. 

2. Develop a simulation model by using TRNSYS software.   

3. Compare field experiment results with simulation results. 

4. Optimize the performance of PVT using the simulation model by changing some of the 

parameters such as (number of tubes, diameters of tubes, PVT panel area, and water 

flow rate). 

 

1.6  Outline of the Thesis 

 

 The thesis is divided into six chapters, as follows: 

Chapter I : will cover the introduction with background, research problem, study motivation, 

scope of the study, and research aims and objectives.  
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Chapter II : will include general information on solar radiation, solar systems (photovoltaic 

and solar collector), data weather, the impact of temperature on PV electrical performance, and 

UAE climate conditions. 

Chapter III : will focus on the history of PVT, different studies/ research conducted to study 

the PVT performance and feasibility and data required to be collected during the experiment. 

In addition, the reason for selecting TRNSYS software as a simulation model. 

Chapter IV : methodology which includes field experiment testing setup, data collection 

procedure and simulation model. 

Chapter V: all the results from both experimental and simulation phases will be presented with 

the interpretation and discussion of the results and linking with previous studies.  

Chapter VI : conclusion and final recommendations with further study recommendations. 
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CHAPTER II  

Solar Energy and Technologies 

2.1 Introduction  

This chapter will cover multiple topics related to energy consumption, solar energy, and 

different solar technologies.  These topics are essential to understand the energy demand as the 

first step, then, solar energy intensity and availability in the GCC area. The last part will discuss 

general information related to different types of photovoltaic, photovoltaic performance with 

temperature increasing, and market cost. In addition to that, information on solar collector 

material construction, types, and performance.  All information given in this chapter is essential 

to understand the basic design, limitations, and external/ internal factors which affect solar 

technology's performance. 

2.2 Energy Consumption 

Energy consumption is increasing rapidly in developing countries, due to several reasons such 

as population increase and advances in technology (Aldossary, 2017). Accordingly, The Green 

House Gases (GHG) emissions level dramatically increased to dangerous levels which required 

immediate action worldwide (Delisle, 2008). Increasing atmospheric concentrations of GHG 

lead to climate change (Radi, 2010). Climate change includes extreme conditions of weather 

such as increasing heat, flooding, and draught (Delisle, 2008). The World Energy Outlook 

(WEO) reported that by 2040, the energy demand will increase about 37% (Aldossary, 2017). 

Hence, relying on non-renewable energy sources will lead to increases in GHG and eventually 

to catastrophic results. The electricity demand increased dramatically due to an increase in 

population, transportation, industry, and building operation (Radi, 2010).  
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The GCC Countries' (Gulf Cooperation Council) economy depends mainly on the fossil fuel 

industry. The population in GCC represents about 0.6% of the total world population and they 

were responsible for 2.7% of CO2 emissions in 2010. Saudi Arabia has the highest carbon 

footprint (446 Million tons of CO2/ year) among the rest of GCC countries (Munawwar and 

Ghedira, 2013). The abundance of oil leads to dominating the oil industry (Masud et al., 2018). 

With oil depletion, GCC countries started to explore using other sources of renewable energy. 

One of the most promising renewable sources is solar energy. The main reason is the 

availability of sunlight year round (Akash & others, 2016). The International Renewable 

Energy Agency (IRENA) reported that by implementing renewable energy GCC countries can 

gain huge benefits. Apart from the environmental benefit, there are various advantages of 

implementing renewable energy such as reducing exporting oil which may save the oil reserves 

and create new jobs (Abubakar & others, 2018).  

The average annual solar radiation in GCC per m2 is equivalent to 1.1 oil barrels. The highest 

solar radiation level during summertime in June with (8200 kWh/m2) in Kuwait and lowest in 

Oman with (6400 kWh/m2). The lowest solar radiation is in the wintertime during January in 

the UAE, with (4200 kWh/m2) and during December with (3200 kWh/m2) in Bahrain. Hence, 

many renewable systems in different scales have been adapted and implemented by GCC. 

There are enormous socio-economic benefits of adopting a renewable energy system in GCC 

such as saving oil, creating new jobs. The Gulf Research Centre report shows that the UAE is 

in lead in the renewable energy index with several solar projects (Abubakar et al., 2018). 

 In the UAE, almost 98% of electricity is generated by using natural gas as fuel. Accordingly, 

the UAE has set a plan to mix other renewable energy sources, along with natural gas for 

producing electricity. The UAE paid significant efforts to facing the dramatic increase in 

energy demand. Abu Dhabi plans to use 25% of nuclear and 7% of renewable energy by 2020 

(Torcat and Almansoori, 2015). The 7% renewable energy will be a mix between (wind and 
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solar) energy plants with a capacity of 1500 MW in 2020 with a 7% share.  The plan is to 

gradually increase the (wind and solar) share from 7% in 2020, up to 75% by 2050 (Abubakar 

et al., 2018). Major solar energy projects in UAE are based in Abu Dhabi and Dubai and Dubai. 

Abu Dhabi commissioned a 100 MW Shams 1 plant in 2013, which is considered the largest 

solar energy project in the region. In addition, the Abu Dhabi Solar Rooftop program with a 

capacity of 2.3 MW which completed in 2012, the Marawah island PV plant with a capacity of 

492kW in 2011, Um Al-zomul off grid power plant with a capacity of 100kW in 2009.  

Dubai's clean energy strategy included five pillars: infrastructure, legislation, funding, building 

skills, and developing an environmental plan based on energy combination. In MBR 

(Mohammed bin Rashid Al-Maktoum) Solar Phase I Which has been commissioned in 2013 

with a total capacity of 13 MW. MBR phase II with a total capacity of 200MW was 

commissioned in 2017. MBR solar Phase III with a total capacity of total 800 MW using solar 

panels commissioned on full operation in 2020. The next plan, which is already in the execution 

stage, is the fourth phase with a capacity of 950 MW. In this phase, both PV and CSP will be 

used to produce power the expected and commissioned date is 2021. 

The CEIC data reports show the increasing consumption of electricity in UAE between 2003 

and 2017 as shown in Figure 2.1. 
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Figure 2.1: Electricity Consumption in UAE between 2003 and 2017 

https://www.ceicdata.com/en/united-arab-emirates/electricity-consumption/electricity-

consumption visited on 14/12/2018 

 

2.3 Solar Energy 

Solar energy, or solar radiation, is defined as the energy emitted by the sun (Wald, 2018). The 

sun generates it is energy through processes called nuclear fusion. In nuclear fusion processes 

hydrogen (H2) is converted into helium (He). The sun's volume is composed of about 75% of 

Hydrogen and 23% of Helium, and 2% other elements (Günther, 2014). The most important 

reaction is the proton-proton chain. The result from a defect in mass from the reaction releases 

energy about 26.7 MeV/ reaction. The mass energy can be found by equation (1.1). Hence, the 

solar radiation power emits from the sun about 3.85*1026 W (Günther, 2014).  

 

)1.1.......(..........2mrcE=  

 

The solar radiation received by the earth varies during the day, and between seasons, due to the 

earth's orbit. The closer to the sun, the higher the received radiation (Wald, 2018).  Although 

https://www.ceicdata.com/en/united-arab-emirates/electricity-consumption/electricity-consumption%20visited%20on%2014/12/2018
https://www.ceicdata.com/en/united-arab-emirates/electricity-consumption/electricity-consumption%20visited%20on%2014/12/2018
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the sun sends a huge amount of solar radiation, the atmosphere depletes a huge amount of it. 

The aerosols and molecules absorb and scatter about 20% to 30% of the radiation which has 

been sent to earth (Wald, 2018). Sun can provide the earth with the required energy every 20 

minutes (Patil and Deshmukh, 2015). As mentioned before, time of the day, season, and cloud 

affect the amount of solar radiation received to earth. In addition, there is a critical factor which 

is the location of which represented by the latitude and the elevation (Ettah, Nwabueze and G. 

N., 2011).   

In general, solar radiation influences all the aspects of life on earth.  As an example,  solar 

radiation affects agriculture, ocean, ecology, ocean, architect building, and material (Wald, 

2018) 

 

Mainly solar radiation is electromagnetic radiation consists of: 

i. Infrared (52 ï 55% ɚ > 700 nm) 

ii.  Visible (42-43% 400 < ɚ < 700 nm) 

iii.  Ultraviolet (3-5% 100 < ɚ < 400 nm) - see Figure 2.2 

 

 

 

 

 

 

 

 Figure 2.2: Electromagnetic Spectrum 

https://www.e-education.psu.edu/eme812/node/643 , visited on 

14/12/2018 

https://www.e-education.psu.edu/eme812/node/643
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Several factors are affecting the density of solar influx received from the sun. The factors 

are latitude, daytime variation, climate, and geographic variation (Kabir et al, 2018). Solar 

energy can be converted into three basic forms to utilize the sunlight as follows (Delisle, 

2008): 

i. Passive solar heating: defined as the process of utilizing the sunlight without the 

requirement of the mechanical or electrical system. It is a simple form of harvesting the 

sunlight through windows or any thermosyphon system.  

ii.   Active solar heating: the active solar system has a mechanical system such as a pump to 

circulate the fluid or simply a fan. The best example of active solar heating is the solar 

collector.  

iii.  Photovoltaic cells: is a device that converts fall sunlight into electrical energy. 

Figure 2.3: Distribution of the average solar irradiance all over earth surface annually 

(Kabir et al, 2018) 
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Solar flux has a direct positive impact on the PV panel output current. Therefore, higher 

solar radiation leads to enhance PV panel output current, accordingly enhancing the output 

electrical power and the electrical efficiency (Ettah, Nwabueze and G. N., 2011).   

2.4  Solar Angles 

The sun is continuously moving in an orbit. Hence, the sun location and the density of the 

solar radiation changing during the day and all around the year. Accordingly, understanding 

the sun angles dramatically helps in optimizing the solar radiation falls on the PV panels. 

Mainly the solar angles are (Solar declination, Solar Zenith Angle, Solar Elevation angle and 

Solar Azimuth). In the following the definition of each angle will be given (Wald, 2018): 

i. Solar Declination: Angle formed between the equator and a line drawn from the center 

of the Earth to the center of the sun. 

)1.2.......())........10(
365

360
cos(45.23 +³³-= dod  

Ὠ ÉÓ ÔÈÅ ÄÁÙ ÏÆ ÔÈÅ ÙÅÁÒ ×ÉÔÈ *ÁÎ ÁÓ Ὠ ρ 

  ÉÓ ÔÈÅ ÃÕÒÒÅÎÔ ÄÅÃÌÉÎÁÔÉÏÎ ÏÆ ÔÈÅ 3ÕÎ ‏

 

ii.  Solar Zenith angle: Angle formed between the Sun rays and the local vertical.  

 

)2.2.....().........cos(cossinsinsincos hjdjaq +==  

 — is the solar zenith angle 

 Ŭ is the ' or solar altitude angle,  Ŭ = 90° ï ʃ  

https://en.wikipedia.org/wiki/Declination_of_the_Sun
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Ὤ is the hour angle, in the local solar time 

• is the local latitude. 

 

iii.  Solar Elevation Angle: is the angle form between the sun height and the horizontal. The 

angle is 0 at the sunrise and 90 degrees when the sun is directly overhead.  

 

)3.2.......(....................90 dja -+=  

 

iv. Solar Azimuth:  The angle formed between the sun rays and the horizontal plan. 

 

)4.2......(....................
cos

)sin(cos
)sin(

a

d h
z =  

2.5  Solar Energy Technologies 

The history of using solar energy started ages ago. The first man who discovered the 

photovoltaic effect on selenium was Becquerel in 1830. The first use of solar energy was for 

space between the late 1950s and 1960s as there is no other source of power available and the 

cost was not the issue (Kalogirou, 2001). Currently, new technologies are used to harvest solar 

energy with different ranges in size, design, and quality. Solar technologies have already been 

tested and proven all over the world as feasible sources of renewable energy. In theory, solar 

energy has adequate capacity to fulfill the world energy demands if harvesting technologies are 

readily available (Kabir et al, 2018). Fossil fuels are still the dominant source of energy. Many 

countries have already taken necessary steps in transferring gradually to other renewable 

sources of energy (Copiello &Grillenzoni, 2017).  

https://en.wikipedia.org/wiki/Hour_angle
https://en.wikipedia.org/wiki/Solar_time
https://en.wikipedia.org/wiki/Latitude
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Solar technologies can be divided into two main categories photovoltaic and solar collector 

(Aldossary, 2017). Solar photovoltaic converts the sunlight into electricity, and solar collectors 

convert solar energy into heat (Kaya, 2013).  All of the mentioned solar systems are available 

with a various range of designs. However, the operation principle is the same (Aldossary, 

2017). In the case of solar collectors, the operation principle starts with passing a fluid (water, 

air, or refrigerant) through the absorber.  The fluid absorbs the heat so the outlet fluid will be 

at a higher temperature than the inlet fluid (Kaya, 2013). In many solar collector systems, the 

resulting thermal energy is stored to be used later on, such as in the case of the water heater. 

But, in other cases, such the produced heat is directly used as the case of hot air used for the 

heating purpose (Aldossary, 2017).  

On the other hand, the other technology is the photovoltaic system which has a component with 

the chemical property that directly converts the solar radiation into electricity. There are too 

many applications with small and large scales for photovoltaic systems (Kaya, 2013). 

2.5.1 Photovoltaic System Technology 

The photovoltaic system converts light into electricity (Bagher & others, 2015). PV material 

ejects electrons once it is exposed to the light source (Mulvaney, 2015). The reason is that PV 

material is semiconductor material with two layers, p and n (metal and insulator). Layer p with 

a positive charge, and layer n with a negative charge and free electrons. In case lights fall on 

semiconductor material the electrons will move and create current.  Figure (2.4) explains the 

Solar cell basic component source. The most common and well-known semiconductor material 

is silicon. 
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The first PV cell was made in 1941. The PV cell was made from silicon with an efficiency of 

1% (Glunz & others, 2012). Since introducing the first PV cell and over past decades there 

were many improvements in the design and material in order to enhance the efficiency of PV 

panels. There are many advantages for PV panels: provide clean energy, high durability, high 

reliability, and has adjustable scales/ capacity. Due to the mentioned advantages and the target 

set by most of the countries worldwide to increase renewable energy share, the PV market 

growing fast to keep up with the requirement of clean energy (Gul, et al 2016). In general PV 

efficiency is affected by several factors. These factors are classified as internal and external 

factors. The manufacturing process and type of material are considered to be internal factors. 

External factors related to weather conditions: ambient temperature, solar intensity, wind 

speed, and humidity (Matias et al, 2017). 

Some countries are considered to be leading in the implementation of Photovoltaic systems as 

per statistical report 2014 which shows that China, Japan, USA, Germany, and UK are at the 

top (Gul, et al, 2016).  As has been mentioned, PV system has low efficiency ranging from 

5%to 20%. Many studies and Techniques have been implemented in order to enhance PV 

efficiency (Gul, et al, 2016): 

Figure 2.4: Solar cell basic component source  

(Tan & Seng, 2011). 
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I. Using reflectors in order to focus the solar radiation on the panel. 

II.  Photovoltaic concentrated type. 

III.  Photovoltaic system with solar radiation tracking. 

IV.  Avoiding Shading. 

V. Performing regular cleaning. 

PV system classified as mono-crystalline silicon, polycrystalline silicon, amorphous silicon, 

cadmium telluride, and copper indium gallium selenide/sulfide based on the material used to 

produce the panels (Chu, 2011). 

The mathematical model of the PV function when exposed to light as following: 

)5.2.........(..............................Dpv III -=  

Where, 

 I is the output current.  

 Ὅ  is the photo generated current. 

Ὅ is the Shockley diode equation. 

 

In addition, The I-V characteristic curve represent with the following equation (Vega, 2019): 
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Where,  

T  Temperature in ὑ  

Ὅȟ  is the inverse saturation current of the diode. 

‌ the ideality or quality factor, measured how close the diode to the ideal diode. 

q  Electron charge 

ὺ Frequency 
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k the Boltzmann constant, 

ISC is the short-circuited and define as ñmaximum current value that flow in to the PV 

cell 

 

 

 

Figure 2.5 indicated that when I= ISC the p side and n side shorted with each other and V= 0. 

On the other hand, to obtain the maximum value of V the terminals kept open I= 0 and V= 

VOC. The power is varying based on the light intensity and the produced voltage and current. 

P = V*I.  

Thermal voltage represents in equation (2.7) which is define the relationship between the 

current flow and the electrostatic potential across the p-n junction. Thermal voltage depends 

on absolute temperature (Vega, 2019) 
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2.5.2 Photovoltaic Technologies 

The expected PV modules life span is 25 years with approximate power degradation of 85% 

(Vega, 2019). The average efficiency of PV modules is 15% (Ļotar, 2012). In general, PV 

panels consist of several solar cells. The solar cells are connected in series and parallel. The 

Figure 2.5: The I-V curve and power output  

(Dahlen, 2019) 
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purpose of connection in series to produce higher voltage and in parallel to produce a higher 

current (Vega, 2019). 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Shows solar PV system which has different shapes, types, and applications. 

Generally, PV systems are classified into on-grid and off-grid or either connected with the local 

power grid or not.  

The other classification of the PV system is done based on the type (Crystalline Silicon, Thin 

Film, and Compound semiconductor e.g. GaAs-based). There are many sub-classifications for 

each of the mentioned types. The most common type is the Crystalline Silicon type that is 

divided into (Poly-crystalline and Mono-crystalline) (Tan & Seng, 2011).  

The other types of PV technology that have the highest market share are wafer-based solar cells 

and the thin-film panel. The main challenge of PV technology emerging widely in the market, 

was the high cost of the system in comparison to low efficiency. Therefore, many R&D centers 

around the world are trying to achieve significant cost reduction by improving PV efficiency 

(Mohanty, et al, 2016). Organic PV cell shows promising solution and caught the attention.  

The basic material used to produce the PV cell/modules is Silicon. The physical properties of 

silicon as single-crystal, multi-crystal, and amorphous are as follows: 

Figure 2.6: Solar PV system (Vega, 2019). 
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i. Silicon Single ï Crystal type has the highest efficiency as crystal has free grain boundaries. 

The free grain boundaries are considered as defects in the crystal structure which lead to a 

decrease in thermal and electrical conductivity.  

ii.  Silicon Multi ï Crystal has grain boundaries, unlike the single crystal. 

iii.  Amorphous Silicon is non-crystalize material. The atoms are arranged randomly. The 

random arrangement of the atoms leads to creating a loose bond of some Atoms that 

disrupts the flow. Despite that, the amorphous Silicon is considered to be the least efficient 

among the rest of the types. However, it is considered as low cost (Mohanty, et al, 2016). 

PV generates DC (direct current). Hence, Connecting the PV system to the local grid required 

some modifications and interconnection arrangements in the system.  In order to match the 

electricity produced by the PV system with public utility (Grid), inverters are required to be 

used. The main function of the inverter is to convert the DC electricity produced by the PV 

system to AC electricity to either connect to the grid or to be used for any other electrical 

equipment (Vega, 2019). 

2.5.2.1 Crystalline Silicon Photovoltaic Solar   

PV type, made of crystalline material, has the highest share in the market with a, 85-90 

percentage (Chu, 2011). There are two types of crystalline silicon: Monocrystalline and 

Polycrystalline (Mohanty, et al, 2016). The main difference between Monocrystalline and 

Polycrystalline is that monotype is made of one crystal of silicon and poly-crystalline is made 

of multiple crystals of silicon. The type of silicon used to produce mono-crystalline PV panels 

is very pure silicon which is usually used to make semiconductor chips. The first step of melting 

the raw material (Silicon) then form very thin layers as wafers with a thickness of 150-200 

microns to form the PV cell (Tan & Seng, 2011). After that, all the produced celled electrically 

connected to form modules (Chu, 2011). PV made of Crystalline Silicon has the highest 
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efficiency among the other types of PV. In addition, the durability of the PV reaches up to 25 

years with a factor of degrades (Ļotar, 2012). Monocrystalline efficiency ranged from 13% - 

15%. 

 In the case of Poly-crystalline, or multiple silicon crystals manufactured in a different way 

than mono-crystalline.  First, the molted silicon is bored in mold and then form as wafers. The 

efficiency of Poly-crystalline ranged from 11% to 14% (Ļotar, 2012). The cost of 

polycrystalline is less than Monocrystalline type (Chu, 2011). 

2.5.2.2 Thin- Film Technology  

Thin-film PV type is produced by piling thin layers with a micrometer of photosensitive 

materials on a flat surface such as glass, plastic, or stainless steel (Chu, 2011). In general, the 

efficiency of thin-film less than the silicon type varies between 3% to 13% (Tan and Seng, 

2011).  The production cost of Thin-film is considered to be less than other types of PV types. 

There are three main classifications of the Thin-film PV (a-Si, CdTe, and CIGS (copper indium 

gallium di-selenide)) (Sharma & others 2015). Other raw materials used to produce Thin-film 

such (cadmium telluride (CdTe) and copper-indium-gallium-diselenide (CIGS)).  

The advantages of using Thinïfilm type are as follows (Chu, 2011): 

i. The production process consumed less material and can be automated easily. 

ii.  Thin-film type can be integrated into building easily. 

iii.  The performance of Thin-film is better in high ambient temperature.  
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In Table 2.1 common PV technologies is indicated with the average module efficiency for each 

type. 

 

Table 2.1: Different PV technologies with average efficiency  

(Tan & Seng, 2011) 

PV available technologies Efficiency Range 

Monocrystalline Silicon 12.5 - 15% 

Polycrystalline Silicon 11-14% 

Thin-film Copper Indium Gallium Selenide (CIGS) 10-13% 

Thin-film Cadmium Telluride (CdTe) 9-12% 

Thin-film Amorphous Silicon (a-Si)  5-7% 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: Different types of PV cells source (Sharma, et al 2015) 
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2.5.3 Photovoltaic Cell Efficiency 

The efficiency of PV is represented as per the below equation. Efficiency defines as the ratio 

of the output electrical power to the input power received from a light source or sun (Ray, 

2010). In an ideal case, sunlight power is equal to (1000W/m2). Multiple parameters affect the 

amount of solar radiation received from the sun (geographical location, climate condition, and 

different seasons). The PV Efficiency can be found by using equation 2.8 (Aldossary, 2017): 
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Where Imax and Vmax represent maximum the voltage and current. The other parameters It and 

Ac are the solar intensity and the PV panel area respectively (Fesharaki, et al 2011). As per 

previous discussion efficiency of PV cells varies based on several reasons (internally and 

externally). Internal reasons such as type of material and manufacturer process. External 

parameters such as weather conditions and installation geometry. Weather condition includes 

ambient temperature, wind speed, and solar radiation (Dubey, Sarvaiya and Seshadri, 2012). 

2.5.4 Photovoltaic Efficiency and Temperature Effect 

There is an inverse relationship between an increase in temperature and PV efficiency. The 

efficiency of PV decreases with increasing PV surface temperature above the reference 

temperature of the cell. The reason is that output voltage drops with increasing temperature of 

the PV surface as shown in Figure 2.8. Accordingly, cooling down PV surface resulted in 

increasing the output power and enhancing the performance. PV cell can convert a certain 

percentage of light to electrical energy, the rest of the light is wasted as heat. The efficiency of 

mono-crystalline (c-Si) PV module and polycrystalline (pc-Si) PV module, decreases by 0.45% 



24 
 

with increasing of 1 K in temperature. For amorphous silicon a-Si, the decrease in efficiency 

is about 0.25% with each 1 K raised in temperature (Kalogirou & Tripanagnostopoulos, 2006) 

 

 

 

 

 

 

 

 

 

2.5.5 PV Installation Capacity and Cost 

Over the past years, the cost of the PV system has been reduced radically as the market of the 

system grew (Dahlen, 2018). Based on IRENA, 2019 report over 580 GW of solar PV system 

has been installed by end of 2019 worldwide. During 2019, the approximate total capacity of 

the PV system, installed and commissioned was 98GW. In addition, between December 2009 

and December 2019 the cost of crystalline silicon type sold in Europe declined on average up 

to 90%. The cost of the modules varies based on the type. The highest module cost of high-

efficiency crystalline the around USD 0.38/Watt and the lower module cost is around USD 

0.21/ Watt. The main factors affecting the module cost are the manufacturer scale and 

experience. Moreover, there are some of the newly introduced factors such as optimized 

Figure 2.8: Output Voltage of the PV module with different 

temperatures source (Fesharaki, et al 2011) 
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manufacturing process and the cell architecture types which enhance the efficiency gain as 

shown in Figure 2.9 and Figure 2.10. 

 

 

 

 

 

Figure 2.9: Average monthly solar PV module prices by technology and 

manufacturing country sold in Europe, 2010 to 2020  

(IRENA, 2019) 

 

 

 

 

Figure 2.10: Average yearly module prices by market in 2013 and 2019 

 (IRENA, 2019) 
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2.5.6 Solar Collector Overview  

The working mechanism of the solar collector starts with collecting solar radiation and 

transferring it into heat. The heat transfers to the working fluid (water or air), can be utilized in 

domestic or industrial applications. There are three main types of solar collectors: flat plate, 

evacuated tube, and concentrated type (Bhowmik and Amin, 2017). In the flat plate type, the 

absorbing area is almost the same as the surface area. However, in the concentrated type, the 

absorbing area is small, and large are of mirror and lenses reflecting the sunlight and direct it 

to the absorber (Patil and Deshmukh, 2015).  The most popular type in Europe is flat plat due 

to it is low cost, easy installation, simple structure, and safe operation (Shemelin and Matuska, 

2017). In addition, flat plate solar collect can collect direct and diffuse radiation (Bhowmik and 

Amin, 2017). The main components of both types are common (Casing, frame, insulator, tubes 

or pipes, and absorber) (Irfan and others, 2015). The main part of the solar collector is the 

absorber which is usually made of metallic material (Patil and Deshmukh, 2015). The metallic 

material of the absorber is a high thermally conductive material such as aluminum or copper. 

In addition to the conductive material, the absorber is usually coated with selective to enhance 

the solar radiation absorber and reduce the energy emission (Saleh, 2012). Solar collectors have 

various applications, such as domestic water heating, heating swimming pool water, and 

heating the space (Irfan et al., 2015). The performance of the solar collector is affected by the 

surrounding ambient temperature and the heat transfer (Shemelin and Matuska, 2017). In this 

research, the focus will be on the flat solar collector type. The basic working concept of the 

solar collector is as follows the sequence (Aghaei, 2014): 

i. The absorber collects the sunlight and transfers it to the working fluid. Several 

technologies have been developed for the absorber to enhance the absorbing heat.  

ii.  The second stage is transferring the heat through the working fluid to the user or the 

storage. The working fluid can be water, refrigerant, oil, or air. 
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2.5.6.1 Flat Plate Solar Collector 

A flat plate solar collector is the most commonly used collector. Usually used in applications 

such as domestic water heaters and providing heating to space (Jesko, 2008). It has many 

classifications and types. The classification has been done based on the working fluid, design, 

and material used Figure 2.11. Shows classification of flat plate solar collectors.  

 

 

 

 

 

 

 

 

 

 

As mentioned, the main parts of the solar collector are common to all types. In the case of the 

flat plate type the main parts are (glazing, Absorber sheet, Manifold or header, Insulation, and 

the frame) (Aghaei, 2014) as shown in Figure 2.12.  

 

 

 

 

 

 

 

Figure 2.11: Classification of Flat Plate solar collector 

(Jesko, 2008) 
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Figure 2.12: Main parts of the solar collector (T. Aghaei, 2014) 

The glazing is not available in all types. There is some flat plate solar collector without glaze/ 

uncovered at the top of the panel. Solar panels with glazing are considered to be more thermally 

efficient than the non-glazing type. There are two types of glazing cover, single glazed or 

double glazed. The main function of glaze is to trap the penetrated sunlight and enhance the 

heat transfer. The glaze traps the long-wavelength and transmits the shorter wave. The 

transmittance of normal window glass is about 0.87 to 0.90. Glazing made of plastic material 

has better transmittance to short waves. Unfortunately, cannot stand ultraviolet radiation for a 

long time. Accordingly, it is not common to use plastic as cover material for solar collectors 

(Sadaq, 2015). In the below table Transmittance of different glazing materials is shown: 

Table 2.2: Transmittance of different material (Sadaq, 2015) 

Transmittance value of different material (Ű ) 

Crystal glass 0.91 

Window glass  0.85 

Acrylate, Plexiglass 0.84 

Polycarbonate  0.84 

Polyester  0.84 

Polyamide  0.80 

 

The other main part is the absorber. The absorber is mainly painted black to maximize heat 

absorption. It is mainly a metallic sheet with different configurations straight, wavy, and fluted 

(Aghaei, 2014). As mentioned above, absorber plays a key role in enhancing the performance 

of the solar collector as it is responsible for absorbing the solar radiation. In designing the 

absorber and selecting the suitable construction material. Some factors need to be taken into 

consideration: Durability, Thermal conductivity, easy handling, material cost, and availability. 
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Hence, the design and the thermal properties of the absorber special attention (Sadaq, 2015). 

Absorber design parameters are: 

i. Type of material usually used to construct the absorber (copper, aluminum, stainless 

steel, stable polymers, and mild steel). Copper is preferred due to it is high thermal 

conductivity. However, copper is considered to be costly in comparison with 

Aluminum with only a slight enhance in collector performance (about 3%). (Majid et 

al, 2015).  

ii.  Thickness of the absorber. 

iii.  Design of the absorber (straight sheet, wavy or fluted). 

iv. Thermal conductivity of the absorber either due to used material or due to using black 

paint or selective coating.  

Piping and tubing of the solar collectors carry the fluid through the solar collector. There are 

mainly two common configurations (parallel and serpentine). The pipe parallel configuration 

consists of several risers connected from top and bottom with the main manifold. The risers are 

responsible for transferring the fluid through the collector and increasing the area of contact 

between the fluid and the absorber. The manifold is usually placed on the top and the bottom 

of the collector to drain the fluid. The pressure is high at the bottom of the collector and lowers 

at the top. The flow rate at the middle part of the collector is the lowest where the heat transfer 

is the most. The serpentine tube type is one long tube that bends several times. Therefore, their 

uniformity in flow rate. Accordingly, the heat transferred all along the collect is uniform. In 

addition, the serpentine configuration is easier to construct and does not require any welding 

work (Sadaq, 2015). The design parameters of the tubes which directly affect collector 

performance are: 

i. Tubes design and arrangement (parallel, spiral). 

ii.  Tubes thickness. 
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iii.  Number of tubes with the collector. 

iv. Tubes Material. 

v. Gaps or spacing between tubes. 

In the flat plate solar collector, the most important aspect to enhance the thermal performance 

is to enhance the performance of the absorber. Hence, the more solar radiation absorbed by the 

absorber will result in higher the temperature outlet from the absorber. Accordingly, the 

efficiency of the collector increase. In the domestic water application, the solar collector system 

can increase the water temperature up to 50 oC (Sadaq et al., 2015). The thermal properties and 

design of the absorber play the main role in the efficiency enhancement.  

The inside part of the collector is insulated with layers of insulation such as Rockwool or free 

polyurethane foam (PUF) material to minimize heat loss (Aghaei, 2014). Insulation material 

shall confirm the requirement of durability, fireproof, waterproof, and weather tolerant 

(Tripathi et al, 2018).  

The last part of the solar collector is the frame which keeps all the other parts together and 

protects the solar collector from dust, moisture, and water penetration (Aghaei, 2014).   

In general, to design a suitable solar water heater using flat plate solar collectors. Some design 

criteria need to be taken into consideration and other assumptions (Patil and Deshmukh, 2015). 

The assumptions are as follows: 

i. Estimating the daily water consumption to decide the size of the water tanks and the 

number of solar collectors required.  

ii.  Water inlet temperature as it is affecting the efficiency of the system. 

iii.  Inclination of the solar panels which affect the intensity of solar radiation falls on the 

solar panel. 

Other design considerations which affect the design of the solar water system are: 

i. Weather conditions including ambient temperature, wind speed, and humidity. 
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ii.  Solar intensity depends on the geographical location. 

Other than the mentioned assumption and other design considerations which affect the design 

and estimating the capacity of the system. There are other criteria required to be highlighted. 

The below-mentioned criteria are related to the operational characteristics of the solar panel 

(Patil and Deshmukh, 2015): 

i. Collector efficiency: defines as the ratio between the useful amounts of thermal energy 

gained for a certain time to the total solar intensity fell on the collector surface for the 

same time.  

ii.  Collector Thermal Capacity: Thermal capacity or heat capacity is the amount of heat 

stored per solar collector area to produce a unit change in fluid temperature. 

iii.  Pressure Drop: Define as the difference of pressure between inlet and outlet due to 

friction. Deciding the pressure drop for each collector is very important to design the 

capacity of the circulation pump. 

iv. Stagnant Conditions: the time that the fluid does not gain any useful energy from the 

solar collector and there is no circulation. Usually happened during summertime when 

the hot water tank reached the required temperature of about 95oC. The pump stop 

working, as a result, the absorber gets very high due to continuous exposure to solar 

radiation without water circulation. In stagnation conditions, the temperature of the 

absorber reaches 180 -220oC, in case of using a selective coating (Hausner and Fink, 

2002) 

v. Optical Properties of the cover: three main values express the optical properties of the 

solar collector cover: reflectance, transmission, and absorptance. The glass cover used 

on the top of the solar collector is not perfectly transparent. Part of the solar radiation 

reflected from the top of the solar collector the rest of the solar radiation is either 

transmitted through solar collector material or absorbed (Patil and Deshmukh, 2015). 
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2.5.6.2 Concentrated Solar Collector 

Patil and Deshmukh, 2015 clarified that the different between the flat plate solar collector and 

concentrated type is the size of the absorber and the availability of mirrors or lenses. In the case 

of the concentrated solar collector the mirror or the reflectors used to focus and concentrate the 

sunlight on the absorber. The benefit of the concentration is to compensate the losses in solar 

radiation in it is way to the earth. Hence, the higher concentration lead to higher thermal power 

generation (Mishra and Tripathy, 2012). In addition, concentrated solar collector achieved 

higher power output than the flat plat with less consumed area (Kedare and Desai 2017). 

There are various systems of concentrated solar collectors: parabolic trough, Linear Fresnel 

reflector, solar chimney/solar tower, and Dish Stirling system, as shown in Figure 2.13. The 

solar concentrated system is able to produce very high temperatures. The parabolic trough solar 

collector produces temperatures reaching up to 400o C. Dish Stirling system temperature 

reaches about 650oC and above 1000oC for solar power tower. Concentrated solar collector can 

be classified in to tracking and non-tracking systems. The tracking system further classified in 

to one axis or two axis tracking (Jesko, 2008). 

  

Linear Fresnel reflector 

https://concord.org/blog/modeling-linear-fresnel-reflectors-

in-energy3d/  

 

Parabolic trough 

http://www.eusolaris.eu/Technology/ParabolicTrough.aspx 

https://i1.wp.com/4.bp.blogspot.com/-CLubf1qVEn4/WWoydlgS5DI/AAAAAAAAC_Q/I51mnJkwbRgq0LiSPiPNl8e_9q-n8QfwwCLcBGAs/s1600/fresnel06.png?ssl=1
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Figure 2.13: The four different types of concentrated solar collector  

(www.e-education.psu.edu/eme812/node/3 visited on 11/02/2019) 

2.5.6.2.1 Parabolic Trough 

Solar collector parabolic trough produces super-heated steam with high pressure. The 

technology is mainly used in power plants in order to produce the required steam to drive the 

turbines.  PTC system consists of a curved mirror placed on two sides of the receiver which is 

a tube that carries water in most cases. The main function of the curved mirror is to reflect and 

focus the incident solar radiation on the centered pipe. The water passes through a series of 

PTC fixed in one line until the steam is reaching to the required temperature and pressure. 

Then, it will be sent to a steam turbine (Padilla, 2011).   

2.5.6.2.2  Solar Chimney or Tower 

Solar chimney mainly consists of three main elements: solar air collector, chimney/tower, and 

wind turbines. The working principle of the solar chimney is very simple, the solar collectors 

all around the tower heat up the air during the daytime. The hot air is lighter than the cold air 

accordingly the hot air flows through the tower to reach up. The wind turbine placed in the 

  

solar chimney/ solar tower 

https://eurekalert.org/multimedia/pub/175485.php 

Dish stirling system 

https://www.volker-quaschning.de/fotos/psa/Dish1_1024x768.jpg 

http://www.e-education.psu.edu/eme812/node/3%20visited%20on%2011/02/2019
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tower starts to rotate and draw more hot air. Rotation movement generated electricity (Schlaich, 

et al, 2009).   

 

2.5.6.2.3 Linear Fresnel Reflector 

Linear Fresnel Reflector (LFR) technology has the same concept as the parabolic trough. The 

only difference is that in LFR the mirror is a straight mirror instead of a curved type. The 

mirrors are arranged on two sides of the receiver in a way that reflects and focuses incident 

solar radiation directly to the receiver. The LFR application is the same as PTC used to produce 

steam to drive turbines. LFR is producing less temperature than the PTC. Hence, the efficiency 

is less than PTC which is considered to be a disadvantage. There are several other advantages 

of LFR, such as using a straight mirror is simpler and less costly than the parabolic type 

(Padilla, 2011). 

2.5.6.2.4 Dish Stirling System 

Dish Stirling system is a sun tracking system consisting of parabolic dish concentrate solar 

radiation into receiver or power conversion unit (PCU). The receiver then transfers the heat to 

the generator (Mancini, et al 2003). 

2.5.6.3 Evacuated Tube Solar Collector 

Evacuated tube is another type of flat plate collector which consists of parallel rows of glass 

tubes connected with a common header. Vacuum the tubes above the absorber to help reduce 

the heat loss by convection. Accordingly, the thermal performance of the collector enhances 

(Tripathi et al, 2018). The vacuum glass tubes consist of two layers: an outer shell and inner 
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shell. The outer tube is used for protection function, and the inner tube is coated with absorptive 

material (Olek1, Olczak, and Kryzia, 2016) as shown in Figure 2.14.  

The efficiency of the flat plate collector is considered to be lower than the efficiency of the 

evacuated tube. The reason is that the evacuated tube has less gross area than the flat plat type. 

Mainly evacuate tubes solar collector used in hot climate condition as the efficiency of the 

system affected by the cold weather (Kalogirou, 2004). In the case of the evacuated tube solar 

collector, the ratio of gross area to absorber area can be changed based on the distance 

maintained between tubes. Therefore, increasing the space between tubes has a negative impact 

on the overall efficiency of the solar collector. Other factors are affecting the overall 

performance of the solar collector such as: title angle, collector dimensions, and weather 

condition (Hayek, Assaf, and Lteif, 2011). 

 

 

 

 

 

Figure 2.14: Evacuated solar collector main components 

http://www.alternative-energy-tutorials.com/solar-hot-water/evacuated-tube-collector.html visited on 

11/02/2019 

2.6  Chapter Summary 

Multiple topics have been included in chapter II  related to the internal and external factors that 

affect the performance of the solar systems. External factors were solar intensity, the 

Inclination of the solar panels, and weather conditions. Internal factors were absorber material, 

http://www.alternative-energy-tutorials.com/solar-hot-water/evacuated-tube-collector.html
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the number of tubes, tubes thickness, and tubes material. Based on the information provided 

the design parameters required to be tested in this research have been decided.  
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CHAPTER III  

Photovoltaic Thermal System (PVT) 

3.1  Introduction  

In the current chapter, a general overview of PVT will be introduced. In addition, a brief about 

PVT basic function, main types, and classifications. This chapter will include information that 

will be useful to perform the field experiment and develop a simulation model.  Hence, previous 

studies and researches related to PVT performance and performance enhancement will be 

explored. The last part will cover different simulation tools available in TRNSYS and the 

advantages and disadvantages of each tool. 

3.2  PVT Basic Concept 

As previously mentioned, the PVT is a system that produces electricity and thermal energy 

simultaneously. Dual-energy production from the same unit increases the overall effectiveness 

of PVT in comparison to sole PV (Büker, 2015). The idea behind PVT functionality is that 

photovoltaic panels convert solar radiation into electricity with an efficiency ranging from 9% 

to 20%. Hence, more than 80% of solar radiation is either reflected or converted to thermal 

energy. The converted thermal energy increases the PV panel temperature which, causes a 

further reduction in efficiency (Dalvand, Mohtasebi, and Rafiee, 2012). PVT generates thermal 

energy bypassing fluid behind the PV panel which will absorb the excess thermal energy.  

Removing the heat will cool down the PV panel surface and improve electrical efficiency. The 

absorbed heat by the fluid can be reused in different applications.   Hence, the PVT system 

offers an enhancement in the overall efficiency with the same solar radiation input. It is well 

known that the PV efficiency decreases with increasing operational temperature 
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(Ualboonrueng et al., 2012). In addition, PVT as a unit produces more energy per unit area 

more than two separate units of PV and solar collector (Büker, 2015).  

3.3  PVT History  

Over the past years, much research has been conducted on PVT system performance and 

feasibility. The research started in the mid-1970s (Zondag, 2008). The main objective was to 

enhance the PV efficiency by removing the heat. The idea of using PV panels as a façade in 

1990 trigger the idea of utilizing the produced heat from the panels to heat rooms. Most of the 

PVT system research started in US and Japan in the early-stage later spread all over the world 

(Zondag, 2008). Initial researches produced many theoretical models which have been 

validated experimentally. All of these models are the basis for the current researches (T.T. 

Chow, 2010). 

Major contributions to work in PVT were recorded by Wolf, Florschuetz, Kern & Russel, and 

Hendrie in different research and studies (T.T. Chow, 2010). The past research mainly focused 

on improving the overall performance of the PVT system. Over the past 40 years, the studies 

conducted experimentally and by using simulation. Zondag (2005), gave a comprehensive 

overview of all the past research related to the PVT system.  He mentioned that the first water-

type PVT system was conducted by Martine Wolf to investigate the feasibility of the system. 

The results showed that the system is technically feasible. After Martine's findings, many of 

the ideas have been evolved and expanded.  In 1976 Martin Wolf re-tested the PVT system. He 

coupled the PVT system with heat storage to enhance the output. Following Wolf's research, 

another research by Ken Russel published in 1978 discussed using coolant as additives to 

working fluid of PVT. In 1982 the first theoretical model has been developed by Hendrie 

(Zondag, 2005). Later studies focused on optimizing the overall performance of PVT. Hence, 

many different designs have been developed to enhance the efficiency of the PVT system. 
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Different PVT system designs have been studied through experimental, theoretical, simulation, 

and numerical ways. The developed designs and simulation models focused on improving the 

operational factors to optimize the system and enhance efficiency (Koech, et al 2012). 

Ghoneim & Mohammedein (2016) explained that there are differences in characteristics 

between a conventional PV system and a combined PVT system.  They justified the statement 

by mentioning that the electrical output of the PVT is affected by some parameters such as the 

type of fluid passing behind the PV panel and the flow rate of the fluid. Hence, the output 

thermal energy of the PVT is changing heat transfer between the absorber and the working 

fluid. So, in the following section, the different available technologies of the PVT will be 

presented.  

3.4  PVT Available Technologies   

There are various types, configurations, and technologies of PVT systems (Dean. el at, 2015). 

The classification of the types mainly depends on the design of the system, target application, 

the flow pattern of the fluid, and working fluids. In addition to the mentioned classification, 

there are subcategories for each main type, as shown in Figure 3.1. The classification depends 

on working fluid divided into three categories water, air, or refrigerant (Huanga & Huanga, 

2013). (Li Jin, et al, 2013) initiated a classification for PVT system which divided the PVT 

types into five different types Liquid PVT Collector, Air PVT Collector, Ventilated PVT with 

heat recovery, Liquid and air PVT collector, and PVT concentrator. The most popular 

classification depends on the collector design which divided the PVT system into two main 

categories flat plate type and concentrated collector type. Recently, Hischier, et al, (2017) 

added the level of insulation to the main categories of classification. 
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As mentioned, the other classification is based on the type of working fluid. There are two main 

working fluids used to extract the heat:  either water or air. Hence, PVT flat plat can be divided 

into subcategories of flat plate air PVT collector and the flat plate water PVT collector. In the 

case of a water PVT collector, working fluid (water) absorbs the excess generated heat from 

the back of the PV panel. The resulting hot water can be reused for various applications such 

as hot domestic water and heating swimming pools, which are considered to be low-

temperature applications. The other popular PVT is the air collector type which is considered 

to be an economical type due to low operation cost (Sharma, et al., 2012). PVT- air used to 

reheat the air inside the building in cold climate areas. In this study, the focus will be on flat 

plat PVTïwater collector type. The flat plate type is cheaper than the concentrated type. 

Moreover, it is available in the market and can be installed easily. However, the efficiency of 

PVT flat plate is considered to be less than the concentrated type (Ramos, Cardoso, and Alcaso, 

2017). Figure 3.2 shows the typical design for flat plate PVT. 

Figure 3.1: Classification of PVT system source (Abdullah, et al, 2019) 
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The other main classification based on the panel design is the PVT concentrated type. As it is 

well known concentrated type used to enhance the thermal performance of the module.  

 

 

 

 

 

 

 

 

 

 

 

In the concentrated type, the reflector is used to focus the solar radiation on the PV surface of 

the receiver (Touafek et al, 2014). (CHAPS) stands for combined heat and power solar that is 

considered to be one of the PV concentrated types. CHAPS has a concentration ratio of 37 

times. In general, the PVT concentrated type is more expensive than the PVT flat plate type 

(Vimal, 2017).   

There is another classification based on panel design, which is a classification based on the 

availability of glaze cover. PVT is classified as glazed and unglazed (Kim, et al, 2012). There 

are some differences in performance between the two types. The performance of PVT glazed 

type is better than unglazed type thermally. On the other hand, the unglazed cover has lower 

thermal performance but higher electrical efficiency (Zondag, 2008). Zondag, et al 2001, 

conducted an experimental study to compare conventional PV with two types of PVT (glazed 

and unglazed). The annual results showed that glazed PVT had less electrical performance than 

the other two panels (PV and unglazed PVT). The explanation for the result was due to the use 

PVT panel with a cover made of glass with a transparency of 92%. Hence, there was a reflection 

loss which gave a lower electrical performance. The fourth classification of PVT type is based 

Figure 3.2: Typical flat plate PV thermal with glaze and straight absorber 

(Nualboonrueng, et al, 2012) 

 

https://www.google.ae/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=&url=http://www.mdpi.com/1996-1073/5/4/1229&psig=AOvVaw1b7DEflvaFVDjSnKb3fvcD&ust=1521565303627773
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on the working fluid used to extract the excess heat. In general, three main types of fluid used 

in PVT are water, air, water/air, or refrigerant. Mainly, water and air are the common fluid and 

the selection of fluid is based on the application. However, water is used dominantly as the 

working fluid. The main reason is that the water is less costly than the refrigerant and more 

efficient in extracting the heat from the system than the air (Rosli et al. 2014). Water has higher 

specific heat than air and is more suitable to accommodate variation in solar radiation during 

the day (Rosli, et al. 2014). In addition, in hot climate areas, the requirement of hot water is 

more than the requirement of hot air (Vimal, 2017). Therefore, producing hot water from PVT 

is considered more suitable for the UAE case. Tripanagnostopoulos et al. (2002) studied 

experimentally two types of PVT, one with water as working fluid and the second with air as 

working fluid. They found that water as a working fluid is more efficient in extracting heat than 

air.   

PVT has unlimited configurations, as it is mainly a combination of PV panels with a solar 

collector. There are various types of PV panels (Mono-crystalline, Polycrystalline Solar panels, 

Amorphous Silicon Solar cells, Biohybrid Solar cells, Cadmium Telluride Solar cells, and 

concentrated PV cells). In addition, solar collectors as well have many configurations and 

different designs with different classifications. The classification can be done according to type 

of flow rate, absorber pattern, and glaze/unglazed. Hence, too many combinations of two PV 

modules and solar collectors can be developed. The available pattern of the solar collector 

absorbers is sheet-and-tube structure, flat-plate tube, rectangular tunnel with or without 

fins/grooves, channel, free flow, double pass, single pass, and round tube. Each mentioned 

pattern for the absorber is suitable for the type of working fluid. In this study, the focus will be 

given to the PVT flat plate type with water as a working fluid.  

Three types of collector patterns are considered to be suitable for water as working fluid: sheet 

and tube absorber, round tubes absorber, and rectangular tubes absorber (ÖNER, et al, 2016). 
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According to Miglioli (2017) and based on the conducted study, he concluded that the round 

tube shape of the collector has better performance than the rectangular shape even if the 

material was made from aluminum, not copper. The reason he gave that round shape is better 

in heat transfer than the rectangular shape. Moreover, it is easy to restructure the round tube 

with many innovative shapes.  

3.5  PVT System Advantages  

Several benefits are resulting from using the PVT system. Conventional PV convert 5-20% of 

the solar radiation into electricity, the rest of the solar radiation is converted to heat. PVT 

extracts the heat from the back of the PV panel and re-uses it for low heat applications. The 

examples applications are pre-heat the air for heating system, hot water for domestic use, 

drying application for agriculture (Delisle & Kummert, 2012). Therefore, by removing the 

extra generated heat, PV operation temperature will be low, thus the electrical performance 

will be enhanced (Kalogirou, 2001). Dual application of the PVT (generating electricity and 

hot water/ air) from the same unit save area especially, other than using two panels (PV and 

solar collector) separately (Koech, et al. 2012). Hence, PVT considers as a good solution for 

the congested area on the roof (Ibrahim et al. 2009). 

3.6  PVT System Dis- advantages 

The PVT system has some disadvantages related to higher costs. PVT is higher in capital cost 

and installation cost. For the operational cost, it is considered to be better than conventional 

PV as it can save a higher amount of energy (Hernández et al. 2013). 

To overcome the high initial cost, low-cost material can be used to construct a PVT system. In 

addition, the PVT system is not popular in the market as it is considered to be a new system 

(Ibrahim et al. 2008).  
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In addition to the above-mentioned disadvantages, PVT thermal performance is considered to 

be less than the conventional solar collector type. This is due to enhancement in electricity 

performance which reduces the thermal proportion resulting from solar radiation. The 

absorptivity of PV as a cover for PVT is less than the conventional type of covers used for solar 

collectors (Pressiani, 2016). 

3.7  Previous PVT Experimental Studies Overview 

There are numerous efforts have been deployed to investigate, study and optimize PVT system 

performance worldwide. In the following, some of the examples will be presented which 

directly related to the current research.  

Hosseini, Hosseini, and Khorasanizadeh (2011) performed an outdoor experiment to compare 

the performance of conventional PV panels with another PV panel with the same specification 

cooled by pumping water on the top of the panel in the form of a thin layer. The experiment 

took place in Tehran. The weather data (solar radiation and the ambient temperature) were 

recorded at the site. Thermocouples were attached to the back of the panels to record the 

temperature. In addition, the temperature of the outlet water from the panel has been recorded. 

The experiment was conducted in September. For 10 days the data were collected every 10 

minutes. The results showed that the combined PV panel with a cooling system had better 

electrical efficiency for two main reasons. The first reason was pumping a film of water at the 

top of the PV panel reduced the reflected solar radiation. The second advantage was decreasing 

PV temperature up to 18oC in comparison with the other panel. Figure 3.3 showed the results 

and the improvement in electrical efficiency between the conventional panel and the panel with 

the cooling system. 
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Huang, Sung, and Yen (2012) performed outdoor test using unglazed PVT in India. The PVT 

specification was polycrystalline silicon PV, 240 W power output, sheet and tube type collector 

made of copper. There was an adhesive on the backside of the PV panel. The system was a 

closed-loop system with a water tank, piping, thermocouples, Pyranometer, and data logger. 

The data collected at the site were inlet water temperature, outlet water temperature, ambient 

temperature, solar radiation. The data has been recorded every 5 minutes. Experimental results 

showed that the water inlet temperature increased from 17.4oC to 35.72oC, PVT electrical 

efficiency was 14.46% and thermal efficiency was 43.94%. Figure 3.4 shows the relation 

between the overall PVT efficiency and the change in inlet temperature, ambient temperature, 

and radiation. 

 

 

 

 

 

 

 

Figure 3.3: comparison between the electrical efficiency of conventional PV and PV attached with 

cooling system. 

 (Hosseini, Hosseini and Khorasanizadeh, 2011) 
 

Figure 3.4: Change of PVT overall efficiency with change in outdoor condition and inlet water temperature 

 (Huang, Sung & Yen, 2012) 
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Dubey and Tay (2012) compared the performance of two types of PVT panels. The study took 

place in Singapore on 29/07/2010. The first type of PVT A was mono-crystalline Si solar cells 

attached with the thermal collector of tube-and-sheet type. The second PVT B type is a 

polycrystalline solar panel attached with a thermal collector parallel-plate type. The experiment 

was performed with two water flow rates (0.03 kg/s and 0.06 kg/s). The thermal performance 

of the PVT panels has been validated theoretically. The results showed that the performance of 

both PVT types was close to each other. Type A panel electrical efficiency was 11.8%, and 

thermal efficiency was 40.7%. Type B electrical efficiency was 11.5%, and thermal efficiency 

was 39.4%. The outlet temperature of the PVT A at mass flow rate 0.03 kg/s and 0.06 kg/s 

were 55.3°C and 52.1°C respectively. For type B at mass flow rate 0.03 kg/s and 0.06 kg/s 

were 56.0°C and 53.4°C respectively. In addition to the change in mass flow rate, the reason 

behind the variation in outlet temperature was the intensity of solar radiation. In the validation 

part between the experimental and theoretical results. Figure 3.5 shows the compatibility 

between the experimental data and theoretical calculation. 

        

 
 
 
 
 

 

 

Figure 3.5: Variation of PVT overall efficiency with change in outdoor condition and inlet 

water temperature at mass flow rate of 0.03 kg/s for A type and B type respectively 

(Dubey and Tay, 2012) 
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Jaiganesh and Duraiswamy (2013) ran an experiment on the glass to glass PV panel combined 

with the flat plate solar collector in comparison with glass to tedlar PV. Tedlar is a 

thermoplastic material that has characteristics of low permeability of water, weather resistance, 

and high strength. The results from the mentioned experiment were as follows: 

i. The electrical efficiency of the GTG ï PVT was higher than the Glass to tedlar PV with 

0.7%.  

ii.  The electrical output of both panels increased with increasing the solar radiation and 

PV surface temperature as well. 

iii.  GTG-PVT panel produced thermal efficiency of 44.37%. The overall efficiency was 

56.02%. 

iv. The electrical efficiency is decreasing by increasing the PV surface temperature. The 

PV surface temperature needs to be kept close to STC (standard test condition) 

temperature to achieve better electrical efficiency results.  

Calise and Vicidomini (2016) evaluated the technical and economic potential of implementing 

PVT in comparison with the conventional PV system in their study. The experimental setup 

consisted of four number of PVT Polycrystalline silicon panels and four unglazed type PVT 

Polycrystalline silicon panels. The total generated power was 2 kW (250 W/ Panel) with a total 

PV area of 13 m2. In addition to the experimental test, a numerical analysis has been conducted 

as well. The experimental components and layout Figure 3.6 were as follows: 

i. Four number of PV panels (250 W per panel). 

ii.  Four number of PVT panels with the specification of (250 W / panel, Thermal 

production about 400 kW/m2, flow rate 100L/h and Area of 1.44 / panel) 

iii.  Wilo Pump (capacity 3.2 m3/h, Head 7.0 m) 



48 
 

iv. Heat storage tank with a capacity of 200 L and maximum operating temperature of 

95°C. 

v. Expansion vessel. 

vi. Flow meter for measuring flow meters. 

vii.  Thermocouples for measuring temperature. 

viii.  Data logger. 

ix. Inverter.     

 

 

 

 

 

 

 

 

 

 

 

Results from the experiment showed that the electrical performance of PV was better than PVT 

as the conventional PV system generated 1778 kWh/year, and the PVT system generated 1156 

kWh/ year. The electrical efficiency of the conventional PV system was 18%, and the electrical 

efficiency of PVT was 11.6%. The difference in electrical efficiency was due to the higher 

average temperature of PVT than PV, which resulted in decreasing the electrical efficiency of 

PVT. The authors stated that PVT was forced to operate at higher temperatures to satisfy the 

required hot water during winter. The overall efficiency of the PVT was about 26% which 

compensates for the shortage in electrical efficiency. In addition to the operational results, the 

research included economic feasibility study of the PVT and PV. A mathematical model has 

been developed with some assumptions to assess the financial part of the study. The following 

equations presented the mathematical models developed to evaluate the yearly saving of PV 

Figure 3.6: Experiment layout 

(Calise and Vicidomini, 2016) 
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(æCPV) and PVT (æCPVT) systems. Both models were developed based on initial cost, 

operational cost, maintenance cost. The initial cost and the operation cost have been estimated 

based on the reference system (RS). RS assumed that daily requirement of the electricity and 

Hot water provided from gas boiled and the national grid. The maintenance cost is assumed to 

be 2% of the total initial or capital cost. Accordingly, the yearly cost saving of both PV and 

PVT systems was represented by the following equations: 
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Where: 

EPVT,el and EPV,el (kWh/year) - the energy produced by both PVT and PV. 

EDHW,th (kWh/year) ï Energy consumed for boiler to produced hot water.  

–  ï Thermal efficiency of the gas boiler. 

The initial costs for the PVT system and PV system were 5575 ú and 2380 ú respectively. The 

revenue from generated electrical power of PV systems was 296 ú/ year. The revenue from 

generated electrical and thermal energy from PVT was 650 ú/ year. In case the government 

provided a 50% contribution to cover the capital cost of both systems. The payback period for 

each system was 4 years, which is considered to be a positive result for both systems. 

Other than the study conducted to compare the performance of PV with PVT system, there 

were studies focused on experimentally testing working fluid with some additives. Mohammad 

and Passandideh-Fard (2016) conducted an experiment test and developed a numerical model 

to study the impact of adding some coolant (nano-fluid) to the water in PVT to enhance the 

performance. The nano-fluids of particles that have been chosen to be tested in comparison 
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with water as a base were (Aluminum-oxide (Al2O3)), Titanium-oxide (TiO2), and Zinc-oxide 

(ZnO)). The main idea of the research was to add additives to the water which enhance heat 

transfer between the absorber and the fluid. Accordingly, the overall efficiency of the PVT will 

improve without changing the structure of the system. The experimental setup consists of one 

PVT panel with 40W electrical output and sheet and tubes collector type. Other parts were 

thermocouples, data logger, water tank, Pyranometer, and flow meter. The test started at 9:00 

am and ended at 3:00 pm during selective days in August and September in Iran. From the 

experiment the outcomes showed that TiO2/water and ZnO/water nano-fluids gave higher 

electrical efficiency than Al2O3/water nano-fluid and deionized water. 

The electrical efficiency has been calculated from the PVT surface temperature values 

collected from the test. Hence, water with TiO2 and ZnO better enhance/ decrease the 

temperature of the PVT surface. For the developed numerical model certain assumptions have 

been made to simulate PVT performance. The assumptions were as follows: 

i. Neglecting the Ohmic losses of PV as the Ohmic losses are very low in comparison 

with electrical production. 

ii.  Fluid temperature inside the PVT various only in one direction (axial direction) as the 

collector copper tubes are very small in diameter. Hence, the flow can be considered 

lumped in the flow direction.  

iii.  The flow of fluid is uniform. 

iv. Sky is the black body 

The resulted in electrical efficiency model as follows: 

–
Ὁ

Ὁ
 
ὠ Ὅz ὊzὊ

Ὃ
ȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣ σȢσ 

Where: 
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–  Electrical Efficiency 

Voc - open circuit voltage  

Isc ï the short circuit current  

FF - Filled factor 

Ὃ  Input energy from the sun  

The above mentioned model has been used to test different nano-fluid partial mass fractions 

ranging from 0.05 to 10 wt%. Testing results exposed that the increase of nano-fluid mass 

fraction from 0.05 to 10 wt% decreased the PVT surface temperature by 2%. The reduction in 

temperature is not considered to be high. Hence, there was no significant improvement in 

electrical efficiency. On the other hand, there was a high increase in the thermal performance 

of the PVT when the nano-fluid flow rate increased from 0.05 to 10 wt% almost four times.  

Ibrahim et al, 2010 conducted an outdoor experimental test to investigate the performance of a 

special spiral tube design absorber within the PVT unit. The spiral absorber was made of 

stainless steel material with a rectangular shape (dimensions 12.7×12.7 mm). The size of the 

absorber tubes were (0.815 × 0.628 x 0.03 m). The spiral absorber was placed between the PV 

panel at the top and insulation from the bottom. The PV panel dimensions were (1×0.65×0.3 

m). PV panel was standard polycrystalline with single glaze type with 80 W power output. 

Different flow rates have been tested (0.034, 0.039, and 0.041 kg/ s). The experiment was 

conducted on 30 December 2009. The peak of solar radiation at 14:00 hr was 1321 W/m2. The 

results are shown in Figure 3.7. As the water flow rate increased the efficiency reached steady-

state values. Therefore, it can be concluded that increasing the fluid flow rate resulted in 

decreasing the PV surface temperature due to an increase in heat transfer rate. Accordingly, 
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both electrical and thermal efficiency is enhanced. As well known, PVT efficiency is the 

summation of electrical and thermal efficiencies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rahou et al., (2014) studied the effect of changing the water flow rate on the efficiency of the 

PVT. The results were matching with the (Ibrahim et al, 2010) study. The results are shown in 

Figure 3.8. Effect of change flow rate on PVT efficiency. 

 

 

 

 

 

 

Matias et al, 2017 conducted an indoor experimental test to study the impact of cooling the PV 

surface temperature and related enhancement in electrical efficiency. The test rig consisted of 

luminaires used to simulate solar radiation, water tank, PV panel with 140 W, Temperature 

sensor to measure ambient and PV surface temperature, flow meter. A maximum power point 

tracker device (MPPT) is used to extract the generated power from the PV panel. The water 

was sprayed on the top of the panel and flowed down using gravity. A gutter has been placed 

Figure 3.7: PVT efficiency, PV electrical efficiency and thermal efficiency verse time 

(Ibrahim et al, 2010) 

 

Figure 3.8: Effect of change flow rate on PVT efficiency (Rahou et al., 2014)  
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on the lower level of the PV panel to collect the water.  The test has been conducted with 

changing water flow rates (1 L/min, 2 L/min, 3 L/min, and 4 L/min). Figure 3.9 shows that the 

higher power generation was with a flow rate of 2 L/min. Moreover, decreasing the surface 

temperature enhanced PV output voltage and accordingly output power.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From the results shown in Figure 3.8, the authors concluded that the water flow rates that have 

been tested in the first phase of the project were excessive. The variation in power output from 

PV was limited despite the change in flow rate. Therefore, a new approach has been followed 

to test the power output from the PV panel. The same condition of the previous test has been 

kept unchanged. The water flow rate was kept constant at 1 L/min and, the solenoid was opened 

and closed alternatively in different time intervals to achieve different flow rates. Table 3.1 

shows the resulted (output power and electrical efficiency) from different flow rates. The 

highest value of output power was with 60% with (0.6 L/min) flow. 

 

 

Figure 3.9: Resulted PV power output with different water flow rate verses time 

(Matias et al, 2017) 
 

Table 3.1: Resulted PV power output and efficiency with different flow rates  

(Matias et al, 2017) 
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Vimal, (2017) in his experimental work, compared the performance of two systems 

configurations (series and parallel). The first system was two flat plate solar collectors 

connected in parallel. One of the collectors was attached to the PV panel. The second system 

was the series connection of two flat plates and one of the collectors was attached with a PV 

panel to form PVT. PV panel was glass to glass type with dimensions of 0.65 x 0.61 m, with 

an efficiency of 12%, and output power 40W. The flat plate solar collectors specifications were, 

tube and plate type, Area 2 m2 tubes made of copper, plate thickness 0.002m, and thickness of 

insulation 0.1m. The results showed that the thermal performance of parallel configuration was 

better than a series connection. The disadvantage of the parallel connection was higher PVT 

surface temperature which decreased the electrical efficiency. Series test connection produced 

better electrical efficiency than parallel connection. 

Abdullah et al. (2019) presented a full review of the main parameters that are affecting the 

performance of PVT based on other researches. They classified the parameters into three 

groups: design parameters, climate parameters, and operation parameters. One of the parameter 

was the climate conditions. The sub-parameters in the climate conditions were solar radiation, 

ambient temperature, dust, relative humidity, and wind speed. The first tested sub-parameter 

was the solar intensity. The solar radiation intensity was increased from 100 to 1000 W/m2. 
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This resulted in increasing the output PV current and output PV power gradually as shown in 

Figure 3.10. The PV temperature was maintained constant at the reference cell temperature of 

25oC. 

   

 

In addition, the electrical efficiency of PVT increased from 11% to 11.6% with increasing the 

solar radiation intensity from 100 to1000 W/m2 as shown in Figure 3.11 

 

 

 

 

 

 

 

 

 

Njok et al. (2019) studied the effect of relative humidity on PV efficiency. The results disclosed 

that the efficiency conversion factor increased with decreasing the relative humidity. In 

addition, another study conducted by Omubo-Pepple et al, 2009. The results are presented in 

Figure 3.12. The effect of increasing relative humidity on PV electrical efficiency. 

Figure 3.10: Effect of increasing solar radiation on both generated power and current 

with maintaining PV temperature constant at 25C 

(Abdullah et al, 2019) 
 

Figure 3.11: Effect of increasing solar radiation on Electrical efficiency  

(Abdullah et al, 2019) 
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The effect of wind speed experimentally studied by Adeli et al, 2012. The results showed that 

increasing wind speed from 0-10 m/s decreased the thermal efficiency of the PVT from 51% 

to 29% and increased the electrical efficiency from 8% to 9.5%.  

In another study Koech et al. (2012) considered the effect of ambient temperature on the 

performance of PVT. The outcomes of the study showed that increasing ambient temperature 

affect negatively on both electrical and thermal efficiencies of PVT as shown in Figure 3.13. 

 

 

 

 

 

 

 

Several studies have been conducted to investigate the effect of dust accumulation on PV 

performance and transmission. Ndiaye et al. (2013) studied the impact of dust on the 

performance of PV. They found that accumulating dust on the panel decreases the output 

Figure 3.12: Effect of increasing Relative humidity on Electrical efficiency  

(Abdullah et al, 2019) 
 

Figure 3.13: Effect of ambient temperature on both electrical and thermal efficiency 

(Abdullah et al, 2019) 
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generated power as shown in Figure 3.14. The impact of dust varies with the type of the PV 

panel.  

 

 

 

 

 

 

 

 

 

Design parameters of PVT have an impact on the overall efficiency and performance of the 

panel. Therefore, many studies have been conducted to explore the impact of changing design 

parameters (Abdullah et al. 2019): 

i. Duct/ channel collector dimensions (length or width), 

ii.  Number of collectors tubes 

iii.  Using the tracking system 

iv. Using the reflectors. 

v. Panel Tilt Angle. 

vi. PV module type. 

vii.  Number of glazing and glazing thickness 

viii.  Using Anti-reflection coating. 

ix. Riser configuration and location. 

x. Tedlar thermal properties.  

Figure 3.14: Effect of dust on the performance of different types of PV panels 

(Abdullah et al, 2019) 
 



58 
 

xi. Thermal insulation properties. 

xii. Absorber material and thickness. 

xiii.  Availability of fins and Effect of muti-inlet. 

Tonui and Tripanagnostopoulos (2007) in their study investigated the effect of changing 

the duct/channel collector length on PVT performance. The study concluded that with 

increasing the duct channel length the thermal efficiency increased.  However, the electrical 

efficiency decreased as the temperature of the PV module increased with a constant flow 

rate as shown in Figure 3.15.   

 

 

 

 

 

 

 

 

Adeli et al. (2012) studied the effect of changing the duct/ channel depth on the performance 

of PVT. The channel depth increased from 0.001 to 0.2 m. Accordingly, thermal efficiency 

enhanced and increased from 0% to 48%. However, there was a minor increase in the electrical 

efficiency as shown in Figure 3.16. 

Figure 3.15: Effect of changing duct/ channel length on PVT performance  

(Abdullah et al, 2019) 
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Tiwari (2011) Conducted a theoretical study to assess the effect of the increasing number of 

collectors from (2 to 8) on the PVT performance with a constant flow rate of 0.04 kg/s. The 

results showed that the electrical efficiency enhanced with increasing collectors number. On 

the other hand, the electrical efficiency decreased as shown in Figure 3.17  

 

 

 

 

 

 

 

 

 

 

Figure 3.16: Effect of changing duct/ channel depth on PVT performance  

(Abdullah et al, 2019) 
 

Figure 3.17: Effect of increased number of collectors on electrical and thermal performance   

 (Abdullah et al, 2019) 
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Kacira et al. (2004) studied the impact of using a sun tracking system on PV performance. The 

results showed that the total solar radiation gained increased by 29.3 % and resulted in 

increasing the PV power generated by 34.6 % as shown in Figure 3.18. 

 

 

 

 

 

 

 

 

Tripanagnosto Poulos et al. (2002) in their study, integrated the booster diffuse reflector system 

into the PVT system. The booster diffuse reflector provided an additional 35% of solar 

radiation on the PV surface. As a result, the power output increased by 30%. Thermal efficiency 

increased from 55% to 75% by using water as a working fluid.  

Kaya (2013) analyzed the performance of PVT under UAE climate conditions. Analysis was 

done experimentally and theoretically. By using the Polysun simulation software the tilt angle 

has been changed with 19 different angles starting from 0 to 90 degrees. The electrical and 

thermal output have been found as per Figure 3.19.  The optimum tilt angle that resulted in 

the highest electrical power generation was 25 degrees. 

Figure 3.18: Effect of using solar tracking system on the PV power generation  

(Abdullah et al, 2019) 
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Daghigh et al. (2012) tested different types of PV (amorphous and crystalline silicon) as part 

of the PVT system. The two types of PV tested with solar radiation between 700ï900 W/m2, 

under Malaysia climate, ambient temperature between 22ï32 C   and flow rate 0.02 kg /s. The 

results revealed that the performance of crystalline silicon PV type is better than amorphous 

PV type in terms of electrical efficiency. The electrical efficiency, thermal efficiency, and 

overall PVT efficiency with crystalline silicon PV type were 11.6%, 51%, and 63% 

respectively. In the case of amorphous PV types, the results were 4.9%, 72%, 77% respectively 

as shown in Figure 3.20. 

 

 

 

 

 

 

 

Figure 3.19: Effect of changing tilt angle on both electrical and thermal output power of PVT 

(Kaya, 2013) 
 

Figure 3.20: Effect of changing flow rate on two types of PVT  

(Daghigh et al., 2012) 
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Bakari et al. (2014) analyzed the number of glaze effects and glaze thickness on the flat plate 

solar collector performance. The study included testing 4 types of the collector with different 

thicknesses of glaze type low iron glass. The range of test thicknesses was 3 mm, 4 mm, 5 mm, 

and 6 mm. Many factors are affecting the performance of solar collectors and related to the 

glaze properties such as transmittance, absorptance, and reflectance of the glass. The optimum 

thickness which gave the highest efficiency was 4mm as shown in the below Figure 3.21. 

 

 

 

 

 

 

 

 In addition to the previous study Zondag et al. (2003) stated that using of glaze and the number 

of glazed depends on the application of PVT. Therefore, the application with the low-

temperature requirement and high requirement of electrical energy unglazed PVT type is a 

suitable option. In Table 3.2 different PVT options with glaze and unglazed are presented. 

 

 

Figure 3.21: Output thermal energy from solar collector for different glass thickness 

(Bakari et al. 2011) 
 

Table 3.2: Thermal and electrical efficiencies for PVT unglazed and glazed types 

(Abdullah et al, 2019) 
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Khaki et al. (2017) studied the energy improvement of two types of glazed and un-glazed 

(BIPV/T). The outcome showed that the performance of glazed was higher than the unglazed 

BIPV/T system as shown in Figure 3.22. 

 

 

 

Yahia et al. (2019) studied the effect of change of two parameters tubes diameters and collector 

length on the PVT efficiency. The tube diameters were made of coppers and the diameters have 

been changed as per the range of (8, 8.64, 13.84, 16.92, and 19.94 mm) the efficiency change 

did not exceed 2% as shown in Figure 3.23. 

 

 

 

 

 

 

Ekramian et al. (2014) conducted a simulation study for different types of risers (f) triangular, 

(g) square, (h) hexagonal, and (c) circular shapes). The flow rate was kept constant during the 

study (0.02 kg/s). Simulation results showed that shape C (Circular shape) produced the highest 

efficiency among the other shapes as shown in Figure 3.24. 

Figure 3.22: Useful exergy gain for un-glazed and glazed BIPV/T system (Khaki et al, 2017) 

 

Figure 3.23: effect of change in tubes diameter and length on PVT efficiency (Yahia et al. 2019) 
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Sachit et al. (2019) conducted a simulation study to compare two types of absorbers. The types 

were serpin-direct and serpentine flow design as shown in Figure 3.25 and Figure 3.26. The 

results are shown in Figures 2.27 and 2.28 serpentine absorber design had better performance 

in terms of thermal and electrical efficiencies. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.25 serpin-direct absorber, 

(Sachit et al, 2019) 

Figure 3.26 serpentine Flow Design 

(Sachit et al, 2019) 

Figure 3.27: Thermal efficiency of two types of absorbers (Sachit et al, 2019) 

Figure 3.28: Electrical efficiency of two types of absorbers (Sachit et al, 2019) 

Figure 3.24: PVT efficiency verses riser shape (Ekramian et al. 2014) 
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Ekramian et al. (2014) studied the effect of changing the absorptivity of the solar collector 

absorber on the thermal efficiency. The main characteristics of the absorber are shown in Table 

3.3. The results of the study showed that the thermal efficiency increased linearly with 

increasing the solar collector absorptivity as shown in Figure 3.29. 

Table: 3.3 Absorber main characteristics 

 

 

 

 

 

 

 

Hongbing et al. (2015) studied the effect of inlet water temperature on the electrical and thermal 

performance of the PVT. The results showed that increasing inlet fluid temperature decreases 

both electrical and thermal efficiency as shown in Figure 3.30.  

 

Figure 3.29:  Thermal efficiency verses absorptivity  

(Ekramian et al. 2014) 

Figure 3.30:  Effect of increasing inlet temperature on the electrical and thermal efficiency of the PVT 

(Hongbing et al. 2015) 
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Rosli et al. (2015) studied the effect of heat removal factor FR on PVT. The PVT was with 

serpentine tube collector type. The study was focused on the thickness of the absorber and the 

tubes.  Absorber with a thickness of 0.015 m gave the highest thermal removal factor equal to 

0.88 as shown in Figure 3.31. 

 

 

 

 

 

 

 

 

Somasundaram and Tay (2019) performed a study to investigate the performance and cost-

effectiveness of PVT. The PVT system was installed in a student hostel in Singapore. The 

average solar radiation intensity in Singapore is 435 W/m2 per year. There were three storage 

tanks connected to the PVT system. Tank A the coldest one and connected with the freshwater 

supply. Tank C was filled with the highest water temperature and connected to the showers. 

The system has been equipped with all the necessary sensors, data logger, pyranometer, and 

flow meters to record the required data. 

 

 

 

Figure 3.31:  Heat removal factor for collector with serpentine tube collector type in PVT (Rosli 

et al. 2015) 
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There were three different types of PVT installed on the hostel roof for comparison purposes. 

The used types and the characteristics of each one are summarized in Table 3.4. 

 

The total cost of the system was calculated from the capital cost and installation. The capital 

cost including, material cost was 46,000 SGD, and the installation cost was about14,000 SGD. 

The financial feasibility of the system has been found by including the following parameters: 

i. 1% of the capital cost is considered to be Annual Operation and maintenance cost. 

ii.  5% of the capital cost was considered to be Decommissioning cost. 

iii.  5% of the capital cost was considered to be salvage cost. 

iv. Lifetime of system 25 years  

v. Discount rate assumed to be 5% 

vi. Inflation rate 2.4% per year  

vii.  Degradation rate 0.75% per year  

viii.  Cost of electricity (Tariff) 0.2634 SGD /kWh 

Figure 3.32:  Schematic diagram of the testing set-up  

(Somasundaram and Tay, 2019) 

Table3.4:  Characteristics of three types of PVT used in the experiment  

(Somasundaram and Tay, 2019) 
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Table 3.5 shows annual cost savings resulting from using the PVT system. The same has been 

used to calculate the financial feasibility of the system. 

 

Table 3.5: Shows annual cost saving resulted from using PVT system 
 
 
 
 

 

 

 

The results from the experiments showed typical electrical and thermal efficiencies as shown 

in Figure 3.33 and Figure 3.34. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thermal efficiency defines as the ratio between the output thermal energy to the total solar 

radiation that falls into the PVT panel. Figure 3.34 shows that thermal energy during 

morning time was better than in afternoon time. The reason was due to high solar radiation 

intensity at noontime. The second reason is the water inlet in the afternoon time has a higher 

temperature. 

Figure 3.33:  Typical resulted thermal efficiency from PVT system under Singapore climate condition  

(Somasundaram and Tay, 2019) 



69 
 

 

 

 

 

 

 

 

 

 

 

 

The same performance of electrical efficiency was observed, the electrical efficiency 

started at morning time with high value then degraded. The reasons were due to high solar 

intensity during noontime and due to high water temperature inlet.  

In general, the authors concluded that the PVT performance is highly affected by the usage 

and the load profile. The payback period of the system was 12.5 years. Hence, financially 

feasible solution. 

Keizer et al. (2016) studied three different systems of unglazed PVT with the following 

descriptions: 

i. System A: Two number of c-Si PV types attached with solar collector with the 

specification of (uninsulated absorber, total gross area of 3.3 m2) and mass flow rate 

74 l/m2h. 

ii.  System B: CIGS panel attached with the insulated absorber. The number of PVT 

panels was four with a total gross area of 4.4 m2 and a flow rate of 24 l/m2h. 

iii.  System C: building-integrated c-Si PV with the insulated absorber. Two PVT 

panels, gross area of 3.5 m2, flow rate 18 l/m2h.  

PVT panels were connected in series for each system. Water flow rates were different and 

decided based on the manufacturer's recommendation. The inlet water temperature for all 

Figure 3.34:  Typical resulted Electrical efficiency from PVT system under Singapore climate condition  

(Somasundaram and Tay, 2019) 
























































































































































































































































































































































