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Abstract 

Sunlight is harvested and converted into two types of energies, thermal energy and electric energy  

by Photovoltaic thermal system (PV/T) that based on two different systems: Photovoltaic system and the 

solar thermal system. The efficiency of the hybrid  PV/T system is higher than the efficiency of each system 

separately.  

The present work investigates experimentally and numerically the hybrid Photovoltaic-thermal 

solar collector system in Duhok city. The experimental work was conducted over seven months started from 

November 2018 to May 2019 and included the measurement of the temperatures for different parts of the 

system, the water mass flow rate, and solar radiation intensity. Three different days through the experiment, 

and the average of each month were chosen from the tests data to present the results of the study. The results 

include the estimation of the thermal, electrical and overall efficiency. Over seven months of experiments, 

it was found out that the highest performance of  PV/T collector occurred in May.2019 with a value of (72 

%) and the lowest value (63 %) in January 2019.  

A one-dimensional mathematical model was utilized to simulate transient processes of the hybrid 

PV/T system. The model considers time-dependent, thermophysical properties and heat transfer coefficients 

and is based on solving equations that describe the energy conservation for the glass cover, the Photovoltaic 

panel, the air gap, absorber plate, working fluid, insulation, and the storage tank. The differential equations 

were solved using the implicit finite-difference method in an iterative scheme and executed using the 

MATLAB  2017b   software. In order to verify the proposed method, an experiment was designed and 

conducted. The comparison between the computed and measured results of the transient fluid temperature 

at the hybrid PV/T collector outlet and inlet showed a good convergence. 
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NOMENCLATURE  

 

A Area  m2 

C Specific heat  J/ kg  K 

d Diameter of the collector tube m 

G Solar radiation  W/m2 

h Heat transfer coefficient  W/ m2  K 

K Thermal conductivity  W/ m  K 

L length of the analyzed collector m 

ά Mass flow rate  kg/s 

n Number of solar collector tubes  

N Number of cross-sections (nodes in flow direction)  

p Tube pitch  m 

r Radius of the collector tube   m 

T Temperature  Ko 

V Volume  m3 

w Flow velocity  m/s 

u Wind velocity  m/s 

z Spatial coordinate  m 

ȹt Time step  s 

ȹz Spatial size of control volume  m 

t Time  s 

ὗ  Useful power W 

Pc Packing factor  

EPV Power output from PV panel W 

g Acceleration to gravity m/s2 

Nu Nusselt Number  

Ra Raylight Number   
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Pr Prandtl number  

Re Reynolds number  

FR Collector removal factor  

Fô Collector efficiency factor  

FF Fill factor  

UL Overall heat loss coefficient W/ m2  K 

Ut Top heat loss coefficient W/ m2  K 

Ub Bottom heat loss coefficient W/ m2  K 

Ue Edge heat loss coefficient W/ m2  K 

b Bond width m 

VOC Open Circuit Voltage V 

ISC Short Circuit Current A 

Vm Max. Power Voltage V 

Im Max. Power Current A 

 ὗ  Energy rate into the system W 

ὗ  Energy rate out the system W 

ὗ  The rate of heat generation into the system W 

c Light speed m/s 

 

 

Greek symbols 

Ŭ Absorption coefficient  

Ŭô Thermal Diffusivity  m/s2 

ɓ Collector inclination angle  

ɓref Thermal coefficient of cell efficiency  

ɓ' Thermal expansion coefficient K-1 

ŭ Thickness (m) m 

Ů Emissivity  

ɟ Density  kg/ m3 

ů Stefan-Boltzmann constant  W/m2 K4 

ŰŬ Effective transmittance-absorption coefficient  

’ Kinematic viscosity m/s2 



x 

 

 Bond thickness average m 

 

 

Subscripts 

 

a Air gap between glass cover and absorber 

ab Absorber 

amb Ambient 

pv Photovoltaic 

c Convection 

f Fluid 

g Glass cover 

i Insulation 

in Inner 

tot Total 

r Radiation 

el Electrical  

th Thermal 

ref Reference 

j Subsequent control volume 
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INTRODUCTION  

 

This chapter starts with an overview of renewable energy resources, especially solar energy, and 

put forward the types of solar collector and photovoltaic systems that convert solar energy into useful 

energy. It further presents the classification of hybrid photovoltaic-thermal system based  on techniques of 

heat transfer. 

 

1.1 Introductory Remarks  

            Attention to renewable energy sources increases and investment in this area is an essential demand 

due to many reasons such as limited fossil fuel resources and environmental issues. In Kurdistan Region of 

Iraq, the main problem is the shortage of electricity power production, where the one of best solution to 

solve this problem is using the alternative power. 

Sun is the basis of life on the planet with enormous energy estimated 174 Petawatt (1015 W) that reaches the 

earth, as shown in figure 1.1 [1]. Through the effects of the solar radiation, the gravity force between the 

Sun and Earth and rotation of the moon around the earth yield three kinds of energies, namely: chemical, 

thermal and mechanical, which could be used as alternative energy as shown in figure 1.2. 
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Figure 1.2  Renewable energy sources and systems of the renewable energy 

Figure 1.1 Solar radiation hitting the earth and being reflected and absorbed (originally by NASA, this 

one based on User A1's version from Wiki commons). Designed with e! Sankey 2.0 beta.    
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Energy significantly affects human life and it is necessary for all aspects of life; agriculture, transport, 

industry, and so forth. It is essential for economic growth. countries are usually seeking to diversify and 

increase energy sources due to the continual increasing demand for it. Massive growth in the economic 

sector due to the industrial revolution that is based on technological development and the exploitation of 

cheap fossil fuels like natural gas, oil, and coal has led to significant consumption of energy that has been 

doubled in the last four decades [2].  

Solar energy is the perfect solution to reduce power consumption and may be used to produce thermal and 

electrical energy due to the average daily sunlight (from 4.2 to 12.3 hours) throughout the year and as the 

sunshine average in northern regions of Iraq reaches more than 8 hours in the day [3][4]. In Duhok city, the 

average daily global radiation rises and reaches 22.8 MJ/m2 per day in June and July. It then drops to a 

minimum of 5.3 MJ/m2 in December [3]. 

Primary energy consumption in the world increased in 2017, and the average growth reached 2.2%. The 

rate of growth of renewable energy increased to 17%, which is the highest in the past ten years. Wind and 

solar energy are the most widely used in the world [5].  

There are two methods that illustrate the source of solar energy that occurs through nuclear fusion reaction 

on the sun. 

1. By Einsteinôs relationship (E= c2m) which can be calculated through released energy from the 

reactions on the sun. It is called (Einsteinôs approach).  

2. Electron-volt approach that is obtained from the conversion of the mass lost into energy from the 

reaction of 4 protons of hydrogen to form 1 proton of helium.  

Solar energy reaches the Earth's surface at a conical angle of 32 degrees for geometric reasons. As shown 

in figure 1.3 [6].  
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1.2 Solar thermal collector 

converts solar radiation energy into thermal energy through a transport medium, so it can be 

described as a particular type of heat exchange. Solar collectors could be classified into two kinds: non-

concentrated and concentrated collectors. The leading technologies utilized are the non-concentrating 

collector like Flat Plate Collector (FPC) and concentrating collectors such as evacuated tube collector (ETC) 

[6]. FPC is generally designed and manufactured to operate at low and medium temperatures less than 60°C 

and less than 100°C respectively and is mainly suitable for domestic use [7], [8], [9]. Solar radiation is 

converted into heat energy by absorbing solar energy through the flow of liquid or gases. Figure 1.4 show 

a flat-plate solar thermal collector [10]. Solar FPCs are permanently installed in a fixed position and do not 

require sun-tracking as it is mechanically simpler. It is used for both domestic and industrial purposes. 

The essential features of the traditional FPC collectors are: 

1. A black absorber plate (usually metal) that the solar radiation falls over through a glass cover.  

2. Tubes, ducts or passages attached to the back surface of the absorbent plate, through which the 

fluid passes to transfer the heat. 

3. Insulation material on the back and sides of the collector to reduce thermal losses. 

4.  A transparent cover with (one or two) glasses to reduce solar radiation and heat losses as much as 

possible.  

5. A metal box tightly surrounding all the mentioned components.  

Gsc: Solar constant 

Figure 1.3 Relationships between Sun and earth [6]  
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1.3 Solar Photovoltaic 

is a technology that converts solar radiation directly to electricity. The term photovoltaic consists 

of the combination of two terms, (photo) means light and (voltaic) electricity. Photovoltaic (PV) cells or 

"solar cells" are semiconductors that work when sunlight falls on it, and convert the solar radiation into 

electricity directly. The mechanism work of solar cells begins after exposure to sunlight where the cells 

absorb photons from sunlight, which expels the electrons from the atoms of the cell. Then, the electrons 

move freely across the cell, Thus leads to the creation of  holes within the cell. As electrons continue to 

move and holes are created, electricity is generated. This physical process is known as the photovoltaic 

effect shown in figure (1.5) 

Figure 1.4 An isometric view of a flat plate collector FPC [10] 
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Many different semiconductor materials are used to make layers for various types of solar cells which is 

suitable for the applications of solar cells. The requirements of these materials are:  

1. Non-toxicity 

2. Availableness  

3. Suitability  for large area production 

4. Good efficiency of the photovoltaic conversion  

5. Highest efficiencies with long term stability. 

Also, the material should even have charge carriers with high quality and lifelong to be suitable for solar 

cell usage. The effective solar semiconductor has a bandgap range between 1.0 and 1.7 eV.  electrons can 

be freed without creating too much heat.  

The "band gap" indicates energy variance between the highest valence range and the band conductivity 

bottom, where electrons can jump from one band to another. Nevertheless, electron needs energy in order 

to jump from the valence bar and, the desired energy range varies with various materials. Electrons could 

save enough energy to move from valence range to the conductive band by absorbing the photon (light) or 

photon (heat) [11]. Solar Photovoltaic technologies are often classified into four main groups depending 

on the material used for the solar cell [10]: 

Figure 1.5 Mechanisms of the photovoltaic effect 
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 Traditional technologies (Solar cell from silicon): silicon is widely utilized from the 

semiconductors. It is a safe raw material and abundant that has high performance. An example is 

Mono-crystalline silicon is a single crystal silicon solar cell, free from grain boundaries, with the 

highest efficiency among silicon solar cells reach 20%. Also, Poly-crystalline silicon, figure 1.6, 

has various small grains of the crystal silicon. Efficiency reaches 14%, and it is less efficient than 

single-crystalline due to the multiple small grains that hamper the electrons flow [12]. 

  Thin film solar cells: are a thin solar cell that reaches to less than one micrometer An example is 

Amorphous silicon that has thickness 0.3 µm and is a non-crystalline form of silicon with conversion 

efficiency between 6-12.5%, as shown in figure 1-6. 

  III -V compound semiconductors it can be obtained by combining group (III) elements mainly 

Gallium, Aluminum, and indium ( Ga, Al, In) respectively with (V) group elements phosphor, 

nitrogen, antimony, and arsenic (P, N, Sb, As) respectively. By combinating these elements: 12 

possible compounds are obtained, probably Gallium arsenide GaAs, Gallium phosphide GaP, 

Gallium nitride GaN, and Indium phosphide InP are the most important ones. It is produced to 

improve the conversion efficiency of solar radiation, where it is the optimal choice for concentrator 

systems and space application because of the high resistance from solar radiation [12].  

 Emerging and New PV Systems: New technology emerged for solar cells recently. For instance 

organic solar cell (OSC) that contains organic polymer materials, Dye-sensitized solar cells (DSSC) 

consist of titanium dioxide in the form of porous nanoparticles and quantum-well solar cells 

(QWSC). Also, there is a hybrid organic solar cell which is a combination of organic and inorganic 

materials [13]. 

 

Figure 1.6 Different kinds of photovoltaic cells 

a- Mono-crystalline 

silicon 

b- polycrystalline PV 

cells  

c- Thin film solar cells, Amorphous 

silicon 
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Table 1.1 Various sorts of PV modules with Comparison between them [14], [15] 

Cell material 
Efficiency 

of module 
Advantages Disadvantages 

Mono-crystalline 

silicon 
15-20% 

- Most effective PV modules 

- Simply accessible on the market 

- Extremely standardized 

- High expensive. There will  

  be a waste of silicon  

  through the production 

  process 

Poly-crystalline 

silicon 
13-14 % 

-Less energy and time required for 

 production than for monocrystalline  

 cells (lower costs) 

-Simply available on the market 

-Very standardized 

- A little less efficient than  

   monocrystalline silicon  

   module 

Thin film: 

Copper indium 

gallium selenide 

(CIGS) 

10-12 % 

-The Performance is slightly affected,  

  when shading and temperatures 

   are high 

-The cost of production is lower 

- Needs more space for the same 

output  

Thin film: 

Cadmium 

telluride (CdTe) 

9-16.7 % 

-  The Performance is slightly affected,     

   when shading and temperatures 

   are high  

-The cost is the highest 

 

-Lacking basic understanding  

-Needs more space for the  

 same output 

Thin film: 

Amorphous 

silicon (a-Si) 

6- 12.5 % 

 

-The Performance is slightly 

  affected, when shading and 

  temperatures are high  

-Need less amount of silicon for 

production 

-Needs more space for the 

 same output 

(DSSC) Dye-

Sensitized Solar 

Cells 

11 % 

- Low-cost manufacturing 

-Low sensitivity of Light.  

- Artificial photosynthesis 

 

- Low efficiency. 

- Expensive ruthenium dye 

 

 

(OSC) Organic 

Solar Cells 

 

8 % 

-Simplified manufacture 

-Flexible 

-Abundant materials 

- Low cost 

 

 

- Low efficiency 

- Low stability 

- Low strength 
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Multi -Junction 

Solar Cells 

 

41% 

- Efficiency is the highest among the 

   solar cells. 

- High power density 

 

- the manufacturing process is 

complicated 

- Cost is very high 

 

The PV electrical efficiency is affected by the temperature of the solar cells, this means that performance is 

affected by temperature rise. The PV electrical efficiency increases when the temperature is reduced. This 

excess heat, which affects the PV cells can be exploited by collected heat using means of a medium such as 

air and water and using a heat exchanger (absorbent plate) that attached behind the PV panel. This new 

system is called the hybrid photovoltaic thermal system [13].  

1.4 Hybrid Photovoltaic thermal PV/T 

system produces heat and electricity simultaneously. It is a combination of solar thermal and PV 

systems /components. Since 1970s many types of researches have been carried out in hybrid PV/T 

technology. Throughout these decades the academics and professionals evaluated and introduced numerous 

products and innovative systems. The PV panel in hybrid system is utilized as a part of the thermal absorber. 

PV/T will generate more energy per unit area through exploiting the space and increases the overall 

efficiency compared to the solar thermal collector system and photovoltaic system when inserted in one 

place. Figure 1.7, shows the classification of PV/T according to technologies of heat transfer [16]. Moreover, 

there are three kinds of PV/T flat plate collectors classified according to heat transfer fluids (HTF) based on 

fluid such as water, air and combination of fluid as shown in figure 1.8 [17] [16]. Also, PVT system can be 

classified based on heat transfer techniques and integration of PVT systems. 

1- PV/T based- air : provides an economical and simple solution to PV cooling. It can be classified 

according to the airflow: airflow above, below, and on both sides of the absorber. For various 

temperature levels, air can be heated by natural or forced flow [18] [19] [20]. 

2- PV/T based- water: works more efficiently than air-based PVT at a high-temperature region and 

low-temperature region. [21], [19], [20], [22]. 

3-  PV/T based on bi-fluid : Generally, air and water are used for the simultaneous production of hot 

water, hot air, and electricity. There are few researches on this system [22] [20]. 

4- PV/T based on PCM:  phase change materials (PCM) is a material is a high melting point. This 

type can store and release high amounts of energy. It used broadly in many applications and pretty 

widely in solar water systems. Also, it is very efficient when combined with the PV/T systems rather 

than if it is combined with PV systems alone [22]. 
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5- PV/T based on Nano-fluids: There are many studies on the Nano-fluids application, based on 

different fluids like water, oil and glycol, that contain nanoparticles with small size less than 100 

nm. It is noted that this type can be enhanced for specific applications depending on the volume 

portion of nanoparticles, Nano-particle kind, the size of particles and working fluid, etc. [22]. 

6- PV/T based on heat pipe: This type commonly transfers heat utilizing the principle of evaporation 

and condensation. In the evaporator section, water (working fluid) converts into the vapor phase. 

After that, it passes to the condenser section by pressure difference. The heat created from vapor 

and convert to liquid phase and back returns to the evaporator section. The heat pipe can be utilized 

to extract heat from the surface back of the PV panel [22]. 

Furthermore Table 1.2  demonstrates a comparison between PV/T collector based on water and PV/T 

collectors based on air [23].  

 

 

 

 

Figure 1.7 PV/T types according to technologies of heat transfer [6] . 



11 

 

 

 

Table 1.2 Comparison between PV/T collectors based on water and air as a medium [23]. 

HTF Advantages Disadvantages 

Air  

 Freezing- Free. 

 

 Simple design and low cost with 

minimal material use 

 Appropriate for heating the air for 

the buildings  

 When any damage occurs through 

leakage, no risk occurs 

 No hazards on environmental or health 

 Low heat transfers because of the low heat 

capacity 

 For high-performance required Larger channels 

due to low air density 

 Noise due to fan use, and  low temperatures 

Water 

 The simplest way to build a PV / T 

system 

  The liquid is an excellent way to 

transfer heat because of thermal capacity 

and viscosity. 

 less expensive 

 The problem of freezing in cold areas. 

  High water temperature during operation which 

affects efficiency and causes low heat removal 

 The evaporation of water causes increased heat 

loss. 

 High temperatures causes Evaporation problems. 

 

Combined 

water/air PV/T 

PV/T collector 

Water 

based PV/T 

Air based 

PV/T 

Sheet and 

tube 

Round tube 

absorbers 

Square/rectangular 

tube absorber 

Channel Free 

flow 

Two-

absorbe

r 

Double 

pass 

Single 

pass 

Figure 1.8 Classification of  the PV/T based on heat transfer fluid (HTF) 
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After all, as a conclusion, there is no accurate approach for the correct selection of the PVT collector or the 

system. It depends on real application case and the geographical area. 

1.5 Problem statement 

The problem statement of the present work are the following: 

1. Shortage of electrical power production in Duhok city 

2. Increased pollution due to the employment of the fossil fuel to produce the required power. 

3. Numerical and experimental researches and investigation on the hybrid PV/T system are rare in the 

Kurdistan region, especially in Duhok. 

4. The glazed PV/T collector in Duhok city for the present work duration is very useful to produce 

the power, where provide an increase in thermal efficiency 

1.6 Objective of the present work 

The present work include experimental and numerical investigation of the hybrid PV/T collector. The work 

objectives are as follows:  

1. Experimental study of the hybrid PV/T solar flat plate collector manufactured and tested under the 

weather conditions of  Duhok city. 

2. Calculation of the average overall efficiency for the time period about seven months 

3. Develope a mathematical model and using MATLAB software to solve the problem numerically, 

for active PV/T hybrid collector covered by single glass under transient conditions. 

4. Comparison between the experimental and the numerical results to verify numerical solution of the 

present work. 
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1.7 Thesis Layout 

This thesis includes the presentation of the experimental and numerical investigation of the hybrid PV/T 

collector system in Duhok city. It contains the following chapters: 

1. The first chapter is the introduction of the subject. 

2. The second chapter is a literature review of the numerical and experimental research in different 

countries and times for the PV/T solar collectors. 

3. The third chapter demonstrates the derivation of the mathematical model in detail. It describes the 

working of PV/T solar collector in transient conditions and solves the proposed model numerically, 

by developing a MATLAB code. 

4. The fourth chapter demonstrates the experimental tests conducted in this study. It includes the 

experiment setup and procedures described in detail. 

5. Chapter five demonstrates the result and discussion of the experimental tests and compared to the 

numerical results. 

6. Finally, chapter six includes the conclusion and Suggestions for future work. 
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LITERATURE REVIEW  

 

This chapter deals with previous literature by different authors. The literature is chosen according to the 

importance and relevance to the topic of the thesis.  

 

2.1 Experimental and Numerical research for PV/T based water 

M. Wolf [24] analyzed a photovoltaic thermal (PV/T) system for a single-family house over a whole 

year; numerically using a program that was developed at the University of Pennsylvania., based on data 

from the Boston weather bureau in the USA for each hour in 1963. The theoretical analysis was based on 

the flat plate collector using water as a heat transfer medium. The study showed that the process of merging 

the thermal and electrical systems together is technically appropriate and effective. The performance of each 

system separately in the new hybrid system is less than 10% to 20% as compared with PV/T system. The 

production of the new hybrid system is found to be much larger than the production of each system alone, 

as well as the provision of a large area. The new system maintains the PV panel efficiency through the heat 

exchange and exploits thermal energy to heat residences. 

Kern and Russell [25] investigated experimentally a hybrid PV/T collector in the Lincoln 

Laboratory/ US Ministry of Energy. The authors concluded that the hybrid PV/T system produced more 

useful energy per unit area compared to each system alone. The analysis showed that the hybrid PV/T system 

reduced the energy requirements in typical residential systems. The hybrid system has an expensive initial 

cost as compared with PV panel and solar thermal collector, but the energy that produces from the hybrid 

collector is more than that of each system alone. The economic analysis of hybrid systems displays that it 

is more effective in the northern climate of the US due to high thermal loads. The authors concluded that 

the hybrid system will succeed by significantly reducing the cost of raw materials. 

 

H. P. Garg et al [26] studied experimentally the performance of the hybrid PV/T system water-based using 

silicon PV cells that were installed directly on the aluminum absorbent plate. A simple parabolic reflector 

was utilized to concentrate solar radiation on solar cells, as shown in figure 2.1. Using practical experimental 

data compared with the theoretical outcomes and showed good agreement. The results showed that the 

collector thermal efficiency reached 33.5% and electrical efficiency 3.25% assuming that the photovoltaic 

cell temperature was equal to the absorber plate average temperature. 
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           T. T. Chow [27] introduced a system simulation by a suitable explicit dynamic thermal model, using 

the control-volume finite-difference method to study a hybrid PV/T collector with flat-plate water-based 

with single-glazed cover. The simulation in the test was based on copper tubes connected to the aluminum 

absorber plate. PV/T system performance was analyzed every hour including immediate gains of electrical 

and thermal efficiencies, and thermal state of different collector parts. The proposed model was suitable for 

dynamic system simulation utilization, due to prediction of the working temperatures and heat transfer 

between the components throughout periods of various irradiance and irregular fluid flow. The research 

provides a detailed analysis of the transient energy flow across several collector components and captures 

the immediate outcome of energy.  

B. J. Huang et al. [28] designed an integration PV/T system, as shown in figure 2.2, to prove that 

PV/T system was economically feasible and manufacturing cost could be reduced. The authors clarified the 

concept of primary-energy saving efficiency to evaluate the PV/T system and perfectly estimate the energy 

saving of a PV/T system. They defined the energy-saving efficiency in terms of the primary-energy saving 

as this equation: 

 Ὁ
–

–
–  2-1 

Figure 2.1 Schematic diagram of the hybrid solar water heater [26]  






















































































































