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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 

�̇� 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 

Δt Time step  s 

Δz Spatial size of control volume  m 

t Time  s 

𝑄�̇� 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  

F’ 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 

 �̇�𝑖𝑛 Energy rate into the system W 

�̇�𝑜𝑢𝑡 Energy rate out the system W 

�̇�𝑔𝑒𝑛 The rate of heat generation into the system W 

c Light speed m/s 

 

 

Greek symbols 

α Absorption coefficient  

α’ Thermal Diffusivity  m/s2 

β Collector inclination angle  

βref Thermal coefficient of cell efficiency  

β' Thermal expansion coefficient K-1 

δ Thickness (m) m 

ε Emissivity  

ρ Density  kg/ m3 

σ Stefan-Boltzmann constant  W/m2 K4 

τα Effective transmittance-absorption coefficient  

𝜈 Kinematic viscosity m/s2 



x 

 

𝛾 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 Einstein’s relationship (E= c2m) which can be calculated through released energy from the 

reactions on the sun. It is called (Einstein’s 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]. 
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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. 

 

 

 

 

 

 

 

 

 

 

 

 



14 

 

   

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: 

 𝐸𝑓 =
𝜂𝑒

𝜂𝑝𝑜𝑤𝑒𝑟
+ 𝜂𝑡ℎ 2-1 

Figure 2.1 Schematic diagram of the hybrid solar water heater [26] 
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Where 𝐸𝑓 is primary-energy saving, 𝜂𝑒 is electrical efficiency from PV panel, 𝜂𝑝𝑜𝑤𝑒𝑟 is the electrical power 

generation efficiency from a local power plant. The primary energy saving efficiency of the integration  

hybrid PV/T system reached  61%. It is higher than the PV system and solar thermal collector system 

efficiencies individually. The researchers found out that an increase in the hot water temperature led to a 

reduction in thermal efficiency and  power generation from PV panel reduced.  

A. Tiwari and M. S. Sodha [29] developed a thermal model using numerical computations for the 

integrated photovoltaic/thermal solar system depending on B. J. Huang et al. [28] study. The energy balance 

was applied for each component of the PV/T system. A daily thermal efficiency of 58% was predicted using 

simulation and is in an agreement with the experimental value (61%) obtained by B. J. Huang et al [28]. 

 

 

J. Jie et al. [30] designed PV/T hybrid water heating system using flat-box constructed from 

aluminum-alloy with water natural circulation. The prototype was constructed from 15 battens, tilted with 

35o facing south. The PV panel was manufactured from single crystalline silicon cells. The researchers 

conducted an outdoor test to simulate the dynamic state to validate the numerical model. The system was 

tested under different mass flow rates. The results show that saving energy reached 65%. The daily thermal 

and electrical efficiencies were 45% and 10.15% respectively and the overall efficiency reached more than 

52%. The results of the simulation indicated that the overall performance may be improved when the 

covering factor of the photovoltaic and the glass transmittance values is high.  

Figure 2.2 Schematic diagram of integrated PV/T system (IPV/TS) [28] 
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A. Al Tarabsheh et al. [31] introduced an experimental evaluated of the photovoltaic (PV) cells with 

different values of operating temperature. The authors aim to analyze the performance of each series-

connected photovoltaic cell in PV/T modules. The PV panel was combined with a water-cooling system to 

keep the PV model. Only tubes were used and attached behind the PV panel without an absorbent plate. The 

performance of each PV cell was estimated and analyzed by calculating the voltages-current characteristics. 

The study shows an improvement in electrical behavior by reducing the temperature values of the solar 

cells. 

M. Alobaid et al. [32] experimentally and numerically study the electrical and thermal performance 

of the photovoltaic-thermal system using various ranges of inlet water temperature to produce high overall 

efficiency.The system was designed and analyzed under the climatic condition of Saudi Arabia. The 

researchers studied the effects of temperature variation on the solar cell and outlet water temperature. The 

temperature of the solar cells was measured and studied separately for each cell. The performance of the 

hybrid photovoltaic-thermal system was calculated using a mathematical model. The average thermal 

efficiency was  65% and electrical efficiency was 13.7%. 

R. Liang et al. [33] conducted an experimental test to estimate the performance of 36 photovoltaic 

thermal collectors. Every 6 collectors were connected in series using one storage tank with two-ton capacity. 

The outdoor experiment was set up under real weather conditions of Dalian city, China. The authors utilized 

basic energy balance equations to derive the analytical expressions of the collectors in series. They solved 

by MATLAB 2016 to validate the experimental test. The results of the numerical and experimental works 

show fairly agreements as thermal efficiency with maximum difference reached 3.6% and electrical 

efficiency with maximum difference reached 5.8%. The overall efficiency of the collector became very high 

with the working fluid at the low inlet temperature. The temperatures of the PV cells and the outlet water 

increased when the number of collectors increased, thus causing a decrease in electrical efficiency. Thermal 

efficiency decreased by 7% when the inlet temperature rose from 10 to 50 o C for series collectors. Also, the 

temperature of working fluid decreased by 10% when the electric efficiency increased by 0.3%.  
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R. Al-Mashallah and A. Badran [34] test the performance of a PV/T collector based on water, the 

system was constructed and modified by the researchers. The concept of this system was based on the invert 

trickle. The thin lines of water moving behind the PV panel and the backside of the PV panel was covered  

 

by a jute layer to spread water in an easier way to flow down by gravity as shown in figure 2.3.  A glazed 

flat-plate solar thermal collector was fabricated locally to be compared with a hybrid collector in the test. A 

simulation was developed utilizing MATLAB program to predict the performance theoretically. The results 

show that the system efficiency was increased by 28% as compared with the solar flat plate collector. The 

study also found out that the hybrid collector was a successful and sensible device because the increase of 

the temperature on the PV panel was used to heat the water. Also, there was a fair agreement between the 

experimental and theoretical results of the hybrid collector efficiency. 

A. Nahar et al. [35] performed an experimental and numerical investigation to estimate the hybrid 

PV/T parallel plate flow channel module performance without absorber plate as shown in figure 2.4, based 

on 3-D numerical simulation using the finite element method (FEM) by COMSOL Multiphasic software. 

An outdoor experimental study was conducted under Malaysia climatic condition to validate the numerical 

results. Passive water circulation was used inside the flow channel. The maximum overall efficiency results 

from numerical modeling were 84.4% and the experimental work was 80% under 34o C ambient 

temperatures and 1000 W/m2 irradiation level. It is noticed that the cell temperature decreased 1oC if the 

power output was increased by 1.9 W numerically and 1.7 W experimentally. Furthermore, electrical 

efficiency increased by 0.13% experimentally and 0.15% numerically for the same increment rate of cell 

Figure 2.3 Exploded View of the PV/T inverted trickle collector [34] 



19 

 

temperature. It was found out that the thermal performance of the collector without absorber plate was good 

as compared with a collector using the absorber plate.  

 

S. Bhattarai et al [36] studied and compared PV/T systems based-water performance with a 

conventional solar thermal collector. The numerical simulation was used MATLAB (R2009b) and the 

results were compared with an outdoor experiment for validation purpose. The numerical results and 

experimental data had satisfied agreements. Under steady-state conditions, the thermal efficiency of the 

hybrid photovoltaic thermal collector was less than those of the conventional solar thermal collector by 

12%. The electrical efficiency of the hybrid system was13.69%. The primary energy saving efficiency of 

the hybrid system was higher than the solar thermal system by 16%.  

O. Rejeb et al. [37] a mathematical model developed by the researchers for the hybrid PV/T system 

and validated it with the previous experimental results obtained by S. Bhattarai et al. [36], and showed fair 

agreement. Numerical results showed that the increase in heat conduction coefficient between the absorber 

plate and PV module lead to enhancement of electrical efficiency. However, electrical efficiency decreased 

when solar radiation and inlet water temperature were increased. Moreover, the system thermal efficiency 

increased when the heat conduction coefficient between the absorber plate and the PV module increased. 

However, the thermal efficiency decreased when the inlet water temperature rose. This paper showes that 

single cover glazing is suitable because of the stable mode.  

Figure 2.4 A cross-sectional view of hybrid photovoltaic thermal flat-plate 

collector [35]. 
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P. Rawat and P. Kumar [38] designed and studied the PV/T system and tested it in an outdoor 

environment in Rajasthan, India. The PV/T system performance was analyzed with different mass flow rates 

of water and various inlet water temperatures. The experimental results presented an important improvement 

in the electric efficiency of the hybrid PV/T. The researchers observed the increase in the temperature of 

the PV module influence significantly on the electrical and thermal performance. The outcomes presented 

that the thermal and electric performance of the hybrid system was better than each system alone. The 

overall efficiency of the hybrid photovoltaic thermal system reached 67.16% at the maximum average mass 

flow rate, i.e. equal 0.003 kg/s. Electrical average efficiency for the hybrid PV/T system increased as 

compared with those for the PV system. 

Boubekri, M et al. [39] numerically studied the PV/T collector system using Fortran language at 

University of Amar Telidji, in Algeria.  The authors tried to improve the overall system performance. A 

mathematical model was presented based on the energy transfer phenomenon, within the different 

components of the collector (glass cover, PV panel, absorbent plate, tubes, the working fluid, insulation). 

The researchers clearly demonstrated the direct influence of the inclination angle of the collector and the 

mass flow rate on the overall efficiency. 

2.2 Comparisons between PV/T systems 

P. Raghuraman [40] presented an analytical study to predict the thermal performance of two 

separate PV/T systems based on liquid and air at the Massachusetts Institute of Technology, using one-

dimensional analysis. The analysis calculated the temperature variation between the PV panel as the primary 

absorbent and the absorber plate as a secondary absorbent. The results showed that the overall efficiency of 

the hybrid PV/T system water-based is 9% greater than those of air-based. The absorption of PV cells has a 

direct impact on the performance of the solar collector. Also, the results displayed that the thermal resistance 

between the absorber plate and the solar cells should be as low as possible. The efficiency of the collector 

increased with 4% by reducing the reflection of sunlight from the surface of the glass, using antireflection 

coatings on the surface. The author concluded that thermal losses may be reduced by making the tubes as 

an integral part of the absorbent plate that increases the cost.  

H. Saitoh et al. [41] conducted a field experiment on two hybrid collector systems in parallel, at a 

low-energy house of the Hokkaido University, Japan for one year and winter season was excluded from the 

experiments. The research was conducted under a constant supply temperature of brine (propylene glycol 

solution) as a carrier medium of the experiment. A comparison between a conventional solar thermal 

collector system, PV module and PV/T collector was made. The experimental results showed that there was 

an agreement between the conversion efficiency of the PV/T and PV systems. However, the collector 
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efficiency of the PV/T was less than solar thermal collector. The PV/T collector efficiencies at 20oC brine 

temperature was 40% and it was 50% approximately at 40oC. The annual energy was been evaluated for 

PV/T collector and proved that PV/T collector had a high degree of feasibility.  

S. Preet et al. [42] designed and manufactured a PV/T system with and without phase change 

material (PCM). The experimental study compared the electrical performance of  the hybid photovoltaic 

thermal, PV/T-PCM water-based with a conventional photovoltaic (PV) panel using three different mass 

flow rates (0.031 kg/sec, 0.023 kg/sec, 0.013 kg/sec). The effect of cooling PV panel was analyzed and the 

thermal efficiency was investigated. The study demonstrated that the maximum temperature reduction was 

47% for PV/T collector and 53% for PV/T-PCM done with 0.031 kg/sec mass flow rate. The results show 

that the electric efficiency of the hybrid PV/T-PCM was higher than PV/T by 2 % with 0.031 kg/sec mass 

flow rate.  

S. Mousavi et al. [43] experimentally and numerically investigated a PV/T system performance 

with five different organic and inorganic phases change materials (PCM). Numerical tests were performed 

by CFD simulation in the ANSYS Fluent/CFX software with 25oC inlet temperature. Different mass flow 

rates were used. Solar irradiation for the test was constant (750 W/m2) and the angle of the inclination was 

set to 35o. The results compared with the PV/T system without PCM, showed that the highest thermal 

efficiency was recorded when using paraffin C22 as a PCM. It reached 83% with 0.02 kg/s mass flow rate. 

The highest electrical efficiency of PV/T-PCM was recorded when using sodium phosphate salt. The 

numerical and experimental results displayed a good agreement. The temperature distribution was 

appropriate due to incorporating copper foam with PCM. Two different porosities of copper foam were 

studied with 0.8 mm and 0.6 mm. The results were fairly close. It was concluded that the storage systems 

of PCM may play an important role in ensuring and confirming the flow of energy in the system. 

A. Khalifa et al. [44] studied the energy behavior of the PV/T water-based system and compared it 

with conventional solar thermal collector experimentally and numerically. The solar collectors were tilted 

with 35 degrees south faced, constant water mass flow rate at 0.025 kg/s and the water temperature in tank 

was set at 25 °C. The results showed that the useful energy of the PV/T system was better as compared with 

those of the conventional solar thermal collector. The theoretical and experimental results had satisfied 

agreement. They concluded that the overall efficiency of the hybrid photovoltaic thermal system is better 

than the efficiency of an independent photovoltaic system. Also, utilizing solar energy was favored in simple 

applications such as domestic hot water installations product collectively or individually. An example was 

hot swimming pools. 
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H. Ben, et al. [45] investigated theoretically PV/T collector water-based system and validated  it 

with numerical simulation using COMSOL Multi physics. The analyses relied upon temperature profile 

taken under 1000 W/m² solar radiation. The iron galvanized plate was chosen as an absorber plate due to 

low cost, good heat transfer, and high quality. The increases in the temperature of the coolant fluid was 

about 3C between the exit and entry. The study succeeded in raising the electrical and thermal conversion 

energy by using galvanized steel as an absorber plate. 

J.H. Kim and J.T. Kim [46] tested the performance the unglazed and glazed sorts of hybrid PV/T 

flat-plate collectors based on liquid experimentally. The performances of the thermal and electrical 

behaviors of the collectors were measured in outdoor conditions of Gongju, South Korea under solar 

radiation 790W/m2 with a flow rate of 0.02 kg/s. The results revealed, that the unglazed collector had higher 

electrical efficiency than those for the glazed collector by 1.4 % and the glazed collector had a higher thermal 

efficiency compared to the unglazed collector by 14%. The overall efficiency of the unglazed collector was 

lower than glazed collector by 12.6%. However, it was not concluded that the glazed cover was better than 

unglazed collectors. The optimum configuration depended on several factors; the most important of which 

were: energy balance in systems and costs. Also, the authors outlined that cooling of the photovoltaic panal 

of the hybrid PV/T collectors had an effect on electrical performance and enhanced it. 

T. Matuska et. al. [47] fabricated low-cost unglazed PV/T collectors from commercially available 

components and tested them experimentally. They verified a mathematical model of unglazed hybrid PV/T 

flat-plate liquid collector based on theory of the energy balance for conventional solar collectors. They 

tested the influence of various configurations of the heat exchanger (plate/pipe structure, pipe structure) and 

the connecting method (dry contact, epoxy-AL resin, epoxy resins), and influence of thermal insulation of 

the backside on the thermal performance. They found that the thermal performance of flat-plate / pipe heat 

exchange and simple pipe structure using the thermal insulation had a significant effect. The thermal 

efficiency of the pipe reached 25 % when attached with Epoxy- Al, Epoxy without thermal insulation, and 

reached 36% using thermal insulation. On the other hand, the thermal efficiencies of the flat plate/pipes 

attached using dry contact, epoxy, and epoxy-Al and thermal insulation reached 38%, 48 %, and 50% 

respectively. 

N. Aste et al. [48] compared the uncovered and covered sorts of water-based hybrid PV/T collectors 

using different PV cells attached to two roll bond absorbers from aluminum characterized with a different 

arrangement of channels as shown in figure 2.5. The modules were tested experimentally and validated by 

using two mathematical models according to the energy performance and the energy balances of the various 

components of the hybrid photovoltaic thermal collector. The yearly overall efficiency for the covered 

collector was almost equal to 35% and the uncovered collector equalled to 36 %. The thermal energy 
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production of the covered collector, was more efficient than the uncovered collector, especially in cold 

months and probably reach 84%. The electric performance of the hybrid PV/T covered collector was less 

than those for the uncovered collector during the year due to the properties of the glass transmittance. 

 

 

Rosli et al. [49] conducted a simulation of water-based hybrid PV/T collector system to examine 

the impacts of different water tubes dimensions of the absorber on the thermal efficiency. They simulated 

four configurations of the tubes, the configurations 1, and 2 were round tubes, with diameters 20 mm and 

15mm respectively and configurations 3, 4 for square tubes with dimensions 20×20 mm and 25×15 mm 

respectively. The thermal analysis was considered as one-dimensional for conduction and convection under 

different solar irradiance (300 – 1000 W/m2), with 25o C ambient temperature and 31oC water inlet 

temperature. The highest thermal efficiency was achieved by configuration (4) 48.5% and the lowest 

efficiency 46.4%. was configuration (2). 

M. Khatiwada et. al.  [50] investigated experimentally different ambient temperatures 28, 32, 

36, 40oC for the PV/T collector system. The study used three different PV panels with 20 W peak power for 

the experimentation. One of the PV panels was studied without any change. The two others were set up for 

water-based and air-based systems. The experimental results showed that both systems could be utilized for 

cooling the panel. The techniques increased the performance and heat transfer of the water or air. The 

maximum thermal efficiency was 65.5% when the temperature reached 40oC for both systems and the 

maximum electrical efficiency reached 16.6% at 28oC for air-based. 

 

Figure 2.5 Channel configuration of the absorbers used in the covered (right) and 

uncovered (left) PV/T components [48]. 
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2.3 PV/T systems based air 

Takumi Takashima et al. [51] performed a study of the air- PV/T collector system to estimate the electrical 

and thermal energy. They proposed a method to preserve the conversion efficiency of the PV cells that is 

exposed to solar radiation by developing the PV/T system to produce electricity and heat. They installed the 

PV panel on the solar collector in parallel with an air gap between them as shown in figure 2.6. Thus, the 

fresh air passed between PV and solar collector and had a positive effect on the PV cells by reducing the 

temperature via natural convection. The authors found out that the integration of the two systems formed a 

major contribution to distribute solar energy technology. 

 

The importance of this research 

The study of literary references included the investigation and improvement of the hybrid PV/T system 

using different design methods experimentally and numerically. It has been concluded that the PV/T hybrid 

system is in continuous development had an important role in the near future. Also, coverd PV/T  collector 

is good in cold climate while in hot climate the unglazed is better. However, it is observed that the studies 

on PV/T hybrid system in the Middle East are few and rare in Iraq. So this research has focused on studying 

the coverd PV/T system in the climate of northern Iraq.  

 

 

Figure 2.6 Proposed model of a PV/T panel by Takumi Takashima et al .[51].  
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THEORETICAL MODELING 

 

In this chapter, the derivation of the mathematical model that illustrates the operation of the system 

in transient conditions for each component of the flat-plate PV/T solar hybrid collector. The chapter includes 

also the solution method using a finite difference method. 

3.1  The mathematical model for the PV/T flat- plate solar collector system 

In this section, a mathematical model depicts a hybrid flat-plate PV/T collector based on water as a 

medium. In this system, the analyzed control volume of the hybrid PV/T collector is separated into six nodes 

(the glass cover, PV panel, air gap, working fluid, absorption plate and insulation). It is perpendicular to the 

direction of water flow. Also, the transient properties of its various part of the hybrid collector taken into 

consideration, figure 3.1. 

 

 

By applying the general energy balance for the 6 nodes of the hybrid PV/T model. The governing 

equations are derived and analyzed in control volume of the hybrid PV/T collector. The general energy 

balance of one-dimensional heat transfer is given by: 

 

Glass cover 

Heat transfer 

medium 

PV Panel 

Absorber Plate 

Insulation 

Air gap 

Figure 3.1  Sketch of the flat-plate PV/T collector model with six nodes 
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 𝑑𝐸

𝑑𝑡
= �̇�𝑖𝑛 − �̇�𝑜𝑢𝑡 + �̇�𝑔𝑒𝑛 3-1 

 

 
𝐸 = 𝑈 = 𝑚. 𝑢 = 𝑚 𝐶𝑝 (𝑇 − 𝑇𝑟𝑒𝑓) = 𝜌 𝑉 𝐶𝑝 (𝑇 − 𝑇𝑟𝑒𝑓)   3-2 

E is the system energy. The potential energy and kinetic energy are neglected in this case. 

Where U is the internal energy, 𝑇𝑟𝑒𝑓 is the reference temperature when the energy of the system is zero. 

 

 
𝜌 𝑉 𝐶𝑝 

𝑑𝑇

𝑑𝑡
= �̇�𝑖𝑛 − �̇�𝑜𝑢𝑡 + �̇�𝑔𝑒𝑛 3-3 

 

In order to facilitate the analysis process, the following assumptions are considered for the hybrid PV/T 

system: 

1. The uniform mass flow rate in each tube in the PV/T collector is calculated using: 

 

 �̇�𝑓 =
�̇�𝑡𝑜𝑡

𝑛
 3-4 

Where �̇�𝑓 is the mass flow rate in each single tube of the hybrid collector, �̇�𝑡𝑜𝑡 is the total mass flow rate 

that enters the collector, 𝑛 is the number of hybrid collector’s tubes 

2. The energy transfer throughout the system parts is assumed as (1-D) one-dimensional. 

3. The insulation and glass properties are constant (independent of temperature). 

4. The ambient temperature of the back and front sides of the collector are similar. 

5. The dirt and dust on the hybrid collector are neglected. 

6. The ambient conditions and sky radiation are time-dependent. 

7. Thermo-physical properties of working fluid and the air gap are temperature dependent. 

 

3.1.1. The glass cover 

The governing equation of the glass cover will be derived from the energy balance in (p Δz) area with a 

differential volume thickness (δ). A convection heat transfers between the glass and the ambient, and 

radiation heat transfers between the sky and the PV panel see figure 3.2. The governing equation of the 

glass cover can be written as: 
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 𝜌𝑔 𝐶𝑔 𝑉𝑔  
𝑑𝑇𝑔

𝑑𝑡
=  [ℎ𝑔.𝑎𝑚𝑏  (𝑇𝑎𝑚𝑏 − 𝑇𝑔) + ℎ𝑟1 (𝑇𝑃𝑉 − 𝑇𝑔) + ℎ𝑐1(𝑇𝑎 − 𝑇𝑔) + 𝛼 𝐺] 𝑝 ∆𝑧 

3-5 

 

 

 

3.1.2. Air gap  

 

The distance between the PV panel and the glass cover called the air gap zone. It analyzed in the 

control volume of the hybrid PV/T collector. A convection heat transfers into the air-gap from the upper 

side (glass cover) and the lower side (PV panel) taking into account the transient properties of the air. 

Figure 3.3. illustrates the process. The governing equation of the air gap can be written as: 

 

𝜌𝑎 𝐶𝑎 𝑉𝑎  
𝑑𝑇𝑎

𝑑𝑡
=  [ℎ𝑐1 (𝑇𝑔 − 𝑇𝑎) + ℎ𝑔.𝑃𝑉  (𝑇𝑃𝑉 − 𝑇𝑎)] 𝑝 ∆𝑧 3-6 

 

 

Figure 3.2 Heat transfer through the glass cover in one- dimension 

Glass 

ℎ𝑔.𝑎𝑚𝑏 

ℎ𝑟1 ℎ𝑐1 

𝑝 

𝛿𝑔 

𝛿𝑎 

ℎ

Air gap 

ℎ𝑐1 

ℎ𝑔.𝑃𝑉 

𝑝 

Figure 3.3 One- dimensional heat transfer in the air-gap 
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3.1.3. PV module 

The PV module zone is analyzed with the control volume of the hybrid collector. The heat 

transfer processes of the PV module include the convection and radiation between the panel with air 

gap  and the glass cover respectively. The conduction heat transfers occur between the PV panel and 

the absorber- plate. See figure 3.4. The governing equation of the PV module can be written as: 

 

𝜌𝑃𝑉  𝐶𝑃𝑉  𝑉𝑃𝑉

𝑑𝑇𝑃𝑉

𝑑𝑡

= [𝐺 (𝛼𝜏)𝑃𝑉 − 𝐸𝑃𝑉 +
𝐾𝑝𝑣

𝛿𝑝𝑣
  (𝑇𝑎𝑏 − 𝑇𝑃𝑉) + ℎ𝑟1 (𝑇𝑔 − 𝑇𝑃𝑉)

+ ℎ𝑐1(𝑇𝑎 − 𝑇𝑃𝑉)]  𝑝 ∆𝑧 

3-7 

 

𝐸𝑃𝑉 is the actual amount of energy that the PV module absorbs [37] and [52].  

 
𝐸𝑃𝑉 =  𝐺 𝑃𝑐  𝜂𝑒𝑙  3-8 

Where    𝑃𝑐   =  
𝑎𝑟𝑒𝑎 𝑜𝑓 𝑃𝑉 𝐶𝑒𝑙𝑙𝑠

𝑎𝑟𝑒𝑎 𝑜𝑓 𝑃𝑉 𝑝𝑎𝑛𝑒𝑙
     

The electrical efficiency, (the electrical performance) is given in different methods [37], [52], [36], [50], 

[30]. 

 
𝜂𝑒𝑙 =  𝜂𝑟𝑒𝑓 ∗ [1 − 𝛽𝑟𝑒𝑓( 𝑇𝑝𝑣 − 𝑇𝑟𝑒𝑓)] 3-9 

𝛽𝑟𝑒𝑓  is the thermal coefficient of cell efficiency and it equals 0.0041 [53]. 

𝑇𝑟𝑒𝑓 = reference Temperature (25 o C) 

 

 

PV module 

ℎ𝑐1 

𝐾𝑝𝑣 

𝑝 

ℎ𝑟1 

Figure 3.4 Heat transfer in the PV module 

𝛿𝑝𝑣 

𝐺 (𝛼𝜏) 
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3.1.4. The Absorber plate. 

 

The energy balance is displayed in figure 3.5. Conduction heat transfers occur between the absorber 

plate and the insulation from the bottom and PV module from the upper. And convection heat transfers 

with the fluid flow. The governing equation of the absorber can be written as: 

 

 

𝜌𝑎𝑏  𝐶𝑎𝑏  𝑉𝑎𝑏

𝑑𝑇𝑎𝑏

𝑑𝑡
= [

𝐾𝑖

𝛿𝑖
  (𝑇𝑖 − 𝑇𝑎𝑏) +

𝐾𝑎𝑏

𝛿𝑎𝑏
  (𝑇𝑃𝑉 − 𝑇𝑎𝑏)]  𝑝 ∆𝑧 + 𝜋𝑑𝑖𝑛ℎ𝑓(𝑇𝑓 − 𝑇𝑎𝑏) 

3-10 

 

 

3.1.5. Insulation material 

 

The insulation material zone is analyzed with the assumption of constant properties in the PV/T 

hybrid collector control volume. Conduction heat transfers between the absorber and the insulation, while 

the radiation heat transfers between the ambient and the insulation, see figure 3.6. The governing 

equation of the insulation can be written as: 

: 

 
𝜌

𝑖
 𝐶𝑖 𝑉𝑖  

𝑑𝑇𝑖

𝑑𝑡
=  [

𝐾𝑖

𝛿𝑖
  (𝑇𝑎𝑏 − 𝑇𝑖) + ℎ𝑖_𝑎𝑚𝑏 (𝑇𝑖 − 𝑇𝑎𝑚𝑏)]  𝑝 ∆𝑧 3-11 

Absorber plate 

𝐾𝑎𝑏 

 

𝐾𝑖 

 

𝑝 

𝛿𝑎𝑏 

Figure 3.5 Heat transfer in the absorber- plate 

ℎ𝑓 
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3.1.6. Working fluid 

 

The working fluid energy balance in the hybrid PV/T collector's control volume with transient 

properties is demonstrated in figure 3.7. Consider the variation in the total energy with time and the whole 

heat transferred into the control volume of the fluid. 

 
𝜌𝑓  𝐶𝑓  𝐴𝑓

𝑑𝑇𝑓

𝑑𝑡
= [𝜋𝑑𝑖𝑛ℎ𝑓(𝑇𝑎𝑏 − 𝑇𝑓) + 𝑚�̇�  𝐶𝑓  

𝜕𝑇𝑓

𝜕𝑧
]  3-12 

 

 

 

Insulation 

𝐾𝑖 

ℎ𝑖.𝑎𝑚𝑏 

𝑝 

Figure 3.6 Heat transfer in the insulation of the PV/T collector 
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∆𝑧 𝑧 

Figure 3.7  Energy balance of the PV/T hybrid collector working fluid in a control 

volume. 

ℎ𝑓, ∆𝑧 

 



31 

 

3.1.7. Storage tank 

 

The first law of thermodynamics within the control volume of the storage tank is applied to 

develop the energy conservation of the storage tank as shown below. See figure 3.8: 

 

 

𝑑𝐸𝑐𝑣

𝑑𝑡
= [𝑄 −̇ 𝑊 +̇ �̇�𝑖𝑛 (ℎ𝑖𝑛 +

𝑉𝑖𝑛
2

2
+ 𝑔𝑧𝑖𝑛) − �̇�𝑜𝑢𝑡 (ℎ𝑜𝑢𝑡 +

𝑉𝑜𝑢𝑡
2

2
+ 𝑔𝑧𝑜𝑢𝑡)]  3-13 

 

 

 

 

The work done on the storage tank is neglected and the change in potential and kinetic energy is small and 

may be neglected. Assume  𝑢𝑐𝑣= 𝑒𝑐𝑣  and  ℎ𝑓𝑙𝑜𝑤= 𝑒𝑓𝑙𝑜𝑤, the storage tank equation can be written as: 

 

 

 
�̇� 𝐶𝑣  

𝑑𝑇𝑡𝑎𝑛𝑘

𝑑𝑡
= [𝑚𝑡𝑜𝑡̇ 𝐶𝑃(𝑇𝑓 − 𝑇𝑡𝑎𝑛𝑘) − ℎ𝑡𝑎𝑛𝑘−𝑎𝑚𝑏  𝐴𝑠 𝑡𝑎𝑛𝑘  (𝑇𝑡𝑎𝑛𝑘 − 𝑇𝑎𝑚𝑏)]  3-14 

 

3.2. Numerical Solution for The PV/T hybrid Collector Mathematical Model 

The differential equations (3-3 to 3-14) can be resolved by utilizing implicit finite difference 

method. Time derivative is replaced with a forward difference scheme and the dimension derivative is 

replaced with a backward difference scheme as displayed below: 

�̇�𝑖𝑛, ℎ𝑖𝑛 

𝑚𝑡𝑎𝑛𝑘 𝑢𝑐𝑣 

Figure 3.8 Control volume of  the storage tank 

�̇�𝑜𝑢𝑡, ℎ𝑜𝑢𝑡 
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𝑑𝑇𝑚

𝑑𝑡
=

𝑇𝑚.𝑗
𝑡+∆𝑡 −  𝑇𝑚.𝑗

𝑡  

∆𝑡
 3-15 

 

 

 

𝑑𝑇𝑓

𝑑𝑡
=

𝑇𝑓.𝑗
𝑡+∆𝑡 −  𝑇𝑓.𝑗−1

𝑡  

∆𝑧 
 3-16 

m = the index of the value (𝑔, pv , a , ab, I, and  f), and  j = is the node number in the flow direction (z).  

Differential equations can be written in finite difference scheme as follow: 

 

 

 
𝑇𝑔 .𝑗

𝑡+∆𝑡 = 𝑇𝑔 .𝑗
𝑡 1 

∆𝑡 𝐹 𝑗
+  𝑇𝑎𝑚𝑏 .𝑗

𝑡+∆𝑡
𝐵 𝑗  

 𝐹 𝑗
+ 𝑇𝑝𝑣 .𝑗

𝑡+∆𝑡
𝐶 𝑗  

 𝐹𝑗
+ 𝑇𝑎 .𝑗

𝑡+∆𝑡
𝐷 𝑗  

 𝐹𝑗
+ 𝐺𝑟𝑗

𝑡+∆𝑡

 

𝐸 𝑗

𝐹𝑗
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𝑇𝑎 .𝑗

𝑡+∆𝑡 = 𝑇𝑎 .𝑗
𝑡 1 

∆𝑡 𝐻 𝑗
+  

𝐺 𝑗  

 𝐻 𝑗
(𝑇𝑔 .𝑗

𝑡+∆𝑡 + 𝑇𝑝𝑣 .𝑗
𝑡+∆𝑡) 3-18 

  

 
𝑇𝑝𝑣 .𝑗

𝑡+∆𝑡 = 𝑇𝑝𝑣 .𝑗
𝑡 1 

∆𝑡 𝑃𝑗
+  𝐺 𝑗

𝑡+∆𝑡
𝐾 𝑗  

 𝑃𝑗
+

𝐿 𝑗  

 𝑃𝑗
+ 𝑇𝑔 .𝑗

𝑡+∆𝑡
𝑀1 𝑗

 

 𝑃𝑗
+ 𝑇𝑎 .𝑗

𝑡+∆𝑡
𝑀2 𝑗

𝑃𝑗
+ 𝑇𝑎𝑏 .𝑗

𝑡
𝑂 𝑗  

𝑃𝑗
 3-19 

 

 

 
𝑇𝑎𝑏 .𝑗

𝑡+∆𝑡 = 𝑇𝑎𝑏 .𝑗
𝑡 1 

∆𝑡 𝑆 𝑗
+  𝑇𝑝𝑣 .𝑗

𝑡+∆𝑡
𝑄 𝑗  

 𝑆 𝑗
+ 𝑇𝑓.𝑗

𝑡+∆𝑡
𝑅1 𝑗

 

 𝑆 𝑗
+ 𝑇𝑖 .𝑗

𝑡+∆𝑡
𝑅2 𝑗

 

 𝑆 𝑗
 3-20 

 

 

 
𝑇𝑓 .𝑗

𝑡+∆𝑡 = 𝑇𝑓 .𝑗
𝑡 1 

∆𝑡 𝑉 𝑗
+  𝑇𝑎𝑏 .𝑗

𝑡+∆𝑡
𝑈1 𝑗

 𝑉 𝑗
+ 𝑇𝑓 .𝑗−1

𝑡+∆𝑡
𝑈2 𝑗

 

 ∆𝑧 𝑉 𝑗
 3-21 

 

 

 
𝑇𝑖 .𝑗

𝑡+∆𝑡 = 𝑇𝑖 .𝑗
𝑡 1 

∆𝑡 𝑋 𝑗
+  𝑇𝑎𝑏 .𝑗

𝑡+∆𝑡
𝑊1 𝑗

 

 𝑋 𝑗
+ 𝑇𝑎𝑚𝑏 .𝑗

𝑡+∆𝑡
𝑊2 𝑗

 

 𝑋 𝑗
 3-22 

 

Where j = 1, 2, …, N 
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𝑇𝑡𝑎𝑛𝑘 

𝑡+∆𝑡 =  
�̇�𝑡𝑜𝑡𝐶𝑝

𝑚𝑡𝑎𝑛𝑘𝐶𝑣
 ∆𝑡(𝑇𝑓 .𝑛

𝑡 − 𝑇𝑡𝑎𝑛𝑘
𝑡 ) − ℎ𝑡𝑎𝑛𝑘−𝑎𝑚

𝐴𝑡𝑎𝑛𝑘  

 𝑚𝑡𝑎𝑛𝑘𝐶𝑣
∆𝑡(𝑇𝑡𝑎𝑛𝑘

𝑡 − 𝑇𝑎𝑚𝑏
𝑡 ) + 𝑇𝑡𝑎𝑛𝑘

𝑡  3-23 

 

The above equations may be simplified using letters such as (B, C, D, …, X) to reduce the equations. The 

equations are simplified as follows:   

 

 

 
𝐵 𝑗 =

ℎ𝑔.𝑎𝑚𝑏 .𝑗  

𝜌𝑔 𝐶𝑔 𝛿𝑔
,    𝐶 𝑗 =

ℎ𝑟1 .𝑗

𝜌𝑔 𝐶𝑔 𝛿𝑔
 ,    𝐷 𝑗 =

ℎ𝑐1 .𝑗

𝜌𝑔 𝐶𝑔 𝛿𝑔
 ,    𝐸 𝑗 =

𝛼

𝜌𝑔 𝐶𝑔 𝛿𝑔
 3-24 

 

 

 
𝐹 𝑗 =

1 

∆𝑡
+    𝐶 𝑗  +    𝐷 𝑗  +    𝐸 𝑗   3-25 

 

 

 
𝐺 𝑗 =

ℎ𝑐1 .𝑗  

𝜌𝑎 𝐶𝑎 𝛿𝑎
 ,    𝐻𝑗 =

1 

∆𝑡
+  2𝐺 𝑗   3-26 

  

 

 
𝐾 𝑗 =

𝛼𝜏

𝜌𝑝𝑣 𝐶𝑝𝑣 𝛿𝑝𝑣
 ,  𝐿 𝑗 =

𝐸𝑃 .𝑗

𝜌𝑝𝑣 𝐶𝑝𝑣 𝛿𝑝𝑣
,  𝑀1 𝑗 =

ℎ𝑟1 .𝑗

𝜌𝑝𝑣 𝐶𝑝𝑣 𝛿𝑝𝑣
,   𝑀 2𝑗

=
ℎ𝑐1 .𝑗

𝜌𝑝𝑣 𝐶𝑝𝑣 𝛿𝑝𝑣
 3-27 

 

 

   𝑂 𝑗 =

𝐾.𝑝𝑣 .𝑗

𝛿𝑝𝑣
 

𝜌𝑝𝑣 𝐶𝑝𝑣 𝛿𝑝𝑣
, 𝑃 𝑗 =

1 

∆𝑡
+   𝐾 𝑗  + 𝐿 𝑗 +  𝑀 1𝑗  +  𝑀 2𝑗

+ +𝑂 𝑗   
3-28 

 

 

 
𝑄 𝑗 =

(𝐾.𝑎𝑏  /𝛿𝑎𝑏)

𝐽 𝑗
,   𝑅 1𝑗

=
𝜋 𝑑𝑖𝑛  ℎ𝑓 .𝑗

𝐽 𝑗  
, 𝑅2𝑗 =

(𝐾.𝑖  /𝛿𝑖)

𝐽 𝑗
, 𝑆 𝑗 = 𝑄 𝑗 +   𝑅 1𝑗

+    𝑅 2𝑗
 3-29 

 

 

 
𝐽 𝑗 = 𝜌𝑎𝑏𝐶𝑎𝑏  (𝑝   𝛿𝑎𝑏 + 𝜋(𝑟𝑜𝑢𝑡

2 − 𝑟𝑖𝑛
2 )) 

 
3-30 

 

 
 𝑈 1𝑗

=
𝜋 𝑑𝑖𝑛  ℎ𝑓 .𝑗

𝜌𝑓  𝐶𝑓  𝛿𝑓
,  𝑈 2𝑗

=
𝑚�̇�

𝜌𝑓  𝐶𝑓  𝛿𝑓
, 𝑉 𝑗 =   𝑈 1𝑗

+    𝑈 2𝑗
 

 
3-31 

 

 
 𝑊 1𝑗

=
𝑘𝑖

𝜌𝑖  𝐶𝑖  𝛿2
𝑖

,  𝑊 2𝑗
=

ℎ𝑖.𝑎𝑚𝑏 .𝑗

𝜌𝑓  𝐶𝑓  𝛿𝑓
, 𝑋 𝑗 =   𝑊 1𝑗

+    𝑊 2𝑗
 

 
3-32 
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3.3. Correlations of the Heat transfer 

Heat transfer coefficients are calculated for the solution method, utilizing the following formulas: 

Radiation heat transfer between the glass cover and the PV module: 

 

 

 
ℎ 𝑟1 .𝑗 =

𝜎 (𝑇𝑝𝑣 .𝑗
2 + 𝑇𝑔 .𝑗

2 )(𝑇𝑝𝑣 .𝑗 + 𝑇𝑔 .𝑗)

(
1

휀𝑝𝑣
) + (

1
휀𝑔

) − 1
 3-33 

 

Where 𝜎 = Stefan-Boltzmann constant, h= heat transfer coefficient, r = radiation, 휀 = the emissivity. 

 

The convection heat transfer inside the inclined air gap is: 

 

 

 
ℎ 𝑐1 .𝑗 =

𝑁𝑢𝑞 .𝑗  𝐾𝑞 .𝑗

𝛿𝑎
 3-34 

 

Where Nu is the Nusselt number and it can be calculated using the formula given by Hollands [55]. 

𝑁𝑢 𝑎 .𝑗 = 1 + 1.44 [1 − 
1708 [𝑠𝑖𝑛 (1.8 𝛽)]1.6

𝑅𝑎𝑗 𝑐𝑜𝑠 (𝛽)
]

+

∗ (1 −
1708

𝑅𝑎𝑗 𝑐𝑜𝑠 𝑐𝑜𝑠 (𝛽) 
) + [(

𝑅𝑎𝑗 𝑐𝑜𝑠 𝑐𝑜𝑠 (𝛽) 

5830
)

1
3

− 1]

+

 3-35 

Where the sign "+‟ in the above formula should be considered only as the positive values. Else, it is replaced 

by zero.  𝛽 is incline angle of the collector, Ra is the Rayleigh number, and it can be estimated using the 

following equation: 

 

 
𝑅𝑎 =

𝑔 𝛽′ ∆𝑇 𝐿3

𝛼′ 𝜈
 3-36 

To calculate the heat transfer coefficient on the outer surface of the glass cover: 

 

 
ℎ 𝑔_𝑎𝑚  .𝑗 =

𝜎휀𝑔 ( 𝑇𝑔 .𝑗
4 − 𝑇𝑠𝑘𝑦 )

4  

𝑇𝑔 .𝑗 − 𝑇𝑎𝑚𝑏
+  ℎ𝑐2 3-37 

Where 𝑇𝑠𝑘𝑦 is the sky temperature and it can be calculated by C. Swinbank formula [56] 

 𝑇𝑠𝑘𝑦 = 0.0552 ∗ (𝑇𝑎𝑚𝑏)1.5  3-38 
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To calculate the convective heat transfer on the outer surface of the insulation and the cover [57]. 

 

 
ℎ𝑐2 =  

𝑁𝑢𝑎𝑚𝑏  𝐾𝑎𝑚𝑏

𝛿
 3-39 

Where: 

 

 
𝑁𝑢𝑎𝑚𝑏 =  0.86 𝑅𝑒𝑎𝑚𝑏

0.5  𝑃𝑟𝑎𝑚𝑏
1/3

,     𝛿 =  
4𝑎𝑏

√𝑎2 + 𝑏2
 3-40 

Where, a is the length of the insulation, b is the width of the insulation, the dimensions of the collector in 

meter.  

 

The heat transfer coefficient on the external surface of the insulation can be calculated by 

 

 
ℎ 𝑖_𝑎𝑚  .𝑗 =

𝜎휀𝑖 ( 𝑇𝑖 .𝑗
4 − 𝑇𝑠𝑘𝑦 )

4  

𝑇𝑖 .𝑗 − 𝑇𝑎𝑚
+  ℎ𝑐2 3-41 

There is another way to calculate ℎ𝑐2 by using the ℎ𝑤 which is the convection heat transfer due to wind 

and can be calculated by J.Watmuff formula [58]  

 

 
ℎ𝑤 = 2.8 + 3𝑢 3-42 

Where u is the wind velocity, m/s, this equation is used when the air velocity is between  0 < u < 7 [58]. 

 

The heat transfer coefficient inside the PV/T collector tube can be calculated using: 

 

 
ℎ 𝑓 .𝑗 =

𝑁𝑢𝑓 .𝑗  𝐾𝑓 .𝑗  

𝑑𝑖𝑛
 3-43 

Utilizing Heaton formula Nusselt number can be estimated [59] and proposed by Duffie and Beckman 

[7], for laminar flow in tubes (short tubes). For constant heat flux boundary condition: 

𝑁𝑢 𝑓  .𝑗 = 𝑁𝑢∞ +
𝑎( 𝑅𝑒𝑓 .𝑗  𝑃𝑟𝑓 .𝑗  (

𝑑𝑖𝑛
𝐿

))𝑚 

1 + 𝑏 ( 𝑅𝑒𝑓 .𝑗  𝑃𝑟𝑓 .𝑗  (
𝑑𝑖𝑛
𝐿

))𝑛 
 3-44 

1 <  𝑅𝑒 𝑓  .𝑗  𝑃𝑟 𝑓  .𝑗  
𝑑𝑖𝑛

𝐿
≤ 1000 3-45 
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Values a, b, m, n, 𝑁𝑢∞ are:  (0.00398, 0.0114, 1.66, 1.12, and 4.4) respectively consider the flow is fully 

developed inside the tubes [7]. The temperatures should depend on the criteria of error in order to stop the 

process of iteration. 

 

 
|
 𝑇𝑗 .(𝑘+1)

𝑡+∆𝑡 − 𝑇𝑗 .(𝑘) )
𝑡+∆𝑡  

𝑇𝑗 .(𝑘+1)
𝑡+∆𝑡     | ≤  𝜗 3-46 

where T is the estimated temperature, 𝜗 equals (10-4) It is the acceptable tolerance through the iteration 

process. Finally, k is the counter of iteration for every time step (e.g. 1,2, 3, ...).  

3.4. Mathematical Model Programming 

The MATLAB software version R2017b is used to program the mathematical model. It is a special program 

that is used to solve the discretized differential equations of the system. The MATLAB code numerically 

explains the derived equations and calculates the temperature distribution of any cross-section in the hybrid 

collector that starts at the initial time (t = 0). The total time of the calculations should be entered by the user 

at the beginning of the process. A mathematical model is developed using a one-dimensional implicit 

differential equation for a hybrid flat plate PV/T solar collector with glass cover; a PV module and an 

absorbent plate that works in the parallel channel arrangement model. All the physical dimensions of the 

hybrid collector can be entered as input thus making it suitable for any solar PV/T collector with a glass 

cover and an air gap. 

Since all the boundary conditions in the proposed model depend on time, the input data for the numerical 

code are the following measured data: 

⮚ The initial temperature of the liquid in the tank 

⮚ Ambient temperature. 

⮚ The total flow rate of the fluid. 

⮚ The total of solar radiation. 

⮚ A detailed flowchart involving the different steps to solve the mathematical model is presented in 

the appendix. 
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                                                  EXPERIMENTAL PART 

 

This chapter includes the designing and fabricating of the photovoltaic thermal solar collector 

system for experimental tests, starting from the preparation of the PV/T collector and instruments used for 

different measurements. 

4.1. Experimental Setup 

In the present study a hybrid photovoltaic thermal system is designed and fabricated in workshop 

at the Directorate of Vocational Training of Duhok figure 4.1. The PV/T solar collector system was 

transported to the Duhok Polytechnic University and installed on the roof of the Technical College of 

Engineering building as shown in figure 4.2, under meteorological conditions; Latitude (36°51'41.0"N), 

Longitude (42°58'40.5"E). The period time to test the system was about seven months of experimentation 

from November 2018 to May 2019. 

 

 

 

 

 

 

 

 

 

 

 

     

Figure 4.1 Some of the fabrication level of the collector 

a – Fabricate the box cover, b - Welding process for pipes, c - Install the collector on the stand  

at a tilted angle. 

a b c 
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4.1.1.  The Outline of PV/T collector  

The hybrid PV/T collector system is consisting of two main components: solar thermal collector 

(STC) and conventional photovoltaic (PV) module of 150-watt. The aperture area of the hybrid collector 

was covered by one glass cover with (0.9344) m2 area and PV module is 36 solar cells made from 

monocrystalline silicon, each PV cell area is (0.0243) m2. The distance between between the PV module 

and the glass cover (air gap) is 0.025 m. The absorber plate that used is made from copper with (0.00075 

m) thickness. The absorber plate was fixed mechanically on the rear side of the photovoltaic module. Ten 

copper tubes have 0.012 m diameter and length of 1.25 m arranged in parallel and connected to the sheet 

plate by Brazing. The distance between the tubes is 0.05 m. Two headers of 0.022 m diameter were 

connected with risers that is arranged in parallel, between the top and bottom headers. The insulation 

material made from (polyurethane) EZ-12AP21 with (0.042 m) thickness. 

The frame of the collector is made from cast iron. A special stand was made for the PV/T collector 

to support it while the collector was inclined with an optimum tilt angle of the Duhok city  (34.5o) [60]. 

Figures 4.2 (a) and (b) show the cross-section of the hybrid PV/T collector and heat exchanger (tubes and 

sheet) of the collector.  

Figure 4.2  Front view of the PV/T   collector 
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Figure 4.3 PV/T solar collector: (a) cross section (b) tubes and 

sheet of the collector.  

a-  

b-  
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4.1.2. Experimental rig 

The hybrid PV/T collector is linked to a thermal insulated water-storage tank with capacity of 100 liter. A 

thermocouple is inserted inside in the middle of the tank to measure the storage water temperature. Eleven 

thermocouple temperature sensors of type K are calibrated by a thermometer and then distributed and 

connected to various parts of the PV/T system. A schematic diagram of the hybrid PV/T system is 

displayed in figure 4.4 which illustrates the system interconnects.  Thermocouples connected at inlet and 

outlet of the tubes of the hybrid PV/T collector, the glass cover, air gap, absorber plate, PV module, 

insulation, ambient air, are shown in figure 4.5. 

 

 

 

 

 

T out 

T in 

Pyrometer Anemometer 

Storage 

Tank 

Pump 

Valve

s 

Flowmeter 

PV panel 

Data 

Logge

r 

Figure 4.4 The schematic diagram of the hybrid PV/T system 

A 

Thermocouples 
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To circulate water into the system, a hot water circulation pump (34 -72-volt AC, max 10 bar), from 

WENLING Baiyi pump co., LTD is used. Bypass piping has been added as a controller line for fluid flow 

to allow it to continue smoothly with the steady and constant flow rate as shown in Figure 4-6. SHLLJ liquid 

flowmeter from Bijing Fortec Environmental Co with ±4% accuracy is utilized to measure the flow rate of 

the water, as shown in figure 4.7. 

 

 

 

 

Figure 4.5  Different thermocouple attached to PV/T system 

 

sensor

s 

Thermocouple attached 

the absorber plate 
thermocouple attached to Glass cover 

Inlet water 

Thermocouple attached 

the insulation 
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Figure 4.6 Water circulation pump connected with plastic pipes with valves 

to control the water flow 

Valves 

Pump 

Bypas

s 

Flow meter 

Figure 4.7 Water flowmeter 
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Using solar radiation a sensor of RK200-04 from RIKA electronic technology Co., Ltd, the solar 

radiation is measured, with range 0-1500 W/m2 and an accuracy of ±0.3% as shown in Figure (4-8). Also, 

wind velocity sensor RK100-01 is used to measure wind velocity, with an accuracy of ±0.5% m/s as shown 

in figure 4.9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 Solar radiation sensor (Pyrometer) 

 

 

Figure 4.9 wind velocity sensor 

(Anemometer) 
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DC current is measured by digital multi-meter (MT- 1233D) with accuracy ± 1.2 % from Prokit’s Industries 

Co., Ltd, and the DC voltage is measured using the data logger. Figure 4-10 shows the multi-meter. 

 

 

To record the temperatures, wind velocity, voltage, and solar radiation during the experiments, a data 

logger NAPUI130D with (16-input channels) from Dongguan NAPUI Electronic Technology Co., Ltd as 

shown in figure (4-11) with an accuracy of ±0.2% is used. This data logger supports the multiple sensor 

inputs, and different thermocouple types. The data logger provides 24 DC V transmitter output power. The 

data record can be transferred to (CSV) or excel format using USB. Table 4.1 contains the design 

parameters for the hybrid PV/T collector used through out analysis. 

 

Figure 4.10 digital multi-meter 
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Table 4.1 Design parameters of the hybrid PV/T collector [61][62][63] 

Glass thickness, 𝛿𝑔 0.004 m insulation specific heat C i 1470 J/kg K 

Glass thermal conductivity, kg 0.9 W/m k 
insulation thermal conductivity    

ki 
0.021 W/m k 

Glass cover emissivity 휀𝑔 0.88 insulation density 𝜌𝑖 40 kg/m3 

Glass density 𝜌𝑔 2200 Kg/m3 Do 0.0127 m 

PV cells density 𝜌𝑝𝑣 700 Kg/m3 Di 0.010 m 

Reference cell efficiency, 𝜂𝑟𝑒𝑓 15.1% Number of tubes  10 

PV thermal conductivity, K PV 140 W/m k Stefan Boltzmann constant, 𝜎 
5.67*10-8 

W/m2. k4 

PV Panel emissivity, 휀𝑝𝑣 0.93 
The aperture area of the collector, 

Ac 
0.9344 m2 

Absorber plate specific heat C ab 385 J/kg K Plate thermal conductivity, kab 385 W/m k 

Absorber plate density 𝜌𝑎𝑏 8950 kg/m3   

 

Figure 4.11   Data logger NAPUI130D with (16-input) 

Input 60- 240 V 

Data logger 

keyboard 

Standard RS232 

communication 

16 Sensor 

inputs 

Output 12-

24 DC V 

3 USB 

connection 

with switch 
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4.1.3. Data Reduction 

The  ratio of useful gain energy to incident solar energy  at the same specified time which is known as the 

thermal collector efficiency as given below:  

 

 
𝜂𝑡ℎ=

∫ �̇�𝑢 𝑑𝑡

𝐴𝑐 ∫ 𝐺  𝑑𝑡
 4-1 

 Useful power can be calculated using equation 4-2 proposed by Duffie and Beckman [7]. 

 

 
𝑄𝑢 =  𝐴𝑐𝐹𝑅[𝐺 (𝜏𝛼)𝑝𝑣 − 𝑈𝐿(𝑇𝑖𝑛 − 𝑇𝑎)] 4-2 

 

Where 𝐹𝑅  and 𝑈𝐿 are the collector removal factor and collector overall heat loss coefficient respectively.   

 

 
𝑈𝐿 =  𝑈𝑡 + 𝑈𝑏 + 𝑈𝑒  4-3 

Since the design collector has single glass cover with air gap so the top loss coefficient can be calculated 

as: 

 

 
𝑈𝑡 =  (

1

ℎ𝑐 ,𝑃𝑉−𝑔 + ℎ𝑟,𝑃𝑉−𝑔
+

1

ℎ𝑤 + ℎ𝑟,𝑔−𝑎𝑚𝑏
)

−1

 4-4 

 

 

 
𝑈𝑏 =  

𝐾𝑖

𝛿𝑖
 4-5 

 

 

 
𝑈𝑒 = 𝑈𝑏  

𝐴𝑒

𝐴𝑐
 4-6 

 
𝐹𝑅 =

�̇�𝐶𝑝

𝐴𝑐𝑈𝐿
 [1 − 𝑒𝑥𝑝 (− 

𝐴𝑐𝑈𝐿𝐹′

�̇�𝐶𝑝
) ] 

4-7 

 

 𝐹𝑅 is the acutel useful energy gain of a collector to the useful gain if the whole surface were at the fluid 

inlet temperature .   𝐹′  collector efficiency factor, it calculated as follows: 

 

 𝐹′ =

1
𝑈𝐿

𝑊⌈
1

𝑈𝐿[𝐷 + (𝑊 − 𝐷)𝐹]
+

1
𝐶𝑏

+
1

𝜋 𝐷𝑖ℎ𝑓
⌉
 4-8 
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𝐹′ is the ratio of the actual useful energy gain to the useful gain that would result if the collector absorber 

surface  was at the local fluid temperature. 

F is the standard fin efficiency for straight fins, figure 4-12 shows the sheet and tube dimensions. 

 

 
𝐹 =

𝑡𝑎𝑛ℎ [𝑚(𝑊 − 𝐷)/2] 

𝑚(𝑊 − 𝐷)/2
 4-9 

 

 

 
𝑚 = √

𝑈𝐿

𝐾 𝛿
 4-10 

 

 

 
𝐶𝑏 =

𝑘𝑏  𝑏

𝛾
 4-11 

 

Finally, the thermal efficiency: 

   

 
𝜂𝑡ℎ =

𝑄𝑢

𝐴𝑐𝐺
=  𝐹𝑅 (𝜏𝛼)𝑝𝑣 −

𝐹𝑅 𝑈𝐿(𝑇𝑖𝑛 − 𝑇𝑎𝑚)

𝐺
 4-12 

 

(𝜏𝛼)𝑝𝑣  is the effective absorptance-transmittance of the PV module given by equation (4-13) proposed by 

Duffie and Beckman [7]. 

 

 (𝜏𝛼)𝑝𝑣 =
𝜏𝑔 𝜏𝑟 𝛼𝑝𝑣

1 − (1 − 𝛼𝑝𝑣)𝑟
 4-13 

 

𝑟 is the reflexing coefficients and 𝜏𝑟 transmission due to partial reflexing of the incident radiation 

Figure 4.12 Sheet and tube dimensions 
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𝜏𝑟 =

1 − 𝑟

1 + 𝑟
 4-14 

 

 
𝑟 =

1

2
[
𝑠𝑖𝑛2(𝜃2 − 𝜃1)

𝑠𝑖𝑛2(𝜃2 + 𝜃1)
+

𝑡𝑎𝑛2(𝜃2 − 𝜃1)

𝑡𝑎𝑛2(𝜃2 + 𝜃1)
] 4-15 

 

Where 𝜃1  is the incident angle and 𝜃2 is the refraction angle as shown in figure 4-13 proposed by Duffie 

[7] 

 

 

 

 

The electrical efficiency could be estimated using equation (4-16) [54]. 

 

 
𝜂𝑒𝑙 = 𝜂𝑟𝑒𝑓  [1 − 𝛽𝑟𝑒𝑓(𝑇𝑃𝑉 − 𝑇𝑟𝑒𝑓)] 4-16 

Where 𝛽𝑟𝑒𝑓  𝑖𝑠 the temperature coefficient, It depends on PV materials and reference temperature. It is equal 

to 0.0041 [54] 

 

Also, the electrical efficiency could be estimated by using another equation  

 

 

𝜂𝑒𝑙 =
𝑉𝑜𝑐𝐼𝑠𝑐  𝐹𝐹

𝐺 𝐴𝑃𝑉
 4-17 

G refrection 

G incidence 

Figure 4.13 Angles of incidence and refraction in media  

Medium 1 

Medium 2 
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FF is fill factor and it can be estimated as follow: 

 

 
𝐹𝐹 =

𝑉𝑚𝐼𝑚 

𝑉𝑜𝑐𝐼𝑠𝑐
 4-18 

Pm maximum power point could be estimated using equation (4-19) 

 

 
𝑃𝑚 = 𝑉𝑜𝑐 ∗ 𝐼𝑠𝑐 ∗ 𝐹𝐹 = 𝑉𝑚 ∗ 𝐼𝑚 4-19 

 

4.2.Uncertainty Analysis  

Uncertainty in experimental results has been calculated to analyze the experimental data and determine 

errors. The way to calculate the uncertainty is presented by J.P Holman [64]. In terms of known quantities, 

the thermal efficiency has the functional form 𝜂𝑡ℎ =  𝑓 (�̇�,   𝐴, 𝐺, 𝑇𝑖 , 𝑇𝑜). Also, electrical efficiency, has 

the functional form 𝜂𝑒𝑙 = 𝑓 (𝐺,   𝐼𝑠𝑐 , 𝑉𝑜𝑐 , 𝐴𝑐 ) . From equations (4-12), the thermal efficiency uncertainty  

𝜔𝜂𝑡ℎ
 can be estimated utilizing: 

 

𝜔𝜂𝑡ℎ
= {(

𝜕𝜂𝑡ℎ

𝜕�̇�
𝜔�̇�)

2

+ (
𝜕𝜂𝑡ℎ

𝜕 𝐴
𝜔 𝐴𝑐

)
2

+ (
𝜕𝜂𝑡ℎ

𝜕𝐺
𝜔𝐺)

2

+ (
𝜕𝜂𝑡ℎ

𝜕𝑇𝑜
𝜔𝑇𝑜

)
2

+ (
𝜕𝜂

𝜕𝑇𝑖
𝜔𝑇𝑖

)
2

}0.5 4-20 

Where: 

𝜕𝜂𝑡ℎ

𝜕�̇�
𝜔�̇� =  

𝐶𝑝(𝑇𝑜 − 𝑇𝑖)

𝐺 𝐴𝑐
 𝜔�̇� 4-21 

 

𝜕𝜂𝑡ℎ

𝜕 𝐴𝑐
𝜔 𝐴𝑐

= − 
�̇�𝐶𝑝(𝑇𝑜 − 𝑇𝑖)

𝐺 𝐴𝑐
2  𝜔 𝐴𝑐

 4-22 

 

𝜕𝜂

𝜕𝐺
𝜔𝐺 = − 

�̇�𝐶𝑝(𝑇𝑜 − 𝑇𝑖)

𝐺2 𝐴𝑐
 𝜔 𝐺  4-23 
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𝜕𝜂

𝜕𝑇𝑜
𝜔𝑇𝑜

=  
�̇�𝐶𝑝

𝐺 𝐴𝑐
 𝜔𝑇𝑜

 4-24 

 

𝜕𝜂

𝜕𝑇𝑖
𝜔𝑇𝑖

= − 
�̇�𝐶𝑝

𝐺 𝐴𝑐
 𝜔𝑇𝑖

 4-25 

Where the temperature uncertainty of ambient air and inlet fluid is equal to ± 0.04 %.  

From equations (4-15), the electrical efficiency uncertainty 𝜔𝜂𝑒𝑙
 could be estimated utilizing: 

𝜔𝜂𝑒𝑙
= [(

𝜕𝜂𝑒𝑙

𝜕𝐼𝑠𝑐
𝜔𝐼𝑠𝑐)

2

+  (
𝜕𝜂𝑒𝑙

𝜕𝑉𝑜𝑐
𝜔𝑉𝑜𝑐)

2

+ (
𝜕𝜂𝑒𝑙

𝜕𝐴𝑝𝑣
𝜔𝐴𝑝𝑣)

2

+ (
𝜕𝜂𝑒𝑙

𝜕𝐺
𝜔𝐺)

2

]

0.5

 4-26 

 

𝜕𝜂𝑒𝑙

𝜕𝐼𝑠𝑐
𝜔𝐼𝑠𝑐

=  
𝑉𝑜𝑐  𝐹𝐹

𝐺 𝐴𝑐
 𝜔𝐼𝑠𝑐

 4-27 

 

𝜕𝜂𝑡ℎ

𝜕 𝑉𝑜𝑐
𝜔𝑉𝑜𝑐

=  
𝐼𝑠𝑐  𝐹𝐹

𝐺 𝐴𝑐
 𝜔 𝑉𝑜𝑐

 4-28 

 

𝜕𝜂

𝜕𝐺
𝜔𝐺 = − 

𝐼𝑠𝑐  𝑉𝑜𝑐  𝐹𝐹

𝐺2 𝐴𝑐
 𝜔 𝐺  4-29 

 

𝜕𝜂

𝜕𝐴𝑐
𝜔𝐴𝑐

= − 
𝐼𝑠𝑐  𝑉𝑜𝑐  𝐹𝐹

𝐺 𝐴𝑐
2  𝜔 𝐴𝑐

 4-30 

 

Table 4-1 shows the results of the experimental uncertainty of the day selected for tests. 
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Table 4.2 Experimental uncertainty of the selected day for tests 

Selected Day 
Uncertainty of the 

thermal efficiency 

Uncertainty of the 

electrical efficiency 

28th November 2018 3.28 % 0.03 % 

3rd February 2019 4.27 % 0.022 % 

16 May 2019 1.43 % 0.01 % 
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                                     RESULTS AND DISCUSSIONS 

 

The first part of this chapter presents a comparison between the experimental results of the hybrid 

PV/T collector and the numerical results. The second part includes the results of the random days from 

several months of the experimental tests. The third part presents the average results for each month during 

seven months. 

The experimental tests were conducted in Duhok Polytechnics University under the typical weather 

conditions of the Duhok city in Iraq. 

5.1. Validation of the Experimental work 

The experiment test was conducted on Nov.2nd, 2018 because it was a sunny and relatively warm 

day with a maximum temperature of 29.6°C, and an average wind speed of 1.7 m/sec. The flow rate in the  

collector was adjusted with 2.5 L /min. The inlet, outlet, absorber, PV panel, glass cover, air gap 

temperatures, and solar irradiation were measured and recorded every one minute. The experiment was 

carried out for period 2 hours from 9:00 to 11:00 am. The average ambient temperature was 23.5°C during 

this period with a small variation. Figures 5.1 shows the measured ambient temperatures and solar radiation 

values throughout the experiment. The following data are used in the numerical code:   

1-The initial water temperature of the storage tank is 29.7°C. 

2- Total water flow rate is 2.5 L/min. 

3- The ambient temperature from 23°C. 

4- The total solar radiation is from 480 W/m2. 

5- The optimum number of nodes along the tube is 12. 
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Figure 5.2 displays the comparison between the recorded inlet water temperature on Nov.2nd and the values 

predicted utilizing the proposed numerical model. There is a good agreement between numerical results and 

the experimental. The maximum error is (5.56 %) for the inlet temperature. The error occurs because of the 

variety in the solar radiation and ambient temperature as shown in figure 5.1. In the numerical work, the 

average solar radiation has been used as well as the ambient temperature. 

Figures 5.3 shows the comparison between the the outlet water temperature that recorded from the 

hybris  PV/T collector on Nov.2nd and the values utilizing the proposed numerical model. The comparison 

displays good agreement between the numerical and measured outlet water temperature. The maximum 

error is (2.36 %) for outlet temperature. 

 

 

 

 

Figure 5.1 Variation of the recorded solar radiation and Ambient Temperature on  Nov 2nd 2018 
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Figure 5.2 Comparison between numerical and experimental fluid inlet temperatures at the 

Solar PV/T collector inlet on Nov 2nd.2018 

Figure 5.3 Comparison between numerical and experimental  fluid outlet temperatures at 

the Solar PV/T collector Outlet on Nov 2nd.2018 
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          The comparison of the thermal useful power between the experimental and numerical results from 

the hybrid PV/T collector is displayed in figures 5.4. The maximum error between them is  (6.90 %) due to 

changes in the ambient temperature and solar radiation as displayed in figure 5-1 as well as a slight variation 

in the inlet temperature of the water in the collector.   

 

               Figure 5.5 shows the comparison between the experimental thermal efficiency with the numerical 

thermal efficiency. The largest error reached (7.65%) because the thermal efficiency of the experimental 

side is affected by several main factors such as the variation of the useful power due to solar radiation, and 

ambient temperature. However, in numerical calculation case, it is based on the rate of variations of the 

influencing factors presented in figure 5.5. 

     Figure 5.6 displays the experimental and numerical electrical efficiency, where the largest error between 

them reached (5.79%). The error occurs due to the rise in the temperature of the photovoltaic cells in the 

experimental work as compared with numerical work. The continuously variation in the ambient 

temperature and solar radiation is the main reason for the rise in the temperature of The photovoltaic cells 

for the experimental work. The electric efficiency is affected by the variation of photovoltaic cell 

temperature. 

 

Figure 5.4 Comparison between numerical and experimental useful energy on Nov 

2nd.2018 
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Figure 5.6 Comparison between experimentaland  numerical electrical efficiency on Nov 

2nd.2018 

 

Figure 5.5 Comparison between experimental and numerical thermal efficiency on Nov 

2nd.2018 
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5.2. Experimental results  

In this section, three random day are selected from three different months. All experimental tests were 

conducted throughout a period of 6-hour  from 9:00 am to 3:00 pm. The data obtained from connected 

sensors were recorded every 15 minutes and then analyzed. Useful power, thermal efficiency and electric 

efficiency of the hybrid PV/T collector are calculated. It is noticed that the variation of the solar radiation 

as well as wind speed and ambient temperature directly affected the overall system performance. In addition, 

the movement of the clouds that obscures sun radiation affects the efficiency of the system negatively.  

5.2.1. Experimental day 28th November 2018  

Figure 5.7 demonstrates the representative trends of the inlet, outlet, and storage water tank temperatures of 

the hybrid collector. Solar radiation and ambient temperature are measured for a particular day of Nov. 28th, 

2018. It can be noticed that the solar radiation reaches peak values between 11:30 am and 12:00 pm with 

values (278.15, 277.43 W/m2) respectively. It also reaches the lowest possible value at 9 am and 3 pm with 

value about 136 W/m2. The ambient temperature changes slightly throughout the day. The average 

temperature reaches 17.2oC, except for the first hour of the morning when it is lower.  Furthermore, the 

temperatures of the water inlet, outlet, and storage tank are continuously increase until they reach the highest 

limit (30.3, 31.3, 30.9oC) receptively at 3:00 pm. It is noticed that a slight decrease in the intensity of solar 

radiation does not affect the temperature of the fluid in the storage tank. Also, there are sudden drops in 

solar radiation at different hours of the day due to the presence of scattered clouds in the sky. 

Figure 5.7 Experimental outlet, inlet, storage tank, ambient temperature and Solar radiation on Nov.28th.2018 
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Thermal and electrical yields of the hybrid PV/T system are presented in figure 5.8 and figure 5.9. Figure 

5.8 shown that the thermal energy gains by the hybrid PV/T collector reached the maximum value 151.55 

W at 11:30 am.  

 

 

Figure 5.9 Electric power output variation and recorded Solar radiation histories on Nov.28th.2018 

Figure 5.9 shows that the maximum electrical production was obtained between 11:30 pm to 12:00 

pm, and the maximum electrical power output reached 34.95 W.  

 

Figure 5.8 Useful Power variation and recorded  Solar radiation histories on Nov.28th.2018 
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The thermal and electric efficiency of the hybrid PV/T system is illustrated in figure 5.10. It observed that 

the maximum thermal efficiency reached  66.8% at 10:30 am due to the variance between the inlet water 

temperature and the ambient temperature over solar radiation that reached the lowest value of [
𝑇𝑖𝑛−𝑇𝑜𝑢𝑡

𝐺
] = 

0.010566.  

Also, the figure shows that electrical efficiency reached the highest value between 11:30 am to 12:00 pm. 

The maximum electrical efficiency is about 14.62 %.  It depended basically on PV cells temperature and 

solar radiation. Also, the lowest value is 13.09% at 12:15 pm. The maximum overall efficiency reached 

76.41 % at 10:30 am. 

  

Figure 5.10 Variation of electrical and thermal efficiency on Nov.28th 2018 
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Figure 5.11 clearly illustrates the temperature variation of the photovoltaic module on electrical efficiency. 

The inverse relationship between the temperature of the photovoltaic module and the electrical efficiency 

according to equation (4-16)  is displayed in the figure. 

 

5.2.2. Second experimental day 3rd February 2019 

Figure 5.12 shows representative trends of the inlet, outlet and storage water tank temperatures of the hybrid 

PV/T collector. The measured solar radiation and ambient temperature for a particular day of Feb. 3rd, 2019 

are presented in the same figure. It can be observed that the solar radiation reaches a peak value between 

11:30 am and 12:00 pm and the values reach (362.34, 365.25 W/m2) respectively and reach the lowest 

possible value 148.12 W/m2  at 3 pm. The ambient temperature changes slightly throughout the day between 

11:30 am to 3 pm the average temperature is 14.11oC, but the lowest temperature is measured for the first 

two hours of the morning. The temperatures of the water inlet, outlet, and storage tank continuously increase 

until they reach the highest limit (31, 32.1, 31.6 oC) receptively at 3:00 pm. 

As compared with the results of the previous selected day Nov 28th, a slight rise is noticed in water 

temperature of the tank, although the average ambient temperature is less than the previous selected day and 

the intensity of solar radiation is slightly more than Nov 28th. 

Figure 5.11 Variation between PV cells Temperature and electrical efficiency 
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The thermal and electrical yields of the hybrid  PV/T system were illustrated in figure 5.13 and figure 5.14. 

From Figure 5.13, it could be seen that thermal energy gains by the hybrid  PV/T collector reached maximum 

value 189.95 W around 11:45 am. 

Figure 5.14 shows the electricity production which reached the highest value between 11:30 am to 12:00 

pm. The maximum electrical power output reached 46.55 W. Also, when compared to the Nov28th results, 

it can be observed that thermal gain increased around 40 W, and there is a simple increase in electrical 

power with a value of 11.65 W. The figure demonstrates that the maximum rise in thermal and electrical 

energies does not necessarily occur at the same time. Also, the comparison between the results with the 

Nov28th results, thermal gain increases with about 40 W. There is also a simple increase in electrical power 

with 3.3 W. 

Figure 5.12 Experimental outlet, inlet, storage tank, ambient temperature and Solar radiation on 

Feb.3rd.2019 
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Figure 5.14  Electric power output variation and recorded Solar radiation histories on Feb 

3rd .2019 

Figure 5.13 Useful energy variation and recorded Solar radiation histories on Feb 3rd 2019 
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The electrical and thermal efficiency of the hybrid PV/T system is shown in Figure 5.15.  It can be noticed 

that the maximum thermal efficiency reached around 55.67% at 11:45 am. It is lower than the efficiency of 

Nov.28 by about 10%. The reason in that day is warmer than the previous day and the average temperature 

of the ambient was more than 17.2 oC and it was higher than those of Nov.28 with more than 3°C. The 

overall efficiency reached the maximum value at 11:45 am with 65.68 % 

Also, the figure shows that the electrical efficiency reached the highest value at 9:00 am with a value about 

14.37 % and it is less than those of Nov 28th about 0.25%. This is a simple variation because of the rise in 

solar radiation and PV temperature.  

 

 

 

 

 

 

Figure 5.15 Variation of electrical and thermal efficiency on Feb 3rd 2019 
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5.2.3. Third experimental day 16th May 2019 

Figure 5.16 shows representative trends of the inlet, the outlet of the PV/T hybrid collector, storage water 

tank temperatures, solar radiation and ambient temperature for a particular day on  May. 16th 2018. It can 

be observed that the solar radiation reaches a peak value at 12:00 pm with (852.65 W/m2), and the lowest 

possible value at 9:00 am is about 462 W/m2. The ambient temperature changes slightly throughout the day 

between 11:00 am to 3:00 pm. The average temperature reaches 34.9oC, except for the first two hours of the 

morning which is lower.  Furthermore, the figure shows the temperature of the water inlet, outlet and storage 

tank, which is continuously increasing until it reaches the highest limit (53.7, 55.2, 54.9oC) receptively at 

3:00 pm. There is a significant increase in water temperature in the tank, which is almost doubled as 

compared with the previous days in November and February. The reason is the increase of solar radiation 

which is higher than 500 W/m2, and a notable increase in ambient temperature, which reached a maximum 

value of 39°C. 

 

Thermal and electrical yields of the hybrid PV/T system on May 16th are presented in figure 5.17 and figure 

5.18. From figure 5.17, it observed that the thermal energy gains by the PV/T collector reached highest 

value between 10:45 am to 12:45 pm, the maximum value 523.9 W around 11:15 am and the lowest value 

257.40 W at 3:00 pm 

Figure 5.16  Experimental outlet, inlet, storage tank, ambient temperature and Solar radiation 

on May.16th .2019 
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Figure 5.18 shows the electricity production which reached the highest value at 11:45 am. The maximum 

electrical power output reached to 98.55 W and the lowest value is 59.41W at 9:00 am. As the figure shows, 

it is not necessary that the maximum thermal and electrical energies occur simultaneously. Furthermore, on 

comparing the results with those of the Nov 28th 2018 and Feb 3rd, 2019 results, it can be observed that 

thermal gain increased more than 2.7 times, and there was a significant increase in electrical power of about 

31 W.  

Figure 5.18 Electric power output variation and recorded Solar radiation histories on May 16th ,2019 

Figure 5.17 Useful energy variation and recorded Solar radiation histories on May 16th .2019 
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Thermal and electrical efficiency of the PV/T system is illustrated in figure 5.19. It can be observed that the 

maximum value of thermal efficiency reached 72.37% at 10:45 am and it is higher than the efficiency of 

Feb 3rd with about 6%. It is also noticed that thermal efficiency gradually decreases. The increase in the 

solar radiation led to the raise in heat of the system components, the inlet hot water temperature increased 

and the thermal efficiency reduced.  

Also, the figure shows that the electrical efficiency decreases gradually because of an increase in the 

temperature of the PV panel. The maximum electrical efficiency value 13.53% occurs at 9:00 am. It is more 

than those of Feb 28th with 3.1% due to an increase in solar radiation. The lowest value is 11.868 % at 1:00 

pm. It is observed that electrical efficiency decreases when the temperature of the inlet water and solar 

radiation increase [43]. The overall efficiency reached the maximum value 84.06% at 10:45 am with value.  

 

 

 

Figure 5.19 Variation of electrical and thermal efficiency on May 16th  2019 
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5.3. Experimental Results of the average seven months 

After collecting data for seven months, they were analyzed and the average results for four different 

days of each month were selected. The tests were carried out between 9 am and 3 pm.  

 Figures 5.20, 5.21 outline the changes that occured in several primary factors that affected the 

system in general. Figure 5.20 shows the variations in the average of solar radiation and the temperature of 

the ambient air. The lowest value of ambient temperature was recorded as (12oC) in January 2019. However, 

the lowest value of solar radiation was (166.35 W/m2) in December 2018. Frequent rain and cloudy sky in 

January affected the solar radiation and ambient temperature. The same behavior occured in March for the 

ambient temperature in spite of the continuous increase in solar radiation. 

Figure 5.21 shows the variation of overall heat loss which is mainly affected by solar radiation and ambient 

temperature, which the overall heat loss was calculated by using equations (from 4-3 to 4-6) in chapter four 

of this thesis. Also, it observed that the average overall heat loss reached the highest value (11.2 W/m2.°C) 

in May when the solar radiation and ambient temperature had the highest values. Wind velocity variation 

affected the system results. Heat transfer increase from the cover of the PV/T collector when the wind 

velocity increased and led to a rise in overall heat loss from the system. The recorded maximum average 

wind speed was (2.25 m/s) in May,2019.  

 

Figure 5.20 Recorded Solar radiation and ambient temperature 
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Figure 5.22 illustrates the average temperature of the water inlet, outlet and the storage tank obtained from 

the PV/T solar system in each selected month. From the figure, the high average fluid temperatures recorded 

in May.2019 were (35.5, 34,15, 34.64oC) for outlet, inlet water, and storage tank of PV/T system 

respectively. The maximum average solar radiation in the same month was (564.8 W/m2). The maximum 

fluid temperatures recorded for the same month were (55.8oC, 55.2oC, 57.7oC) for an outlet, inlet, and 

storage tank of PV/T system respectively at 4:30 pm on May 16th, 2019 and the maximum recorded solar 

radiation was 877.59 W/m2 at 12:00 pm on May 4th, 2019. 

The low average fluid temperatures are recorded in January 2019 (16.12, 17.17, 16.25oC) for the water inlet, 

outlet, and the storage tank respectively. The average temperature of the storage tank started from 10.4oC. 

The rise in the average temperature of the fluid was low as compared with the average of other months. 

Solar radiation started to increase slightly in January as compared with those in Dec.2018 due to a decrease 

in ambient temperature and the cloudy weather. It is observed that there was a simple harmony relationship 

between the increase in solar radiation and fluid temperature in the system. 

 

 

 

Figure 5.21 Variation of experimental overall loss coefficient and recorded wind velocity 
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Figures 5.23, 5.24 show the variation of the average thermal energy gain and electrical output. 

From figure 5.23, it can be observed that the maximum mean useful thermal energy was in May 2019 which 

reached (308.1 W), and the lowest was (78.88 W) in December 2018.  It is observed that there was a great 

harmony relationship between the thermal energy gain and solar radiation as they grow dramatically from 

January to reach the highest value in May 2019. Figure 5-24 illustrates the variation of power output from 

the PV/T system where the output of the electrical power of the lowest and the highest value were (22.22 

W, 67.48 W) respectively. 

Figure 5.22  Experimental solar radiation, inlet, outlet, ambient and storage tank temperature 
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Figure 5.24 Variation of average electrical power output and solar radiation  

 

Figure 5.23 Experimental useful energy and solar radiation 
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From figure 5.25, it can be observed that the obtained maximum overall efficiency was (72.091%) in 

May.2019 according to experimental tests carried out during that period. Its lowest average was  (63.083 

%) in January 2019.   

 

 

 

 

 

  

Figure 5.25  The average of overall efficiency and solar radiation for seven months 
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CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

 

6.1.Conclusions 

The study includes experimental and numerical investigation of the hybrid 

photovoltaic-thermal solar collector system in Duhok climatic. The experiments are conducted 

in Duhok city during seven months from November 2018 to May 2019 to test the different 

weather conditions. The three days during seven months and average of each month are chosen 

to present their results. A one-dimensional, time-dependent, detailed mathematical derivation 

for PV/T hybrid flat plate solar collector cross sections (glass cover, air gap, PV panel, absorber 

plate, working fluid, and insulation) with the storage tank is performed. All heat transfer 

coefficients computed in mode. The implicit finite-difference method is used to solve equations 

of the PV/T system. The proposed method taking into consideration the time-dependent of 

ambient temperature, variable solar irradiance and allows the transient processes to occur in the 

PV/T hybrid collector. The model is solved by an iterative method for each analyzed cross-

section of the PV/T collector along the flow direction using MATLAB 2017b software.   

     Based on the results that obtained in the study, the following conclusions are drawn from it: 

• The average results are obtained for seven months of the experiments and compared, the 

overall efficiency found that the highest value occur in May.2019 and it is (72 %) and the 

lowest value in January 2019 with its value (63 %). 

• solar radiation, and ambient temperature are the main factors that influence the performance 

of the solar hybrid collector. The results showed that an increase in the ambient 

temperature, solar radiation, and decrease in wind speeds lead to an increase in thermal 

energy gain. However, at the same time, this variation leads to a decrease in electrical 

energy. On the other hand, increasing in inlet water temperature influence on thermal 

efficiency and decreased it.  

• The second day of November is chosen to compare the results of the experimental work 

with those of the numerical model. The measurements are recorded every 1 minute, for two 

hours, then the data are analyzed experimentally. The numerical model of the PV/T flat 
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plate collector has hours, then the data are analyzed experimentally. The numerical model 

of the PV/T flat plate collector has been validated by experimental investigation and the 

results have a good agreement between them, and the maximum difference is  

(7.65 %). 

 

6.2. Suggestion for future work  

The experimental and numerical study has been conducted for hybrid PV/T collector system in the Duhok 

climatic. The following are suggested for future work: 

● Experimental and numerical investigation of the hybrid PV/T collector system may be tested to 

investigate the effect of the different mass flow rates of the water on the system performance. 

● Experimental and numerical investigation of the hybrid PV/T collector system may be done to study 

the effect of the different glass cover properties and absorber plate on the system performance. 

● Experimental and numerical investigation of the hybrid PV/T solar collector system may be done 

to study the effect of the thermal adhesive or Phase-change material (PCM) between the PV panel 

and the absorbent plate on the system performance.  

● Experimental and numerical investigation of the hybrid PV/T collector system may be done to study 

the effect of glass cover with air gap and without glass cover 

● Experimental and numerical investigation of the hybrid PV/T collector system may be done to study 

and  make a comparison between  PV/T based air and PV/T based water in Duhok city.  

● Experimental investigation of the hybrid PV/T collector system may be done to study and  make a 

comparison between PV  panels (  polycrystalline and monocrystalline silicon) which it is availibale 

in local market.  

● Experimental and numerical investigation of the hybrid PV/T collector system may be done to study 

and  make a comparison between  different type of abosorber plate 

●  Experimental and numerical investigation of the hybrid PV/T collector system may be done to 

study collector without using absorber plate only attached the tube directly to PV panel. 

● Experimental and numerical investigation of the hybrid PV/T collector system may be done to study 

different collector angle ( by using different angle in each month). 
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is  𝜓 ≤ 1, 

𝜔(𝑓) ≤  ∆𝑡 ∆𝑧Τ  

Adjust the flowrate 

time step 

Start 

Inlet data: physical properties of the PV/T Solar collector, inlet fluid flow condition, 

initial temperature, climatological data, the process time total time interval of 

calculation, solar irradiance, & spatial step. 

No 

Set t = t +∆𝑡 

Set k = k +1 

Calculate the thermal properties at the air, fluid, T (t, k)  

Calculate the heat transfer coefficient at T (t, k) 

Calculated the coefficient: B,C,D,E,F,G,H,J,K,L,M1,M2,O,Q,R1,R2,S,U1,U2,V,W1,W2,X 

 

Calculated temperature for cover, air gap, fluid, PV, absorber, insulation, at the n node 

 

End 

Store the instantons of the solar PV/T collector temperature 

No
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yes

No

Is t = total time of calculation 

Store and present the final  result 

Are all the nodes converged 
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