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Abstract  

 

Due to the shortage of electrical energy in the region, we have found out that 
conducting this study is very important to contribute to the increasing the electrical 
energy and also to reduce the conventional methods of obtaining energy that impact 
the environment and its pollution. Photovoltaic panels are one of the technologies 
used to obtain clean energy, but it has low efficiency. As such, it is economically 
expensive and cannot be affordable for everyone nowadays.  

This study experimentally and numerically investigates the performance of the PV 
module by using the reflectors and the cooling system under the climatic conditions 
of Duhok. Three configurations, namely the reference PV module, concentrated PV 
(CPV) system and the concentrated PV (CPV) with the cooling system are used for 
this purpose. Cheap materials available on the local market were used in designing 
and installing the sunlight concentration system and the cooling system. The three 
configurations were installed on the top of the building of Duhok polytechnic 
university presidency. The experiments were carried out on clear days of September 
and October of 2019. 

In addition, to further investigate the correctness of the results, theoretical models: 
electrical model by using MATLAB/Simulink 2015, computational fluid dynamics 
(CFD) by using ANSYS 16.1 and numerical method were developed. Hence, there 
was good agreement between the experimental results and those of the theoretical 
models. 

In order to, experimentally find out the effectiveness of the concentration and the 
cooling systems in improving the power performance, the power output in each case 
was calculated and compared with the conventional PV module to find out the 
percentage of the increase in the power output. Simultaneously, the cooling system 
was evaluated by finding out the percentage of the panel temperature reduction in 
the PV module. It was found out that the maximum improvement of the power output 
of the photovoltaic is 21.3% by using the proposed reflectors and cooling system, 
and was recorded on September 25th. The cooling system had great effectiveness in 
cooling the photovoltaic panel, as the temperature reduction percentage reached 
almost 50%. Additionally, the maximum percentage increase in the electrical 
efficiency of the PV module was 19.7%, was recorded on September 25th.  

By developing an electrical modeling, it was observed that the current temperature 
coefficient, voltage temperature coefficient and power temperature coefficient were 
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(0.056%/ºC), (– 0.328%/ºC) and (0.429%/ºC), respectively, and agreed well with the 
manufacturer datasheet. Also, the effect of the material of the reflectors and the angle 
of the reflectors was investigated numerically. It was found out that the mirror was 
more efficient than the aluminum and low steel while the angle of 90° was more 
effective than the angles of 120° and 150°. In addition, CFD modeling by using 
ANSYS/Fluent 16.1 was used to draw the temperature contours of the PV panel for 
the three configurations. For the reference PV module and CPV system, the middle 
of the panel had a high temperature and it decreased towards the sides. Added to 
that, the glass layer had the highest temperature and decreased towards the lower 
layers, while for the CPV with cooling system, the temperature decreased from the 
top to the bottom of the panel surface. 

As well as, the yearly energy production was calculated. It was detected that the 
yearly energy production was respectively enhanced by 20.7% and 8.8% for the 
cooled CPV system and CPV system, compared with the reference PV module. By 
estimating the payback period of the three configurations, it was found out that the 
CPV with cooling system was feasible both economically and technically.  

Finally, the information derived from this current study could be very helpful in 
designing and installing the PV system in the region. In addition, it has became quite 
evident that the proposed design in this study is economically and technically 
feasible, especially for domestic use. 
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Nomenclature 

 

Abbreviation Details 

hair Heat transfer coefficient                                    W/m2.K 

Ap Area of the PV panel                                               m2 

Tp Panel temperature                                                   ºC 

Ta   ambient temperature                                                ºC 

k Thermal conductivity                                          W/m.K 

Lc Characteristic length                                                 m 

g Gravitational acceleration                                       m/s2 

Pr Prandtl number 

Tak    Operating temperature of cell in Kelvin                  K 

Tf Film temperature                                                     K 

m Mass of the PV module                                          kg 

Cp Specific heat                                                       J/ kg.K 

Ti   Initial temperature of the panel                              ºC 

Ee   Electrical energy                                                      W 
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Gsc Solar constant                                                     W/m2 

Gon Extraterrestrial radiation                                     W/m2 

ṁ   Water mass flowrate                                             kg/s 

Cpw   Water specific heat                                            J / kg.K 

Tw Water temperature                                                  °C 

∆Tw Temperature difference of water                            °C   

Iph Photo current                                                          Amp 

Iscr Short circuit current                                               Amp 

Ki   Current temperature coefficient                            % / °C 

Tkr Reference temperature                                              K 

G Solar radiation                                                        W/m2 

q Electronic charge                                    1.602× 10 –19 coulomb 

Voc   Open circuit voltage                                                  V 

Ns Number of cells in a series                                

K   Boltzmann’s constant                              1.381 × 10 –23 J/K     

T   Cell temperature                                                       °C 

A    Ideality factor 
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Ego   
Material band gap energy (1.12 eV for the Polycrystalline at 
25ºC) 

Np Number of cells in parallel                                   

Vpv Output voltage of the PV module                            V 

Vmp Maximum power point voltage                                V 

Imp    Maximum power point current                              Amp 

Ql Energy lost by convection and radiation                 W 

Qconv Convection heat transfer                                          W 

Nu Nusselt number 

Ra Rayleigh number 

Ts Sky temperature                                                        K 

I   Incident solar radiation                                           W/m2 

Fr-c View factor from the reflectors to the PV panel 

n Width of the reflector                                                 m 

p Width of the PV panel                                                m 

s 
Distance from the upper edge of the panel to the outer edge of 
the reflector                                                                m 

Ar Reflector area                                                             m2 
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Ib Beam radiation                                                        W/m2 

Id Diffuse radiation                                                     W/m2 

kT    Hourly clearness index 

Ih Solar radiation on the horizontal surface                W/m2 

Ie Hourly extraterrestrial radiation                              W/m2 

Ir Reflected solar radiation                                          W/m2 

t Time                                                                            s 

Irs Reverse saturation current                                        Amp 

Ipv Output current of the PV module                             Amp 

Io Saturation current                                                     Amp 

d Time and day of the month                                           

Greek symbols Details 

ϕ   Panel inclined angle 

εb   Emissivity coefficient of the PV module backsheet (0.85) 

εg 
Emissivity coefficient of anti-reflective coated tempered glass 
(0.99) 

σ Stefan-Boltzmann constant [5.67 ×10-8 W/ (m2 K4)] 
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β Coefficient of volume expansion                             1/K 

θr Average angle of the incidence 

θz   Solar zenith angle 

ρr   Reflectivity of the reflector  

δ Declination 

ω Hour angle 

υ   Kinematic viscosity                                                  m2/s 

               ηe              Electrical efficiency                                                    %                                              
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Chapter 1: Introduction 

 

Solar energy is approximately the source of all energies of the earth. Humans, 
animals and plants depend on the sun for heat and food. People use solar energy in 
many different ways, such as, biomass that transforms the solar energy into a fuel 
which is utilized for heat, transportation and electricity. In addition, wind turbine 
converts wind power to electricity by using air current created by the temperature 
difference in the air. Even rainwater that supplies dams and that is used to generate 
electricity is generated from the sun. In addition, the photovoltaic (PV) is a simple 
technique of using solar energy that can convert solar energy directly to the electrical 
energy without pollution or noise [1].  

Due to the increase in energy demand and the problem of global warming together, 
the investigation of new alternative traditional energy sources has increased. Many 
countries have increased their use of renewable energy in order to protect the 
environment from the impact of using traditional energy [2]. Renewable energy will 
become approximately one-third of the total electricity output by 2035, and the solar 
energy is increasing more than any other renewable energy technology [3]. The most 
sustainable renewable energy and environmentally friendly energy source is the 
solar energy. The energy of Twenty days of sunshine is equal to all the energy stored 
in the earth (i.e., oil, coal and natural gas). The solar energy received by the earth is 
about 1.8×1011MW which is greater than all commercial energy sources 
consumption on earth [4]. The solar radiation received by the earth surface is shown 
in the Fig. 1.1, which presents the geometry of the sun-earth relationship. The main 
components of the solar radiation are beam radiation and diffuse radiation [5]. Beam 
radiation is the solar radiation received directly from the sun in a straight-line form, 
while diffuse radiation is the solar radiation received from the sun after has being 
scattered as shown in Fig. 1.2 [6]. 
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Solar energy is converted into electrical and thermal energy by various technologies. 
The photovoltaic (PV) cell is one of the commonly used technologies. It is the most 
effective technique for producing electrical energy from direct solar radiation [7]. 
 
 

Figure 1.1. Geometry of the sun-earth relationships [5]. 

Figure 1.2. Solar radiation components [6]. 
 



3 

 

 

1.1  Photovoltaic (PV) cell 

The request for increasing the amount of electrical energy has gone up due to the 
fast increase in the population augment and manufacturing [8]. In the1950s, PV cells 
were evolved and offered as an alternative source to produce electricity especially 
after the 1970s, when the oil crisis started [9]. PV technology is developing 
continually in the world and it is effective, environmentally friendly and sustainable 
[10].  It is the most common technique to convert solar radiation directly to the 
electrical energy [11]. The PV cell is a semi-conductor diode as shown in Fig. 1.3 
where several of them are connected in a series to form a photovoltaic module where 
a bunch of them are connected in series and parallel to form a PV panel [12]. The 
sectional view of the PV module is illustrated in Fig. 1.4.  

 

 

 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

P-type silicon and n-type silicon are joined together to build a p-n junction. The p-
type has extra holes and less electron while the n-type possesses extra electrons and 

Figure 1.3. PV cell semi-conductor diode [12]. 

Figure 1.4. Sectional view of PV module [13]. 
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less holes. The PV cell gains heat when it is subjected to the sun light, the electrons 
move from the n-type semiconductor to the p-type and the holes move from p-type 
semiconductor to the n-type. This flow builds an electrical circuit.  According to the 
PV cell type, the electrical efficiency range is 13 – 20% under standard test 
conditions (STC) (25ºC and 1000 W/m2) and the rest of the energy dissipates as heat 
to the environment [6]. The most usually used PV cells technologies are [13]: 

• Monocrystalline Silicon cells (c-Si). 
• Polycrystalline Silicon cells (x-Si). 
• Amorphous Silicon cells (a-Si). 
• Cadmium Telluride cells (CdTe). 
• Copper, Selenium and Indium cells (CIS). 
• Copper Indium, Gallium and Selenium (CIGS). 
Monocrystalline silicon cells and polycrystalline cells are the most commonly used. 
Monocrystalline has the highest efficiency but it is more expensive while the 
polycrystalline has less efficiency and is cheaper.  

The standard photovoltaic cell is a current source in parallel with a single diode. The 
equivalent circuit of the PV cell is presented in Fig. 1.5. Series resistance and shunt 
resistance dissipate power in the resistances. And this causes a decrease in 
efficiency. The value and effect of series and shunt resistance depend on the PV cell 
geometry, at the PV cell operating point. However, an excessively high value of 
series resistance may reduce the short-circuit current, the main impact of series 
resistance is the decrease in the fill factor. Also, the shunt resistance causes markable 
power losses due to the defects of manufacturing.  

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1.5. Equivalent circuit of the PV cell [6]. 
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The short-circuit current (Isc), the open-circuit voltage (Voc), the fill factor (FF) and 
the efficiency are the important parameters for distinguishing PV cells. All the 
parameters are specified from the characteristic I-V curve as shown in Fig. 1.6. The 
short circuit current (Isc) is the maximum value of the current when the voltage is 
reading zero while the open circuit voltage (Voc) is the maximum voltage value when 
the current is reaching zero. The maximum power point voltage (Vmp) and maximum 
power point current (Imp) are respectively the highest values of voltage and current, 
at the maximum power of the PV module. In addition, the fill factor (FF) is the ratio 
between the maximum power and the product of Isc and Voc [6]. 

  

 
 
 
 
 
 
 
 
 
 

 
 

 

The PV cell efficiency is significantly influenced by the PV cell temperature and the 
solar radiation intensity [14].  

 

1.2  Temperature effect on PV cells: 

PV cell is a semiconductor device which is sensitive to temperature. Increasing the 
temperature reduces the band gap of the semiconductor; and hence influencing most 
of the parameters of the semiconductor material. So, by decreasing the band gap of 
the semiconductor, the energy of the electrons increases. Therefore, less energy is 
needed to break the bond. Several studies have investigated the impact of 
temperature on the photovoltaic module performance. The comprehensive 
performance of the PV modules is significantly influenced by the operating 

Figure 1.6. Characteristic I-V and power curves of PV cell [6]. 
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temperature of the PV cells and the non-uniform temperature. The efficiency loss of 
the PV cells with a temperature coefficient between – 0.21% and – 0.5% is in the 
range of 2.9%-9.0% [15]. The power output and the efficiency reduce by 0.37 W 
and 0.06%, respectively for each 1°C increase in the temperature of the cells at solar 
irradiation of 1000 W/m2 [16]. The maximum power output and the open circuit 
voltage reduce while the short circuit current increases when the operating 
temperature of the cells increases as shown in Fig. 1.7 [17]. 

  

 

 

 

 

 

 

 

 

 
 
 

 
 

The temperature coefficient of the maximum power output, fill factor and the open 
circuit voltage is negative yet it is positive for the short circuit current [18]. In 
addition, the relative change with cell temperature for the maximum power output, 
fill factor, short circuit current and the open circuit voltage is found to be – 0.002/°C, 
– 0.0013/°C, 0.002/°C and from – 0.002/°C to – 0.0025/°C, respectively. In case of 
designing a solar plant, the exact location needs to be taken into consideration 
because all the locations do not have the same temperature range and therefore 
before the installation the investment payback should be considered [19]. The power 
output changes during the time when the temperature of the cells tends to be stable. 

Figure 1.7. Temperature effect on the maximum power output, open circuit 
voltage and short circuit current. 
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Accordingly, the efficiency varies because of the temperature difference [20]. The 
effect of the temperature on the power characteristics is presented in Fig. 1.8. For 
the different cells’ connection configurations: Simple Series configuration, Series 
Parallel configuration, Total Cross Tied configuration, Bridge Linked configuration 
and Honey Comb configuration, increasing the temperature reduces the open circuit 
voltage and series resistance while the Shunt resistance and current are not fully 
impacted [21]. The Power drop of the monocrystalline technology is greater than 
polycrystalline which is greater than copper indium gallium (di) selenide technology 
[22]. Since the temperature level of the cells affects the efficiency of the PV cell, it 
impacts the payback period, as well as the lifespan of the PV cell [23]. So, whatever 
higher is the efficiency, the lifespan is longer and the payback period is shorter. As 
demonstrated, increasing the temperature of the PV cells leads to a decrease in the 
power output and the efficiency. Therefore, using different methods of cooling 
techniques to reduce the temperature are regarded as a successful procedure to 
enhance the power performance and increase the efficiency value. 

  
 

 

 

 

 

 

 

 

 

 

1.3  Solar radiation effect 

The value of solar radiation reaching the earth changes during the year because of 
the Earth’s elliptical orbit movement. Only 51% of solar radiation is absorbed by the 
earth as shown in Fig. 1.9 [24].  

Figure 1.8. The temperature effect on the I-V and P-V characteristics [20]. 
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One of the most important parameters that must be taken into account on  using and 
design in the PV system is the solar radiation intensity [25]. The location of the PV 
module and the time interval of the day play a major role in changing the level of 
the solar radiation [26]. The level of extraterrestrial solar radiation during the days 
of the year is presented in Fig. 1.10. 

 

 

 

 

 
 
 
 
 
 
 
 

 
 
 
 
 

 

 

 

 

 

 

 
 

Figure 1.9. Interactions associated with the solar radiation absorption and 
distribution radiation on the surface and atmosphere of the Earth [24]. 

Figure 1.10. The extraterrestrial solar radiation yearly variation [26]. 
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Figure 1.11. I–V and P–V characteristics at 25 ºC under various irradiance 
intensities [27]. 

Solar radiation level has an impact on different parameters of PV cells, such as open 
circuit voltage, short circuit current, fill factor, series resistance, shunt resistance and 
efficiency. The short circuit current (Isc) drops sharply and the open circuit voltage 
(Voc) reduces slightly when the solar radiation intensity decreases. So, the maximum 
power output reduces as the solar radiation intensity decreases as shown in Fig. 1.11 
[27].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The short circuit current increases linearly with the radiation intensity increase while 
the open circuit voltage increases logarithmically [28]. Additionally, the ideality 
factor, short circuit current and the photocurrent of the polycrystalline PV cell 
increase linearly when the solar radiation level increase. While the fill factor 
increases for the low solar radiation level and decreases for the high solar radiation 
level and the efficiency increases logarithmically for the low solar radiation level 
and is almost constant for the high solar radiation level as shown in Fig. 1.12 [29].  
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In addition, the shunt resistance is almost constant for the low irradiation intensity. 
It then decreases linearly when the irradiation intensity increases while the series 
resistance is almost constant as presented in Fig. 1.13 [30]. 

 

 

 
 
 
 
 
 
 
 

 
 
 

Figure 1.12. Efficiency fill factor and as a function of irradiance intensity [29]. 

Figure 1.13. Shunt resistance and series resistance as a function of irradiance 
intensity [29]. 
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1.4  Cooling system 

The effect of the temperature of the cells on the performance of the photovoltaic 
(PV) cells has been mentioned in the previous section. Therefore, it is important to 
present the various cooling methods that are used to reduce the effect of temperature 
on the solar cell. The panel temperature increase adversely affects the PV module 
efficiency. It also accelerates the deterioration of cells and reduces PV module life 
expectancy [30]. Due to the high ambient temperature and high solar radiation 
intensity, the cooling system is highly recommended in the equator region [31]. The 
cooling system has the ability to reduce the cost of solar energy by cooling the 
photovoltaic panel to enhance its electricity output. With cooling, the concentrators 
can be used with the PV module and finally the heat removed by cooling can be used 
in industrial and domestic use [32]. The cooling systems are classified into [33]: 

� Passive cooling system: It is operated without inputting any mechanical or 
electrical energy [34]. Passive cooling is considered to be more desirable in 
terms of cost due to the absence of moving parts and more reliability, but it 
dissipates lower heat compared to active cooling [35]. 

� Active cooling system: It is a more feasible technique in the case of heat 
removal, and it is used in various applications of thermal [35]. It needs 
external energy to operate, but it cools the panel more effectively [36].  

There are two major types of cooling according to the type of fluid used in cooling 
[37]: 

• Natural and forced air cooling. 
• Natural and forced water cooling. 

The most common techniques are used in the cooling system of the PV module are 
[38]: 

� Heat pipes: These are apparatuses for transferring heat between two places by 
using working fluids. Heat pipes comprise three sections, namely condenser, 
evaporator and adiabatic section [39]. Different designs of heat pipes are 
shown in Fig. 1.14. 
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� Microchannel cooling: It has the ability to withstand high temperatures [38]. 

There are two types of microchannels, a multi header and a single header 
microchannel as shown in Fig. 1.15 [40].  

 

 

 

 

 

 

 

Figure 1.14. Different designs of heat pipes [38]. 
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� Heat exchangers cooling: Heat exchanger is a device that transfers heat from 
a fluid to another. 

� Liquid immersion cooling: PV cells are immersed in the circulating liquid and 
heat is absorbed by circulating liquid around the PV panel [41]. The water 
immersion PV panel is shown in Fig. 1.16. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

(a) 

(b) 

Figure 1.15. The schematic views of the microchannels: (a) single header and (b) 
multi header [40]. 

Figure 1.16. Water immersion PV panel [41]. 
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� Jet impingement cooling: It is used widely in electronic devices and it has 
the ability to remove a large amount of heat by creating a thin thermal layer 
under the impingement [42]. A sample of jet impingement cooling is shown 
in Fig. 17. 

 

 
 
 
 
 
 
 
 

 
 
 
 

� Heat sink: It is a cooling technique which is used to extract heat from the PV 
cells by using metals with high thermal conductivity [43]. A prototype of the 
heat sink is presented in Fig. 1.18 [44]. 

 

 
 
 
 
 
 
 
 
 
 
 

 

� Hybrid jet impingement and microchannel cooling: The microchannel is 
combined with jet impingement to obtain a uniform temperature when used 
for cooling PV cell [38]. The combination of microchannel and jet 
impingement is shown in Fig. 1.19 [45]. 

Figure 1.17. Jet impingement cooling with PV cell [42]. 
 

Figure 1.18. Prototype of PV cell and mini heat sink [44] . 
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1.5  Photovoltaic concentrators system 

The high cost of the photovoltaic (PV) cells is the general problem of using the solar 
cells. Therefore, using concentrators with PV cells is very desirable to reduce the 
requested area of the solar cells for the same power output [46]. Concentrators are 
classified according to the technique of concentration and the level of concentration 
or geometry [47]. The concept of a solar concentrator is shown in Fig. 1.20. 

 

 

 

 

 

 

 

 

 

 

Figure 1.19. Combination of microchannel and jet impingement [45]. 

Figure 1.20. Electricity generation [48]. 
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The following are some special designs of the solar concentrators [48]: 

• Fresnel Lens Concentrators: These are the most applied in high concentration 
photovoltaics (HCPV) [49]. Fresnel lens are one of the best selection for use 
in solar concentrators because of their lightness weight, small size and large 
output at low cost [50].  The optics of the Fresnel lens are shown in Fig. 1.21.  

 

 

 

 

 

 

 

 

 

• Parabolic Concentrator: If it is made of a reflective material, it would reflect 
the light falling on it to a focal point, regardless of where on the parabola the 
reflection takes place [50]. The basic parabolic concentrator is shown in Fig. 
1.22. 

 

 

 

 

 

 

 

 

 

Figure 1.21. The Optics of the Fresnel lens [49]. 
 

Figure 1.22. Basic parabola concentrator [50]. 
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• Flat High Concentration Devices: They have two main advantages as they are 
built in and have high concentration. In spite of that, there are some 
disadvantages such as difficulty in creating heat sink and electrical connection 
[48]. The flat high concentration device is presented in Fig. 1.23. 

 

 

 

 

 

 

 

 

 

• Hyperboloid Concentrator: It is also called the elliptical hyperboloid 
concentrator. Only a sectioned version of this concentrator needs to be used 
because it is very compact [51]. The hyperboloid concentrator is shown in Fig. 
1.24. 

 

 

 

 

 

 

 

 

 

 

Figure 1.23. Flat high concentration device [48]. 

Figure 1.24. Hyperboloid concentrator [51]. 
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• Compound Parabolic Concentrator (CPC): It is a proper type of photovoltaic 
concentrator for integrated applications of building [52]. A compound 
parabolic concentrator is illustrated in Fig. 1.25.  

 

 

 

 

 

 

 

 

 

 

• Dielectric Totally Internally Reflecting Concentrator (DTIRC): It is the most 
significant nanoimaging optical concentrators. In addition, to use it in solar 
applications, it is proposed for the communication systems of optical wireless 
and the detection of infrared radiation [51]. The dielectric totally internally 
reflecting concentrator (DTIRC) is shown in Fig. 1.26. 

 

 

 

 

 

 

 

 

 

Figure 1.25. Compound parabolic concentrator [52] 

 

Figure 1.26. Side view of a dielectric totally internally reflecting concentrator [51]. 
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• Quantum Dot Concentrator (QDC): It has three major parts, namely reflective 
mirrors that are put on the back surface and three various edges, plastic doped 
with dots of quantum and a solar cell as illustrated in Fig. 1.27 [51]. 

 

 

 

 

 

 

 

 

 

The concentration photovoltaic systems are classified into three classifications on 
the basis of the concentration factors [53]: 

• Low concentration (LCPV): The concentration level differs between 1 and 40 
times. 

• Medium concentration (MCPV): The concentration level varies between 40 
and 300 times. 

• High concentration (HCPV): The concentration level varies between 300 and 
2000 times. 

 

1.6  Problem statement 

The problem statement of this work is stated as follows: 

1- Lack of the electrical power in Kurdistan region especially during the hot and 
cold seasons.  

2- The increasing in the percentage of the pollution day after day due to the use 
of traditional methods to produce electrical power. 

3- The electrical efficiency of the commercial PV module is low because most 
of the solar energy converts to heat. This causes an increase in the cell 

Figure 1.27. Quantum dot concentrator [51]. 
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temperature, and it is known that the high temperature of the cells during the 
operation is the main problem of solar panels. 

4- On some days and in some months, the radiation of sunlight is not at the 
required level; this affects the electrical properties of the solar panel. 

5- In order to set up a specific system of photovoltaic panels, there must be a 
large space for this purpose, as the photovoltaic panels just convert a small 
part of the solar energy to electricity.  

 

1.7  Objectives of the study 

The performance of the PV module is studied experimentally and numerically by 
using reflectors and cooling systems. The objectives of this work are listed as 
follows:  

1- Investigating experimentally the performance of the three proposed system 
(reference PV module, CPV system and CPV with cooling system) at the 
environmental conditions of Iraq, city of Duhok, and comparing the 
experimental results of the three cases to find out the improvement rate of the 
power performance. 

2- Examining the effect of the cells temperature and the solar intensity on the 
power performance of the PV module by increasing the solar intensity and 
reducing the temperature of the panel by using reflectors and cooling system 
respectively. 

3- Enhancing the power performance of the PV module by using cheap local 
materials. 

4- Deriving mathematical models for the three proposed systems and solving 
them numerically. 

5- Comparing between the experimental results and the theoretical models 
results by using the electrical model, the CFD model and the mathematical 
model. 

6- Using the ANSYS 16.1 software to evaluate the temperature of the PV panel, 
and comparing it with the experimental results, and illustrating the 
temperature contours of the panel surface and all the layers of the panel. In 
addition, studying the impact of the ambient temperature and the solar 
radiation on the panel temperature. 
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Chapter 2: Literature Review 

 

2.1. Overview 

Solar energy is one of the most important and useful types of the renewable energy. 
The photovoltaic (PV) power is one of the integrated renewable energies which has 
some main challenges such as reliability, steadiness and control difficulty [54]. The 
industry of photovoltaic (PV) is increasing rapidly and the electric grid and PV 
power plants are connected widely [55]. The total PV power installed internationally 
in 2018 is 100 GW [56], almost 53 GW in China [57]. By the end of 2014, almost 
173 GW of PV power is installed as reported by the International Renewable Agency 
[58]. It is known that the PV cell transforms a small part of the absorbed solar energy 
to an electrical energy, and the rest of it is converted to heat, thus causing an increase 
in the cell temperature.  

The main factors affecting the electrical performance of the photovoltaic cells are 
the operating temperature of the cells and the solar radiation intensity. The maximum 
power output and electrical efficiency decrease with the cells operating temperature 
increase [59]. The electrical power of the PV module increases with the incident 
solar radiation increment on the panel. This leads to an increase in the cells 
temperature [60]. The high operating temperature of the cells has a negative impact 
on the power output of the PV cells while high the solar radiation has a positive 
impact on the power output. Accordingly, it is important to maintain the temperature 
as low as possible and the solar radiation at a high level [61]. The operating 
temperature of the PV cells increases by the gained heat which leads to a decrease 
in the electrical efficiency of the PV cells [62]. So, applying a practical cooling 
technique to decrease the operating temperature of the PV cell is necessary and 
would enhance the electrical efficiency [63]. In addition, the PV panel electrical 
energy increases by concentrating the sunlight on the surface of the photovoltaic 
(PV) panel [64]. 

For decades, lack in electrical energy has been the main problem in Iraq, especially 
in hot summer due to the need for cooling[65]. Therefore, there have been several 
attempts to increase the production of electric energy in the region, in an easy and 
simple procedure and at the lowest possible cost by using the common materials 
available on the local market. Researchers from the region have also searched for 
various sources of alternative energy to produce electric energy. Alyousifi et el. [66] 
investigated experimentally the performance (electrical and thermal) of a hybrid 
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PV/T solar collector system in Duhok, Iraq. The results indicated that the overall 
efficiency increased by 54.3%. Kazem et el. [67] studied experimentally the impact 
of temperature, dust, solar radiation, wind and relative humidity on the performance 
of the PV cell. The results indicated that the power output of the PV panel is reduced 
when increasing the temperature of the air, relative humidity and dust accumulation. 
Al-Sayyab et el. [68] investigated theoretically and experimentally the monthly and 
yearly optimum inclined angle of the PV panel in Basra, Iraq. They found out that 
the yearly optimum inclined angle was 28º while the monthly optimum inclined 
angle was unequal for each month. Dihrab et al. [69] simulated a proposed 6 MW 
hybrid system plant (PV and wind) to feed 750 small houses with the power for three 
various cities in Iraq. They used MATLAB solver to simulate the proposed system 
by using meteorological data for the selected locations. It is shown from the results 
that both solar and wind energy can be used in some areas in the desert to generate 
sufficient power. 

The technologies of concentrated PV cells cause an increase in the operating 
temperature of the cells. Therefore, researchers use different cooling techniques to 
dissipate the heat and decrease the temperature of the cells. Several studies reviewed 
various types of cooling system technologies of the concentrated PV cells such as 
[70]. 

 

2.2 Experimental studies 

Many researchers have experimentally investigated the performance of the PV cells 
by using the concentration and cooling systems. Al-Baali [71] found out that the 
performance of the PV cells was improved by using low concentration system and 
water cooling. The solar radiation was reflected by using a mirror to increase the 
level of the incident solar radiation on the panel when the water-cooling system was 
added to the back of the panel. It was observed that the panel has the highest value 
of the open circuit voltage by using reflectors and water-cooling system while the 
panel has the highest value of the short circuit current by using just reflectors. Smith 
et al. [72] investigated experimentally the impact of the water cooling on 
concentrated PV modules. Eight solar panels were divided into two groups and 
installed on the top of white roof with angle of 30º with the horizontal surface and 
toward the true south as shown in Fig. 2.1. 
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Water cooling was used with 6B panel, and water spread uniformly on the surface 
of the panel. High reflective mirrors were used to concentrate the solar radiation. 
Each mirror was fixed at angle of 120º with the panel. The results showed that the 
water cooling was able to keep the low operating temperature of the PV panel even 
when used with concentrators. Thus, it was found out that the water-cooling system 
with sunlight concentrating is a successful way to increase the electrical efficiency 
of the monocrystalline silicon PV panels. Barrau et al. [73] studied experimentally 
the electrical power performance of the CPV with a hybrid jet impingement/ 
microchannel cooling device. A solar concentrator provided with kaleidoscope was 
used to concentrate the solar radiation on a dummy PV cell, adhered on the cooling 
device by using epoxy glue. A heliostat was used as a reflector to concentrate the 
sunlight, and parallel sunrays were reflected to a parabola of 2 m in diameter. The 
experimental setup is shown in Fig. 2.2. It was found out that the dependence of the 
temperature distribution and the illumination profile were empirically demonstrated. 
The experimental results showed that the electrical power was enhanced when the 
water flow rate and concentration ratio increased. 

Figure 2.1. Schematic diagram of the experimental system [72]. 

Figure 2.2. Experimental setup: a) concentration system and b) cooling system 
[73]. 
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Du et al. [74] utilized a concentrated photovoltaic system with water cooling to study 
experimentally the performance of PV modules. The concentrated PV system (CPV) 
and active water-cooling system were built at the Institute of Energy and 
Environment, Southeast University, China. The experimental setup consisted of PV 
module, concentrator, water cooling transmission gear and machine frame as shown 
in Fig. 2.3. Monocrystalline silicon PV cells (1.08×0.14m) were used in the 
experiment with two groups of reflective mirrors, each group has 6 mirrors. It has 
been noted that the performance of the PV cells with water cooling is significantly 
higher than the PV cells alone. Also, the experimental results observed that the 
electrical efficiency of the concentrated photovoltaic was lower than 9% all the time, 
but the electrical power of the concentrated photovoltaic system was much higher 
than the PV cells. In addition, the study indicated that the geometric structure 
deficiency of the concentrator, the optical wastage of the reflectors and non-uniform 
illumination on the PV cells were the main reasons for the low electrical efficiency 
of the concentrated photovoltaic cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sangani et al. [75] investigated empirically to find out what maximum power output 
can be obtained by a 2-sun V-trough concentrator PV system compared with an 
ordinary PV module. Various commercial PV modules, different V-trough design 

Figure 2.3. Experimental setup of CPV with water cooling system [74]. 



25 

 

 

models and materials (mirror and aluminum) of reflectors were used in the 
experiments as shown in Fig. 2.4. The experiments were carried out to compare the 
performance of the mirror reflector, aluminum reflector, V-trough concentrator 
designs and commercial PV modules. It was found out that the power output in case 
of the aluminum reflector was higher than the mirror reflector by 10%, while the 
temperature was 88ºC for both cases. And added to that the power output increased 
more than 40% by using V-trough concentrator compared with the stand-alone PV 
module. 

Arshad et al. [76] studied experimentally the impact of the simple mirrors’ reflectors 
and water cooling on the electrical efficiency of the mono crystalline PV panel. They 
found out a good improvement in electrical efficiency by using mirrors and cooling 
system, as it was enhanced approximately by 52%. Raj et al. [77] investigated 
empirically the performance of the PV panel by using concentrators and cooling 
system. They used four mirrors placed on a structure with tracking to concentrate 
the solar radiation on the PV panel as shown in Fig. 2.5. The cooling system of heat 
pipe covered the backside of the panel as presented in Fig. 2.6. It was found out that 
the concentrators and cooling system have the key role in improving the output 
voltage. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Experimental setup [75]. 



26 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. The experimental setup [77]. 

Figure 2.6. Heat pipe placed on the backside of the PV panel [77]. 
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2.3 Numerical studies 

Chaabane et al. [78] used the three dimensions computational fluid dynamics (CFD) 
to find out the electrical and thermal performance of the CPV system with water 
cooling system. FLUENT 6.3 software which utilizes a finite-volume method to 
solve the Reynolds average Navier–Stokes equations was used to conduct the 
numerical solution of the water cooled CPV system. The difference between the 
numerical results and the experimental results of Du et al. [74] was less than 4%. 
The thermal model of the CFD can be used to find the temperature of the hybrid 
system. The computational fluid dynamics (CFD) simulations were conducted for 
different water-cooling configuration. It was found that the electrical and thermal 
efficiencies of the CPV system were enhanced for the squared shape of pipes and 
with the increasing number of water-cooling pipes. Kerzmann et al. [79] modelled a 
6.2 kWp linear concentrated photovoltaic system (LCPV) system by using 
simulation under Phoenix, AZ, climate conditions. The 6.2 kWp system under 
standard conditions (1000 W/m2 and 25ºC) is presented in Fig. 2.7. They simulated 
a linear concentrating photovoltaic system (LCPV) system that consisting of a high 
efficiency multijunction cells, linear Fresnel lens and a fluid cooling channel as 
shown in Fig. 2.8. It was found out that a remarkable saving in purchasing electrical 
energy and natural gas during the whole year could be achieved.  

 

 

 

 

 

 

 

 

 

 

 Figure 2.7. Three dimensions drawing of 6.2kWp system [79]. 
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Jakhar et al. [80] simulated and modeled a new cooling system for concentrating PV 
(CPV) called earth water heat exchanger (EWHE) for local conditions of Pilani, 
Rajasthan. They investigated the CPV/T with EWHE by using TRNSYS (v17.0) to 
model and simulate at peak summer duration. The simulation results indicated that 
the temperature of the CPV (CR=3) without cooling raised up to 416.36°C, while 
with EWHE cooling for the (0.022 kg/s) of water mass flowrate it reduced 
remarkably to 85.28ºC. Also, it was found that the CPV produced a significant power 
output at constant concentration ratio (CR) and different water flowrate. The 
maximum temperature of CPV without cooling increased by 173% when the CR 
increased from 2 to 6 as shown in Fig. 2.9. 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. Drawing of linear concentrating PV system components [79]. 

Figure 2.9. Maximum temperature of CPV for different CR [80]. 
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Al Siyabi et al. [81] analyzed numerically a multi-layer microchannel heat sink 
cooling system for a high concentration single solar CPV system. Analysis of 
different configurations of multi-layer heat sink was carried out to find out the most 
efficient selection in terms of fluid pumping power and temperature of the cell. The 
modeled system included a multi-layer microchannel heat sink and a CPV multi-
junction solar cell assembly as shown in Fig. 2.10. The impact of the channel height 
and width and difference of the layers number were studied numerically. The results 
showed that the performance of the heat sink in terms of the temperature of the solar 
cell, the fluid pumping power and the thermal resistance improved significantly 
when the number of layers increased for the same fluid mass flowrate. And, the 
difference in the length of the heigh and width of the channel had no impact on the 
maximum temperature of the solar cell. 

 

 

 

 

 

 

 

Benrhouma [82] modeled a concentrating PV (CPV) module with water cooling and 
without cooling system. Numerical results by using MATLAB for the CPV system 
with and without cooling system were compared together. It was found out that the 
PV efficiency for the CPV with water cooling was improved when the temperature 
of the cells decreased. Therefore, the cooling system can be counted as a good choice 
to decrease the temperature of the cell as it causes an improvement in the efficiency 
of the PV module. Radwan et al. [83] studied numerically the performance of the 
CPV with a wide microchannel heat sink cooling system. Two types of 
nanoparticles, at different volume fractions, Aluminum Oxide (Al2O3), and Silicon 
Carbide (SiC) are used in the microchannel heat sink. They investigated the impact 
of the nanoparticle’s types, volume fraction, Reynolds number and geometrical 
concentration ratio (aperture area to the receiver area). The CPV/T system consists 
of the solar reflector, axis tracking system, microchannel heat sinks and PV cell as 

Figure 2.10. The schematic diagram of multi-layer microchannel heat sinks and 
CPV receiver [81]. 
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drawn in Fig. 2.11. It has been found out that the PV cell temperature decreased 
significantly by using nanofluid at higher concentration ratio and lower Reynolds 
number. Also, both Al2O3–water and SiC–water nanofluids achieve a remarkable 
drop in the temperature of the cell when the nanoparticles volume fraction increases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reddy et al. [84] designed and analyzed numerically a microchannel heat sink for a 
commercial high concentration PV cell (HCPV). CFD software ANSYS 13 was used 
to find out the microchannel heat sink optimized geometry. The CPV system 
includes a CPV cell with substrate, secondary optics, microchannel heat sink cooling 
and a parabolic reflector as presented in Fig. 2.12. It is detected from the analysis 
that there is a low raise in the temperature of the back surface and high temperature 
uniformity with higher aspect ratios and lower widths of micro channels and higher 
Reynold number. Additionally, the microchannel optimized geometry is found to be 
0.5mm, 12 mm and 0.5 mm for the width, length and pitch, respectively. 

Figure 2.11. The physical model of the proposed system [83]. 
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Maka et al. [85] used MATLAB to numerically investigate the effect of the cell 
temperature on the electrical efficiency, open circuit voltage, fill factor and the short 
circuit current of the solar concentrated PV (CPV) system. They found out that the 
open circuit voltage, efficiency, short circuit current and the fill factor decreased by 
15%, 17%, 5.5% and 4.5% respectively with the cell temperature’s increase. 
Therefore, during the design of the solar concentrated PV (CPV) system, the thermal 
management should be considered to maintain the temperature of the cells at the 
proper level so as to keep the solar panel from the thermal damage.  

Burhan et al. [86] used electrical rating methodology to investigate the long-term 
performance of the concentrated PV (CPV) systems in Singapore tropical 
conditions, and then compared it with the traditional photovoltaic systems. Two 
types of concentrated PV systems were used as concentrators, the first one is using 
a mini dish based Cassegrain-type concentrating assembly and the second one was 
Fresnel lenses. They found out that the overall electrical rating of the concentrated 
PV system was 237.56 kWh/m2, which is more than the traditional PV systems by 
86% as shown in Fig. 2.13. In addition, the CO2 saving by the concentrated PV 
(CPV) system was higher than that achieved by the conventional photovoltaic 
system by 86%. 

Figure 2.12. CPV system with microchannel heat sink [84]. 
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Figure 2.13. Comparison of overall electrical rating and CO2 saving of CPV 
system and PV system [86]. 



33 

 

 

Chapter 3: Theoretical Modeling 

 

The theoretical models side by side the experimental investigation are carried out in 
this section in order to for the study to be more reliable. Three types of theoretical 
models are developed, namely mathematical model, electrical model and 
computational fluid dynamics model (CFD).  

3.1. Mathematical model 

In this section, the mathematical model of the reference PV module, CPV system 
and CPV with cooling system are presented. The transient conditions are considered 
to perform the derivation of the mathematical model. The following measurements 
are used as input data in the mathematical model: 

� Temperature of the panel. 
� Total solar radiation. 
� Maximum power point voltage. 
� Maximum power point current. 
� Water mass flowrate. 
� Water temperature. 

In order to facilitate the analysis process, the following assumptions are considered 
for all the three cases: 

� The heat transfer through the systems is one-dimensional. 
� The properties of the PV components are constant (temperature independent). 
� The ambient temperature is the same all around the PV panel. 
� The effect of the dirt and dust is not taking into the account. 
� The ambient conditions and sky radiation are time-dependent. 

 

3.1.1. Reference PV module 

Solar energy reaches the PV panel as input energy. A large part is converted to heat 
dissipated to the surrounding by radiation and convection and the rest of it is 
converted to the electrical energy [87]. The graphic picture of energy balance of the 
PV panel is shown in Fig. 3.1.  
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Applying energy balance of one-dimensional heat transfer on the PV module at 
transient conditions:  

���� � ��� � �	 � 
�                                                                                                 3-1 

Where Ql is the energy lost by convection and radiation and is given by �	 � ���� � ����                                                                                                  3-2 

Where Qconv is the convection heat transfer of the front side and back side of the 
panel and is given by  ���� � 2��������� � ���                                                                                     3-3 

Where heat transfer coefficient of air (hair) is given by: 

���� � ��.���                                                                                                                3-4 

Nusselt number (Nu) is given by [88]: 

 � � 0.15$%&/(																																															10* + $% + 10,																						            3-5 

And Rayleigh number (Ra) is given by [89]: 

$% � -�.∅0�12314���567 89                                                                                         3-6 

Figure 3.1. Energy balance of PV panel. 
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Where the film temperature (Tf) and coefficient of volume expansion (:� are given 
by: 

: � &1;                 and                �< � 12=14>       

And Qrad is the radiation heat transfer and is given by  ���� � ��?@AB��C � �.CD � ��?-A���C � �.C�                                                   3-7 

Where: 

And Ts is the sky temperature and is evaluated by the following formula [90]: 

 �. � 0.0552��&.E                                                                                                     3-8 

E is the energy system and is given by: 

 
���� � FG� �1H��                                                                                                          3-9 

��� � I. ��                                                                                                             3-10 

Where I is the incident solar radiation (W/m2). Substituting equations 3-2 to 3-10 in 
equation 3-1, the final energy balance can be written in the form: 

 

FG� �1H�� � I. �� � 2������B�� � ��D � [��?@AB��C � �.CD � ��?-AB��C ��.CD] � 
�                                                                                                              3-11                                                                

 

3.1.2. Concentrated PV (CPV) system 

In this case the solar radiation is increased by using two reflectors to concentrate the 
incident solar radiation on the panel. The same energy balance equation (3-11) is 
used in this case. The reflected solar radiation is calculated by the following relation: 

 

I��� � [I@ �.LM�.LN � �1 � O�3��I�]P�O�3���                                                          3-12 
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The schematic diagram of the concentrated PV (CPV) system is illustrated in Fig. 
3.2. The view factor from reflectors to the PV panel (Fr-c) is evaluated by the 
following relation: 

 

O�3� � �=�3.>�                                                                                                         3-13 

Q � �R> � S> � 2RSTUQV�&/>                                                                             3-14 

ρr is the reflective value (0.51) of the reflector material (low carbon steel) and the 
average angle of incidence θr is given by 

 

W� � QXR3&��.��Y. �                                                                                                3-15 

 

 

 

 

 

 

 

 

 

 

Hence, to calculate the solar zenith angle (θz) the location latitude (ϕ), time and day 
of month (d) should be known. Solar zenith angle is given by the following 
formula: 

 TUQWZ � QXR[QXR\ � TUQ[TUQ\TUQ]                                                                 3-16 

Where δ is the declination and is given by 

 

Figure 3.2. Schematic diagram of the CPV 
system 
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[ � 23.45sin	�360 >dC=�(eE �                                                                                    3-17 

And ω is the hour angle and is evaluated by 

 ] � 15�fXFg � 12�                                                                                            3-18 

 

Beam radiation Ib and diffuse radiation Id are evaluated on the basis of the following 
steps: 

 

h� � h.�[1 � 0.033 cos k(el�(eE m]                                                                        3-19 

 

An hourly extraterrestrial radiation Ie is calculated by  I� � h�TUQWZ                                                                                                      3-20 

 

The total solar radiation on the horizontal surface Ih is usually obtainable from 
pyranometer measurements. Accordingly, an hourly clearness index kT can be 
defined by: 

 

n1 � opoq                                                                                                                   3-21 

Then, diffuse radiation Id can be defined from the following relation: 

 I�Ir
� s 1 � 0.09n1 													uU9	n1 ≤ 0.22																																																																																								0.9511 � 0.1604n1 � 4.388n1> � 16.638n1( � 12.336n1C		uU9	0.22 + n1 ≤ 0.80.165																																																								uU9	n1 > 0.8																																					 y
                                                                                                                              3-22 

Finally, beam radiation Ib can be evaluated from the following relation: Ir � I� � I@                                                                                                           3-23 
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After finding out all the parameters (Ib, Id, θr, θz and Fr-c), the reflected radiation can 
be calculated from 3-12. It is then added to the solar radiation from the pyranometer 
measurements to calculate the input energy. Accordingly, the energy balance 
equation of the system is given in the following form: 

 

FG� �1H�� � �I � 2I���� � 2������B�� � ��D � [��?@AB��C � �.CD ���?-AB��C � �.CD] � 
�                                                                                       3-24 

 

3.1.3. Concentrated PV (CPV) with cooling system 

In order to facilitate the analysis of the energy applied to this system, these 
assumptions have been accounted for: 

a- There is no heat transfer between the water and the surrounding. 
b- The water is distributed uniformly on the front surface of the panel. 

The energy balance of the cooled CPV system is given in the following form: 

 

FG� �1H�� � �I � 2I���� � ������B�� � ��D � 
� �Fz G�{∆�{                         3-25 

The last term on the right side of the equation 3-25 is the heat absorbed from the PV 
panel by the water-cooling system. 

 

3.1.4. Numerical Solution 

The differential equations, 3-11, 3-24 and 3-25 can be solved using the explicit finite 
difference method. The time derivative is replaced with a forward difference scheme 
as displayed below: 

�1H�� � 1H.}~�∆~31H.}~
∆�                                                                                                     3-26 

The temperature values on the right side are used at time t. A suitable time step ∆t 
is selected to avoid the instability in the numerical method. 
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3.2. Electrical modeling of Photovoltaic module  

Usually, there are two types of PV module modeling, namely the single diode and 
the two-diode model. The single diode is simple and accurate [91], therefore it is 
used in this study. The modeling using Simulink in MATLAB 2015 is developed by 
using PV module equations and the data sheet of the reference PV module (PS-P72 
Polycrystalline PV module). The electrical characteristics data of the reference PV 
module at standard test condition (25 ºC and 1000 W/m2) are presented in Table 3.1. 

Table 3.1. Electrical characteristics of the Polycrystalline PV module. 

Electrical characteristics Values 
Open Circuit voltage Voc (V) 45.5 
Short circuit current Isc (A) 9.1 

Maximum power voltage Vmp (V) 37.0 
Maximum power current Imp (A) 8.65 

Maximum power Pmax (W) 320 
Module efficiency η (%) 16.4 

Total number of cells in series (Ns) 72 
Total number of cells in parallel (Np) 1 

Voltage temperature coefficient (%/ ºC)  – 0.33 
Current temperature coefficient (%/ ºC) + 0.05 
Power temperature coefficient (%/ ºC)  – 0.41 

Nominal operating cell temperature 
NOCT (ºC) 

46 ± 

 

The PV model equations are presented in the form of block diagrams, they are then 
connected together to configure the Simulink model of the PV model. The following 
PV model equations are used to configure the Simulink model: 

 

I�r � [I.�� � ������ � ����]. k �&lllm                                                                     3-27 

 

The Simulink model of equation (3-27) is demonstrated in Fig. 3.3 
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Figure 3.3. Simulink model of Iph. 

Figure 3.4. Simulink model of Irs. 

 

 

 

 

 

 

 

 

 

 

 

 

The reverse saturation current Irs is given by the following equation: 

 

I�. � o��M���� ����������3&                                                                                                   3-28 

 

The Simulink model of the equation (3-28) is shown in Fig. 3.4.  
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Figure 3.5. Simulink model of Io 

The saturation current of the diode is calculated by the following equation: 

 

I � I�. � 11Mq;�( g�S �k������ m � &1Mq; � &1��                                                                 3-29 

 

The Simulink model of the equation (3-29) is presented in Fig. 3.5. 

 

 

 

 

 

 

 

 

 

 

 

The output current of the PV module (Ipv) is given by the following equation: 

 

I�� � ��I�r � ��I �g�S ��B�2�=��o2�D����1 � 1��                                                        3-30 

 

The Simulink model of the equation (3-30) is shown in Fig. 3.6. 
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The Simulink model for NsAKTak is shown in Fig. 3.7. 

 

 

 

 

 

 

 

 

 

Temperature is transferred from Celsius to Kelvin by the Simulink model as shown 
in Fig. 3.8. 

 

 

 

 

Figure 3.6. Simulink model of Ipv. 

Figure 3.7. Simulink model of NsAKTak. 
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All the above block diagrams are interconnected to configure the Simulink model of 
the PV module as shown in Fig. 3.9. 

 

 

 

 

 

 

 

 

 

 

3.3. Modeling using Computational Fluid Dynamics  

In this subsection, the computational fluid dynamics (CFD) by using ANSYS 16.1 
software was used to find out the distribution of the temperature of the panel for the 
three cases and compare it with the experimental results of the panel temperature. 
The thermal model for the both of reference PV module and CPV system was 
implemented by using ANSYS/Transient Thermal. The geometry of the PV module 
was drawn by using ANSYS/Design Modeler. PV panel consisted of four different 

Figure 3.8. Simulink model to transfer temperature from Celsius to Kelvin. 

Figure 3.9. Simulink model of the PV module. 
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layers as presented in Table 3.2. The dimensions of the PV panel used in this 
modeling had a length=1.968m and a width=0.99m. 

Table 3.2. Characteristics of the PV module layers. 

Materials  
Thickness 

(mm) 

Specific heat 
capacity 
(J/kg°C) 

Density 
(kg/m3) 

Thermal 
conductivity 

(W/m°K) 
Glass 3 500 3000 1.8 

PV cell 0.225 677 2330 148 
EVA 0.5 2090 960 0.35 

Back sheet 0.3 1250 1200 0.2 
  

The scheme of the PV module that shows all the layers is illustrated in Fig. 3.10. 
The different properties of the materials of the PV module layers shown in Table. 
3.2 were entered by using engineering data in ANSYS. Meshing was applied to the 
four domains of the PV module by using ANSYS/Mechanical as shown in Fig. 3.11. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10. Geometry of the PV module layers. 
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The ambient temperature and the heat flux value (solar radiation) from the 
experimental measurement were used in the CFD modeling to investigate the 
temperature distribution of the PV panel. During the CFD model, the heat flux by 
solar radiation was subjected to the top surface only while the convection and 
radiation heat occurred at the top and bottom faces. Solar radiation and ambient 
temperature at different time of the day of September 25th were used in the CFD 
model, while the model of the CPV system with cooling was realized by using 
ANSYS 16.1/ Fluent. The geometry of the model was illustrated by ANSYS/Design 
Modeler as shown in Fig. 3.12. The Meshing was realized using ANSYS/Mechanical 
as shown in Fig. 3.13. In order to conduct meshing, the PV panel body was 
suppressed to prevent interfaces from contact between the two bodies (PV cell and 
water). The Solar Ray Tracing model from ANSYS FLUENT software was used to 
simulate the solar radiation.  

 

 

 

Figure 3.11. Meshing of PV module domain. 
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Figure 3.12. Geometry of the CPV with cooling system 
model. 

Figure 3.13. Meshing of PV panel and water 
domains. 
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3.3.1. Numerical method 

For both the reference PV module and the CPV system, transient state analysis 
supported by ANSYS/Mechanical 16.1 was used to solve the numerical model. A 
steady state thermal analysis was performed by using ANSYS Mechanical to 
establish the initial conditions. The temperature that occurred independently from 
time was determined, followed by applying the transient state thermal analysis and 
using the temperature of the steady state analysis as initial temperature. The thermal 
loads are convection, radiation and heat fluxes. While for the CPV with cooling 
system, ANSYS/Fluent 16.1 was used to solve the numerical model. Fluent 
computational tool is used to solve the energy, continuity and momentum equations. 
The method of control volume, Second Order Upwind for equation solver and 
SIMPLE pressure-velocity coupling were used in the simulation. 

 

3.3.2. Mesh independence study 

In order to guarantee that there is no impact of the Mesh density on the temperature 
of the panel, the grid independence study was carried out. Different meshes were 
generated as presented in Table 3.3 and Table 3.4 to investigate the impact of the 
meshes on the solution. It was showed from Table 3.3 and Table 3.4 that there was 
a negligible variation between the temperature values for all meshing. Therefore, 
Mesh 1 was used in all simulations because any increase in the number of meshes 
was not affecting the solutions  
Table 3.3. Grid independence outcomes/ANSYS-Thermal 

Mesh Elements Nodes Temperature 
Mesh1 7688 55688 61.942 
Mesh2 19800 141592 62.01 
Mesh3 34848 247908 62.03 

 

 Table 3.4. Grid independence outcome/ANSYS-Fluent 

Mesh Elements Nodes Temperature 
Mesh1 1891 3968 33.32 
Mesh2 4050 8372 33.33 
Mesh3 7624 15624 33.36 
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Chapter 4: The Experimental Setup 

 

4.1. Introduction 

Effective experimental setup is very important in decreasing the percentages of 
errors in the measurements. Added to that, devices accuracy plays a crucial role in 
obtaining a reasonable data. This chapter describes the experimental setup and work 
procedure applied to obtain the experimental results. So, the description of all the 
experimental devices forms the startup of this chapter.  In addition, the connection 
between these devices, the method of cooling system and the type of reflectors used 
are presented in this chapter. Furthermore, the calibration of the thermocouples to 
predict the degrees off of the temperature readings is mentioned too. 

 

4.2. The experimental rig 

The experimental rig was installed on the top of the presidency building of Duhok 
polytechnic university. It consisted of three polycrystalline solar panels one was used 
as a reference and the second was used with two reflectors placed on the sides while 
the third one was used with two reflectors and water-cooling system. The 
experimental consisted of the following parts: 

• Solar panels 

• Cooling system 

• Reflectors 

• Measurement instruments 

• Solar charge controller (MPPT) 

• Electrical accessories      

The schematic diagram of the experimental setup comprises basically three PV 
panels, reflectors, water tank, water pump, rotameter, pipes, water valve, solar 
radiation sensor, anemometer, thermocouples type K, MPPT, Batteries, electrical 
accessories and data logger. The experimental setup schematic diagram is illustrated 
in Fig. 4.1.  
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4.2.1. Solar panels 

Three identical (320 W) polycrystalline solar panels were used in the experimental 
rig. Electrical, material and thermal characteristics for the PV module are shown in 
Table 4.1. 

Table 4.1.  Solar panel characteristics 

Electrical characteristics Material characteristics Thermal Characteristics 

Open circuit 
voltage Voc (V) 

45.5 
Cell per 
module 

72 
Voltage 

temperature 
coefficient (% /ºC) 

– 0.33 

Figure 4.1. Schematic diagram of the experimental setup. 
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Short circuit current 
Isc (A) 

9.10 Cell type 

Grade A multi-
Crystalline 

Silicon, 
156.75x156.75mm 

Current temperature 
coefficient (% /ºC) 

+ 0.05 

Maximum power 
voltage Vmpp (V) 

37.0 
Front 

surface 

Anti-Reflective 
coated tempered 

3.2mm glass 

Power temperature 
coefficient (% /ºC) 

– 0.41 

Maximum power 
current Impp (A) 

8.65 Encapsulant PID free EVA NOCT (ºC) 46 ± 2 

Maximum power 
Pmax (W) 

320 Back cover Back sheet   

Module efficiency η 
(%) 

16.4 Frame 
Anodized 
Aluminum 

  

 

PV panels (1968 × 990 × 40 mm) were placed on the steel structures that were 
manufactured on the top of the building and directed to the true south with 34º fixed 
inclined angle (optimum angle of Duhok city) [92]. One of the PV panels was used 
as a reference panel. As for the other two, one of them was used with reflectors and 
the second one was used with reflectors and a cooling system as shown in Fig. 4.2. 

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 4.2. Experimental rig: (a) Reference PV module, (b) CPV system, (c) CPV 
with cooling system. 
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4.2.2. Reflectors 

The reflectors (1970 × 990 × 0.5 mm) are manufactured from low carbon steel 
(1.0226) material with reflectivity of (0.51). They are fixed on both sides of the PV 
panels by a steel structure at 120º angle. The chemical composition and mechanical 
properties for the reflectors are shown in Table 4.2. 

Table 4.2. Chemical composition and mechanical properties for reflectors. 

Steel 
grade 

number 

Coating 
symbol 

Chemical composition 
(Ladle analysis), max. % 

Mechanical properties 

C Si Mn P S Ti 
Tensile 

strength, 
Rm, MPa 

Elongation 
A80, 

min. % 
1.0226 +Z 0.18 0.50 1.20 0.12 0.045 0.30 270-500 22 

 

4.2.3. Cooling system 

A cooling system was used to enhance the performance of the PV module by 
reducing the operating temperature of the PV panel. The water flowed on the front 
side of the panel and the back side of the panel was placed on a wooden channel 
(1970 × 990 × 300 mm). A 110 L water reservoir of polystyrene foam material with 
4cm of wall thickness was used in the cooling system. The insulating property of the 
polystyrene foam material (i.e., thermal conductivity 0.033 W/m.K) kept the water 
temperature as low as possible. Additionally, a 45W AC submersible water pump 
was used to elevate the water from the tank to the top side of the PV panel to flow it 
over the front surface of the PV panel. The water pump is displayed in Fig. 4.3. 

 

 

 

 

 

 

 

 Figure 4.3. Submersible water pump. 
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A manual valve was applied prior to the water entering the rotameter to control the 
water flowrate. Subsequently, the water enters a ¾ inches pipe which is fixed on the 
top of the front side of the panel. 24 holes were drilled in the pipe with 4 cm between 
the holes. The diameters of the holes were 3mm to make water flow on the front of 
the panel. The water was collected in a gutter placed at the lower end of the PV panel 
to return it to the water tank. In order to cool down the water by absorbing heat 
naturally, it flows over the air cooler wood wool, placed at the lower end of the panel 
before it is collected in the gutter. 

 

4.2.4. Measurement instruments  

Type-K thermocouples were utilized to measure the temperature of the backside of 
the photovoltaic panel, environment and the water of the tank. The thermocouples 
used in the experiments were eleven new ones. Digital multimeter (UT33 Series) 
was used to calibrate the thermocouples. Calibration was performed at temperature 
freezing and boiling points. It turned out that the difference between the 
thermocouple reading and thermometer reading was negligible. Three 
thermocouples were used on various positions of the backside of each panel to 
measure the temperature of the panel as shown in the Fig. 4.4. One thermocouple 
was used to measure the ambient temperature and one to measure the temperature of 
the tank water. 

 

 

 

 

 

 

 

 

 

 

 Figure 4.4. Positions of the thermocouples. 
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Solar radiation was measured by using RK200-04 solar radiation sensor with 
specification presented in Table 4.3. RK200-04. The solar radiation sensor was fixed 
at the same level and same inclined angle of the PV panel as shown in Fig. 4.5. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.3. Specifications of solar radiation sensor. 

Item Specification  
Spectral 300~1100nm 
Supply 5V, 12-24VDC 
Range 0-1500W/m2 

Resolution 1W/m2 
Output 0-5V, 4-20mA, RS485 

Response time ≤5s 
Cosine correction ≤±10% (solar elevation angle=10º) 

Non-linear ≤±3% 
Temperature effect ±0.08%/Cº 

Stability ≤±2%/year 
Operating temperature  -40Cº- 80Cº 

Ingress protection IP65 
Weight (unpacked) 420g 

Shell material Aluminum alloy 
 

Figure 4.5. RK200-04 solar radiation sensor. 
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Added to that, wind speed was measured by using RK100-01 anemometer. To have 
precise measurement readings of wind speed, the anemometer was placed at the 
same height of the PV panel. The wind speed sensor is shown in Fig. 4.6. The water 
volume flow rate was measured by using a rotameter that is shown in Fig. 4.7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To record these data, a 20 channels midi LOGGER GL840-WV was utilized as 
illustrated in Fig. 4.8. The specifications of the data logger are presented in Table 
4.4. 

Figure 4.6. RK100-01 anemometer. 

 

Figure 4.7. Rotameter. 
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Connections to the analog input terminals for the voltage, current and temperature 
are shown in Fig. 4.9. 

 

 

 

 

 

 

 

 

 

Table 4.4. Specifications of the midi LOGGER GL840-WV. 

Item Description  

Number of analog channels 
 

20ch per 1 terminal or maximum 200ch available with 
extension unit 

 

Figure 4.8. A 20 channels midi LOGGER GL840-WV. 

Figure 4.9. Connections to the analog input terminals. 
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PC interface 
Ethernet (10BASE-T/100BASE-TX), USB (High Speed 

supported) provided as standard features 
 

Built-in memory device  
Internal memory (SD1): approx. 4GBSD CARD2 slot: 1 

(Compatible with SDHC, up to approx. 32GByte memory 
available) 

Operating environment  
0 to 45°C, 5 to 85%RH (0 to 40°C when operated in 

batteries/15 to 35°C when battery is charging) 

Power supply  
AC adapter: 100 to 240 VAC, 50 to 60 HzDC input: 8.5 to 

24 VDC (26.4 V max.) Battery pack (option): 7.2 VDC 
(2900 mAh), two packs required. 

Display  7-inch TFT color LCD display (WVGA800 × 480 dots) 
External dimensions 240 x 166 x 52.5 mm 

Weight (approximate) 1035g 
Measurement accuracy (23°C 
±5°C) • When 30 minutes or 

more have elapsed after power 
was switched on• Sampling 1 

s/10 Ch.• Filter ON (10) • GND 
connected 

Thermocouple 
type  

Measurement 
temperature range 

Measurement 
accuracy  

K 
-200TS-100°C ±1.5°C 

-100<TS1370°C ±0.8°C 

Maximum input voltage 

Between +/– terminals: 20mV to 2Vrange (60Vp-p) 5V to 
100V range (110Vp-p) 

Between input terminal/input terminal: 600Vp-p 
Connected Between input terminal/GND : 300Vp-p 

 

4.2.5. Solar charge controller (MPPT) 

To extract maximum available power, three TRISTAR MPPT-60 solar charge 
controllers were deployed in these experiments one with each PV panel as shown in 
Fig. 4.10. Also, three deep cycle gel batteries were used with the solar charge 
controllers as shown in Fig. 4.11. 
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4.2.6. Electrical accessories   

To measure the open circuit voltage, maximum power voltage, short circuit current 
and maximum power current, six pieces of relays with three timers were used with 
the load as shown in Fig. 4.12. These relays are used to disconnect the load every 

Figure 4.10. TRISTA MPPT-60 solar charge controllers. 

Figure 4.11. Deep cycle gel battery. 
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specific time set by timer to read the short circuit current and open circuit voltage. 
In addition, different sizes of wire were used for connection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3. Experimental procedure  

In this study, the reflectors and cooling system are utilized to enhance the power 
performance of the PV module. The experiments were performed on the days of the 
months of September and October of 2019. The experiments in this study were 
performed on the basis of the following steps:  

1- Turning on the Data logger before half hour of starting the system to approach the 
steady state condition to record the data and setting the data logger on every 2 
seconds to capture the data. 

2- To avoid the shade, the experiment initiated at10:45 am because the system was 
fixed and before 10:30 am the two PV modules with the reflectors were partly 
shaded. 

3- The system was started by turning on the AC water pump and adjust the flowrate 
of the water flow on the front side of the PV module by using a manual valve. 

Figure 4.12. Electrical accessories. 



59 

 

 

4- Pushing the bottom of capturing data on the data logger to start collecting the data. 

5- Collecting the data until 2:30 pm, then Turning the system off before the two PV 
panels that were with reflectors were partly shaded. 

 

4.4 Experimental data reduction method  

The data recorded from the experiments used to calculate the maximum power and 
the electrical efficiency. The maximum power output in Watts was computed from 
maximum power point voltage and maximum power point current which were both 
recorded by the data logger as shown in the following equation [93]: 8	 � 	��� × I��                                                                                                       4.1             

Where: 

Vmp: maximum power point voltage (V) 

Imp: maximum power point current (Amp) 

When, the electrical efficiency is the proportion of the maximum power output to 
the amount of the incident solar energy on the area of the PV panel as presented in 
the following formula [94]:   � �	���� × I���/��� × h�                                                                                 4.2                                        

where: 

Ap: Area of the PV module (m2) 

G: Solar radiation (W/m2) 

 

4.5 Uncertainty analysis 

The precision of the data acquisition equipment and the manufacturing of the 
experimental setup play a significant role in the experimental results accuracy. 
However, a percentage of error should be found in the results. In this work, the 
uncertainties of the maximum power and electrical efficiency have been calculated. 
The maximum power is a function of the independent variables Imp and Vmp. The 
uncertainty for both of the maximum power point voltage (Vmp) and maximum power 
point current (Imp) is 0.1%. Thus, the uncertainty for the maximum power output is 
calculated by using the following equation [95]:  
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{2¡ � [k��{�� m> � ��¢{¢o �>]&/>                                                                                 4-3 

where %� � %o � 1, wv, wI and wp are uncertainty in Vmp, uncertainty in Imp, and 
uncertainty in P, respectively. Hence, the uncertainty in power output is found to be 
0.141%. While the electrical efficiency is a function of the independent variables 
Imp, Vmp and G. uncertainty of the electrical efficiency can be calculated from the 
following equation [95]:  

{£¤ � [k��{�� m> � k�¢{¢o m> � k�¥{¥� m>]&/>                                                                4-4 

 
Where aG = – 1 and wG is uncertainty in solar radiation and is equal to 0.1%. Thus, 
the uncertainty of the electrical efficiency from the calculation is 0.173%. 
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Chapter 5: Results and discussions 

 

The experiments were carried out in Duhok city on the top of the building of the 
Dohuk Polytechnic University Presidency. The experiments were conducted on 
different clear days of September and October of 2019 (24th, 25th and 27th of 
September and 8th of October). The experimental results of the four days are 
presented in this chapter while the mathematical modeling, CFD and electrical 
modeling results of the day of September 25th only are presented. Therefore, the 
experimental result of only one day is used in the experimental validation. The 
experimental validity was performed by comparison between the electrical modeling 
results, mathematical modeling results and CFD results. Computational fluid 
dynamics (CFD) was conducted by ANSYS/FLUENT 16.1 to find the temperature 
and the temperature distribution of the panel for the three proposed systems. Also, 
electrical modeling was conducted by using a Simulink model in MATLAB 2015. 

 

5.1. Experimental validation 

5.1.1. Electrical modeling 

The main factors that affect the power performance of the PV module are the 
ambient temperature, solar radiation and the panel temperature. Therefore, the solar 
radiation and the panel temperature that were recorded during the experiments were 
used as input data into the simulation modeling to evaluate the power output, voltage 
and current. The simulation results using MATLAB and the experimental results are 
compared in this section. The simulation and experimental data of the I-V 
characteristics of the three cases (reference PV module, CPV system and CPV with 
cooling system) at different times (11:00am, 12:00pm, 13:00pm and 14:00pm) are 
presented in Table 5.1.  

Table. 5.1. Experimental and simulation data of the I-V characteristics. 

Time 
Reference PV module CPV system CPV with cooling system 

Simulation Experimental Simulation Experimental Simulation Experimental 
Isc Voc Isc Voc Isc Voc Isc Voc Isc Voc Isc Voc 

11:00
am 

8.487 40.95 8.132 40.97 9.164 40.06 9.065 40.62 9.149 44.59 8.591 44.36 

12:00
pm 

8.86 40.95 8.667 40.94 9.548 40.04 9.88 40.24 9.532 44.59 9.221 44.48 
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13:00
pm 

8.694 40.1 8.93 40.7 9.9 39.15 10.24 39.92 9.133 43.7 9.39 44.37 

14:00
pm 

7.715 40.9 7.76 41.09 8.392 40.06 8.48 40.7 8.379 44 8.058 44.29 

 

It is evident from Table 5.1. that the maximum percentages of difference of the open 
circuit voltage (Voc) between the experimental method and the simulation model are 
1.5%, 1.9% and 1.5% for the reference PV module, CPV system and the CPV with 
the cooling system, respectively. At the same time, the maximum percentages of 
difference of the short circuit current (Isc) between the experimental method and the 
simulation model are 4.3%, 3.3% and 6.5% for the reference PV module, CPV 
system and the CPV with the cooling system, respectively. It has been found out 
from the comparison that there was a good agreement between the experimental 
method and simulation modeling.  

 

5.1.2. Computational fluid dynamics (CFD) 

In this subsection, validation is performed by comparing the panel temperature from 
the modeling with the panel temperature from the experiments. ANSYS 16.1 is used 
to calculate the panel temperature for the three configurations. The panel 
temperature from the experimental method and modeling at different values of 
ambient temperature and solar radiation is presented in Table 5.2.  

Table 5.2. Comparison of measurements and CFD analysis results. 

Time 
(hour) 

Ambient 
temperature 

(°C)  

Solar 
radiation 
(W/m2) 

Panel temperature °C 
(Experimental) 

Panel temperature °C (CFD 
model) 

Ref. PV 
module 

CPV 
system 

CPV 
with 

cooling 

Ref. PV 
module 

CPV 
system 

CPV 
with 

cooling 
10:45am 34.2 918 58.15 62.8 32.7 59.665 62.386 35.63 
11:00am 33.4 931 56.8 61.9 32.5 59.323 62.176 34.86 
11:15am 34.2 930.6 56.9 62.6 33 59.985 63.258 35.69 
11:30am 33.4 965 55.3 61.8 36.5 60.66 62.85 34.89 
11:45am 31.8 975.8 57.1 64.8 34.2 59.611 61.892 33.31 
12:00pm 31.8 972.3 56.2 64.5 34.1 59.52 61.942 33.32 
12:15pm 31.9 987.1 60.6 68.3 35.2 59.987 62.573 33.45 
12:30pm 31.9 987.3 59.2 64.8 35.1 59.992 62.548 33.44 
12:45pm 32.3 963.3 58.4 64.6 34.7 59.701 62.5 33.82 
13:00pm 31.9 953.6 60 68 35.4 59.117 62.023 33.42 
13:15pm 32.2 931.6 59.2 67.25 35.2 58.793 61.365 33.65 
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13:30pm 32.4 898 57.6 65 34.8 58.081 60.749 33.81 
13:45pm 32.4 869.7 57.5 64.8 34.6 57.337 60.142 33.77 
14:00pm 32.6 846.4 54.3 60.1 33.2 56.891 59.826 33.95 
14:15pm 33 829.7 55.7 60.6 33 57.726 59.396 34.30 

 

From Table 5.2, it is evident that the maximum percentage of difference of the panel 
temperature between the CFD modeling and the experimental method for the 
reference PV module is 9.6%, while the minimum percentage of difference is 0.28%. 
In the case of the CPV system, the maximum and minimum percentages of the 
difference are 8.7% and 0.45%, respectively. Ultimately, the maximum and 
minimum percentages of variation of the panel temperature of the CPV with cooling 
system respectively are 8.9% and 2.26%. Although, the percentages of difference 
are high at certain times but they are still acceptable. The high percentages of 
difference occurred due to the assumption of the thickness of EVA and the back 
sheet layers of the panel because they are not provided in the manufacturing 
datasheet. Also, the imperfection of the systems and reflectors design which 
impacted the calculation of the solar radiation, was the reason behind the high 
percentage of difference. Hence, there is an acceptable agreement between the panel 
temperature extracted from the experimental method and the modeling as shown in 
Fig. 5.1. 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. Panel temperature, experimental and CFD model.  
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5.1.3. Numerical method 

To verify the experimental results more, a comparison is carried out between the 
panel temperature obtained from the experiments and that obtained from the 
mathematical model. The panel temperatures of the reference PV module and CPV 
system obtained by the differential equations and the experimental method are 
shown in Fig. 5.2. It is shown that the maximum percentage of variation of the panel 
temperature of the reference PV module between the numerical modeling and the 
experimental method is 3.8%. while in the case of CPV system the maximum 
percentage of difference of the panel temperature is 10%. This high percentage is 
due to the deficiencies the manufacturing of the reflectors which affects in the solar 
radiation calculation. 

 

 

 

 

 

 

 

 

 

 

 

 

It is observed that the mathematical modeling and the experimental method agreed 
very well in the case of the reference PV module while in the case of the CPV system, 
the percentage of difference is slightly high but it is still acceptable.  

 

 

Figure 5.2. Panel temperature, experimental and mathematical model. 
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5.2. Experimental results 

5.2.1. Environmental conditions  

During the experiments days, different parameters such as ambient temperature, 
solar radiation and wind speed were measured and recorded. The solar radiation and 
ambient temperature measurements for days of September 24th, 25th and 27th and 
October 8th, 2019 are shown in Figs. 5.3-5.6. 

As it is presented in the figures, the behavior of the solar radiation during the 
experiments of the four days is similar. It is shown that the solar radiation for all the 
four days started increasing until 12:30pm, then started decreasing after 12:30pm. 
1001.6, 987.3, 979.5 and 957 W/m2 are the maximum solar radiation which were 
recorded through the experiments of the days of 24th, 25th and 27th of September and 
8th of October, respectively. An unreasonable reading of solar radiation at 11:45am 
on September 24th was noticed. So, it can be neglected. Also, it is observed from the 
figures that the ranges of variation in the ambient temperature are 2.68, 2.4, 2.2 and 
2.43°C during the experiments of the days of 24th, 25th and 27th of September and 8th 
of October, respectively. The ambient temperature was almost constant between 
11:45am and 13:00pm for the four days of the experiments. The averages of the 
ambient temperature of the days of 24th, 25th and 27th of September and 8th of October 
were 31.27, 32.62, 33.23 and 30.68 °C, respectively. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. Ambient temperature and solar radiation versus time during the 
experiment, September 24th, 2019. 
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Figure 5.4. Ambient temperature and solar radiation versus time during the 
experiment, September 25th, 2019. 

Figure 5.5. Ambient temperature and solar radiation versus time during the 
experiment, September 27th, 2019. 
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Regarding the wind speed during the four days of the experiments, the range of the 
wind speed was recorded as 0 – 2m/s as shown in Fig. 5.7. The range of wind speed 
at most of the time (10:75am – 13:30pm) of the four experimental days was 0 – 
1.5m/s. As such, the impact of the wind speed on the experimental results was 
negligible.  
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Figure 5.6. Ambient temperature and solar radiation versus time during the 
experiment, October 8th, 2019. 
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Figure 5.7. Wind speed versus time during the days of the experiments.  



68 

 

 

5.2.2. Effect of cooling and reflectors on the panel temperature 

Figs. 5.8-5.11 represent the behavior of the temperature of the panels with the time 
during the experiments of the four days (September 24th,25th, 27th and October 8th) 
of 2019, respectively. The maximum panel temperature of the CPV with cooling 
system, CPV system and the reference PV module on September 24th is 34.3, 67.3 
and 59.3 °C, respectively, was recorded at 13:00pm. In addition, the panel 
temperature changed by 4.0, 9.9 and 6.0 °C for the CPV with the cooling system, 
CPV system and the reference PV module, respectively, during time period of the 
experiments. Also, it is noticed from the figure that the cooling system has a 
remarkable impact on the temperature of the panel. The average temperature of the 
cooled CPV system reduced by 24.2 and 30.9 °C, compared with the reference PV 
module and the CPV system, respectively. For the day of September 25th, the 
maximum temperature of the cooled CPV system, CPV system and the reference PV 
module were 36.5, 68.3 and 60.6 °C, respectively as shown in Fig. 5.9. Also, the 
temperature of the panel is varied respectively by 4, 6.3 and 8.2 °C for the CPV with 
cooling system, reference PV module and CPV system. The average temperature of 
the panel respectively reduced by 30 and 23.25 °C by using cooling system, 
compared with the CPV system and reference PV module. In Fig. 5.10 it is shown 
that the highest panel temperatures of the reference PV module, CPV system and the 
CPV with cooling system were 60.1, 67.5 and 35.8 °C, respectively, on September 
27th. Added to that, the average panel temperature is decreased by 27.6 and 21.4 °C 
by using cooling system, compared with the CPV system and reference PV module, 
respectively. The temperature of the panel is varied respectively by 9.1, 11.6 and 3.1 
°C for the reference PV module, CPV system and the CPV with cooling system as 
well. Fig. 5.11 presents the temperature of the panel for the three cases with ambient 
temperature on October 8th. The maximum temperature of the panel of the CPV with 
cooling system is 34.3 °C while it is respectively 60.5 and 56 °C for the CPV system 
and the reference PV module. Also, there was a significant impact of the cooling 
system on the panel temperature. The reduction in the average temperature of the 
panel was 26 and 21 °C as compared with the CPV system and the reference PV 
module, respectively. In addition, the panel temperature of the reference PV module 
and the CPV system changed by 6.0 and 5.8 °C, respectively, while it was 4.4 °C for 
the CPV with the cooling system. It can be summarized that the percentages of the 
reduction in the panel temperature for the days of September 24th, 25th and 27th and 
October 8th were 48.9%, 46.6%, 44.11% and 44.4%, respectively.  
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Figure 5.8. panel temperature of reference PV module, CPV and CPV with 
cooling versus time, September 24th, 2019. 

Figure 5.9. Panel temperature of reference PV module, CPV and CPV with 
cooling versus time, September 25th, 2019. 
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It is observed from Figs.5.8-5.11 that the cooling system has a remarkable effect on 
the temperature of the panel during the experiments of the four days as the cooling 

Figure 5.10. Panel temperature of reference PV module, CPV and CPV with 
cooling versus time, September 27th, 2019. 

Figure 5.11. Panel temperature of reference PV module, CPV and CPV with 
cooling versus time, October 8th, 2019. 
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system maintained the average panel temperature to be adjacent to the average 
ambient temperature by 1.8°C for the four days of experiments. The average ambient 
temperature during the experiments of the four days is very close to each other.  

The water flow rate for the days of September 24th and 25th is 3 and 4 L/min, 
respectively, while the flow rate for both days of September 27th and October 8th is 
5 L/min. It is found that the percentage of temperature reduction during the day of 
September of 24th is higher than the other three days, while on September 25th it is 
higher than on September 27th and October 8th. Whereas, it has been found that the 
change in the temperature of the photovoltaic panel throughout the experimental 
period of the 27th of September and the eighth of October is less than on the twenty-
fourth and twenty-fifth of September. This indicates that increasing the water flow 
rate does not increase the panel cooling percentage any further, but leads to a more 
stable panel temperature during the period of the experiment. 

 

5.2.3. Effect of cooling and reflectors on panel performance  

In this subsection, the power output of the three cases is analyzed for the four days 
of experiments. The experimental power output of the three cases on September 24th, 
is shown in Fig. 5.12. It is observed that the power output of the three cases is 
increased with the solar radiation increase. The maximum power outputs of the 
reference PV module, CPV system and the CPV with the cooling system are 279.6, 
308.9 and 331.1W, respectively, recorded at 12:30pm, and the average power 
outputs are respectively 262.9, 284 and 311.5W for the reference PV module, CPV 
system and the cooled CPV system. It is found that the average power output is 
enhanced by 18.5% by using the reflectors with the cooling system while it is 
increased by 8% by using reflectors only. Fig. 5.13 presents the calculated power 
output of the three cases on September 25th. The maximum power outputs are 
respectively 318.6, 256 and 283.3W for the cooled CPV system, reference PV 
module and the CPV system, recorded at 12:30pm. The power output of the three 
cases decreases after 12:30pm because the solar radiation starts reducing after 
12:30pm. It is defined that the average power outputs of the CPV with the cooling 
system, CPV system and the reference PV module are 296, 265.8 and 244W, 
respectively. Added to that, the average power output increased by 21.3% and 8% 
by utilizing the reflectors with the cooling system and the reflectors only, 
respectively. Fig. 5.14 shows the experimental results of the power output of the 
three cases on September 27th. It is noticed that the average power outputs of the 
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reference PV module, CPV system and the CPV with the cooling system are 258.6, 
273.5 and 301.7W, respectively. The maximum power outputs of the reference PV 
module, CPV system and the cooled CPV system are recorded at 12:30pm and are 
respectively 275.6, 289.8 and 325.7W. In addition, the average power outputs of the 
CPV with the cooling system and the CPV system increased by 16.7% and 5.8%, 
respectively, compared with the reference PV module. Finally, the power outputs of 
the three cases on the experimental day of October 8th are shown in Fig. 5.15. It is 
shown that the average power outputs of the reference PV module, the CPV system 
and the CPV with cooling system are respectively 255.3, 264.1 and 288.5W. The 
cooling system with the reflectors increased the average power output by 13%, while 
it is enhanced by 3.5% by using the reflectors only.  

It can be deduced from the above analysis that the power output is improved by using 
the reflectors and the cooling system for the four days of the experiments. It is also 
shown that the power improvement depends on the value of the solar intensity and 
the amount of temperature which is reduced by using the cooling system.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12. Power output of reference PV module, CPV system and CPV with 
cooling system versus time, September 24th. 
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Figure 5.13. Power output of reference PV module, CPV system and CPV with 
cooling system versus time, September 25th. 

Figure 5.14. Power output of reference PV module, CPV system and CPV with 
cooling system versus time, September 27th. 
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The electrical efficiency of the three cases has been evaluated during the experiments 
of the four days. Fig. 5.16 represents the electrical efficiency of the three cases 
during the experiments on September 24th. It is shown that the maximum electrical 
efficiencies are 17.55%, 15.88% and 14.91%, respectively for the CPV with cooling 
system, CPV system and the reference PV module, recorded at 13:00pm. The 
electrical efficiencies of the three cases during the experimental day of September 
25th are shown in Fig. 5.17. The highest electrical efficiencies of the CPV with the 
cooling system, CPV system and the reference PV module are 17%, 15.2% and 
14.2%, respectively. While the maximum electrical efficiencies on September 27th 
are 17.3%, 15.8% and 15.2%, respectively for the CPV with the cooling system, 
CPV system and the reference PV module as presented in Fig. 5.18. Finally, the 
electrical efficiencies of the three cases on October 8th are shown in Fig. 5.19. The 
maximum electrical efficiency of the CPV with the cooling system and CPV system 
is 17.24% and 15.8% while the maximum electrical efficiency of the reference PV 
module is 14.98%.  It is observed from the four days of the experiments that the 
electrical efficiency of the CPV with the proposed cooling system is higher than the 
CPV system, and at the same time the electrical efficiency of the CPV system is 
higher than the reference PV module. The maximum electrical efficiency of the 
cooled CPV system for the four days is almost equal.  

Figure 5.15. Power output of reference PV module, CPV system and CPV with 
cooling system versus time, October 8th. 



75 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Time (hour)

10:30 11:00 11:30 12:00 12:30 13:00 13:30 14:00 14:30
12

13

14

15

16

17

18

19

 Reference  PV module

CPV system

 CPV with cooling system

Figure 5.16. Electrical efficiency of the reference PV module, CPV system and the 
CPV with the cooling system, September 24th. 

Figure 5.17. Electrical efficiency of the reference PV module, CPV system and the 
CPV with the cooling system, September 25th. 
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Figure 5.18. Electrical efficiency of the reference PV module, CPV system and 
the CPV with the cooling system, September 27th. 

Figure 5.19. Electrical efficiency of the reference PV module, CPV system and the 
CPV with the cooling system, October 8th. 
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5.3. Electrical modeling results 

This section investigates numerically by using MATLAB/Simulink modeling the 
effect of some factors such as the temperature of the panel and solar radiation value 
on the power performance of the photovoltaic (PV) module. To study the impact of 
the panel temperature on the power performance, different values of temperature at 
constant solar radiation are used on entering the data into the MATLAB/Simulink 
modeling. Also, different solar radiation values at constant temperature are used to 
evaluate the solar radiation effect on the power performance.  

 

5.3.1. Temperature effect on the PV module characteristics  

Temperature is a very influential factor in the PV cell conduct. The characteristics 
of the photovoltaic (PV) module are presented in Fig. 5.20 and Fig. 5.21 at different 
temperature (25, 40, 55, 70 and 85ºC) and solar radiation of (1000 W/m2). It is 
obviously seen in Fig. 5.20 that the temperature of the panel has a significant impact 
on the open circuit voltage and a little influence on the short circuit current. As the 
open circuit voltage decreases by (– 121 mV/ºC), so the voltage temperature 
coefficient is (– 0.328%/ºC), which is very near to the value in the data sheet of the 
reference PV module (i.e. – 0.33%/ºC). Simultaneously, the short circuit current 
slightly increases with the temperature increase (5.13 mA/ºC). Accordingly, the 
current temperature coefficient is (0.056%/ºC) which agrees with the data sheet (i.e., 
0.05%/ºC). The temperature increase causes a decrease in the power as shown in 
Fig. 5.21. The reduction in the power is (1.38/ºC) and the power temperature 
coefficient is (–0.429%/ºC), while the power temperature coefficient in the data 
sheet of the reference PV module is (– 0.4%/ºC).   

Also, the effect of the temperature can be seen by using the actual data from the 
experiments at 14:00pm for the panel temperature and the solar radiation as input 
data in the Simulink modeling. The panel temperature of the CPV system is higher 
than the CPV with cooling system by 26.9°C while the solar radiation is the same. 
The increase in the short circuit current of the CPV system is slight as shown in Fig. 
5.22. Whereas, the open circuit voltage of the CPV system decreases remarkably 
with the temperature increase. Therefore, the power output of the CPV system 
reduces with the panel temperature increase as presented in Fig. 5.23. 
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Figure 5.20. I-V characteristics at solar radiation of (1000W/m2) and variable 
panel temperature. 

Figure 5.21. P-V characteristics at solar radiation of (1000W/m2) variable panel 
temperature. 
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Figure 5.22. I-V characteristics at 14:00pm, September 25th. 

Figure 5.23. P-V characteristics at 14:00pm, September 25th. 
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5.3.2. Solar radiation effect on the PV module characteristics 

Solar radiation is a very important parameter that affects the performance of the PV 
module. The I-V characteristics are shown in Fig. 5.24 at various values of solar 
radiation (200, 400, 600, 800 and 1000 W/m2) and constant temperature (25ºC). 
Solar radiation has a noticeable impact on the short circuit current, yet its impact on 
the open circuit voltage is unremarkable as shown in Fig. 5.24. So, when the solar 
radiation increases, the short circuit current remarkably increases (1.825A per 200 
W/m2), while the increase in the open circuit voltage is very small (0.91 V per 200 
W/m2). The P-V characteristics are shown in Fig. 5.25 at different levels of solar 
radiation (200, 400, 600, 800 and 1000 W/m2) and constant temperature (25ºC). The 
power output increases by (65.8 W per 200 W/m2) with the solar radiation increase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.24. I-V characteristics at temperature of (25°C) and variable solar 
radiation. 
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5.4. Numerical method results 

In this section, the study of the impact of the reflector’s angle and types of the 
materials of the reflectors on the power performance of the PV module is performed 
by using numerical method. Mathematical equations are used to calculate the 
temperature of the panel and the solar radiation for cases of different angles and 
types of materials of the reflectors. The environmental conditions of the 25th day of 
September are used in this investigation. 

 

5.4.1. Effect of reflectors material type 

In this subsection, the effect of the type of the material of the reflectors is analyzed 
by using numerical modeling. In order to find out the impact of the type of the 
material of the reflectors on the reflected solar radiation, low steel, aluminum and 
mirror reflectors were proposed. It has been found out that the type of the material 
had a significant impact on the value of the solar radiation. The reflected solar 
radiation is calculated numerically by using equations 3-3 – 3-12. It is evident that 
the mirror material concentrates more sunlight than the aluminum and low steel 
materials as shown in Fig. 5.26. Although mirror reflectors reflect solar radiation 

Figure 5.25. P-V characteristics at temperature of (25°C) and variable solar 
radiation. 



82 

 

 

more than the aluminum and low steel reflectors, they cause a higher panel 
temperature than the low steel and aluminum reflectors as shown in Fig. 5.27. The 
temperature of the panel is calculated mathematically by using equations 3-24. The 
maximum panel temperature of the CPV system by using low steel, aluminum and 
mirror reflectors is 62.8, 64.7 and 65.7 °C, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.26. Solar radiation of the CPV system on September 25th, modeling 
results. 

Figure 5.27. Temperature of the panel of the CPV system, modeling results. 
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The power output of CPV system for the three types of the materials of the reflectors 
is presented in Fig. 5.28. It is observed that the power extracted from the CPV using 
mirrors reflectors is more than the CPV using aluminum and low steel reflectors as 
shown in Fig. 5.28. For the mirror reflectors, the average power output is improved 
by 11%, compared with the low steel reflectors, while it is improved by 21.3% 
compared with the reference PV module. At the same time the average power output 
is enhanced by 8.4% by using Aluminum reflectors, compared with the low steel 
reflectors. 

 

 

 

 

 

 

 

 

 

 

 

 

For the CPV with cooling system, the power output for different reflectors materials 
is shown in Fig. 5.29. The average power output of the CPV with cooling system 
using mirrors reflectors is improved by 39.9%, compared with the reference PV 
module. In addition, the average power output of the CPV with cooling system 
increased by 35.1W by using mirrors reflectors instead of low steel reflectors. Added 
to that, the power output of the CPV with cooling system increased by 27W by using 
aluminum reflectors instead of low steel reflectors.  

 

 

 

Figure 5.28.  Power output of the CPV system, modeling results. 
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The electical efficiency of the CPV system with low steel, aluminum and mirror 
reflectors is illustrated in Fig. 5.30. The average electrical efficiency increased by 
8.85% and 10.85 by using aluminum and mirror reflectors, respectively, as 
compared with the reference PV module. 

 

  

 

 

 

 

 

 

 

 

 

Figure 5.29. Power output of the CPV with cooling system, modeling results. 
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Figure 5.30. Electrical efficiency of the CPV system, modeling results. 
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In addition, the electrical efficiency of the CPV with cooling system for different 
materials of reflectors is shown in Fig. 5.31. It is found out that the mirror CPV with 
cooling system has the highest value of electrical efficiency. Also, the improvement 
rate of the average electrical of the cooled CPV system efficiency for the mirror, 
aluminum and low steel reflectors is 40%, 36.77% and 26.22%, respectively, as 
compared with the reference PV module.  

 

 

 

 

 

 

 

 

 

 

 

 

 

5.4.2. Effect of the reflector angle 

The impact of the reflectors angle is analyzed numerically by using equations 3-3 – 
3-12. Three low steel reflectors at different angles (120°, 150° and 90°) are used in 
this evaluation to determine the effect of the angle of the reflector on the 
performance of the photovoltaic module. The solar radiation reflected by the 
reflectors with angle of 90° is higher than the 120° and 150° as shown in Fig. 5.32. 
Whereas, the reflectors with 120° angle reflect solar radiation more than 150° angle. 
It has been found out that the solar radiation improved by 8.7% by changing the 
angle of reflectors from 120° to 90°, while it decreased by 8% by changing the angle 
of reflectors from 120° to 150°. Although the solar radiation increased by selecting 
90° as an angle of the reflectors, the temperature of the panel increased as presented 
in Fig. 5.33. The maximum temperature that the panel reached by using reflectors at 
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Figure 5.31. Electrical efficiency of the CPV with cooling, modeling results. 
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90° angle is 65.6°C, while it is 62.8°C by using reflectors at 120° angle. Whereas 
the maximum temperature of the panel reduced by 2.8°C by using reflectors at 150° 
angle, compared with the reflectors at 120° angle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.32. Solar radiation of the CPV system at different reflectors angles (120°, 
90° and 150°), modeling results. 

Figure 5.33. Temperature of the panel of the CPV system at different angles of 
reflectors (120°, 150° and 90°), modeling results. 
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The power output of the CPV system using reflectors at different angles of (120°, 
90° and 150°) is shown in Fig. 5.34. It is found out that the reflectors at 90°angle has 
the highest value of the power output. The power output of the CPV system using 
reflectors at 90° angle increased by 25.9 W, compared with reflectors at 120°angle. 
Also, it is found out that the power output of the CPV system using reflectors at150° 
angle and the reference PV module is almost the same, yet the power output is 
enhanced by 19.2% by using reflectors at 90° angle, compared with the reference 
PV module.  

 Fig. 5.35 shows the effect of the reflectors angles on the power output of the CPV 
with the cooling system at different reflectors angles (120°, 90° and 150°). The 
power output of the CPV with the cooling system using reflectors at 90° angle is 
higher than using reflectors at 120° and 150° angles. For the reflectors at 90° angle, 
the power output is more by 29W and 55.9W than reflectors at 120° angle and 150° 
angle respectively. In addition, it is observed that the power output is improved by 
37.5% by using reflectors at 90° angle with cooling system, compared with the 
reference PV module.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.34. Power output of CPV system at reflectors angles (120°, 90° and 
150°), modeling results. 
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The electrical efficiency of the CPV system with different reflectors angles (90°, 
120° and 150°) is illustrated in Fig. 5.36. CPV system with reflectors at an angle of 
90° has the highest efficiency. Hence, the average electrical efficiency of the CPV 
system with reflectors at angle of 90° is improved by 19.36%, compared with the 
reference PV module. Meanwhile, the average electrical efficiency is enhanced by 
9.46%, by using reflectors at an angle of 120°. Yet, the electrical efficiency of the 
CPV system and the reference PV module is almost the same.  

Fig. 3.37 presents the electrical efficiency of the cooled CPV system at various 
reflectors angles (90°, 120° and 150°). The average electrical efficiency of the 
cooled CPV system with reflectors at angle of 90° is improved by 37.6%, compared 
with the reference PV module, while it is improved by 15.58% by using reflectors 
at angle of 150°. Whereas, the average electrical efficiency improvement of the 
cooled CPV system with reflectors at angle of 120° is 26.23%.  

 

 

 

 

Figure 5.35. Power output of the CPV with system at reflectors angles (120°, 90° 
and 150°), modeling results. 
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Figure 5.36. Electrical efficiency of the CPV at different reflectors angle, 
modeling results. 

Figure 5.37. Electrical efficiency of the CPV with cooling at different reflectors 
angle, modeling results. 
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5.5. Computational fluid dynamics (CFD) results  

The numerical results of the panel temperature depend on the ambient temperature 
and the solar radiation values. Figs. 5.38-5.40 show the panel temperature spectra 
that are exported from the ANSYS FLUENT 16.1 software. The CFD results for the 
reference PV module, CPV system and CPV with cooling are illustrated in Figs. 
5.38, 5.39 and 5.40, respectively. The simulation results found out that the minimum 
panel temperature of the reference PV module and CPV system cases is at the EVA 
layer while the maximum panel temperature is at the glass layer. In addition, through 
the temperature distribution, it can be seen that the temperature at the middle of the 
panel is higher than that at the sides in the cases of the reference PV module and the 
CPV system, as shown in Fig. 5.38 and Fig. 5.39. Also, the panel temperature starts 
decreasing toward the edges. While in the case of CPV with cooling system the 
temperature at the top of the panel is less than the lower part of the panel as shown 
in Fig. 5.40. The panel temperature increases toward the bottom of the panel because 
the water temperature is low when it begins to flow over the panel, then the water 
temperature starts to increase due to the absorption of heat as it flows over the panel. 

The panel temperature of the three configurations is shown in Fig. 5.41. It is evident 
that the panel temperature increases with the ambient temperature. Since there is a 
slight change in the ambient temperature, as shown in Fig. 5.41, there is a small 
change in the panel temperature of the three configurations. 

Figure 5.38. Temperature distribution contour of reference PV module: a) 
12:00pm, b) 14:00pm, September 25th. 
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Figure 5.39. CPV system temperature distribution contour: a) 12:00pm, b) 
14:00pm, September 25th . 

Figure 5.40. CPV with cooling system temperature distribution contour: a) 
12:00pm, b) 14:00pm, September 25th. 
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5.5.1 Effect of the environmental conditions on the panel temperature 

In this subsection, the relation between ambient temperature and solar radiation and 
panel temperature is analyzed numerically using CFD modeling. To find the relation 
between the ambient temperature and the panel temperature, the solar radiation 
stated constant at (1000 W/m2) and the ambient temperature changed by 5°C. It is 
found out that the panel temperature increases linearly with the ambient temperature 
increase as shown in Fig. 5.42. The panel temperature increased by 0.83°C per 1°C 
increase in the ambient temperature at constant solar radiation (1000 W/m2). The 
temperature distribution contour for the reference PV module at solar radiation of 
(1000 W/m2) and different ambient temperature (20, 30, 40 and 50°C) is shown in 
Fig. 5.43. It is shown that the glass layer has the highest degree of temperature and 
the temperature decreases toward the bottom layers, and the temperature of the glass 
layer increases toward the middle of the panel. 

  

 

 

 

Figure 5.41. Panel temperature with solar radition and ambient temperature. 
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Figure 5.42. Panel temperature versus ambient temperature. 

Figure 5.43. Temperature distribution contour at solar radiation of (1000 W/m2): 
a) 20°C, b) 30°C, c) 40° and d) 50°C. 
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Figure 5.44 . Panel temperature versus solar radiation. 

While the relation between the solar radiation and the panel temperature is found out 
by changing the solar radiation by 200 W/m2 and the ambient temperatre is stated at 
constant temperature of 25°C. It is observed that there is a linear relationship 
between the panel temperature increase and the solar radiation increase as presented 
in Fig. 5.44. The panel temperature raises by 5.3°C for every 200 W/m2 of solar 
radiation increase. The temperature distribution contour at constant ambient 
temperature of 25°C and variable solar radiation of (600, 800, 1000 and 1200W/m2) 
is shown in Fig. 5.45. It is obvious that the panel temperature has the same 
distribution context as in the case of constant solar radiation and variable 
temperature.  
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5.6. Energy production 

In this section, the energy production has been calculated for the three cases by using 
the meteorological data in [96], the monthly energy output of the CPV with cooling 
system, CPV system and the reference PV module are calculated as shown in Fig. 
5.46. It is observed that the month of June has the highest value of energy output 
during the year while the month of December has less value. This is due to the fact 
that the month of June has the longest sunshine hours and highest value of global 
solar radiation while the month of December has the shortest sunshine hours and 
least value of global solar radiation. The yearly energy output per m2 of the three 
proposed systems is shown in Fig. 5.47. It is noticed that the yearly energy output 
increased by 20.7% and 8.8% by using sunlight concentration with cooling system 

Figure 5.45. Temperature distribution contour at ambeint temperature of (25°C): 
a) 600 W/m2, b) 800 W/m2, c) 1000 W/m2 and d) 1200 W/m2. 
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and sunlight concentration only, respectively, compared with the reference PV 
module. The yearly energy output per m2 of the CPV with cooling system, CPV 
system and the reference PV module are 2184.4 kWh/m2, 1970 kWh/m2 and 1809.1 
kWh/m2, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.46. Monthly energy output per m2.  

Figure 5.47. Yearly energy output per m2. 
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5.7. Economic analysis 

In this section, the simple payback period method was used to perform the economic 
analysis of the three cases. Using the meteorological data in [96], the power output 
of the PV module, CPV system and the CPV with the cooling technique for each 
month was estimated as shown in Fig. 5.44. According to the average electrical 
efficiencies of the three cases that were obtained during the experimental days, the 
annual electricity production per m2 for the reference PV module, CPV and the CPV 
with the cooling system was 1876 kWh, 2000 kWh and 2278 kWh, respectively. The 
annual electrical load required by a typical house in the city of Duhok is (45144 
kWh). The typical house has two floors and the building area is about 150 square 
meters for each floor and contains five bedrooms, a reception hall, a kitchen and 
three bathrooms, and the house is built with good insulation materials. Electric 
energy is used to heat water and cool the house with an air cooler, and for water 
refrigerators, televisions, and lighting. As such, the cost of the consumed annual 
electrical energy is (ID1906000), calculated according to the average price 
(ID/kWh) quoted by the government monthly bills and the cost of the generator 
electrical energy (ID/month). The area of the panels needed to cover the load of the 
typical house is 24, 22 and 20 m2, for the PV module, CPV system and CPV system 
with cooling, respectively, calculated by dividing annual electrical load of a typical 
house by the annual electrical production per m2 for each case. Likewise, the total 
investment cost of the PV module, CPV system and the water cooled CPV system is 
ID9580000, ID9120000 and ID8500000, respectively, according to the local market 
price. The total investment cost includes the cost of PV panels, batteries, inverters, 
solar charge controllers, reflectors, cooling system and wiring and installation. The 
simple payback (SPP) is calculated for the three cases from the following equation 
[97]: 

 

¦¦8 � �§���.�.¨����-	���	©���                                                                                      (1) 

The payback period is 5.0, 4.8, and 4.47 years for the PV module, CPV system and 
the CPV system with cooling, respectively. So, for the typical domestic use, the rate 
of the payback period improvement is 10.6% and 4% for the CPV with the cooling 
system and the CPV system, respectively. 
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Chapter 6: Conclusions and future work 

 

6.1. Conclusions 

This study has investigated experimentally and numerically the performance of the 
PV module by using the solar reflectors and cooling system. The experiments were 
performed under Duhok city conditions on different clear days of September and 
October, 2019 (24th, 25th, 27th September and 8th October). The three proposed 
systems (reference PV module, CPV system and CPV with cooling system) were 
designed and installed on the top of the presidency building of Duhok polytechnic 
university. Also, electrical modeling of the PV module was developed by using 
MATLAB/Simulink software with PV module equations and the data sheet of the 
manufacturer. The Simulink model of the PV module was used to analyze the power 
performance of the PV module at various values of the solar radiation and panel 
temperature. Mathematical models under transient condition were derived and 
solved numerically for the reference PV module, CPV system and CPV with cooling 
system. At the same time, the computational fluid dynamics (CFD) by using 
ANSYS/FLUENT 16.1 has been performed to find out the temperature distribution 
of the panel for the three configurations.  In addition, a comparison was carried out 
between the experimental results and the electrical modeling results, CFD modeling 
results and mathematical modeling results. 25th of September was selected to 
perform the comparison between the experimental results and the numerical results. 
There has been well agreement between the results of the experiments and those 
obtained from the CFD model, electrical model and numerical method. The slight 
increase in the difference that was found in some cases of comparison was due to 
defects in the system manufacturing and also due to some assumptions that were 
imposed in the theoretical models. 

Based on the results obtained from this study, the following conclusions are 
deduced: 

� Although the reflectors increase the amount of solar radiation falling on the 
photovoltaic panel, it simultaneously leads to an increase in the temperature 
of the photovoltaic panel. Therefore, the use of the cooling system is necessary 
to reduce the panel temperature. 

� The proposed cooling system worked very well in reducing the temperature 
of the photovoltaic panel over the time of the experiment, as the maximum 
percentage of the panel temperature reduction is 49%.  
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� The experimental results indicate that the power output of the PV module 
increases in a good percentage by using the proposed reflectors and cooling 
system, especially during the hot climate Yet, this percentage decreases when 
the ambient temperature and the solar radiation intensity reduce, whereas the 
maximum percentage of the power output improvement is 21.3%. 

� The maximum electrical efficiency of the photovoltaic panel, which was 
researched experimentally by using reflectors and the cooling system, is about 
17.5%, which has recorded a noticeable improvement in the electrical 
efficiency.  

� The simulated electrical model has come out with accurate results in the PV 
characteristics because the extracted I-V and P-V characteristics were the 
same as those in the datasheet provided by the manufacturer. 

� It was found out through the numerical method that the type of the reflector 
material has a significant influence on the improvement of the extracted power 
depending on the reflectivity of the material, as the mirror had a 40% increase 
in the power output. At the same time, the reflector angle has a great effect on 
increasing the power output, as it was found out that the angle of 90° has the 
largest effect on the power output development (37%), but when the angle 
becomes greater than 90, the improvement percentage of the power output 
starts decreasing. 

� Through the CFD model results, it was found that the panel temperature is 
increased by 0.83°C per 1°C increase in ambient temperature at constant solar 
radiation (1000W/m2), whereas, the panel temperature is increased by 5.3°C 
per 200 W/m2 solar radiation increase at constant ambient temperature. It was 
also found out that the glass layer has the highest temperature of the panel, 
and the temperature of the panel decreases towards the bottom layers, where 
the lowest temperature is at the EVA layer. As for the surface of the panel, the 
temperature increases towards the middle. 

� The annual energy extracted from the PV module has been adequately 
improved by using the developed concentration and cooling systems. As the 
yearly energy is enhanced by 20.7% and 8.8% respectively by utilizing 
reflectors and cooling system together and reflectors alone.  

� The payback period of the three configurations for the household use was 
economically viable. It was found that the payback period for the CPV with 
cooling system is 4.47 years instead of 5 years for the reference PV module. 
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6.2. Future Work 

The following are suggested for the future work: 

• Using different types of reflectors with higher reflectivity in the experimental 
tests and conducting a comparison between them. 

• Using reflectors at different angles in the experiments and performing 
comparisons between them in order to get the optimum angle to obtain the 
highest value of the power output. 

• Using the sun tracker with the PV panel to catch the sun for longer time and 
avoid the shadow.  

• Using other types of cooling system such as water spray cooling on the front 
surface of the panel or water jet cooling on the panel backside. 
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  نبذه مختصره: 

 
نقص في الطاقة الكھربائیة في المنطقة وجدنا أن إجراء ھذه الدراسة مھم جدا للمساھمة في زیادة نظرا لوجود 

الطاقة الكھربائیة وأیضا للحد من الطرق التقلیدیة للحصول على الطاقة التي لھا تأثیر على البیئة وتلوثھا.  تعد 
ولكنھا ذات كفاءة منخفضة ، وبالتالي فھي    األلواح الكھروضوئیة إحدى التقنیات للحصول على الطاقة النظیفة ،

  .الثمن اقتصادًیا وال یمكن أن تكون في متناول الجمیع في الوقت الحاضر ضةباھ

تناولت ھذه الدراسة أداء الوحدة الكھروضوئیة تجریبیاً وعددیاً باستخدام العاكسات ونظام التبرید تحت الظروف 
 PV كوینات لھذا الغرض ، الوحدة الكھروضوئیة المرجعیة ، ونظامالمناخیة لمدینة دھوك. یتم استخدام ثالث ت

مع نظام التبرید. حیث تم استخدام المواد الرخیصة   (CPV) والنظام الكھروضوئي المرّكز (CPV) المرّكز
المتوفرة في السوق المحلي في تصمیم وتركیب نظام تركیز ضوء الشمس ونظام التبرید. تم تثبیت التكوینات  

أیام صافیةالتقنیة  على قمة مبنى رئاسة جامعة دھوك  الثالثة التجارب في  یتم إجراء  من سبتمبر   ومشمسة  . 
  .2019وأكتوبر من عام 

النموذج الكھربائي    :باإلضافة إلى ذلك ، من أجل التحقیق أكثر في صحة النتائج ، تم تطویر النماذج النظریة  
 ANSYS باستخدام (CFD) الموائع الحسابیة  ، ودینامیكیات   MATLAB / Simulink 2015 باستخدام

  .والطریقة العددیة. ومن ھنا كان ھناك توافق جید بین نتائج التجربة ونتائج النماذج النظریة 16.1

من أجل العثور تجریبًیا على فعالیة التركیز وأنظمة التبرید في تحسین أداء الطاقة ، تم حساب خرج الطاقة في 
حدة الكھروضوئیة التقلیدیة إلیجاد النسبة المئویة للزیادة في خرج الطاقة. في الوقت  كل حالة ومقارنتھ مع الو

الوحدة  في  اللوحة  حرارة  درجة  النخفاض  المئویة  النسبة  إیجاد  خالل  من  التبرید  نظام  تقییم  تم   ، نفسھ 
ھو   الكھروضوئیة  الطاقة  إنتاج  في  التحسین  من  األقصى  الحد  أن  وجد  با21.3الكھروضوئیة.  ستخدام  ٪ 

سبتمبر. كان لنظام التبرید فاعلیة كبیرة في تبرید األلواح    25العاكسات المقترحة ونظام التبرید ، وتم تسجیلھ في  
٪. كذلك ، بلغت النسبة القصوى 50الكھروضوئیة ، حیث وصلت نسبة خفض درجة الحرارة إلى ما یقرب من  

  .سبتمبر 25٪ ، وتم تسجیلھا في 19.7للزیادة في الكفاءة الكھربائیة للوحدة الكھروضوئیة  

النمذجة الكھربائیة ، لوحظ أن معامل درجة الحرارة الحالیة ومعامل درجة حرارة الجھد   من خالل تطویر 
على التوالي ، ومتفق  (C /٪  0.429) و (0.328٪ / C -)،   (C /٪  0.056) ومعامل درجة حرارة الطاقة ھو

تأثیر مادة العواكس وزاویةھا عددیاً. ووجد أن  علیھ جیدًا مع ورقة بیانات   الشركة المصنعة. كما تم دراسة 
درجة أكثر فاعلیة من الزاویتین   90المرآة كانت أكثر كفاءة من األلمنیوم والفوالذ المنخفض بینما كانت الزاویة  

 ANSYS / Fluent باستخدام CFD درجة. باإلضافة إلى ذلك ، یتم استخدام نمذجة  150درجة و    120
لرسم حدود درجة حرارة اللوحة الكھروضوئیة للتكوینات الثالثة. بالنسبة للوحدة الكھروضوئیة المرجعیة   16.1
، یتمیز منتصف اللوحة بدرجة حرارة عالیة وتنخفض باتجاه الجوانب ، كما أن الطبقة الزجاجیة   CPV ونظام

بالنسبة إلى األنظمة الفولت ضوئیة المركزة مع نظام   أعلى درجة حرارة وتنخفض باتجاه الطبقات السفلیة. بینما 
  .التبرید ، تنخفض درجة الحرارة من أعلى إلى أسفل سطح اللوحة

باإلضافة إلى ذلك ، تم حساب إنتاج الطاقة السنوي ، وتم الكشف عن تحسن إنتاج الطاقة السنوي على التوالي  
د ونظام الطاقة الفولت ضوئیة المركزة ، مقارنة مع  ٪ لنظام الفولت ضوئي المركب المبر8.8٪ و  20.7بنسبة  

مع نظام   CPV الوحدة الكھروضوئیة المرجعیة من خالل تقدیر فترة االسترداد للتكوینات الثالثة ، وجد أن
  .التبرید مجدي اقتصادًیا وتقنیًا
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وتركی تصمیم  في  جدًا  مفیدة  الدراسة  ھذه  من  الواردة  المعلومات  تكون  أن  یمكن   ، الطاقة  أخیًرا  نظام  ب 
الكھروضوئیة في المنطقة. باإلضافة إلى ذلك ، أصبح من الواضح أن التصمیم المقترح في ھذه الدراسة مجدي 

  اقتصادًیا وفنًیا ، خاصة لالستخدام المنزلي. 
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  العراق-حكومة أقلیم كوردستان

  وزارة التعلیم العالي والبحث العلمي 

  دھوك التقنیة جامعة 

 

  

  

  

  ) ماء +  ھواء (  ھجین تبرید نظام مع مركزة ضوئیة وحدة من الطاقة استخراج

  

جامعة دھوك التقنیة وھي جزء من   –اطروحة مقدمة الى مجلس الكلیة التقنیة الھندسیة 
  متطلبات نیل درجة الدكتوراه في ھندسة الطاقة
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  پوخته 

  

ڤهکولين� ئهنجام  ژبهر ههبونا ک�ماتيا وزا کههرەب� د ناوچ� (ههر�ما کوردستان�) دا مه ب فهر ديت ئهم ڤ�  
بدەين بو پشکداری کرن د ز�دەبوونا وزا کهرەب� و ههروەسا بو رەوستاندنا ر�ک�ن (تقليدی) بو ب دەست  

  ڤه ئينانا ووزێ ئهوا کار ت�کرن ههی ل سهر  ژينگ� و پيسبونا وێ. 

نا وێ يا  په نه ل�ن کههروروناهی ت�ته هژمارتن ئ�ک ژ تهکنيک�ن ب دەست ڤه ئينانا ووزا پاقژ. بهل� توا
  ک�مه، و ههمی کهس نهش�ن ب دەست ڤه بينن ژ بهر کو يا گرانه ب ژالي� ئابووری ڤه. 

هژماری ب کارئينانا ر�فلکتوران  د ڤی خواندن� دا کارێ يهکا کههروروناهی هاته شلوڤه کرن پراکتيکی و  
و سيستهم� سارکردن� ل ژ�ر �رت�ن که شو و ههوايی ي�ن پار�زگهها دهوک�. س� پ�کهاته بو ڤ� مهرەم�  

سيستهم�   و  بالک�ش،  يا  کههروروناهی  يهکا  بکارئينان،  سيستهم�   CPVت�نه  سيستهم�  CPV و  دگهل 
چ�کرن و    سارکردن�. و بو ڤ� مه ره م�  ئينانا کهل وپهل�ن ئهرزان و بهردەست ل بازارێ باژ�ری بو 

دروستکرنا سيستهم� فوکسا روناهيا روژێ و سيستهم� سار کردن� هاتن کارئينان. ههرس� پ�کهات�ن مه  
کارێ   پراکتيکی.  کارێ  بو  دهوک  کنيکی  ته  پولی  زانکويا  ئاڤاهي� سهروکاتيا  لوتکا  ل  هاتنه چهسپاندن 

  هاتيهن ئهنجام دان.    2019 پراکتيکی د روژ�ن حه تاڤ و زه الل ي�ن ههيڤا ئهيلول و ئوکتوبهرا ساال 

مودل�ن    تيوری:  مود�ل�ن  گهشهپ�دانا  رابوين ب  ئهم  دروست،  ئهنجام�ن  گههشتنا  ، ژبهر  هندێ  ز�دەباری 
کارئينانا   ( MATLAB/ Simulink 2015ئيليکتريک� ب  هژمارکی  فلويدێ  ديناميکيا  و   ،CFD  ب (

نهکا باش د ئهنجام�ن پراکتيکی دگه ل  و ر�کا هيژماری. و لڤ�ری ههبونا پ�کهات  ANSYS16.1کارئينانا  
  ئهنجام�ن مود�ل�ن تيوری. 

و ژبهر ب دەست فه ئينانا کارێ پراکتيکی ل سهر چهوانيا كار ل�کرنا ريفل�کتران و سيستهم� سارکردن�  

ل   دگه  کرنا  بهروادی  و  دا  جارەک�  ههر  د  ووزێ  دەرکهفتنا  هژمارتنا  ووزێ.  کارێ  ز�دەکرنا  بو 

لک�ش  يا  نرخاندنا    کارهروروناهی  دا.  دەم  ههمان  د  ووزێ.  دەرکرنا  ز�دەکرنا  بو  سهدی  ر�ژا  ديتنا  بو 

و   يهکا کهروروناهيدا.  د  اللوحه  گهرماتيا  نمرا  ک�مبونا  بو  ديتنا ر�ژا سهدی  سيستهم� سارکردن� ژالي� 

دا %  کهروروناهی  ووزا  د  ئهنجام  باشترين  کو  ئهنجام�  وێ  يا    21.3گههشتنه  ريفل�کتوران  بکارئينانا 

ئهيلول�. سيستهم� سارکرن� کارت�کرنهکا    25هردەست و سيستهم� سارکردن�. يا هاتيه تومار کرن ل  ب

  %50مهزن ههبوو د سارکردنا پهنهل�ن کههروروناهی. و گههشتنا ر�ژا نزمبوونا پال گهرماتي� بو ن�زيکی  

  25ته تومار کرن ل  و ها  %19.7ههروسا گههشتنا ز�دەتر زيدەبوبا کارينا کهراب� ب يهکا کههروروناهی  

  ئهيلول�. 

  ژ الي� گهشهپ�دانا نمونا کارەب� ديتن کو کارێ گهرماتيا که رنت� و کارێ گهرماتيا ڤولتي� و گهرماتيا ووزێ 

(0.056%/ºC)  ) 0.328-و%/C  و ((0.429%/ºC)  .و ر�ک کهفتن دگهل داتاي�ن کومپانيا چ�کری .

ههروەسا خواندنا کارت�کرنا مادا و ريفليکتورێ و گوش�ن وان. و گههشتهنه ئهندامهک� کو خوديک باشترين  
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  150و    120بو کو نمرا کارت�کرن� پتر بو ژ گوشا   90ژ ئهلهمنيومی و پواليهک� ک�م کاربون کو گوشه  

بو و�نه ک�شانا سنور�ت    ANSYS/Fluent  16.1بکارئينانا    CFDدل�ن  ز�دەباری کو ب کار ئينانا مو

  CPVگرماتيا په نه ل� کههروروناهيا بو ههرس� پ�کهاتان. بو يهکا کههروروناهی بالک�ش و سيستهم�  

ناڤه راستا په نه ل� ب بلنترين پله گهرماتيا هاته ده ست نيشان کرن و هاتنا خار بو اليا. و ته به قا شيشهی  

دگه ل سيستهم�    CPVرين پال گهرماتي� سه ر ديار کر و نزم دبيت بو ته به ق�ن خوارێ. و سيستهم�  بلنت

  سارکردن� نزمبوونا پال گهرماتي� ژ سهرو بو خوارێ ل سهر په نه ل�.    

ز�دەباری هندێ هژمارتنا ئهنجام�ن ساالنه ي�ن ووزێ و دەر�خستنا ل سهر چ�بوونا ئهنجام�ن ووزێ ي�ن  

، و بهراوردی  CPVدگه ل سارکردن� و سيسته م�    CPV% بو سيستهم�  8.8% و  20.7ر�ژا  ساالنه ب  

کرنا يهکا کههروروناهی بالک�ش. د دەم� ههلسهنگاندنا دەم� راو�ستا بو ههرس� پ�کهاتا، هاته ديتن کو  

CPV  .دگهل  سيسته م� سارکرن� ئابووری يه و تهکنيکی يه  

د ڤ� ڤهکولين� دا ب مفابن بو ديزاين و دروستکرنا سيستهم� ووزێ  ل دوماهي�. د بيت ئهڤ پ�زانينه هاتی  

ي� کههروروناهی ل دەڤهرێ. و يا ديارە کو ديزاين� پ�شنيار کری دڤ� ڤهکولين� دا ي� ئابووری و ته کنيکی   

  يه ب تايبه تی بو بکارئينان د ماال دا. 
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Ïما کوردستانÑعیراق -حکومھ تا ھھ ر  

  خواندنا باÕ و توÑژینÑت زانستی وه زاره تا  

  ك ھۆ زانکۆیا پولیتھ کنیکی یا د

  

  

  

  

  

ده رخrستنا ئینرجیی ژ یھ کا فوتوڤولیکt یا فوکس ل گھ ل سیستھ مt سارکردنt ب رrکا  
 tھھ وای و ئاڤ  

  

زانکۆیا پولیتھ کنیکی    -نامھ یھ ك ھاتیھ پÑشکÑشکرن بو جڤاتا کولیژا تھ کنیکی یا ئھ ندازیاری 
  وه ك پشکھ ك ژ پÑتڤیÑن وه رگرتنا پال دکتورایÏ ل ئھ ندازیاریا ووزا دھۆك یا 
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