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ABSTRACT 

 

M. Sc. Thesis 

 

EXPERIMENTAL INVESTIGATION OF FORCED AIR COOLED PV/T 

COLLECTORS PERFORMANCE SUPPORTED BY PHASE CHANGE 

MATERIAL AND FINNED STRUCTURE 

 

Ahmad AL HARIRI 

 

Karabuk University 

Institute of Graduate Programs  

The Department of Energy Systems Engineering 

 

Thesis Advisor: 

Assist. Prof. Dr. Selcuk SELIMLI 

May 2022, 58 pages 

 

In this experimental study, the active cooling process was applied with a fan powered 

air flow and supported with PCM mixture that is paraffin and steel foam. The 

mixture was filled in the modules’ back surface and enclosed with an inclined and 

flat finned heat sink. The air flow was created between the heat sink fins to provide 

forced convective cooling with the fan. The inclined and flat fin heat sink is called 

PV/T1 and PV/T2. The reference module was named PV and used for comparison. 

The back surface temperatures, thermal and electrical powers, and efficiencies were 

evaluated and compared with PV module data. Resultantly, PV/T1 and PV/T2 

collectors were cooled by 12.29% and 21.97% more relative to PV module. The 

electrical efficiency for each of PV/T1 and PV/T2 was 5.12 % and 6.08%, while for 

the PV module it was 4.37%. The overall efficiencies for the PV/T1 and PV/T2  
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collectors were 43.74% and 62.3%. Exergy efficiencies values were 4.68% for PV 

module, 5.65% and 6.8% for PV/T1 and PV/T2 collectors. 

 

Key Words : PCM mixture, active cooling, PV/T collector, energy, and exergy 

efficiency, solar energy. 

Science Code :  91441 
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ÖZET 

 

Yüksek Lisans Tezi 

 

FAZ DEĞİŞTİREN MALZEME VE KANATLI YAPI İLE DESTEKLENEN 

CEBRİ HAVA SOĞUTMALI PV/T KOLLEKTÖRLERİNİN 

PERFORMANSININ DENEYSEL İNCELENMESİ 

 

Ahmad AL HARIRI 

 

Karabük Üniversitesi 

Lisansüstü Eğitim Enstitüsü 

Enerji Sistemleri Mühendisliği Anabilim Dalı 

 

Tez Danışmanı: 

Dr. Öğr. Üyesi Selçuk SELİMLİ 

Mayıs 2022, 58 sayfa 

 

Bu deneysel çalışmada, fan destekli hava akımı ile aktif soğutma işlemi uygulanmış 

ve parafin ve çelik köpük olan PCM karışımı ile desteklenmiştir. Karışım, modüllerin 

arka yüzeyine doldurulmuş ve eğimli ve düz kanatlı bir ısı alıcı ile kapatılmıştır. Fan 

ile cebri konvektif soğutma sağlamak için ısı emici kanatçıklar arasında hava akışı 

oluşturulmuştur. Eğimli ve düz kanatlı soğutucuya PV/T1 ve PV/T2 adı verilir. 

Referans modülü PV olarak adlandırıldı ve karşılaştırma için kullanıldı. Arka yüzey 

sıcaklıkları, termal ve elektriksel güçler ve verimlilikler değerlendirildi ve PV modül 

verileriyle karşılaştırıldı. Sonuç olarak, PV/T1 ve PV/T2 kollektörleri, PV modülüne 

göre %12,29 ve %21,97 daha fazla soğutulmuştur. PV/T1 ve PV/T2'nin her biri için 

elektrik verimliliği %5,12 ve %6,08 iken, PV modülü için %4,37 idi. PV/T1 ve 

PV/T2 kollektörler için genel verimlilikler %43,74 ve %62,3 idi. Ekserji verim 
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değerleri PV modülü için %4,68, PV/T1 ve PV/T2 kollektörleri için %5,65 ve 

%6,8'dir. 

 

Anahtar Kelimeler : PCM karışımı, aktif soğutma, PV/T kolektör, enerji ve ekserji 

verimliliği, güneş enerjisi. 

Bilim Kodu : 91441 
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𝐴𝑚 : Module surface area.  

𝛼 : Absorptivity of a cell. 

𝛽𝑜 : Thermal coefficient of electrical efficiency. 

𝐶𝑝,𝑎𝑖𝑟 : Air specific heat. 

∆𝐸̇ : Energy difference. 

𝛥𝐸̇𝑥 : Exergy difference. 

𝐸̇𝑒𝑙𝑒𝑐 : Electrical energy. 

𝐸̇𝑖𝑛 : Inlet energy. 

𝐸̇𝑙𝑜𝑠𝑠 : Lost heat energy.  

𝐸̇𝑜𝑢𝑡 : Outlet energy. 

𝐸̇𝑠𝑜𝑙𝑎𝑟: Solar power. 

𝐸̇𝑡ℎ : Heat remove rate. 

𝜂𝑐 : Cell efficiency.  

𝜂𝑒𝑙𝑒𝑐 : Electrical efficiency. 
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𝜂𝑡ℎ : Thermal efficiency. 
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𝐸̇𝑥𝑑𝑒𝑠𝑡 : Destroyed exergy. 

𝐸̇𝑥𝑒𝑙𝑒𝑐 : Electrical exergy. 
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𝐸̇𝑥𝑜𝑢𝑡 : Outlet exergy. 

𝐸̇𝑥𝑠𝑜𝑙𝑎𝑟: Solar exergy. 

𝐸̇𝑥𝑡ℎ : Thermal exergy. 

𝐹𝐹 : Fill factor. 
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𝐺 : Solar radiation.  

𝐺𝑜 : 𝑆𝑇𝐶 Solar radiation.  

𝐼𝑚 : Maximum power current.  

𝑚̇𝑎𝑖𝑟 : Air mass flow rate. 

𝑃𝐹 : Packing factor. 

𝑃𝑚𝑎𝑥 : Maximum power.  

𝜏 : Transparency.  

𝑇𝑎 : Ambient temperature.  
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𝑇𝑠 : Surface temperature. 

𝑉𝑚 : Maximum power voltage.  

 

ABBREVITIONS 

 

𝑁𝑂𝐶𝑇 : Nominal operating cell temperature. 

PV : Photovoltaic module.  

PV/T : Photovoltaic/thermal collector. 

𝑆𝑇𝐶 : Standard test conditions. 
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PART 1 

 

INTRODUCTION 

 

The increase in population growth and the enhancement of technology and economic 

are accompanied by an increase in needed energy, which is mainly come across 

using fossil fuels, which are produced from remnants of living plants and animals 

across millions of years [1]. Burning fossil fuel produces carbon dioxide, which is 

the main problem for fossil fuels because carbon dioxide is a major partner in global 

warming (GHG). The fossil fuels are categorized as non-renewable energy resources, 

which means that they can either be expired or drained out [2]. Alternative energy 

resources have been discovered and merged to generate energy and are called 

renewable energy. Wind, solar, geothermal energy, tides, hydropower, and bioenergy 

cover these sources. It is most welcome because it will not be exhausted, and it 

produces lower emissions (GHG). It is a target for many countries and has become a 

necessity for the world and the environment because it is clean, environmentally 

friendly, harmless, and sustainable. According to the 2017 REN21 Report, in 2016, 

10.4% of the total consumed energy was from modern renewable energy, while fossil 

fuels constitute around 79.5%, and solar energy technology occupied the highest 

installation capacity in for 2017, Figure 1.1 [3]. Based the study carried on by the 

World Energy Alliance for the last few years, it was concluded that [4]: 

 

• Electricity demand will double by 2060. 

• The requirement of clean energy will request big growth in infrastructure and 

Development of delivery service systems to consumer. 

• It is expected that fossil fuel's share in fundamental energy will be reduced to 

50–70% of the existing 80%, with the advanced technologies for producing 

electricity from renewable resources. New opportunities will be created from 

producing energy from renewable resources, and a lot of challenges will 

appear for new systems. 
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Figure 1.1. Yearly addition of renewable energy capacity 2013-2019 [3]. 

 

1.1. OVERVIEW OF RENEWABLE ENERGIES 

 

On our planet, there are various inexhaustible and constantly renewed formats of 

renewable energies: wind, sunlight, biomass, water, and heat under the earth. Their 

advantage appears when renewable energy sources emit lower carbon parallel to 

traditional fuels. Various forms of renewable sources are exemplified in Figure 1.2 

[4]. 

 

 
 

Figure 1.2. Renewable energies [4]. 

 

Hydropower: an energy production technology where dams are used to pass the 

trapped water behind them onto the turbines to spin it in order to produce electricity. 

There are a lot of small installed stations on rivers or aqueducts to convert water 

kinetic energy to electrical energy. The water is lifted to the upper tanks, where this 

process is considered energy storage and is converted into electrical energy when 
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used to power the turbines [4]. Biomass is an organic substance that uses 

photosynthesis processes to convert the sunlight to chemical energy that produces 

heat by burning it. There are many examples of bioproducts such as timber, food 

waste, agricultural crops, animal dung, domestic waste and wastewater, which are 

subject to the process of decomposition within bioreactors to produce fuel or biogas. 

Thermal energy produced from these biomaterials is typically used for residential 

accommodation, cooking, and water heating or more broadly for industrial thermal 

processes [5]. Wind power is a form of the kinetic energy of the wind. Electrical 

energy can be generated from energy carried by wind by power conversion machines 

or used directly in water pumping, sailing ships or milling, and it is a renewable 

resource that is considered clean, useable, and close at hand type of energy to create 

electricity. This technology is free of pollutants. The kinetic energy of the wind is 

converted by a wind turbine to power electric generators for the purposes of 

generating electrical energy [6]. Wind electricity production increased significantly 

between 2009 and 2013, and in 2016 the electricity produced from wind energy was 

16% of the electricity generated from renewable energy sources [7]. Geothermal 

energy is thermal energy that comes from earth's depth. water or other liquids are 

used to grab the internal heat energy of the earth, located in reservoirs at a depth of 

between 300 and 8000 meters in the ground. This kind of energy can be used directly 

for heating purposes, and power plants use this type of energy have low emissions 

[8]. In the last years, direct usage of geothermal power has raised by 8%. This energy 

can only be carried out from a few locations, although it is available all the time. A 

few countries including Kenya, Indonesia and Turkey have recently installed 

geothermal power plants [9]. Tidal force is one form of energy within the oceans that 

benefits from the iterated rising and falling water levels to generate electric power. 

This energy is harnessed to run turbines and generators using the mechanical power 

of the tides. Though sea and ocean thermal power plants are in their beginnings, 

systems for using tidal and wave energy capacity are on the rise, reached 532 MW in 

2018 [4]. The solar energy is the related subject of this study and given more detailed 

information under the new title with more details. 
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1.2. ENERGY IN TURKEY 

 

Turkey ranks 37th among the world's countries in terms of land area, with an area of 

783,562 square kilometers, a population of 83 million in 2020, and geographically 

located between the continents of Asia and Europe [10]. 

 

In 2021, electric energy consumption in Turkey was 7.7% greater compared to 329.6 

billion kWh in the previous year, while electricity production increased by 8.1% 

compared with the previous year, and the produced electricity reached 331.5 billion 

kWh, an increase of 8.1% compared to the previous year. At the end of March 2022, 

Turkey's installed capacity reached 100,334 megawatts broken down by resource; 

25.4% natural gas, 20.4% coal, 31.4% hydraulic, 10.8% wind, 8.0% solar, 1.7% 

geothermal and 2.4% from other sources. The number of electric power plants in 

Turkey also increased to 10,631: 747 hydroelectric plants, 67 coal, 355 wind, 63 

geothermal, 348 natural gas, 8,566 solar, and 485 other sources [11]. 

 

 
 

figure 1.3. Turkey's ratio installed power according to resources (2020) [12]. 

 

1.3. SOLAR ENERGY POTENTIAL IN TURKEY  

 

Because of the geographical position that Turkey possesses, it has great potential for 

solar energy, where the average annual solar radiation period is estimated at 2741 

hours per year, the average daily radiation period is 7.5 hours per day, and the solar 
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radiation is estimated at 1527.46 kWh/m² annually and 4.18 kWh/m² daily. The rate 

of solar brightness in the southern and eastern parts is higher than in the western and 

northern parts. The highest levels of radiation are in the months of June and July, and 

the lowest level is in the months of December and January. This state is shown in the 

Atlas of solar energy potential [12]. 

 

 
  

Figure 1.4. Solar energy potential atlas in Turkey[12]. 

 

As for the expectant growth rate of solar electric capacity in Turkey, according to 

modeling studies, by 2030, 14% of the electrical capacity will be from solar electric 

and this percentage will reach 29% by 2040. This means that electricity production 

from solar energy will be 17 GW by 2030 and 40 GW by 2040. This rise in installed 

PV capacity between 2030 and 2040 will represent 70% of the whole energy that will 

be installed in this period. 6 GW of the 40 GW that will be installed until 2040, will 

be roof top installations, and the rest will be photovoltaic power stations [13]. 

 

1.4. SOLAR ENERGY SOURCE 

 

The sun is a very hot gas sphere on average. It is on average 1.5×1011 m far from our 

planet, with an estimated diameter of 1.39×109 m. Sun has the effect of a black body 

its surface temperature is 5777 K, and it’s responsible for almost all life on earth and 

most forms of renewable energy on the surface of earth. The energy in the sun is 
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produced from the fusion reactions that occur inside it, and the most important 

process is the process of fusing hydrogen (four protons) to form helium (one helium 

nucleus) where the energy produced from the difference between the mass of the 

helium nucleus and the mass of the four protons is transformed into Energy at very 

high temperatures, this energy is transferred to the surface and then send out to space 

[14,15]. Depending on well-established estimations, average intensity of solar energy 

radiation only the outside of the earth's atmosphere is 1366 W/m2, Figure 2.1, usually 

called the solar constant, and the estimated total power reached earth from solar 

irradiation is about 1.73×1017 W. On average, there are 365 days a year, and 86400 s 

a day. The yearly  total energy reaching earth from solar radiance is: 

 

365 × 86400 × 1.73 × 1017 ≅ 5.46 × 1024 J [14]. 

 

The arriving of solar imposed power is schematised in Figure 1.3. 

 

 
 

Figure 1.5. The yearly solar energy that reaches earth's surface [14]. 

 

To get an idea about this energy amount how much is it, we will compare it to the 

yearly consumed energy; see Figure 1.4. In the years between 2005 and 2010, the 

yearly consumption of energy in the world was estimated as 500 EJ. The world's 

energy requirement can be met just by 1% of the annual solar energy reaching the 

earth [14,16]. 
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Figure 1.6. Consumpted energy in the world, 1980–2030 [17]. 

 

1.5. THE SUN RADIATION 

 

When sunlight goes into the atmosphere, some is absorbed or scattered, and some 

passes in the atmosphere and is either reflected or absorbed by physical objects on 

the ground, so not all the sun's radiation can cross to the earth's surface, up to 30% of 

the radiation reflected by the atmosphere, and 20% of the solar radiation is trapped in 

the atmosphere and clouds. The reaching radiation to earth passing through the 

atmosphere is about 50% only. Sunlight that reaches earth without scattering is called 

beam or direct radiation; scattered sunlight is named diffuse radiation. The reflected 

radiation from the ground is called albedo. Global radiation is the sum of these 

components [18,19]. The amount of solar radiation energy, fallen on the earth surface 

depends on the location of that surface, the horizontal incline angle of the surface, 

the surface orientation, time of year, weather conditions, the area of the receiving 

surface, the reception surface characteristics and irradiation time [18]. Solar 

radiational components are shown in Figure 1.5. 

 

 
 

Figure 1.7. Beam, diffuse, and reflected radiation [19]. 
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PART 2 

 

SOLAR ENERGY SYSTEMS 

 

After sunlight reaches the earth, it can be converted into chemical energy through 

plants, thermal energy through devices called solar collectors, or electrical energy 

through photovoltaic units as seen in Figure 2.1 [20]. 

 

 
 

Figure 2.1. Conversion of solar energy [20]. 

 

2.1. PV SYSTEMS AND APPLICATIONS 

 

In general, we can categorize Photovoltaic systems into PV/T and PV. It is possible 

to divide the fields of application of solar energy into two main groups active and 

passive. In the passive application of solar energy, solar power is utilized without 

using special equipment. This method of usage is also called indirect solar energy 

usage [21]. In terms of electrical applications, they are classified into grid-connected 

and stand-alone systems. The solar energy yield in stand-alone systems is Associated 

to the need for energy. Because the output of solar energy a lot of times does not 

synchronize with the ordered energy for loads, extra equipment such as batteries is 

generally used for storage purposes. When additional power resource supports the 

system, such as a generator or wind turbine in this case the system is called a hybrid 

system. In systems directly connected to the grid, the public electricity network acts
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as storage for energy [18]. PV system configurations for different applications can be 

sorted as: 

 

• Stand-alone PV systems without storage battery.and  with storage battery. 

• On-Grid interactive PV system. 

• Hybrid systems. 

• Building Integrated PV systems. 

 

The application examples of PV systems are given in Figure 2.2. 

 

 
 

Figure 2.2. Types of PV systems [22]. 

 

2.1.1. Stand- Alone PV Systems Without Storage Battery 

 

Stand alone applications of solar energy are used in systems intended for the purpose 

of operating in a specific period, which can be implemented in the period of 

availability of solar radiation like water pumps. Because there are no batteries and 

charge controllers, they are less expensive and easier to maintain [23]. 
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Figure 2.3. Examples of stand alone PV systems without storage battery [23]. 

 

2.1.2. Stand- Alone PV Systems With Battery Storage 

 

A simple stand-alone PV system converts solar energy into electrical energy and 

stores it in batteries. Thanks to the rechargeable batteries, this stored energy can be 

used even in periods of unavailability or absence of solar radiation. Roof systems are 

the best suitable example of such systems. As shown in Figure 4, it consists of solar 

modules that produce electricity connected to the battery through the charge 

controller. An inverter is connected to turn direct current (DC) into alternating 

current (AC) to meet the needs of AC loads. These systems use rechargeable and 

dischargeable batteries several times [24]. 

.  

 
 

Figure 2.4. Examples of stand alone PV systems with storage battery [24]. 
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2.1.3. On-Grid PV System 

 

An on-grid PV system, is an electricity generation system connected with a public 

grid. A grid-connected photovoltaic system consists of solar panels and one or more 

inverters. This system passes the excess energy to the grid to which it is connected. 

Grid-connected systems vary in size from kilowatts to megawatts. In the case of 

systems connected to the residential grid, the extra is fed only into the public network 

in case there is an excess of power. Feeding the photovoltaic energy generated in the 

public grid requires converting DC to AC by a special inverter. The role of the grid 

inverter is to provide synchronization with the frequency of the general grid, and to 

regulate the voltage so that it does not exceed the network voltage [25]. 

 

 
 

Figure 2.5. On grid PV system [23]. 

 

2.1.4. Hybrid Systems  

 

Hybrid power systems combine two energy saving sources and are an ideal solution 

to improve performance and reduce cost. Hybrid power plants incorporate at least 

two different types of energy. It is common practice to combine diesel generators 

with renewable energy systems or to combine solar and wind energy systems with or 

without storage [23]. 
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2.1.5. Building Integrated PV Systems  

 

In this system photovoltaic modules are integrating into the building, such as the roof 

or facade. So that it is a building envelope and a source of energy at the same time. It 

can reduce construction costs, provide energy for the building, and contribute to 

reducing emissions. Building Integrated PV systems can be used in the building as 

stand alone  or connected to the network. Its advantage is that with the policy of 

cooperative facilities, the storage system is basically free. It also benefits both the 

building and facility owner from the on-grid Building Integrated PV Systems [26]. 

 

2.2. PV/T SYSTEMS 

 

Cooling the photovoltaic modules leads to an improvement in the efficiency of these 

modules. Reusing the thermal energy generated in the units is the best designs and 

enhancement the efficiency of the designed system as a whole, and this gives an 

encouragement for the development of the hybrid solar energy system [27]. Studies 

on PV/T began in the seventies of the twentieth century, and were aimed at 

improving the productivity of photovoltaic units. Higher system temperature reduces 

the efficiency of the energy produced. PV/T technology uses this waste heat for use 

in other areas such as hot water or hot air and to achieve system cooling to keep 

efficiency at reasonable levels [28,29]. Figure 2.5 shows a diagram of a PV/T 

collector concept. 

 

 
 

Figure 2.6. A schematic diagram of a PV/T collector conception [30]. 

 

Figure 2.6 illustrates the main applications used in PVT systems. Advantages of 

PV/T systems include: [31]: 
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• It can be used for several purposes as it can gain thermal and electrical energy 

with one another from one system. 

• A higher efficiency can be achieved if two separate systems are used. 

• It is possible to obtain suitable thermal energy for domestic applications 

according to the season. 

• It can be added or integrated into the buildings, and this leads to a shortening 

of the cost recovery period. 

 

 

 

Figure 2.7. Main applications used in PV/T system [30]. 

 

PV/T systems are classified depending on the type and design of the PV module, the 

type of fluid used to remove thermal energy, and solar radiation is concetrated or not 

Figure 2.8. According to that; PV/T collectors are; PV/T liquid flow collectors, air 

circulating PV/T collectors, concentrating PV/T collectors and collective PV/T 

collectors [32]. Hybrid solar collectors can produce both electrical and thermal 

energy at the same time. These collectors mainly consist of a glazed or unglazed PV 

layer in the upper part and an endothermal layer below it. The absorbent layer 

contains an inlet and outlet for the liquid that is used to transfer heat.[27]. Figure.2.9 

displays a simple assembly of flat plate PV/T collector. 



14 

 

 

 
 

Figure 2.8. Classification of flat PV/T collectors [33]. 

 

 
 

Figure 2.9. Assembly of a flat plate PV/T collector [34]. 

 

2.2.1. PV/T Air Collectors 

 

In PV/T air collectors, the air is circulated through the accumulator. These collectors 

are suitable for hot air applications. One of their advantages is that they are cheaper 

and uncomplicated compared to PV/T water collectors. A fan is used instead of a 

water pump. There is no danger of freezing or boiling in extreme weather conditions. 

One of its main disadvantages is the low thermal performance due to the low thermal 

conductivity and heat capacity of air compared to water, as well as the low density of 
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air that requires a high transfer volume [27]. Figure 2.10 shows a flat plate PV/T air 

collector. 

 

 

 

Figure 2.10. PV/T air collector [27]. 

 

2.2.2. PV/T Water Collectors 

 

These collectors are suitable when there is a request for hot water, as water or a mix 

of water is circulated to transfer heat from the collector. Hot water can also be stored 

in special tanks for a certain period of time, so there may be defects such as leakage 

and freezing in some conditions [27]. The absorber layer consists of a tube in contact 

with the photovoltaic panel. PV/T water collector can have a higher efficiency 

compared to air collectors because of the higher heat capacity of water compared to 

air [35]. 

 

 
 

Figure 2.11. PV/T water collector [35]. 
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2.3. CONCENTRATED PV SYSTYMS 

 

Two types of system are used to benefit from the thermal and electrical energy of 

solar radiation: the system based on concentrating or gathering the solar radiation 

and the system without concentrating. Non-concentrating systems are called thermal 

photovoltaic systems, in concentrating systems, the solar radiation are concentrated 

to produce additional electricity from the panels used [36]. One of the advantages of 

concentrated photovoltaic energy systems is the low cost [37], because of the 

concentration of radiation, the space required for cells is less [38], and like the rest of 

the photovoltaic systems, they do not emit any harmful emissions, but the 

concentration leads to an increase in temperature, which negatively affects the 

efficiency of cells [39]. Concentrated PV systems have been modified to take 

advantage of thermal energy and are called Concentrated PV systems. They use low-

cost optical elements. The heat generated on the photovoltaic cell is used to increase 

the efficiency of the system (electrical and thermal) to about 60-80% [40]. This will 

further complicate the system as the heat must be removed from the concentration 

area. 

 

2.3.1. Types of Concentrated Photovoltaics 

 

• Low Concentration PV: in low concentrated PV systems with a solar 

concentration less than 10 suns [41], cells usually do not require cooling 

because the heat flux is low. Studies and experiments have shown that if the 

concentration level is low no tracking or even cooling adjustments are 

required. Simple booster inverters are used in low-concentrating PV systems, 

which help increase output by more than 30 percent when compared to non-

concentrating PV systems [42]. 

• Medium Concentration PV: in low concentrated PV systems with a solar 

concentration less than 10 suns [41], cells usually do not require cooling 

because the heat flux is low. Studies and experiments have shown that if the 

concentration level is low no tracking or even cooling adjustments are 

required. Simple booster inverters are used in low-concentrating PV systems, 
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which help increase output by more than 30 percent when compared to non-

concentrating PV systems [42]. 

• High Concentration PV: the concentration factor of these systems is greater 

than 100, with this percentage of concentration the material of the cells 

decreases significantly, for example if we have a system with a concentration 

of 500, it can produce a cell with an area of 2 cm² the same as the production 

of a system with an area of 500 cm², but the cells must be able to withstand 

the working conditions Where a cooling process is required [41]. 

 

There are few kinds of concentrated solar plants: 

 

• Linear Fresnel: in this type flat or slightly curved mirrors arranged in rows, 

reflect the sun rays to linear receivers fixed on towers. 

 

 
 

Figure 2.12. Linear Fresnel collecto [43]. 

 

• Tower: in this type an array of heliostats (large mirrors on two tracking axes) 

that focus sunlight onto a receiver fixed in the top of the tower. 
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Figure 2.13. Solar tower [44]. 

 

• Dish: A parabolic dish with two axes traces the sun's rays to a point receiver. 

 
 

a parabolic-dish concentrator [44]. 

 

• Trough: This is the most widespread. The sun is traced from east to west 

using parabolic mirrors [45]. 

 

 
 

Figure 2.14. Trough solar concentrator [44]. 
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2.4. PHOTOVOLTAIC EFFECT AND PHOTOVOLTAIC CELLS 

 

Sunlight is converted into electricity using a technology named photovoltaic (PV). 

The name is consisting of two parts, photo meaning light, voltaic meaning electricity. 

PV cells or solar cells are devices made of semiconductors, that can convert the light 

that comes from sun to electricity [23]. Photovoltaic effect is the way that solar cells 

within convert light into electrical power. The first appearance of the photovoltaic 

effect was in 1839 by Edmond Becquerel. These solar cells are made of two different 

kinds of semiconductors joined together to make a p-n junction. When these two 

different types of semiconductors are joined together, an electric field is created in 

the junction. This created field causes the movement of negatively charged particles, 

electrons to the positive side and positively charged particles, holes to the negative 

side, in one direction and in another direction [46,47] as seen in Figure 2.3.  

 

 
 

Figure 2.15. A section illustrates the photovoltaic effect [4]. 

 

Photovoltaic cells or PV cells can be fabricated from different materials in many 

ways, silicon is commonly used for solar cells, and it is plenty on earth and has 

semiconducting properties. PV cells are divided into three types based on silicon 

material case and quality, these three types are marketed and produced, Figure 2.4. 

[48]: 

 

• Monocrystalline silicon solar cell. 

• Polycrystalline silicon solar cells. 

• Amorphous silicon /Thin film solar cell. 
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Figure 2.16. Solar cells types [49]. 

 

2.5. PHOTOVOLTAIC TECHNOLOGIES 

 

Silicon is one of the most abundant elements in nature after oxygen, and this 

substance is the main element that goes into the manufacture of solar cells [48].  

 

2.5.1. Monocrystalline Silicon Technology 

 

Using this technique, an efficiency of more than 25% can be achieved in the 

laboratory [50]. According to the processing and manufacturing method, the practical 

efficiency that can be reached ranges from 15-22% [51]. The Czochralski process, 

created in 1916 is used to produce monocrystalline silicon cells [52]. Small amounts 

of parts per million of substances such as boron or phosphorous are added to the cell 

in order to change the electrical properties of pure silicon because it has low 

electrical conductivity. Depending on the material that was added, silicone of type n 

or p is obtained. The color of the resulting cells varies according to the method of 

treatment, and the color is often dark blue or tends to black [53]. 

 

 
 

Figure 2.17. Monocrystalline solar cell [54]. 
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2.5.2. Polycrystalline Technology 

 

It is another crystalline silicon technology, in 1984 an efficiency of less than 15% 

was reached in the laboratory, and at the present time an efficiency of 22.3% has 

been reached under laboratory conditions [50], and a practical efficiency ranging 

from 14-20% [51]. This efficiency is low compared to the monocrystalline 

technology, and the production costs of this technology are low. After melting, the 

silicon is poured into a graphite box and cooled, and then the cell is made in the form 

of flakes [55]. A polycrystalline cell is shown in Figure 3. The color of the 

polycrystalline cell varies depending on the method of treatment and is usually blue 

[53]. 

 

 
Figure 2.18. Polycrystalline solar Cell [54]. 

 

2.5.3 Thin Film Technologies 

 

Compared to crystalline silicon, thin film PV modules use fewer materials and 

processes to obtain them, this technology is very thin around 35 to 260 nm. Despite 

the low cost of its production, its efficiency is low, and to compensate for this defect 

in its characteristics, it operates in low radiation conditions and has the advantage of 

flexibility, aesthetic character and light weight. Thin film photovoltaic cells have 

three technologies used in the market: Amorphous Silicon, CIGS (Copper Indium 

Gallium and Selenide) and CdTe (Cadmium Telluride) [53]. The efficiency ranges 

and cost estimations of commonly available solar PV modules are presented in Table 

2.1. 
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Table 2.1. Efficiency ranges in three types of solar cells [56]. 

 

 

2.6. PV MODULE AND ARRAY 

 

The prime part of the photovoltaic system is the photovoltaic cell, the cell voltage is 

less than 1 V and not suitable for most applications, its shape is not mechanically 

strong and needs to be protected and encapsulated for applications. In the end, the 

basic unit reaches the user, which consists of many connected cells to gather and 

laminated and protected for practical use to obtain more current and voltage in 

proportion to the used applications [22,57], where a single cell produces a voltage of 

up to 0.5 V and a current ranging between 2 and 5 A, and that depends on the 

dimensions of the cell and the intensity of the radiation falling on it [58,59]. Most of 

the units in the market have 6, 12, 24, 48 V. When the modules are connected in 

series, the strings are formed, and the PV array is made from connecting the strings 

Parallel with each other and it represents all the modules in the PV system [60].  

 

 
 

Figure 2.19. Cells connected in series [60]. 

 

Polycrystalline Monocrystalline Thin film 

reaches15-17% 

efficiency 

low cost 

reaches 20% 

efficiency 

higher costs 

aesthetics 

reaches ~11% 

efficiency 

portable and flexible 

lightweight 

aesthetics 



23 

 

 

  
 

Figure 2.20. From PV cell to PV array [61]. 

 

2.6.1. PV Module Parameters 

 

The performance of the photovoltaic module is evaluated through the 𝐼𝑉 and 𝑃𝑉 

curves, where the electrical parameters of the module are short Circuit Current (𝐼𝑠𝑐), 

the max value of current that can be got when the solar PV module operates in 

standard test conditions (𝑆𝑇𝐶, 𝐺 = 1000 𝑊/𝑚2, 𝐴𝑀 1.5, 𝑇𝐶 =  25°𝐶). Open circuit 

voltage (𝑉𝑜𝑐): is the value of the voltage measured under STC operating conditions 

by placing the PV module in the open circuit mode. Maximum power point (𝑀𝑃𝑃): 

maximum power that PV cell can produce at a given point, and this point is named as 

the maximum or peak power point is seen in Eq. (2,1) [62]. The recorded values of 

voltage and current recorded at this point are named as the maximum voltage 𝑉𝑚 and 

the maximum current 𝐼𝑚 and the module efficiency can be written as in Eq. (2.2) 

[62]. 

 

𝑃𝑚𝑎𝑥 = 𝐼𝑚 ∗ 𝑉𝑚                   (2.1) 

 

𝜂𝑚 =
𝐼𝑚∗𝑉𝑚

𝐺∗𝐴𝑚
                    (2.2) 

 

𝐴𝑚 the module area (𝑚2). The fill factor (𝐹𝐹) of the PV module is an important 

parameter. 𝐹𝐹 is the ratio of the peak power of the PV module to the output of the 

open circuit voltage (𝑉𝑜𝑐) and the short circuit current (𝐼𝑜𝑐) as in Eq. (2.3). Formally, 
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𝐹𝐹 is the scale of the characteristic curve IV of the PV module, given by area. The 

FF, for a good solar module, varies between 0.76 and 0.8, the 𝐹𝐹 of the solar PV 

module determines its quality [23,31]. 

 

𝐹𝐹 =  
𝐼𝑚∗𝑉𝑚

𝐼𝑠𝑐∗𝑉𝑜𝑐
                    (2.3) 

 

Maximum power can be written in terms of fill factor as in Eq. (2.4). 

 

𝑃𝑚𝑎𝑥 = 𝐹𝐹 ∗ 𝐼𝑠𝑐 ∗ 𝑉𝑜𝑐                   (2.4) 

 

 
 

Figure 2.21. I-V and P-V curves [62]. 

 

The PV module voltage is related to the temperature of the cells inside the unit. This 

relationship is inversely proportional because the voltage decreases with temperature 

increases. Likewise, as the temperature decreases, the voltage increases. This is an 

important consideration as their voltages change based on these temperatures. The 

amount of change is indicated by the voltage temperature coefficient. This value is 

often taken as a percentage per Celsius degree (%/°C). Temperature coefficient for 

𝑉𝑜𝑐 is −0.35%/°C [63].  
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Figure 2.22. Current and voltage dependence on cell temperature [63]. 

 

Cell temperature can be theoretically determined with Eq. (2.5) depending on the 

ambient temperature [59]. 

 

𝑇𝑐 = 𝑇𝑎 +
𝑁𝑂𝐶𝑇−20

800
× 𝐺                   (2.5) 

 

Where 𝑇𝑎 ambient temperature, 𝑇𝑐 cell temperature. 𝑁𝑂𝐶𝑇 is the nominal operating 

cell temperature, it is outlined as the temperature degree which module reached in 

operation conditions of 800 W/m2 radiation, 1 m/s wind speed, 20°C ambiance 

temperature, and load less operation [57]. The current increases when the radiation 

increases and the voltage is slightly affected. The current at any other radiation 𝐺 is 

given as in Eq. (2.7) [16]. 

 

𝐼𝑠𝑐 =
𝐺

𝐺𝑜
∗ 𝐼𝑠𝑐(𝐺𝑜)                    (2.7) 

 

Where 𝐺 The radiance of the current will be determined at, 𝐺𝑜 is 𝑆𝑇𝐶 solar radiation, 

Isc(Go)  is 𝑆𝑇𝐶 Short circuit current.  
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Figure 2.23. Changes in current and voltages according to solar radiation [63]. 

 

The module electrical efficiency can be classified as module and cell efficiency, the 

cell efficiency is given by Eq. (2.8) and module efficiency by Eq. (2.9) [63]. 

 

𝜂𝑐 = 𝜂𝑜[1 − 𝛽𝑜(𝑇𝑐 − 25)]                  (2.8) 

  

 𝜂𝑚 = 𝜂𝑐 ∗ 𝜏 ∗ 𝛼 ∗ 𝑃𝐹                  (2.9) 

 

Where 𝜂𝑐 the cell efficiency at 𝑇𝑐, 𝜂𝑜 cell efficiency at standard test conditions, 𝛽𝑜 

Thermal coefficient of electrical efficiency (depends on the materials used to 

manufacture PV module, it is 0.0045/K For crystal silicon) [26]. 𝜏𝑐.the transparency 

for the module glass (approximately 90% for polycarbonate), 𝛼𝑐 the solar cell 

absorptivity (approximately 95%), 𝑃𝐹 Packing factor which is outlined as the ratio of 

total cells area to module area [64,65]. 

 

2.7. SUN RADIATION MEASUREMENT 

 

The following instruments are commonly used in the measurement of solar radiation 

on the earth’s surface:  
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2.7.1. Pyranometer 

 

The pyranometer is prepared for global radiation measurement. It is normally used to 

measure irradiation on a horizontal fixed surface, and also used in measuring the 

global radiation on an inclined surface of PV collectors [16]. 

 

2.7.2. Pyrheliometer 

 

Pyrheliometer is a device used to measure direct sunlight. This device is placed 

together with the solar tracker system in a way to keep the solar radiation constantly 

upright on the surface [66]. 

 

2.7.4. Solar Meter 

 

This device measures direct solar radiation, and it's cheaper in comparing with other 

devices [15]. 

 

(a)

 

(b)

 

(c)

 

 

Figure 2.24. (a) Pyranometer, (b) Pyrheliometer, (c) Solarmeter [15,67,68]. 
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PART 3 

 

LITERATURE 

 

As known, the main object of solar panels is to produce electrical energy, as solar 

cells use photovoltaic technology to convert light energy into electricity, and this is 

done with an efficiency that mainly related to the type of used solar cells. The energy 

that panel receives is not completely converted into electricity, more than 80% of the 

solar radiation that reaches the panels is not transformed into electrical energy but is 

reflected or switched into thermal energy [69]. The generated thermal power 

negatively affects the electrical energy conversion parameters of the panels, because 

it increases the temperature of cells, as the efficiency decreases by 0.4-0.5%/°C, and 

this inverse relation between the conversion efficiency and the temperature because 

of the dependence of open circuit voltage on temperature and affected by it [70]. The 

importance of cooling solar panels appears at present due to the sensitivity of cells to 

high temperatures and its effect on their performance [71]. When the PV panel 

performance parameter is determined, this process is done in standard test conditions 

(STC), these parameters change when the cell or the panel works under different 

operating conditions where the temperature of the panel or cell may rise to 70°C in 

practical applications. Several systems developed by researchers aim to decrease the 

effect of temperature on solar panels. These can be categorized into two classes, 

passive and active cooling systems, in active cooling systems additional devices are 

used like pumps or fans to circulate coolant used to transfer heat, in the passive 

cooling systems don't need like these devices but may require additional parts like 

heat sink at behind the panel [72]. Figure 3.1 shows the different technologies for 

active and passive cooling of solar panels [73]. 
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Figure 3.1. PV module cooling methods [73]. 

 

Appling phase change materials in different cooling systems have been used recently 

as a way to enhance thermal and electrical performances, by using PCM on the back 

side of the PV module. The classification of phase change materials has been briefly 

summarized in Figure 3.2 [74]. 

 

 
 

Fıgure 3.2. Broad classification of PCM [74].  

 

PCMs are organic, inorganic, and eutectics products that change their case depending 

on melting temperature [75]. The latent heat of the PCM is used to keep the PV panel 

at a nearly steady temperature. The stored heat can be used later for many purposes 

to improve the efficiency of the whole system like space heating, water heating, and 
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others [76]. Researchers used one or more of these technologies to obtain a lower 

operating temperature and improve efficiency. 

 

Bahaidarah studied numerically and experimentally the results of the active method 

using water to cool the module. The module temperature went down to about 20% 

and the PV module efficiency increased by about 9% [77]. 

 

Krauter et al. circulated water on the surface of integrating concentrated PV panels. 

The results showed that applying circulating water over surfaces enhanced PV 

efficiency by about 10% [78]. 

 

Gotmare et al. studied passive cooling using fins, natural convection. As the results 

showed, by using fins the PV panel measured temperature decreased and the gained 

power was enhanced by 5.5% [79]. 

 

Bayrak and Selimefendigil et al. showed in their studies that adding fins to the PV 

panel helps to decrease temperatures of its surface and increase efficiencies [80,81].  

 

Mays et al. experimentally analysed the performance of PV modules using an 

aluminium finned plate. Results came out with that, using of finned plate of 

aluminium has improved the electrical efficiency by 1.75%, and the produced power 

by 1.86 W [82]. 

 

Yuan et al. studied a simulation of heat transfer with and without PCM, electrical 

efficiency is improved by 12.1%, and 11.9% with PCM and without respectively 

[83]. 

 

Su et al. used an air cooling technique with PCM and got a 10.7% improvement in 

the module efficiency when the ambient temperature was 28-37°C [84]. 

 

Sathe and Dhoble added fins to PCM in the simulation study and applied them to the 

back of the PV module, the results came out that the PCM temperature was lower by 

18% [85]. 
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Rajvikram et al. used a PCM aluminum box to get lower temperatures for PV, the 

solar radiation was 1000 W/m2, and ambient temperatures were 25-31°C. The 

temperature was reduced about 10.35°C, and the module efficiency improved by 2% 

[86]. 

 

Sardarabadi et al. experimentally studied a ZnO-nanofluid based with paraffin as a 

PCM applied to PV/T collector. The nanofluid pass into pipes inside the PCM tank. 

The use of these techniques has increased the output electricity of the PV/T by 13% 

[87]. 

 

Soliman et al. designed an experimental setup to verify the effect of using a heat sink 

on the behavior of solar cells. The study is conducted inside with different values of 

solar radiation. The cooling heat sink is done by using forced and natural air. The 

results showed that the temperature of the solar cells was reduced by 5.4%, and 11% 

by using natural air and forced air to cool the heat sink, respectively. The power 

increased by about 16%. [88]. 

 

Michelia et al. computationally studied the behaviour of PV module by plate micro 

fins in their cooling system. The results showed that when micro fins system was 

applied to the solar cells, the thermal performance is improve, and the produced 

power increased by 50 % [89]. 

 

Popovici et al. computationally studied the behavior of the solar cell with an air 

cooling heat sink system. The results showed that using the air cooling heat sink 

system decreases the cell temperature, and increased efficiency and power [90]. 

 

Suleiman and Hassan used heat sinks and micro channels to test the performance of 

solar cells. By using this system, they found an increase in cell efficiency and power 

of 8% and 13%, respectively [91]. 

 

Rajput and Yang studied the use of cylindrical finned heat sinks to cool plates. Using 

a pin fin heat sink. The results achieved a temperature drop of 58.4°C with the heat 

sink [92]. 
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Al-Zaabi et al. gained an enhancement in electrical efficiency of approximately 15-

20% by comparing PV panel and PV/T water collector to investigate the 

improvement in the efficiency, and obtained values close to 60% in thermal 

efficiency [93]. 

 

Mousavi Baygi and Sadrameli studied using a box polyethylene glycol 1000 to cool 

the PV panel. The temperature went down from 62°C to 47°C. The efficiency 

improved by 8% [94]. 

 

Li et al. used paraffin wax in cooling the PV module, and showed that the 

temperature difference of PV and PV/PCM can reach 23°C, and the output power of 

PV/PCM system increased by 5.18% [95]. 

 

Abdelrahman et al. used RT35HC as a PCM mixed with (Al2O3) nanoparticles. 

Results found that using PCM or PCM reinforced with nanoparticles in PV panels 

decreased the PV panel surface temperature, and good results were got when the 

number of fins was increased inside the PCM tank [96]. 

 

Sarikarin et al. studied a cooling PV module with PCM container supported by fins, 

he could reduce the temperature by 6.1°C and rise conversion performance by 4.86% 

[97].  

 

Hachem et al. experimentally used and combined the thermal behaviour and 

electrical performance of PV panels. He found that the temperature reduction was 

about 6.3%, and the output of electric power increased by 5.8% [98].  

 

Hasan et al. used paraffin placed in the PV panel back side, and the annual electrical 

yield of the PV-PCM enhanced by 5.9% [99]. 

 

Nada et al. experimentally tested three building-integrated PV modules installed in 

the same location and at the same time, pure PCM and PCM/Al2O3 nanoparticles 

were applied. The results came out with a temperature decrease of 8.1°C and 10.6°C, 

and an efficiency improvement of 5.7% and 13.2%, respectively. [100]. 



33 

 

 

PART 4 

 

THEORETICAL ANALYSES 

 

The efficiency of modules can be evaluated depending on the two laws of 

thermodynamics.  

 

Energy analyses: 

 

Eq. (4.1) presents the general equation for energy balance. 

 

∆𝐸̇ = ∑ 𝐸̇𝑖𝑛 − ∑ 𝐸̇𝑜𝑢𝑡                   (4.1) 

 

In Eq. (4.1) 𝐸̇𝑖𝑛 and 𝐸̇𝑜𝑢𝑡 are inlet and outlet energy to the system. The equation of 

general energy balance for PV module is represented in Eq. (4.2) and for PV/T 

collectors as in Eq. (4.3). 

 

𝐸̇𝑠𝑜𝑙𝑎𝑟 = 𝐸̇𝑒𝑙𝑒𝑐 + 𝐸̇𝑙𝑜𝑠𝑠                  (4.2) 

 

𝐸̇𝑠𝑜𝑙𝑎𝑟 = 𝐸̇𝑡ℎ + 𝐸̇𝑒𝑙𝑒𝑐 + 𝐸̇𝑙𝑜𝑠𝑠                  (4.3) 

 

Applied solar energy on the PV module and PV/T collectors can be written as in Eq. 

(4.4). 

 

𝐸̇𝑠𝑜𝑙𝑎𝑟 = G𝐴𝑚                    (4.4) 

 

In Eq. (4.4) G is the solar irradiance, 𝐴𝑚 is the total area of the module’s surface. The 

electrical output power from PV and PV/T collectors can be evaluated with Eq. (4.5). 

 

𝐸̇𝑒𝑙𝑒𝑐 = 𝑉𝐼                    (4.5)
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The thermal energy gained from the PV/T collector with circulated air can be 

estimated with Eq. (4.6). 

 

𝐸̇𝑡ℎ = 𝑚̇𝑎𝑖𝑟 . 𝐶𝑝,𝑎𝑖𝑟 . (𝑇𝑎𝑖𝑟,𝑜𝑢𝑡 − 𝑇𝑎𝑖𝑟,𝑖𝑛)                (4.6) 

 

Electrical and thermal efficiency for PV module and PV/T collector can be 

determined in Eq. (4.7) and Eq. (4.8) [101]. 

 

𝜂𝑒𝑙𝑒𝑐 =
𝐸̇𝑒𝑙𝑒𝑐

𝐸̇𝑠𝑜𝑙𝑎𝑟
                    (4.7) 

 

𝜂𝑡ℎ =
𝐸̇𝑡ℎ

𝐸̇𝑠𝑜𝑙𝑎𝑟
                    (4.8) 

 

According to the first law of thermodynamics, the efficiency can be calculated using 

Eq. (4.9). 

 

𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 𝜂𝑒𝑙𝑒𝑐 + 𝜂𝑡ℎ                  (4.9) 

 

Exergy analyses: 

 

Exergy balance equation can be written as in Eq. (4.10). 

 

𝛥𝐸̇𝑥 = 𝐸̇𝑥𝑖𝑛 − 𝐸̇𝑥𝑜𝑢𝑡 − 𝐸̇𝑥𝑑𝑒𝑠𝑡               (4.10) 

 

The exergy balance for PV module can be specified as in Eq. (4.11) and for PV/T 

collector as in Eq. (4.12). 

  

𝐸̇𝑥𝑠𝑜𝑙𝑎𝑟 = 𝐸̇𝑥𝑒𝑙𝑒𝑐 + 𝐸̇𝑥𝑡ℎ + 𝐸̇𝑥𝑑𝑒𝑠𝑡               (4.11) 

 

𝐸̇𝑥𝑠𝑜𝑙𝑎𝑟 + 𝐸̇𝑥𝑎𝑖𝑟,𝑖𝑛𝑙𝑒𝑡 = 𝐸̇𝑥𝑒𝑙𝑒𝑐 + 𝐸̇𝑥𝑎𝑖𝑟,𝑜𝑢𝑡𝑙𝑒𝑡 + 𝐸̇𝑥𝑑𝑒𝑠𝑡            (4.12) 

 

Solar exergy can be written as in Eq. (4.13) [102]. 



35 

 

 

𝐸̇𝑥𝑠𝑜𝑙𝑎𝑟 = G𝐴𝑚 (1 −
1

4
(

𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡

𝑇𝑠𝑢𝑛
) +

1

3
(

𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡

𝑇𝑠𝑢𝑛
)

4
)             (4.13) 

 

𝑇𝑠𝑢𝑛 represents the sun temperature as 5777 K. Thermal exergies for PV module can 

be calculated as in Eq. (4.14), and the thermal exergy for PV/T collectors is given as 

in Eq. (4.15) [103]. 

 

𝐸̇𝑥𝑡ℎ = 𝐸̇𝑙𝑜𝑠𝑠 (1 −
𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡

𝑇𝑠
)                (4.14) 

 

𝐸̇𝑥𝑡ℎ,𝑃𝑉/𝑇 = 𝐸̇𝑥𝑎𝑖𝑟,𝑜𝑢𝑡𝑙𝑒𝑡 − 𝐸̇𝑥𝑎𝑖𝑟,𝑖𝑛𝑙𝑒𝑡              (4.15) 

 

Eq. (4.17) gives the electrical exergy of PV and PV/T collectors which equals 

electric energy [104]. 

 

𝐸̇𝑥𝑒𝑙𝑒𝑐 = 𝐸̇𝑒𝑙𝑒𝑐                 (4.16) 

 

Destruction exergy for tested module and collectors can be determined as in Eq. 

(4.17). 

 

𝐸̇𝑥𝑑𝑒𝑠𝑡 = 𝐸̇𝑥𝑠𝑜𝑙𝑎𝑟(1 − 𝜂𝑒𝑥)                (4.17) 

 

The second law efficiency or exergy efficiency for PV module and collectors can be 

given as in Eq. (4.18) for PV and Eq. (4.19) for PV/T [105]. 

 

𝜂𝑒𝑥,𝑃𝑉 =
𝐸̇𝑥𝑒𝑙𝑒𝑐−𝐸̇𝑥𝑡ℎ

𝐸̇𝑥𝑠𝑜𝑙𝑎𝑟
                 (4.18) 

 

𝜂𝑒𝑥,𝑃𝑉/𝑇 =
𝐸̇𝑥𝑒𝑙𝑒𝑐+𝐸̇𝑥𝑡ℎ,𝑃𝑉/𝑇

𝐸̇𝑥𝑠𝑜𝑙𝑎𝑟
                (4.19) 
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PART 5 

 

METHODS AND MATERIALS 

 

This experiment was carried out at the University of Karabuk in October. Three 20 

W solar panels were used to compare the results, their characteristics are shown in 

Table 5.1. Where the first panel was used as a reference (called PV) to compare the 

remaining two panels with it, paraffin (phase change material) was mixed with steel 

foam to increase the conductivity factor of paraffin. Steel foams were placed in the 

backspace of the second and third panels, then the paraffin was melted and the 

backspace of the two panels was filled with a thickness of one centimetre, and then 

an aluminium heat sink was installed to close the full size. In the second panel 

(PV/T1), the heat sink consisted of fins inclined at an angle of 60 degrees, four of 

them in the lower half of the plate and five of them in the upper half of it, opposite in 

direction. In the third panel (PV/T2), straight or flat fins were used parallel to the 

longitudinal direction of the panel. A cover is attached to the backsurface of the each 

PV/T collector to obtain air channel and the cover is isolated with ceramic fibre. The 

experiment setup is shown in Figure 5.1. Table 5.1 presents the used PV module 

characters. 

 

Table 5.1. Main characters of modules used in the experiment. 

 

Description Properties 

(Pmax): Maximum Power  20 W 

(Vmp): Maximum Power Voltage  18.5 V 

(Imp): Maximum Power Current  1.09 A 

(Voc): Open Circuit Voltage  22.68 V 

(Isc): Short Circuit Current  1.18 A 

Dimensions 360×420×20 mm 

Power Tolerance  0 to %5W 
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The experiment was carried out between 11:00 and 16:30. During the progression of 

the experiment, the solar radiation, voltage and current produced by the three panels, 

were measured at an interval of 5 minutes by a portable solar power meter and the 

voltage and current measurement circuit. The ambient temperature, panels’ surfaces 

temperature, and the temperature of the air coming out of each of the second and 

third panels were measured. The values of temperature were measured using six 

thermocouples (K-type) at an interval of 1 minute. Thermocouples were attached to 

the middle of the panel’s back surface, and one at the place of an outtake of air 

passing through the heat sink area. 

 

 
 

 
   

 

1. Solar meter. 

2. Reference module. 

3. PV/T1 collector. 

4. PV/T2 collector 

5. Fan powering module. 

6. 12V DC fan. 

7. Resistor load and DC 

voltage. and current 

measurement circuit 

8. Datalogger 

9. Thermocouple sensor 

location 

 

Figure 5.1. The experimental visualization.  
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The used devices in the experiment are listed in Table 5.2. 

 

Table 5.2. Devices used in the experiment. 

 

Parameter Device name properties 

Solar 

radiation 

)2(W/m 

TES 1333R solar 

power meter 

Irradiance: 0-2000 W/m2 , accuracy: ± 10 

W/m² or ±5 

Temperature 

(°C) 

Type K 

thermocouple, 
-40°C to +1200°C, Length 2m 

Elimko E680 

datalogger 

Operating conditions −5 to 55°C - 85–

265 V AC Standard working limits −200 

+ 1300°C 

16 channels. 

Modules 

voltage and 

current (V, 

A) 

14.7 ohm load, 20W aluminium resistance 

Digital DC volt 

ampere meter 

Operating voltage: DC 4.5~30V 

Voltage measurement: DC 0 ~ 100V 

Current measurement: 1A ~ 10A 

 

TES1333R solar meter installed at the same angle next to modules which are the 

latitude of the Karabuk 40°. Elimko datalogger was used to record values of 

measured temperature from K-type thermocouples. 14.7-ohm load was used to 

evaluate current and voltage values and displayed by digital ampere volt screens. 

Table 5.3 contains the thermophysical characteristics of Paraffin and steel foam. 

 

Table 5.3. Thermophysical properties of PCM and steel foam. 

 

Material 
Paraffin 

Steel foam 
Solid Liquid 

Melting point (°C) 43 - 

Latent heat (kJ/kg) 189  

Density (kg/m3) 910 765 7700 

Specific heat (J/kg°C) 2840 2540 480 

Conductivity (W/m K) 0.23 0.21 25 
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PART 6 

 

RESULTS AND DISCUSSION 

 

PV module and PV/T collectors were studied experimentally in the period 11:00 - 

16:30 on a sunny and clear day in October. The measured values were ambient 

temperature, modules’ backside temperatures, air temperatures at the outlets of 

PV/T1 and PV/T2, solar radiation, voltage and current produced from modules. 

Figure 6.1 shows the curve of change in ambient temperature and solar radiation with 

time. 

 

 
 

Figure 6.1. The temperature and radiation during the experiment.  

. 

The temperature at the beginning of the experiment was 6.27°C, and the highest peak 

was recorded at the temperature of 16°C. The radiation when the experiment started 

was 702 W/m2 and reached 1018 W/m2 at 13:30, then it decreased afternoon to reach 

623.5 W/m2 at the end of the experimentation. The recorded temperature of modules’ 

backsides is shown in Figure 6.2. 
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Figure 6.2. Ambient and panels temperature variations. 

 

The solar radiation increment drives to raise the temperature of the panels directly. It 

increased for PV from 26.5ºC to reach 46.43ºC until noon and was 36.47ºC when the 

experiment is finished. While the highest backside temperature for PV/T1 reached 

41.3ºC and went down to 34.67ºC at 16:30. The average temperature throughout the 

experiment period was 41.41ºC and 36.32ºC for PV module and PV/T1 collector 

respectively. While the temperature of PV/T2 collector increased, as it was the 

coldest, from 17.83°C in the morning, and the peak value reached is 37.07ºC and 

dropped to 30.8ºC at the end, with an average of 32.31ºC over the experiment 

duration. By comparing with the reference panel PV/T1 which was cooled by PCM 

mixed with steel foam and inclined fins heat sink, it was cooled by 12.29%, and the 

cooling rate for PV/T2 comparing to the reference panel was about 21.97%. More 

solar radiation means an increment in the amount of energy reaching the panels, and 

a part of this energy remains in the panels as thermal energy, causing an increase in 

their temperature which affect their produced electrical power and efficiency. The 

process of cooling applied on the panels controls the decrease in the electrical 

efficiency of the modules. In this experiment, an attempt was made to control the 

temperature rising and the decrease in electrical output through the process on PV/T2 

and PV/T1. Current and voltage curves are given in Figure 6.3.  
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Figure 6.3. Current and voltage output from modules. 

 

For the reference module its current and voltage were estimated as 0.55 A and 8.62 V 

at 11:00. At peak time they reached 0.69 A and 10.7 V and decreased to 0.45 A and 

6.9 V at the end of experimentation. The average current and voltage during the 

testing time were 0.62 A, 9.51 V for the reference module. For PV/T1 and PV/T2 

modules, where cooling methods were applied on, current and voltage values were 

0.68 A, 10.17 V and 0.75 A, 10.93 V respectively. The recorded values for PV/T1 

were 0.58 A, and 8.97 V at 11:00, they raised to 0.76 A and 11.37 V at noon, and 

have been recorded to 0.51 A and 7.67 V values at 16:30. The current and voltage 

values for PV/T2 were 0.69 A and 10.22 V at the beginning of the experiment, 0.82 

A and 11.87 V at noon, 0.56 A and 8.36 V at 16:30. The electric energy produced 

from PV module and collectors is shown in Figure 6.4. 
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Figure 6.4. Electrical power of modules.   

  

During the experimentation, the average electrical power was 6.98 W and 8.23 W for 

PV/T1 and PV/T2, respectively. Whereas the PV panel’s produced electrical energy 

was the lowest because of the high temperature. The average time energy production 

was approximately 5.96 W. Compered to the references value it was determined that 

the power value is enhanced by 17% and 38%. Thermal powers for collectors are 

illustrated in Figure 6.5. 

 

 
 

Figure 6.5. Thermal energy output of collectors. 

 

11
:0

0

11
:3

0

12
:0

0

12
:3

0

13
:0

0

13
:3

0

14
:0

0

14
:3

0

15
:0

0

15
:3

0

16
:0

0

16
:3

0

0

2

4

6

8

10

12

 PV  PV/T1  PV/T2

Time (hh:mm)

E
le

ct
ri

ca
l 

p
ow

er
 (

W
)

1
0
:3

0

1
1
:0

0

1
1
:3

0

1
2
:0

0

1
2
:3

0

1
3
:0

0

1
3
:3

0

1
4
:0

0

1
4
:3

0

1
5
:0

0

1
5
:3

0

1
6
:0

0

1
6
:3

0

1
7
:0

0

0

20

40

60

80

100

120

140

160
 PV/T1(Eth)

 PV/T2(Eth)

 Solar Power

Time (hh:mm)

T
h

er
m

a
l 

p
o
w

er
 (

W
)

0

20

40

60

80

100

120

140

160

180

S
o
la

r 
p

o
w

er
 (

W
)



43 

 

 

Through the daytime, the heat load on the panels changes with the change of solar 

radiation, as it increases with the solar radiation increment, and then returns to 

decrease with its decrease. PV/T2 has higher cooling performance or produces higher 

thermal energy. The average amount of thermal power gained from PV/T collectors 

were 53.93 W for PV/T1 and 78.26 W for PV/T2 respectively. The energy carried by 

air can be applied for thermal purpose as drying. PV module and PV/T collectors’ 

electrical efficiency curves are illustrated in Figure 6.6. 

 

 
 

Figure 6.6. Electrical efficiency of the PV modules. 

 

In our experiment, electrical, thermal, total efficiency, and exergy efficiency were 

calculated depending on the first and second law of thermodynamics. For the 

reference module, the time rate of electrical efficiency was approximately 4.37%. In 

PV/T1 with an average temperature between PV and PV/T2, the average electrical 

efficiency was approximately 5.12% and 6.08% For PV/T2 collector. The thermal 

and total efficiency over time for each of the PV/T1 and PV/T2 collectors are shown 

in Figure 6.7. 
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Figure 6.7. PV module and PV/T collectors’ thermal and overall efficiency. 

 

While the average values of thermal efficiency for PV/T collectors were calculated 

as 38.72% and 56.22% respectively. The total efficiency of PV/T1 and PV/T2 panels 

is the sum of the electrical and thermal efficiency for each collector since the PV 

panel has no thermal efficiency. According to the curves in Figure 6.7 the total 

efficiency over time for each of the PV/T1 and PV/T2 collectors is 43.74%, and 

62.3% respectively. The reference module’s overall efficiency is equal to the 

electrical efficiency because there is no thermal gain. Compared with PV module, the 

electrical efficiency of PV/T1 collector increased by 0.75% and 1.71% for PV/T2 

collector. Electrical, thermal exergy, solar exergy, and irreversibility were calculated 

for each of PV module and PV/T collectors, shown in Figure 6.8.  
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(a) 

 
(b) 

 

Figure 6.8. Electrical, thermal exergy and irreversibility for PV module and PV/T 

collectors. 

 

PV module and PV/T collectors are also analyzed depending on the second law of 

thermodynamics. The solar exergy during the experiment is 125.77 W. As seen in 

Figure 6.8, 5.96 W is converted to electrical exergy by PV module. For PV/T1 

collector 6.98 W electrical exergy and 0.22 W thermal exergy are gained. 8.23 W, 

and 0.38 W are converted by PV/T2 collector to electrical and thermal exergy 
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respectively. Time average value of irreversibility was approximately 119.82 W for 

PV, 118.58 W, and 117.16 W for PV/T1 and PV/T2, respectively. Exergy 

efficiencies for PV module and PV/T collectors are presented in Figure 6.9. 

 

 
 

Figure 6.9. Exergy efficiencies for PV module and PV/T collectors. 

 

PV has the lowest exergy efficiency 4.68%, and the highest destroyed exergy as seen 

in Fig. 6.9. The exergy efficiency for PV/T1 is about 5.65% and 6.8% for PV/T2, 

with an increase of 0.97% and 2.12% for PV/T1 and PV/T2 collectors respectively. 
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PART 7 

 

CONCLUSION 

 

In this experimental study, PV/T collector cooling effect on energy and exergy 

performance was observed by comparing PV modules data. Paraffin as PCM and 

steel mixture was applied on the PV modules’ back surface. The thermal load was 

removed from the collectors by inclined and flat heat sinks. The air around the heat 

sinks was deported with fan powered air flow to create active cooling. Incline and 

flat finned heat sink attached to collectors are called PV/T1 and PV/T2. Back side 

temperatures of PV/T1 and PV/T2 collectors are lowered by approximately 12.29% 

and 21.97% relative to PV module. This decline in temperature developed the 

electrical conversion performance, and the electrical efficiencies of PV/T1 and 

PV/T2 reached 5.12% and 6.08% compared with the PV module electrical efficiency 

which is 4.37%. The thermal efficiency of the collectors is 38.72% and 56.22% in 

the same order. The overall efficiencies of PV/T1 and PV/T2 collectors were 

determined as 43.74% and 62.3%. The exergy efficiency for PV module and PV/T1, 

PV/T2 collectors are calculated at 4.68%, 5.65% and 6.8% respectively.  
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PART 8 

 

SUMMARY  

 

In this experimental study, the behaviour of solar panels was enhanced by cooling 

with PCM supported by a fan for circulating air through heat sink fins. Where 

inclined finned heat sink was used to close the back side of one tested module named 

PV/T1, and PV/T2 collector used a flat finned heat sink. PV/T1 and PV/T2 

collectors’ collected data were compared to PV module which was used as a 

reference panel. Temperatures, powers, and first and second law efficiencies were 

calculated and compared for PV module and PV/T collectors. The results came out 

with an improvement in electrical energy production, and an increase in the 

efficiency of the PV/T collectors which the cooling system was applied on.  
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