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1. Introduction  

Modern economies mainly depend on long-term energy availability for future economic 

growth. The energy sector has manifested significant concerns due to the unavailability of 

sufficient energy resources and increasing conventional energy demands due to human 

activities [1]. In recent decades, renewable energy sources have developed rapidly, reaching 

significant usage percentages in several countries, particularly for electricity supply [2]. Solar 

energy systems that convert sunlight into heat or electricity are one of the most important 

technologies of renewable energy systems and a better alternative for environmental safety 

since they rely on solar energy, which is freely available and most sustainable in the future [3]. 

Photovoltaic (PV) is amongst solar energy technologies that consist of semiconductor materials 

and work to convert sunlight (i.e. short-wavelength energy) to electricity [4]. Given that PV 

modules work outdoors, they are constantly affected by weather conditions, such as 

temperature, solar radiation and wind [5]. Generally, PV modules convert below 20% of solar 

radiation into electricity, and the remainder is converted into heat, causing long-term and short-

term problems for PV modules. Environmental factors, such as ultraviolet intensity, 

temperature and water, ingress into PV cells and cause performance degradation of PV modules 

(i.e. long-term problem). Meanwhile, increasing PV cell temperature negatively affects cell 

conversion efficiency, decreasing the PV module's electrical power yield (i.e. short-term 

problem) [6]. Increasing PV cell temperature drops open-circuit voltage and 0.4–0.5% in PV 

cell efficiency compared with the standard test condition STC (1000 W/m2 and 25 °C) [7]. 

Thus, the reliability and lifetime of PV modules are affected [8]. Different cooling techniques 

help reduce productivity losses and enhance PV module efficiency at high temperatures. 

Passive and active cooling techniques have been commonly used to maintain PV module 

performance at high operating temperatures. Passive cooling does not require external power 

for cooling the PV module, whereas active cooling needs it.  

2. Objectives  

• This PhD dissertation addresses the uncompleted gaps in the literature that contributes to 

improving the general performance of the PVT system by adopting reliable technologies 

that contribute to improving PVT system performance. Energy and exergy analysis of the 

active and passive cooling is used to investigate their effect on the PV module’s temperature 

reduction, electrical power generation, energy efficiency, exergy efficiency, exergy losses 

and entropy generation. Then comparing the results obtained with previous studies to 

develop a clear vision of using such techniques and economic analysis for the cooling 

techniques applied to show the feasibility of cooling techniques applied. Passive and active 

cooling was applied to decrease the temperature of the PV module and enhance its 

performance, as follows: 

• A numerical simulation by  ANSYS software to predict the thermal behaviour of the PV 

module at different operation conditions. Then testing, the outputs of the PV module depend 

on the mathematical equations to predict the electrical behaviour of the PV module by using 

the MATLAB-Simulink program. 

• Investigate the effect of evaporating cooling generated by using cotton wicks immersed in 

water (CWIWs) as passive cooling.  

• Experimental comparative study on using different cooling (passive and active) techniques 

with PV module. 

• Effect of active cooling on energy and exergy of PVT system using new mono WO3 and 

ZrO2 nanofluids: An experimental study.  
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• The effect of cooling by modified mono nanofluids such as (TiO2, CuO, and Fe2O3) 

nanofluids at different volume concentrations on the PVT system performance. 

• The effects of new hybrid nanofluids consisting of TiO2-CuO and TiO2-Fe2O3 in the binary 

ratio of 50%:50% as a hybrid nanofluid at different volume concentrations on the energy, 

exergy, and entropy generation of the PVT system. 

• A numerical simulation of the effect of mono and hybrid nanofluids as cooling fluids on 

PVT system performance. 

3. Methodology  

This chapter involves the system description, instruments used, and the scientific 

methodologies applied in the experimental measurements to accomplish the research 

objectives. 

3.1 Experimental setup and procedure  

3.1.1 Configuration of the passive cooling techniques 

Cotton wicks (CWs) were attached with rectangular aluminium fins (RAFs) by thermal silicon 

and attached at the rear of the PV module by thermal silicon adhesive. Fins are used as a partial 

rectangle (52 cm long, 3 cm wide, and 1.5 mm thick) and uniform distance between RAFs. 

CWs were arranged in serpentine on the backside of the PV module, and fins formed 

contiguously without space between them. Table 1 shows the specifications of the CWIRAF 

components [22–24]. The CWs are characterized by a suitable heat transfer coefficient, lower 

thermal conductivity, and high absorbent capacity, which helps with the distribution of water 

to all CWs attached at the behind of the PV module without using extra power. In addition, it's 

locally available, cost-effective and does not require maintenance. A total of 11 CW ends were 

submerged at the bottom of three plastic bottles full of water to supply water to CWIRAFs 

during the experiment, as shown in Figure 1. The CW ends placed in the water tank 

continuously provided water from the top to the bottom of the PV module. Therefore, four 

thermocouples were placed on each of the surfaces of the PV modules at different places, three 

were placed on the backside, and one was used to measure ambient temperature. In the present 

study, solar radiation was measured manually for 30 min using a power meter (Type SM206) 

with a 0.1 W m−2 resolution. The temperature was measured through thermocouples installed 

at different PV module surfaces and backsides. Temperature, voltage and current were 

measured using an AT mega 2560 data logger multi-channel Arduino, which was programmed 

to record the data.  

Table 1. Material specifications used for passive cooling 

                                Rectangular fins Cotton wick 

Material Aluminum Cotton wick diameter 8 mm 

Number of fins 20 Cotton wick length 50 m 

Thermal conductivity 237 W m−1K−1 Thermal conductivity 0.048 W m−1K−1 

Specific heat 903 J 𝑘𝑔−1𝐾−1 Heat transfer coefficient  36 W m−1°C−1 

Density 2702 kg m−3 - - 

The data logger consisted of 17 thermocouples with 0.25 °C resolution for measuring 

temperature, two sensors to measure the voltage with a resolution of 0.02445 V and two current 

sensors. Table 2 shows the data logger specification. The data logger recorded data with 10 min 

time step throughout the experiment days and saved the data in portable storage memory of 8 
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GB. Two 18-V lamps were used to complete the electrical circuit between the PV module 

voltage and current sensors.  

 

Figure 1. Configurations of PV with CWIWs and RAFs  

                 Temperature and solar radiation are the operation parameters of the PV module work 

            Table 2. Specifications of devices/instruments used in the study 

Item Type/Model Range Accuracy 

Thermocouples K (2 m length) −200 °C to 1350 °C 0.25 °C 

Current sensor ACS712  up to 30 A 0.04 A 

Voltage sensor Module 25V up to 25 V 0.02445 V 

Solar power meter  SM206 1-3999 W m−2 ±0.1W m−2 

3.1.2 Configuration of the active cooling techniques 

Two polycrystalline PV modules of 50 W were used. The first PV module was left without 

cooling for referencing, whereas the second PV module was cooled with DI water and 

nanofluids. The PVT module is comprised of a copper absorber plate integrated with serpentine 

copper tubes soldered together and attached at the backside of the PV module using high 

thermal conductivity grease HP. High-performance insulation (type SLENTEX) was placed on 

the copper pipes, and an aluminium plate covered the PV module to minimize thermal losses. 

The PV modules have fixed with a tilt angle of 14.8° towards the south. Twenty-one 

thermocouples (T type) were used to measure the temperature on different points of the system; 

on each the surface and backside of the PV module and the PVT system, four thermocouples 

were distributed. Another thermocouple is placed at the inlet, outlet of the PVT system, the 

inside nanofluid tank, in the water tank and one for measuring the ambient temperature. The 

outlet of the PVT system is connected to a copper coil that was immersed inside the water tank, 

and the outlet of the coil is connected to the nanofluid tank. Figure 2 shows the experimental 

setup of the reference PV module and PVT system. Data logger of type National instrument 

model NI cDAQ-9178 consists of 24 channels and was used for measuring temperatures, 

voltages, currents of PV modules, solar radiation and flow rate. The data logger was connected 

with IN Signal Express 2015 software, recording and reading the data every 10 minutes. Table 

3 shows the measurement devices and sensor specifications used. 
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        Table 3. Specifications of measurement devices and sensors 

Item Model/Brand Range Accuracy 

Thermocouples T-type 0.2 mm -250°C to 400°C ± 0.5 °C 

Solar sensor  SS11.303 1-3999 W/m2 ± 0.1 W/m2 

Flow rate sensor YF-S201 1-30 L/min ±10% 

Electronic scale BOECO BAS 3 kg 0.0001 g 

Current sensor ACS712 up to 30 A 0.04 A 

Voltage sensor Module 25V up to 25 V 0.02445 V 

Flow rate sensor YF-S201 1-30 L/min ±10% 

Pump AD20P-1230C 240 L/H --------- 

Ultrasonication Bransonic 
240V, Vf: 48 

kHz 
---------- 

 

 

Figure 2. A sight of the experimental setup 

3.2 Thermodynamic analysis 

3.2.1 Energy evaluation  

This section evaluates the PVT system's energy and exergy according to thermodynamics laws. 

The first law of thermodynamics is to evaluate the PVT system's performance by determining 

the energy quantity produced by the PVT system, including thermal and electrical efficiency. 

The electrical efficiency is affected by the voltage and current produced by PV cells due to the 

incident of solar radiation. Thereby the electrical power produced and solar radiation, in 

addition to the PVT system area, are the main parameters which affect the electrical efficiency; 

Eq (1) are applied to determine the electrical efficiency [9]. Thermal efficiency is the other 

efficiency produced by removing heat excess from the backside of the PV module, which is 

also affected by properties of fluid used, mass flow rate, and temperature difference with 

considering the solar radiation and system area. 

𝜂el =
𝑃𝑜𝑢𝑡 𝐹𝐹

AS
                                                               (1) 

FF =
𝑉mp𝐼mp

𝑉oc𝐼sc
                                                                (2) 
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The average temperature 𝑇𝑎𝑣𝑔 is measured by Eq (12) which represents the average 

temperature of the surface and back side of the PVT system, which is measured by 

thermocouples. 

𝑇𝑎𝑣𝑔 
=

Tsurface +Tbuck 

2
                                                            (3) 

where, 𝑃𝑜𝑢𝑡  is the electrical power = (𝑉out × 𝐼out 𝐹), 𝑉out  output voltage, 𝐼out  output current and 

FF is the fill factor which represents the maximum electrical power conversion efficiency of 

the PV module [10], which is calculated from Eq. (2), (S) is the solar radiation and (A) PVT 

module area. The heat transfer from the backside of the PV module to the absorbing plate and 

then to the fluids circulating in tubes helps to remove the heat of the PV cells and then increase 

thermal efficiency; Eq. (4) is used to determine thermal efficiency [11]. 

𝜂𝑡ℎ =
�̇�𝐶𝑝(𝑇out −𝑇in )

AS
                                                              (4) 

where �̇�, 𝐶𝑝, 𝑇𝑜𝑢𝑡, 𝑇𝑖𝑛 are the mass flow rate, specific heat of the fluid, inlet and outlet 

temperatures of the fluid, respectively. The overall efficiency is sum of thermal and electrical 

efficiencies, which can calculate from Eq. (5) [12]. 

𝜂𝑜𝑣 = 𝜂𝑒𝑙 + 𝜂𝑡ℎ                                                                 (5) 

Thermophysical properties of the circulating fluid affect the heat transfer properties, which 

reflect the PVT performance. The flow pattern affects the heat removal rate during fluid 

circulation in tubes attached to the backside of the PV module. Reynolds number has been used 

to predict flow patterns depending on the mass flow rate �̇�, the viscosity of working fluid μ 

and hydraulic diameter 𝐷ℎ, which is calculated by Eq. (6) [13]. 

Re𝑛𝑓 =
4�̇�

𝜋𝜇𝑛𝑓𝐷ℎ
                                                           (6) 

Nusselt number is the ratio of heat convection to heat conduction, which is determined with Eq 

(7) [14]. 

𝑁𝑢𝑛𝑓 = (
h𝐷ℎ

𝐾𝑛𝑓
) =

�̇�𝐶𝑝(𝑇ℎ,𝑖−𝑇ℎ,𝜌)

A(𝑇𝑎𝑣𝑔−𝑇w)
×

𝐷ℎ

𝐾𝑛𝑓
                                          (7) 

where h, Tw are the heat transfer coefficient and the average wall tube temperature. The friction 

factor is a parameter that influences the pressure drop with a change in Reynold’s number due 

to an increase in the viscosity and density because of the increase in the volume concentration 

in the base fluid. Equations (8) (9) are used to calculate both fraction factor and pressure drop 

[15][16]. 

𝑓 = [1.58ln 𝑅𝑒 − 3.82]−2                                                 (8) 

Δ𝑃 =
𝑓𝜌𝑓𝐿

2𝐷tubes 
(

4
𝑚𝑓

𝑛

𝜌𝑓𝜋𝐷2)

2

                                                       (9) 

where n is the number of tubes and L is the riser length. 

 

3.2.2 Exergy evaluation  

The second law of thermodynamics evaluates the exergy quality of the PVT system [17], 

including the exergy efficiency, losses and entropy generation. Then determine the realistic 

performance of the PVT systems and evaluate the quality of their electrical and thermal exergy 

[18]. Evaluating the exergy of the PVT system requires knowing the control volume of the 

system as well as its input and output that affect the exergy of the PVT system, as shown in 

Figure 3. By supposing the PVT system is in semi-steady condition, the exergy balance of the 

system is expressed by Eq. (10) [19] below. 
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Figure 3. The exergy flow of a PVT system 

∑�̇�𝑥in = ∑�̇�𝑥out + ∑�̇�𝑥loss                                               (10) 

The inlet exergy �̇�𝑥in is the sum of solar exergy (𝐸�̇�solar) which represents the incident solar 

radiation absorbed by the PVT system, which calculates by Eq. (11) [20] and the cooling fluid 

inlet to the system. 

�̇�𝑥in = �̇�𝑥sun = 𝑆 (1 −
𝑇𝑎𝑚𝑏

𝑇sun 
)                                              (11) 

where 𝑇𝑎𝑚𝑏, is the ambient temperature and 𝑇𝑠𝑢𝑛is the sun temperature = (5800 K) [21]. The 

output exergy (�̇�𝑥out ) is the sum thermal (�̇�𝑥ther ) and electrical energy (�̇�𝑥ele), Thermal exergy 

is calculated by Eq. (12), [22]. The electrical exergy is equal to the electrical power energy 

produced [4], which can be calculated by Eq. (13). 

�̇�𝑥𝑡ℎ = �̇� 𝐶𝑝,𝑓 [(𝑇𝑓 out − 𝑇𝑓 in ) − 𝑇amb ln (
𝑇𝑓 out 

𝑇𝑓 in 
)]                           (12) 

�̇�𝑥𝑒𝑙𝑒 = 𝑃𝑝𝑣 FF                                              (13) 

Thereby, the PVT system's thermal and electrical exergy efficiencies can be calculated 

depending on Eqs. (14) and (15) [19]. 

𝜂�̇�𝑥𝑡ℎ𝑒𝑟
=

𝑚 ̇ 𝐶𝑝,𝑛𝑓[(𝑇𝑓, out −𝑇𝑓,in)−𝑇amb ln (
𝑇𝑓 𝑜𝑢𝑡

𝑇𝑓 in 
)]

𝑆(1−
𝑇amb
𝑇sun

)
× 100                           (14) 

𝜂�̇�𝑥𝑒𝑙𝑒
=

 𝑃𝑝𝑣 FF

𝑆 (1−
𝑇amb
𝑇sun

)
× 100                                                   (15) 

The exergy efficiency is the sum of thermal and electrical efficiencies of the PVT system, which 

is calculated by Eq. (16). 

𝜂�̇�𝑥 =
�̇�𝑥𝑡ℎ𝑒𝑟+�̇�𝑥𝑒𝑙𝑒

�̇�𝑥solar 
× 100                                                  (16) 

 

The exergy destruction (exergy losses) is important the parameter occurs due to the frictional 

and heat transfer losses in the system. Entropy generation �̇�gen or irreversibility is a 

thermodynamic parameter that indicates the irreversibility occurs in the system [23]; both 

parameters can be calculated by Eqs. (17), (18) as follows: 

�̇�𝑥losses = �̇�𝑥in − �̇�𝑥ele − �̇�𝑥ther                                        (17) 

�̇�gen =
�̇�𝑥lost

𝑇amb
                                                              (18) 

3.2.3 Thermophysical properties of nanofluids 

Solid materials are characterized by higher thermal properties than liquids. Dispersion of a 

specific quantity of nanomaterials in the base fluid produces a new fluid with higher thermal 
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properties than base fluids. Thermal conductivity, specific heat, density, and viscosity are the 

most effective properties that significantly affect the nanofluid performance. The density of the 

nanofluid is an essential property which affects nanofluid stability and the thermal system's 

sustainability; Eq. (19) is used to calculate the density of nanofluid [24]. The thermal 

conductivity of nanofluid has a significant effect on the heat transfer field and increasing this 

property help enhance the thermal performance of nanofluid, which can calculate from Eq. (20) 

[25]. The specific heat has a vital role in providing the energy that transmits from one body to 

another. The specific heat of nanofluid depends on the type of nanomaterials used, the type of 

base fluids, and their concentration in the base fluid. Equation (21) is used to calculate the 

specific heat of the nanofluid [26]. Viscosity is not less important than density, which has 

essential effects on the nanofluids' behaviour and pumping power of the thermal system; Eq. 

(22) is used to calculate the viscosity of nanofluids [27]. Table 4 shows the thermophysical 

properties of mono and hybrid nanocomposites. 

 Table 4. The properties of the nanomaterials and DI water 

Properties Fe2O3  

[28] 

WO3  

[29] 

TiO2  

[28] 

CuO  

[30] 

ZrO2 

[31] 

TiO2-

Fe2O3 

TiO2-

CuO 

Density (kg/m3) 5240 7160 3900 6310 5890 3473 2791 

Thermal conductivity (W/m·K) 20 1.63 8.9 32.9 2.7 75.32 79.9 

Heat capacity (J/kg·K) 650 335 686 551 0.455 1321 1121 

 

𝜌𝑛𝑓 = 𝜙 ⋅ 𝜌𝑛𝑝 + (1 − 𝜙) ⋅ 𝜌𝑏𝑓                                               (19) 

𝑘𝑛𝑓

𝑘𝑏𝑓
=

𝑘𝑛𝑝+2𝑘𝑏𝑓+2∅(𝑘𝑛𝑝−𝑘𝑏𝑓)

𝑘𝑛𝑝+2𝑘𝑏𝑓−∅(𝑘𝑛𝑝−𝑘𝑏𝑓)
                                                 (20) 

𝐶𝑝,𝑛𝑓 =
𝜙⋅(𝜌𝑛𝑝⋅𝐶𝑝,𝑛)+(1−𝜙)⋅(𝜌𝑏𝑓𝐶𝑝,𝑏𝑓)

𝜌𝑛𝑓
                                               (21) 

𝜇𝑛𝑓 =
𝜇𝑏𝑓

(1−𝜙)2.5                                                                (22) 

𝜙 = [

𝑚ap 

𝜌𝑛𝑝
𝑚np

𝜌np
+

𝑚bf
𝜌𝑏𝑓

] × 100                                                      (23) 

where 𝑘𝑛𝑝,  𝑘𝑛𝑓, 𝑘𝑏𝑓 , are the thermal conductivity of nanomaterials, nanofluid and base fluid 

respectivly. 𝜙 is the volume concentration of nanomaterials dispersion in the base fluid, 𝑚𝑏𝑓  

𝑚𝑛𝑝 are the mass of the base fluid and nanomaterials. 𝐶𝑝,𝑛𝑓 , 𝐶𝑝,𝑛𝑝, 𝐶𝑝,𝑏𝑓   are the specific heat 

of the nanofluid, nanomaterials and base fluid and respectively. while 𝜌𝑛𝑝 𝜌𝑛𝑓, 𝜌𝑏𝑓,  are the 

density of nanomaterials, nanofluid, and base fluid. 

3.2.4 Preparation of nanofluids 

In this dissertation, various types of nanofluids have been prepared, such as WO3/DI water, 

ZrO2/DI water, TiO2/DI water, Fe2O3/DI water, CuO/DI water nanofluids, and two types of 

hybrids nanofluids such as TiO2-CuO/DI water, TiO2-Fe2O3/DI water. The two-type method is 

employed to prepare nanofluids at different volume concentrations dispersed in DI water were 

calculated from Eq. (23). The quantity of nanomaterials was scaled by an electronic scale (type: 

BOECO BAS of 0.0001g), then dispersed into DI water and mixed with a magnetic stirrer for 

a different period among 25-30 min depending on the type of nanomaterial employed. Ultra-

sonication probe (Bransonic type 220, Voltage: 240V, Vf: 48kHz) was used from 35-40min 

depending on the type of nanomaterial employed to avoid the agglomeration of nanoparticles 
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in the nanofluid and to obtain a stable suspension for a long period, as shown in Figure 4. The 

time sediment and visualization methods were used to examine the nanofluid's stability for 

different periods from 3-5 h after sonication and from 2 to 4 days after sonication. Thus, it was 

prepared in suitable quantities later and directly used in the experiment after the sonication.  

 
Figure 4. Preparation of nanofluid by using two steps method 

4. New scientific results 

4.1 A numerical simulation to predict the thermal and electrical behaviour of the PV 

module at different operation conditions. 

Contribution 1 

(a) The first case study is characterized by using predicted equations that can be adopted to test 

the PV module's thermal behaviour under different conditions and give a general impression 

of temperature distribution on the PV module. Also, simulation was conducted according 

to the material properties of the PV module layers, such as thermal conductivity, densities, 

and specific heat for each layer, which give more precise heat transfer depending on the 

characteristics of each layer. The solar radiation values have been calculated depending on 

the mathematical equations for January and July of Miskolc city. It was found that the 

thermal behaviour of the PV module is a variable with solar radiation change during the 

day, which was clear by temperature distribution on the PV module surface. The low the 

solar radiation value and temperature (176 W/m2, 4 °C), the lower the intensity of solar 

radiation affects the PV module's short circuit current by the number of photons absorbed 

by the semiconductor material that PV cells are made from then, influenced by the PV 

module performance. The average temperature at the solar radiation and temperature 

mentioned above was 15.2 °C, and this temperature level is not causing damage to the PV 

module but reducing their electrical power and efficiency. Increasing solar radiation and 

temperature to (734 W/m2, 35 °C) causes an increase in the PV module temperature that 

causes reduce in power output with damage to PV cells at continuously increased 

temperatures. An increase in the ambient temperature causes an increase of PV cells, which 

leads to a significant decrease in open-circuit voltage when the PV module temperature is 

above 25 °C with a slight drop by short circuits current, then a reduction in power output. 

Rising temperature to 82 °C causes degradation of the PV module performance and causes 

appearing of local hotspots when the temperature reaches the extreme range, which requires 

cooling of PV cells to remove the excessive heat and sustain its work. This case study help 
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identify the problems faced by PV cells work and then determine the effective technique 

that improves PV performance. 

(b) In the second case, we have modelled the PV module through equations that can control as 

one system undergoes controllable inputs and outputs that depend on the parameters we are 

setting. This investigation helps to predict the electrical behaviour of the PV module 

depending on input parameters and then identify the appropriate parameters that could 

achieve better electrical performance. The simulation considers variable and constant values 

of solar radiation and temperature as input to observe output voltage and current and power 

of the PV module as outputs. It found that reducing the solar radiation less than STC, even 

with 35 °C, reduces the current and voltage of the PV module to 21.52% and 13.63 %, 

respectively. Constant temperature with a gradual lowering of solar radiation is a significant 

effect by reducing the current and voltage of the PV module, which confirms the importance 

of the intensity of solar radiation on power produced. Constant solar radiation values and 

gradually lowering temperature has a slight effect on the current of the PV module and a 

higher effect by reducing the voltage compared with constant temperature and variable solar 

radiation. It was found that decreased temperature of the PV cells with constant solar 

radiation has a slight effect on the PV module performance. The second case has confirmed 

the effect of the intensity of solar radiation and temperature on the open-circuit voltage and 

short-circuit current that affects the PV module performance. 

4.2 The effect of evaporating cooling on thermal and electrical behaviour under a hot 

climate  

Contribution 2 

The passive cooling applied showed sustained performance of the PV modules in hot 

conditions. The CWIWs technique has good potential cooling to control the heat of the PV 

module, lower cost, and has an easy configuration with less water consumption. The CWIWs 

attached to the backside of the PV module are effective passive cooling techniques that 

contributed to reducing the PV module temperature by 22% compared with the PV module 

without cooling. The moist condition resulting from the cotton bristles immersed in water and 

exposure to the wind has provided appropriate cooling that enhances efficiency to 7.25 % and 

the power yield increment of about 16.3 W, as shown in figure 5 a. Using CWIWs decreases 

the entropy generation of the PV module by 14.32% due to reducing the losses exergy by 14% 

of the PV module compared to the PV module without cooling. The electrical energy (output 

power) was the same as the electrical exergy, and the exergy efficiency of the PV module with 

evaporating cooling was higher than the PV module without cooling, as shown in figure 5 b. 

The passive cooling applied enhanced the performance of the PV module higher than in another 

similar study, making it more reliable for application. Significant power yield deterioration and 

the PV modules' efficiency were observed due to the PV cell's temperature increase to 56.4 °C. 
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Figure 5. The variation value of (a) productivity of PV modules and (b) Efficiencies of the PV 

modules with and without CWIWs 

4.3 Experimental comparative study on using different cooling techniques with PV 

module 

Contribution 3 

The study compared passive (CWIRAF) and active cooling (circulated water) techniques to 

enhance the PV module's performance. Increasing the heat dissipation area of the back surface 

of the PV module by aluminium fins integrated with wet cotton bristles and exposed to the air 

created a cooling environment during the experiment period. The cooling techniques applied 

showed sustained performance of the PV modules under hot conditions. The CWIRAFs passive 

cooling technique shows improved behaviour and significantly enhances the PV module 

performance by lowering its temperature under hot conditions using minimal equipment. 

Increasing the heat dissipation area of the back surface of the PV module by aluminium fins 

integrated with wet cotton bristles and exposed to the air created a cooling environment during 

the experiment period. Thereby contributing to lowering the PV module's average temperature 

by 137.7% than the active cooling technique. The passive cooling applied in this work 

effectively reduces the PV module temperature and improves its performance better than in 

other studies, which makes it more reliable. A reduction in PV module temperature using the 

CWIRAF technique increased the power yield and efficiency by 13.78% and 8.86%, 

respectively, compared with the PVT collector. The active cooling technique showed lower 

performance than passive cooling under similar conditions. This result is attributed to heat 

transfer across different PVT collector layers, not directly, such as CWIRAFs cooling. The PVT 

collector enhances thermal energy by removing excess heat from the PV module's backside by 

circulating water inside pipes, improving the overall efficiency of the PVT collector. The PV 

modules used without cooling in hot climate conditions significantly deteriorated their 

performance. Figure 6 shows the performance of the PV module under different cooling 

techniques. The economic analysis of the PVT system has achieved a good payback period 

within a short period compared with the conventional reference PV module, which confirms 

the feasibility of the cooling approach used. The cooling technique applied may be feasible for 

small installations of PV modules, such as a family house system. In future work, the research 

domain will consider more extended experimental periods with the help of numerical tools and 

suggest improvements for reducing water consumption. 
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Figure 6. Comparison of PV modules performance under different cooling techniques 

4.4 Effect of active cooling on energy and exergy of PVT system using WO3 and ZrO2 

nanofluids: An experimental study 

Contribution 4 

The increased volume concentration of WO3 nanoparticles in the base fluid reduced the PV 

module temperature due to enhanced WO3 nanofluid thermal conductivity compared to DI 

water. Thus, the reduced PV module temperature has positively improved electrical power 

generation. The increased volume concentration of WO3 nanoparticles in DI water reduced the 

temperature of the PV cells by 21% has enhanced the electrical power by 62% due to improved 

heat transfer coefficient compared with DI water, which increased the electrical efficiency of 

the PVT system by 52%. The increase in volume concentration gradually increased the thermal 

efficiency of the PVT system by 30.1%, as shown in figure 7. Nusselt number and the heat 

transfer coefficient of the WO3 nanofluid were improved by 51.2% and 5.3% with the increase 

of the volume concentration and Reynolds number due to the increased nanofluid density and 

viscosity. Increasing volume concentration and Reynolds number has increased the pressure 

drop by 49.2% compared to DI water. 
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Figure 7. The overall efficiency of the PVT systems against the reference PV module 

The thermal exergy of the PVT system was lower than the electrical exergy due to the 

convergence of the fluid outlet temperature of the PVT system to the ambient temperature. 

Increasing the volume concentrations of WO3 nanofluid achieved a relative increment of the 

thermal exergy compared to the cooling by DI water. The thermal exergy efficiency of the PVT 

system was low due to the drop in the quality of the thermal exergy. Thus, an increased volume 

concentration has positively influenced the thermal and electrical exergy efficiencies due to the 

enhanced nanofluid heat transfer coefficient. Figure 8 shows the effect of using WO3 nanofluids 

reduced the exergy loss and entropy generation by 15.32% and 53.5% because of their heat 

transfer enhancement and reduced fluid friction in PVT systems. 

 

Figure 8. Exergy losses and entropy generation of the PVT system at different concentrations 

against the PV module 
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Contribution 5 

Different volume concentrations of ZrO2 nanoparticles have been applied in water to investigate 

their effect on heat transfer coefficient, Nusselt number fraction factor and pressure drop 

compared with water as a coolant. Improving the thermal conductivity of ZrO2 nanofluid leads 

to increasing the heat absorption at the backside of the PV module, then reduces the PV module 

temperature to 21.2% compared to water. Reduced the PV module temperature effectively 

increased the electrical power to 33.72 W. The electrical and thermal efficiency was enhanced 

by using nanofluids, which positively reflected the overall efficiency of the PVT system 

increased to 60% compared with water at 0.0275 vol%. Increased nanoparticle concentration 

increased the thermal conductivity of nanofluids, and then more heat was absorbed from the 

PV module. Increasing the volume concentration of ZrO2 nanoparticles in base fluid and 

Reynolds number has enhanced the heat transfer coefficient and Nusselt number due to the 

increase in the thermal conductivity of the nanofluid. On another side, the density and viscosity 

have increased, which causes reduced friction factors and increased pressure loss. Exergy 

analysis indicates lower thermal exergy of the PVT system than electrical exergy, which is 

attributable to the closing of the fluid outlet temperature of the PVT system to the ambient 

temperatures. Despite that, a remarkable relative increment of the thermal exergy has been 

found with increases in the volume concentrations of ZrO2 nanofluid compared with water. The 

overall exergy efficiency is affected by the thermal and the electrical exergy efficiencies, which 

incremented with using nanofluid by 11.86 at 0.0275 vol% compared with water due to the high 

thermal conductivity enhancing of the convective heat transfer. Exergy losses and energy 

generation has reduced by 7 % and 26% at 0.0275 vol% compared to water because of their 

effects on convective heat transfer. The PV module, without cooling, is exposed to significant 

degradation in its performance. 

4.5 Effect of mono nanofluids TiO2, CuO, and Fe2O3 nanofluids on the PVT system 

performance: An experimental study 

Contribution 6 

Dispersion of CuO nanofluid at different volume concentrations for cooling the PVT system 

gives good results, which improves the PVT system performance. Copper oxide nanoparticles 

are characterized by higher thermal conductivity, which is positively reflected by a reduced 

PVT system temperature of 23.44%. Reduced PVT system temperature helped increment the 

electrical power from 20.78 W to 35.47 W at 0.3 vol%, thus enhancing the electrical efficiency 

from 5.43% to 10.3%, which confirms the effectiveness of the nanofluid used. The CuO 

nanofluid thermal properties helped to improve the heat transfer coefficient, which led to more 

absorption of excess heat from the backside of the PVT system, then increased the thermal 

efficiency to 38.9%. Most studies use TiO2 nanoparticles to prepare nanofluids as a cooling 

fluid for different PVT system configurations; in the current case, TiO2 nanowires have been 

adopted, which are characterized by having a surface area to help increase heat absorption. 

Compared with the reference PV module, using TiO2 nanofluid decreased the PVT system 

temperature to 14% at 0.3 vol% and increased the electrical power to 49.7%. Reduced 

temperature and increment of electrical power improve the electrical PVT system efficiency by 

27.5%, while increased thermal conductivity of nanofluid increases heat absorbing from PV 

cells and then increases thermal efficiency to 34.6%. 

Suspension of 0.3 vol% of Fe2O3 nanoparticles in DI water improved the convection heat 

transfer, which helped to reduce the PVT system temperature by 29.64%. Compared with DI 

water, the electrical power increased from 21.37 W to 37.76 W, that is, by 76.68%, enhanced 

the electrical power positive reflected to increase the electrical efficiency to 12.1% at increased 

the volume concentration to 0.3 vol%. Thermophysical properties of Fe2O3 nanoparticles 
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significantly help to improve the heat transfer convection between the backside of the PV 

module and the heat exchanger, then increase heat removal from the PV cells, thus increasing 

the thermal efficiency to 43.3%. Table 5 shows the effect of different cooling fluids on the PVT 

system, which contributes to reducing the PV cell temperature and increasing the efficiency of 

the PVT system higher than DI water. At 0.3 vol%, the Fe2O3 nanofluids achieved better 

performance by reducing the temperature, incrementing electrical power, and increasing 

electrical and thermal efficiency more than other nanofluids. This is attributed to the high 

thermal conductivity of Fe2O3 nanofluids compared to CuO and TiO2 nanofluids, which help 

increase the heat transfer convection between nanofluids and tubes, which is reflected by 

reducing the PVT system temperature. CuO nanofluid achieved higher performance than TiO2 

nanofluid because of their high thermal properties, which positively reflected the PVT system 

performance. 

Table 5. Effect of different nanofluids on the PVT system performance 

Cooling 

applied 
𝑃𝑉𝑟𝑒𝑓 Cooling 

by DI 

water 

𝑃𝑉𝑟𝑒𝑓 Cooling by 

CuO 

nanofluid 

𝑃𝑉𝑟𝑒𝑓 Cooling 

by TiO2 

nanofluid 

𝑃𝑉𝑟𝑒𝑓 Cooling 

by Fe2O3 

nanofluid 

𝑇𝑃𝑉  °C 55.6 - 52.86 - 52.57 - 50.9 - 

𝑇𝑃𝑉𝑇 °C - 55.6 - 42.82 - 46.11 - 39.26 

𝑃𝑃𝑉  W 19.3 - 20.78 - 21.15 - 21.37 - 

𝑃𝑃𝑉𝑇  W  22.19  35.47 - 31.66 - 37.76 

ɳ𝑒𝑙𝑒−𝑃𝑉 % 5.11 - 5.42 - 4.89 - 5.75 - 

ɳ𝑒𝑙𝑒−𝑃𝑉𝑇 % - 6.32 - 10.3 - 8.44 - 12.1 

ɳ𝑡ℎ𝑒𝑟−𝑃𝑉𝑇  % - 30.25 - 49.2 - 43 - 55.4 

4.6 The effects of new hybrid nanofluids TiO2-CuO and TiO2-Fe2O3 on the energy, exergy 

efficiency of the PVT system 

Contribution 7 

The hybrid TiO2-Fe2O3 nanofluid consisting of 50% nanowires and 50% nanoparticles has 

created a new hybrid nanofluid having new thermophysical properties that help improve the 

hybrid nanofluid performance used with PVT system more than mono nanofluid. Loading TiO2 

NWs over Fe2O3 NPs has increased the surface area of the nanocomposite, which positively 

reflected heat absorbing and then enhanced the PVT system performance. Compared to the 

reference PV module, circulation of DI water decreased the PV module temperature by 9.67%, 

using hybrid nanofluid at 0.2 vol%, 0.3 vol% reduced the PV module temperature by 25% and 

33.63%. Due to decreased PV cell temperature, the PVT system's electrical power has increased 

by 17.63%, 68.32% and 71.6% at DI water and hybrid nanofluids, respectively. Increment in 

the electrical power has enhanced the electrical efficiency of the PVT systems to 7.1%, 12.44%, 

and 12.62% at cooling by DI water and hybrid nanofluid at different volume concentrations 

compared with the reference PV module, as shown in figure 9 a. Increasing the volume 

concentrations by 0.2 vol% and 0.3 vol% in the base fluid has increased the nanofluid heat 

transfer coefficient and heat removal from the PV cells, then enhanced the thermal efficiency 

of the PVT system by 39.26% and 47.85% compared to used DI water, as shown in figure b. 

Compared with DI water, using a hybrid nanofluid enhanced the Nusselt number by 25 % at 

0.3 %vol. An increase in Nusselt numbers has positively increased the heat transfer coefficient 

by 43.33% at 0.3 vol%, which helped lower PV temperature and increased thermal efficiency. 

Increased volume concentration causes increased nanofluid density and effect by the pressure 

drop of about 36.12%; increased Reynolds number and volume concentrations lead to dropping 

the fraction factor to 10.52%.  
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Figure 9. Performance of the PV and PVT system (a) electrical power, (b) overall efficiency 

The thermal exergy is affected by the specific heat of the cooling fluid, flow rate and 

temperature. An increase in the TiO2-Fe2O3 nanocomposite in base fluid increments the thermal 

exergy by 17.29% and 13.87% compared to DI water. The relative increase of the volume 

concentrations increments the thermal exergy efficiency to 2.43%, 2.28% compared with DI 

water, which was lower than electrical exergy efficiency due to the low quality of the thermal 

exergy. Increment of electrical exergy has a positive reflection to enhance the electrical exergy 

efficiency of the PVT system by 69.4% and 82.3% compared to cooling by DI water, which 

significantly increments the overall exergy of the PVT system by 79.1% and 66.67%, even with 

a relative increment in thermal exergy efficiency. The exergy losses increase with the rising PV 

module temperature. Compared to cooling by DI water, employing hybrid nanofluid help in 

reducing the exergy losses by 13.57% and 42.33%. Thereby reducing entropy generation by 

60.9% and 70.47%, which contributes to reducing the work lost in the PVT system. Compared 

with previous studies, which adopted different sizes of the PVT system, the nanofluids and 

volume concentrations of the nanocomposite. The employed hybrid TiO2-Fe2O3 nanofluid 

enhanced the energy and exergy of the PVT system better than previous studies, confirming the 

effectiveness of the hybrid nanofluid employed. The economic analysis of cooling by hybrid 

nanofluid achieved a satisfying payback period for the PVT system, which produces electrical 

and thermal energy compared to the reference PV module with a difference of more than 3 

months. 

Contribution 8 

Energy and exergy of the PVT system have been conducted to evaluate the quantity and quality 

of the PVT system's productivity. The effectiveness of the hybrid nanofluid at different volume 

concentrations helps to extract the excessive heat and reduces PV module temperature by 36.1% 

and 39%, while DI water by 5.6 % compared with the reference PV module. The electrical 

power improved of the PVT system by 73.95% and 77.5% at increased volume concentrations 

due to improving the hybrid nanofluid's thermal properties, while using DI water improved it 

by 10.4%. Thus, the electrical efficiency of the PVT system increased by 12.28% and 12.4%. 

The high thermal characteristics of hybrid nanofluids increment heat transfer convection and 

then improve the thermal efficiency of the PVT system to 56.48% and 58.2%, then increment 

the overall efficiency of the PV module, reaching 36.25% and 56.48%. Convergence of the 

outlet fluids temperature with ambient temperature causes decreased thermal exergy and thus 

reduced thermal exergy efficiency. Cooling by hybrid nanofluid has improved the electrical 

exergy efficiency by 11.33 % and 12.18%, while a slight improvement was recorded using DI 
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water. The overall exergy efficiency has increased to 13.44 %, 14.97 % and 6.28 % at different 

nanocomposite volume concentrations and DI water. The exergy losses were reduced by 32.3% 

and 37.9% due to enhancing the thermal characteristics of hybrid nanofluids, while used DI 

water was reduced by 4.5% compared to the reference module. The effective cooling by hybrid 

nanofluid causes reduced entropy generation by 62.2 % and 69.6%, compared with DI water. 

Improving the performance of nanofluids positively reflected in their performance the TiO2 

nanofluid was less effective than CuO and Fe2O3 nanofluids. Thus, loading Fe2O3 nanorods 

over TiO2 nanowires and loading CuO nanoparticles over TiO2 nanowires produced new hybrid 

nanocomposites with high thermal properties than mono nanomaterials. Dispersion of the 

hybrid nanocomposites in DI water achieved high performance than the mono nanofluids; Table 

6 shows the improvement of the PVT system at 0.3 vol% of TiO2-Fe2O3 and TiO2-CuO 

nanofluids compared with mono nanofluid used, as mentioned in Table 15. Using TiO2-Fe2O3 

nanofluid achieved higher performance than TiO2-CuO due to the high specific heat and low 

density of Fe2O3 nanorods that help to enhance the thermal properties of the TiO2 nanowire, 

and the results in Table  6 confirm the effectiveness of hybrid nanofluid as a cooling fluid. 

Table 6. Effect of hybrid nanofluid on the PVT system performance 

Cooling 

applied 
𝑃𝑉𝑟𝑒𝑓 Cooling by TiO2-Fe2O3 

nanofluid 
𝑃𝑉𝑟𝑒𝑓 Cooling by TiO2-CuO 

nanofluid 

𝑇𝑃𝑉  °C 49.85 - 51.63 - 

𝑇𝑃𝑉𝑇 °C - 36.37 - 37.1 

𝑃𝑃𝑉  W 23.14 - 21.9 - 

𝑃𝑃𝑉𝑇  W  39.71  38.88 

ɳ𝑒𝑙𝑒−𝑃𝑉 % 5.7 - 5.8 - 

ɳ𝑒𝑙𝑒−𝑃𝑉𝑇 % - 12.62 - 12.4 

ɳ𝑡ℎ𝑒𝑟−𝑃𝑉𝑇  % - 59.82 - 58.2 

4.7 A numerical simulation of effect mono and hybrid nanofluids as cooling fluids on 

performance system PVT system 

Contribution 9 

Dispersion of nanomaterials in base fluid improves the thermophysical properties of cooling 

fluid higher than ID water, then accelerates heat exchange between circulated nanofluids in 

tubes and absorbs plate, which positively reflects on decreasing the PV cells temperature. The 

PVT system temperature decreased by 14.75% at cooling with ZrO2 nanofluid at 0.0275 vol% 

and by 20.7% by cooling with hybrid nanofluid at 0.3 vol%. Improving the thermal properties 

of nanofluid help increase heat absorption and reduces the PV cell's temperature, which affects 

by increased energy and exergy efficiency. Reduction of the PV cell's temperature increased 

their electrical and thermal efficiency, as shown in figure 10 a and b attributed to the 

improvement of the heat transfer coefficient between the absorbing plate, which has a low 

temperature, and the backside of the PV module, which has a high temperature. The heat 

exchange helped decrease the temperature and increased the electrical efficiency to 55.6% and 

76.8% using ZrO2 and TiO2-Fe2O3 nanofluid. The heat absorption by absorb plate has 

maximized the thermal efficiency of the PVT system by 15% of ZrO2 nanofluid and 28.29% of 

TiO2-Fe2O3 hybrid compared to DI water. Because the solid material has higher thermal 

properties than fluids, the dispersion of nanomaterials in DI water improves the thermal 

properties of the nanofluid. The thermal parameters have improved with an increased volume 

concentration of nanofluid; increasing of Nusselt number led to an increase of heat transfer 

coefficient by 12.34 % at used ZrO2 nanofluid and 43.33% with hybrid nanofluid. An increase 

in volumetric concentration affects the pressure drop due to an increase in the nanofluid density, 
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then increased the pressure drop by 18.7% using ZrO2 nanofluid, while using TiO2-Fe2O3 

nanofluid increased the pressure drop to 35.12%. The exergy efficiency of the PVT system 

improved with the dispersion of nanomaterial in the DI water, which caused of increase in the 

exergy efficiency of the PVT system due to improving heat exchange between the heating body 

of the PV module backside and absorber plate, which has low temperature. Thus, improving 

the thermal conductivity of nanofluid helped to increase the electrical exergy by 10.324% with 

ZrO2 nanofluid, while using hybrid nanofluid enhanced electrical exergy to 12.62%, as shown 

in figure 10. The low quality of the thermal exergy due to the closer of the outlet temperature 

to the ambient temperature, which affected the thermal energy of the PVT system. For 

validating the simulation result work, a comparison study has been implemented between the 

simulation results and the experimental results, as shown in Table 7 below, and it was observed 

reasonable conformity between the numerical results and the experimental results. 

 

Figure 10. The electrical and thermal efficiencies of the PVT system cooled by (a) ZrO2 

nanofluid and (b) hybrid TiO2-Fe2O3 nanofluid 

Table 7. The variation between simulation and experiments results 

Nanofluid  Temperature  Electrical 

efficiency 

Thermal 

efficiency 

Heat 

Transfer 

coefficient 

Nusselt 

number 

Pressure 

drops 

Electrical 

exergy 

efficiency 

Thermal 

exergy 

efficiency 

ZrO2 2.86% 3.61% 2.95 2.46 2.56 3.1 2.61 2.87 

TiO2-Fe2O3 2.73% 2.98% 3.1 2.3 2.96 2.6 3.12 3.3 
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