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Abstract 

 

The maximum exploitation of solar energy can be achieved through the optimization of 

a photo-voltaic thermal (PVT) system. In the PVT system, the (PV) module is cooled 

down by a water-based thermal collector, and as a result, electricity and hot water are 

produced. A novel zero-dimensional model is proposed to assess and optimize the 

performance of such a PVT system. The zero-dimensional model does not rely on 

spatial resolution or time-dependent variables. The model consists of thermodynamic 

relations that analyze the energy and the exergy of the PVT system. The validation of 

the model is performed by comparing its prediction parameters to the parameters 

collected experimentally from an in-house PVT system. The in-house PVT system 

consists of a polycrystalline PV module attached to a double series-parallel serpentine 

thermal collector. The zero-dimensional model predicts the difference between inlet 

and outlet water temperature as well as the PV surface temperature with an average 

error of 0.13 ℃ and 1.80 ℃, respectively. Using the zero-dimensional model, the 

optimization of the PVT performance is achieved by choosing the optimal mass flow 

rate and inlet temperature for the system. For the experimental setup, a mass flow rate 

of 0.001 kg/s and an inlet temperature close to a relatively low ambient temperature 

provided the highest overall second law efficiency of 15.2%. The PVT system performs 

the best in regions with relatively low ambient temperature yet high solar radiation. 

 

Keywords: Photovoltaic-Thermal System (PVT); Thermal Collector (TC); zero-

dimensional model; energy analysis; exergy analysis 
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Chapter 1. Introduction 

1.1. Introduction 

In this chapter, a short introduction about PVT systems is provided. The working 

principles, the importance of PVT systems, and the need to optimize the performance 

of water-based PVT systems are highlighted.  Then, we display the thesis contribution 

to optimizing the performance of water-based PVT systems. Finally, the organization 

of the thesis is presented.  

1.2. Overview 

The increase in energy demand propels countries to diversify their energy sources. 

Currently, the world mainly relies on fossil fuels, such as coal, oil, and natural gas, to 

satisfy the energy needs. The depletion of fossil fuels as well as their harmful emissions 

forces the world to seek sustainable renewable energy sources. For instance, the 

countries that receive high solar irradiance, such as the Gulf Cooperation Council 

(GCC) countries, are shifting their interest towards solar energy [1]. Typically, solar 

energy is harvested by photovoltaic (PV) panels and thermal collectors. PV panels 

convert solar energy directly to electricity whereas thermal collectors convert solar 

energy to thermal energy. The hybrid photovoltaic-thermal (PVT) system combines the 

production of electrical and thermal energy from solar energy [2]. The PVT system 

consists of a PV module attached to a thermal collector. The PVT system is an 

interesting prospect as it optimizes the exploitation of solar energy, where some of the 

unexploited solar energy by the PV module is utilized by the thermal collector. The 

thermal collector produces hot water that could be used in domestic applications while 

simultaneously cooling down the PV panel. Radziemska [3] has shown that the increase 

in the temperature of the PV frontal surface beyond the room temperature linearly 

decreases the electrical efficiency. Fudholi et. al [4] has reported that for every 10 °C 

increase in the PV temperature beyond the room temperature, the electrical efficiency 

decreases by 5%. The thermal collector carries away the heat from the PV panel leading 

to an increase in its electrical efficiency, which improves the exploitation of the solar 

energy. Han et. al [5] has proved that the utilization of PVT systems instead of stand-

alone PV modules in countries that receive high intensity of solar radiation is justifiable 

as the PVT systems have relatively high electrical efficiency. 
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The ability of the PVT system to generate both electricity and hot water has motivated 

researchers to devise optimized designs of PVT systems. The relevant literature 

includes various designs of thermal collectors that optimize the performance of PVT 

systems. Also, mathematical models such as PVT 1-D model, PVT 2D-model, and PVT 

3-D model that predict the effect of weather conditions and operational parameters on 

the performance of the PVT system are present in literature. The proposed zero-

dimensional model predicts the performance of the PVT system regardless of the design 

of its thermal collector and allows researchers to study the effect of different parameters 

on the PVT performance by utilizing simple, thermodynamic relations. 

1.3. Thesis Objectives 

In line with the UAE’s clean-energy vision of 2050, the current study focus is aiming 

to optimize the performance of photovoltaic thermal systems [6]. This thesis aims to 

provide a zero-dimensional mathematical model that predicts the performance of any 

PVT system, regardless of its size, materials, or design. The model will be able to 

quantify the overall first-law efficiency of the system as well as its second law 

efficiency. The results of the model are compared with the results derived from an in-

house experimental setup. The experimental setup consists of a heat sink that has water 

flowing through its pipes which is connected directly to a PV module. 

1.4. Research Contribution 

The contributions of this research work can be summarized as follows:   

• Validate the zero-dimensional PVT model by comparing its predictions of the 

PVT performance to the collected data from the in-house PVT system. The zero-

dimensional model predicts the difference between inlet and outlet water 

temperature as well as the PV surface temperature with an average error of 

0.13 ℃ and 1.80 ℃, respectively. 

• Utilize the zero-dimensional model to conduct parametric studies to understand 

the effect of the ambient temperature, the inlet water temperature, the mass flow, 

the solar irradiance, and the wind speed on the performance of the PVT system 

• Prove that the optimal performance of the PVT system is achieved in countries 

that have cold climates yet receive long hours of intense solar radiation 
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1.5. Thesis Organization 

The rest of the thesis is organized as follows: Chapter 2 provides background about 

PVT systems and the principles of its operation. Moreover, the experimental and the 

numerical research related to the water-based PVT systems is discussed. In Chapter 3, 

the equations that make up the zero-dimensional model along with the assumptions are 

showcased. Chapter 4 portrays the in-house experimental setup and the design and 

fabrication processes of the thermal collector. The validation of the zero-dimensional 

model is outlined in Chapter 5. Also, an in-depth parametric study that highlights the 

effects of mass flowrate, inlet temperature, wind speed, solar irradiance, and ambient 

temperature on the performance of the water-based PVT system is performed in 

Chapter 5. Finally, Chapter 6 summarizes the thesis and discusses ways to extend on 

this work.  
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Chapter 2. Background and Literature Review 

In this chapter, we discuss the principle of PVT systems and their importance. Then, 

the optimized experimental designs of water-based PVT systems are showcased. This 

is followed by a review of various mathematical models that predict the performance 

of PVT systems.  

2.1. Basics of PVT System 

The PVT system maximizes the exploitation of the solar energy by transforming solar 

irradiance to electricity and thermal energy. The PVT system mainly consists of a PV 

module and a thermal collector, as seen in Figure 2-1. Fundamentally, the thermal 

collector is a heat sink in which the water flows and cools down the PV unit. Through 

the PV module, electricity is produced. However, the electrical efficiency of the PV 

module deteriorates as its temperature increases. The thermal collector cools down the 

PV module while simultaneously yielding hot water. The PVT system is a valid solution 

to the electricity needs and hot water scarcity in rural areas [7]. 

 

Figure 2-1: Basic PVT schematic [5] 

In general, PVT systems are categorized based on their cooling method. Active cooling 

requires the forced circulation of a fluid by means of a pump or a fan, whereas passive 

cooling relies on the natural circulation of a fluid. While many complex cooling 

technologies are emerging, air- and water-based cooling systems remain the most 

mature and widely used technologies [8]. Air-based cooling includes passive cooling 

techniques such as the employment of fins on the backside of the PV panel to facilitate 

Glass 
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PV panel 

 

PV panel 

Insulation 

 

Insulation 

Thermal paste 

 

Thermal paste 

Thermal collector 
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convection [9], and active cooling techniques such as forced airflow in ducts that are 

placed beneath the PV module [10]. Water-based cooling is mainly achieved through 

active systems such as water spraying and forced water circulation. Forced water 

circulation is done by pumping water in pipes that are attached to the backside of the 

PV panel to absorb the excess heat from the panel. Forced water circulation is relatively 

easy to implement and effective in decreasing the temperature of a PV panel [8]. 

2.1.1. Creating electricity 

Capturing solar energy and transforming it into electricity is currently achieved through 

the usage of silicon solar cells and PV modules. The creation of electricity in the 

semiconductor-based PV modules is made possible through the implementation of the 

p-n junction. Each side of the Silicon, a semiconductor, is doped with different dopants. 

For instance, the p-side is doped with Boron making it relatively conductive whereas 

the n-side is doped with Phosphorus making it conductive. The region between the two 

sides is non-conductive.  Silicon has electrons in two bands, a low valence band, and a 

high conduction band. As the incoming photons from the Sun are absorbed by the 

Silicon PV module, the movement of electrons and holes creates electricity. To explain, 

for the electrons in the low-valence band to get excited and move towards the 

conduction band, band-gap energy should be supplied through photons or phonons. The 

bandgap energy for Silicon is 1.1 eV [5]. If the absorbed photons from the sunlight have 

long wavelengths and energy less than the band-gap energy, the electrons will not get 

excited and the energy from the photons will be dissipated as heat. If the absorbed 

photons from the sunlight have shorter wavelengths and high energy, electrons will leap 

to the conduction band but the excess energy from the photons will be dissipated into 

heat. The motion of the electrons is always towards the p-side whereas the motion of 

the holes is in the opposite direction. This creates a voltage difference between the two 

sides and electricity is generated accordingly [6]. For this proposal, only Silicon solar 

cells will be considered since around 80% of the utilized solar cells are either 

monocrystalline Silicon cells or polycrystalline Silicon cells [7]. 

2.1.2. Temperature limitation on the PV performance  

As the temperature of the PV panel increases, the open-circuit voltage decreases. The 

reduction in the open-circuit voltage implies a decrease in power generation and 

electrical efficiency. Radziemka concluded that increasing the temperature from 26 
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degrees Celsius to 60 degrees Celsius would cause around a 40% drop in electrical 

efficiency [11]. An increase in the temperature of the PV module increases the 

vibrations of the thermal lattice leading to the scattering of the electrons. This scattering 

of electrons implies that more collisions will occur, and more energy will be lost. Also, 

the increase in vibrations decreases the mobility of holes which in turn weakens the 

built-in voltage at the p-n junction [11]. Combining a PV module to a thermal collector 

controls the temperature of the PV and bolsters the overall efficiency. On average, 

combining the PV module with a thermal collector increases the PV electrical 

efficiency by 1.6% whereas the thermal efficiency of the thermal collector ranges from 

29.44% to 44.84% [12].  

2.1.3. Effect of glazing on the performance of the PVT system 

The temperature of the PV panel is dependent on its glazing. Unglazed PV panel are 

more likely to have low surface temperature and high electrical efficiency. Kim and 

Kim [13] studied the relation between the PV surface temperature and electrical 

efficiency by comparing the performance of an unglazed PVT system with a glazed 

PVT system. Under the same weather conditions, the relatively hot glazed PVT system 

had 1.4% lower electrical efficiency and 14% higher thermal efficiency than the 

relatively cold unglazed PVT system. Fujisawa and Tani [14] performed energy and 

exergy analysis on a glazed PV module, an unglazed PVT system, and a glazed PVT 

system. The glazed PVT system had the highest overall efficiency, followed by the 

unglazed PVT system and the glazed PV module. However, the unglazed PVT system 

had the highest overall second law efficiency followed by the PV module and the 

unglazed PVT system. Similarly, Kazemian et. al [15] proved that the unglazed PVT 

system has a higher electrical exergy than the glazed PVT system. Tripanagnostopoulos 

et. al [16] concluded that the implementation of glazing in a PVT system is only useful 

in increasing the thermal gain. The study showed that the glazed PVT system could 

maximize the thermal efficiency by 30% but the electrical efficiency would be 

decreased due to the optical losses. It was recommended to use diffusion reflectors 

along with PVT system to maximize both the thermal efficiency and electrical 

efficiency. 

2.1.4. Advantages and disadvantages of a PVT system 
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PVT system is one whose constituents are a Photovoltaic module, a thermal collector, 

connecting cables, and an inverter. If it is water-based, tanks that contain the water 

volume are required. If it is an active system, a pump or fan is needed to forcibly 

circulate the fluid. With the constituents of a PVT system in mind, it is concluded that 

the major advantage of this system is its simplicity. Other advantages of PVT systems 

include [17]: 

• Working in noiseless environments 

• Producing no toxic waste or radioactive waste, making it a clean technology 

• Having a life span expectation of 20 to 30 years 

• Performing at high levels with high reliability 

• Requiring fewer maintenance sessions 

While the advantages are prevalent, some disadvantages exist such as: 

• Uniform cooling of PV panels is difficult to achieve meaning that the absorber 

designs require improvements. 

• Production and installation cost is high 

2.2. Optimization of PVT Performance  

Efforts to optimize the performance of PVT systems have intensified in the last two 

decades. PVT optimization entails increasing the electricity generation as well as the 

hot water generation while keeping the rest of the parameters the same. Experimentally, 

researchers have designed and fabricated various designs of thermal collectors that 

increase the rate heat transfer from the PV module to the thermal collector. 

Numerically, PVT designs were analyzed through finite element analysis software. 

Most importantly, the operating and geometric variables of the PVT system were 

optimized using mathematical models that mimic the PVT performance.  

2.2.1.  Experimental and numerical design of thermal collectors 

Many studies have been conducted to optimize and model the performance of a water-

based PVT system. Experimental studies mainly focused on the design of thermal 

collectors.  
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Yu [18] tested two designs of thermal collectors, namely a harp-channel and a grid-

channel absorbers, shown in Figure 2-3. In comparison to the harp-channel absorber, 

the grid-channel absorber had a 10% increase in its thermal efficiency that yields a 2% 

increase in the overall electrical efficiency of the PVT system.                  

 

(a)                                                                            (b) 

Figure 2-3: (a) Harp-channel thermal collector (b) Grid-channel thermal collector [18] 

Verma et al. [19] compared a spiral collector to a conventional parallel tubes collector. 

The spiral tube collector increases the thermal efficiency of a conventional tube 

collector by 21.94%. This increase in the thermal efficiency is related to the improved 

rate of heat transfer between water and the tubes. The centripetal action in the spiral 

flow causes the water to flow under the influence of centripetal forces leading to an 

improved rate of heat transfer.  

Col et al. [20] investigated the performance of standard flat plate collector and roll-

bond flat plate collector. The roll-bond flat plate collector provided higher efficiency 

curve than the standard collector. The study concluded that applying a heat-insulative 

coating to the thermal collector enhances its performance. 

Visa et al. [21] analyzed the performance of thermal collectors with copper or 

aluminum substrates. The researchers concluded that varying the substrate of the 

absorber plate has minimal influence on the performance of the PVT as the aluminum 

thermal collector had only 1% increase in the overall efficiency. 

Siddiqiui et al. [22] showcased 14 thermal collector designs with different intake 

manifolds. The 14 designs could be categorized as either parallel-flow or series-parallel 

double serpentine heat sinks. Table 2-1 categorizes the 14 designs on geometric basic 

and lists the operating variables of these designs 
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Table 2-1: Analysis of the 14 thermal collector designs [22] 

Design Channel 

Type 

Number 

of 

Channels 

𝐓𝐨 

(𝐊) 

𝐓𝐬,𝐚𝐯𝐠 

(𝐊) 

 

𝐓𝐬,𝐦𝐚𝐱 

(𝐊) 

 

𝐓𝐬,𝐦𝐢𝐧 

(𝐊) 

 

Pressure 

Drop 

(Pa) 

∆𝐓𝐬 

(𝐊) 

𝐐

�̇�𝐩𝐮𝐦𝐩

̇
 

1 Parallel 10 300.1 302.1 305.7 298.4 434.8 7.30 21241 

2 Parallel 20 300.1 302.0 305.8 298.4 431.8 7.40 21389 

3 Wider 

Header 

10 300.1 301.6 304.7 298.4 250.7 6.30 36840 

4 Tapered 

Header 

10 300.1 302.0 305.6 298.4 377.9 7.20 24440 

5 Tapered 

Header 

10 300.1 302.0 305.6 298.4 373.2 7.20 24748 

6 Tapered 

Header 

10 300.1 301.9 305.1 298.7 336.7 6.40 27430 

7 Tapered 

Header 

10 300.1 301.5 304.0 298.7 178.1 5.30 51858 

8 Tapered 

Header 

10 300.1 301.7 304.1 298.6 358.2 5.50 25784 

9 Tapered 

Header 

10 300.1 301.4 303.5 298.7 168.1 4.80 54943 

10 Centered 

Inlet and 

Outlet 

10 300.1 301.5 304.0 298.6 158.9 5.40 58124 

11 Centered 

Inlet and 

Outlet 

10 300.1 301.5 303.7 298.6 158.6 5.10 58234 

12 Centered 

Inlet and 

Outlet 

10 300.1 301.5 303.3 298.6 159.4 4.70 57942 

13 Series-

Parallel 

10 300.1 299.8 300.6 298.4 899.3 2.20 10270 

14 Series-

Parallel 

18 300.1 299.5 300.2 298.4 5028.0 1.80 1836 

The double series-parallel serpentine heat sinks, designs 13 and 14, had a low surface 

temperature and low non-uniformity in the temperature distribution, whereas the 

parallel flow heat sinks had a high heat transfer rate to pumping power ratio.  Figure 2-



22 

 

3 shows an example of a parallel flow thermal collector and a double series-parallel 

serpentine thermal collector. 

 

(a)                                                                        (b) 

Figure 2-4: (a) Design 9 (b) Design 13 [22] 

Kazem et al. [23] experimentally developed three PVT systems and recorded their 

electrical efficiencies. The three PVT systems were direct flow PVT, spiral flow PVT, 

and web flow PVT, as seen in Figure 2-5.  The spiral flow PVT resulted in the lowest 

PV surface temperature and the highest overall efficiency. The study showed that the 

spiral flow PVT system had an electrical efficiency that is 2% and 0.6% higher than 

that of the direct flow PVT system and the web flow PVT system, respectively. 

 

(a)                                                     (b)                                                          (c)  

Figure 2-5: (a) Direct flow PVT (b) Spiral flow PVT (c) Web flow PVT  [23]        

Ibrahim et al. [24]  studied the effect of ambient temperature on a the performance of a 

water-based PVT system whose thermal collector is a spiral flow absorber. The study 

concluded that the overall efficiency of the PVT system increases as the ambient 

temperature remains low. The study suggested the usage of cold water at the inlet of 

the thermal collector to boost the electrical efficiency of the system. 

Pang et al. [25] carried out a study to optimize the performance of a water-based PVT 

system by increasing the contact surface between the PV module and the thermal 

collector. The study showed that a roll-bound aluminum collector that is combined with 
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the PV module through an advanced thermal fusion welding technology provide the 

highest overall efficiency. 

In a numerical study, Ibrahim et al. [26] designed 7 thermal collectors and studied the 

effect of the spacing between the tubes on the PVT performance. Figure 2-6 shows the 

thermal collectors with the highest number of tubes, namely the spiral flow, the parallel-

serpentine flow, and the modified serpentine-parallel flow thermal collectors, which 

had the highest overall efficiencies of 68%, 60%, and 58%, respectively.         

/ \  

   (a)                                                    (b)                                               (c) 

Figure 2-6: Designs of thermal collectors: (a) Spiral flow (b) Parallel-serpentine flow (c) Modified 

serpentine-parallel flow [26]                                                

Fayaz et al. [27] conducted a simulation-based study to observe the effect of pipe 

diameter on the overall efficiency of the PVT system. The study proved that increasing 

the inner pipe diameter decreases the thermal efficiency of the thermal collector. The 

highest thermal efficiency of 74% was recorded at the lowest pipe diameter of 3.5 𝑚𝑚 

whereas the lowest thermal efficiency of 62% was recorded at the highest pipe diameter 

of 15.5 𝑚𝑚. 

2.2.2. Mathematical models of PVT systems 

Numerical studies have mainly focused on optimizing the performance of the PVT 

system by varying parameters.  

Zondag et al. [28] provided four mathematical models and compared their performance 

to that of a water-based non-optimized serpentine PVT system. The four mathematical 

models that were tested are steady 1D, 2D and 3D models and a dynamic 3D model. 

The study showed that both the dynamic and the steady 3D models have the ability to 

simulate the PVT while accounting for the fluctuating solar irradiance. The steady 2D 

model has dealt with the PVT system as layers, whereas the steady 1D model strongly 

depends on the tube spacing to tube diameter ratio. It has been concluded that the steady 

1D provides satisfactory results as the deviation of results between 1D and 2D models 
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and 1D and 3D models is 1% and 3%, respectively. Table 2-2 compares the 

computation time of the proposed models by Zondag. 

Table 2-2: Calculation time of Zondag's models [28] 

Model type Calculation time 

Efficiency curve Hourly yield 

1D steady model 0.27 s 0.05s 

2D steady model 8.35 s 1.67s 

3D steady model 229.31 s 45.86 s 

3D dynamic model - 2.5 h 

 

Pierrick et al. [29] proposed a dynamic 3D finite element water-based PVT model. The 

dynamic 3D model has shown an acceptable accuracy in predicting the outlet water 

temperature. The study reported that the dynamic 3D model is best utilized to optimize 

the geometry of the thermal collector at the cost of long computational time. 

Guarracino et al. [30] discussed a dynamic 3D finite volume-based model of water-

based PVT that estimates the temperature distribution over the surface of the PVT 

system, which allows the computation of thermal and electrical efficiencies. The study 

showed that the electrical efficiency drops by 4% when the PV panel overheats, while 

the introduction of a thermal collector allows the panel to operate over its nominal 

electrical efficiency.  

Soliman et al. [31] developed a steady 3D finite-volume model that implements energy 

balance on the different layers of the PVT system, while using constant thermo-physical 

properties. The steady 3D model has predicted the cell temperature to decrease by 15 ℃ 

when a geometrically optimized thermal collector is used.  

Sami [32] presented a dynamic 2D finite difference-based model that discretizes the 

PVT system into thermal elements. The iterative model has underestimated the cell 

temperature by 1 − 2 °C. 

Dubey and Tiwari [33] validated a dynamic 2D finite difference-model with the 

experimental data that is collected from the PVT system. The model provided accurate 

results, in which the experimental and theoretical outlet temperature had a correlation 

coefficient of 0.9996% and root mean square percent deviation of 1.37%, respectively. 
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Ji et al. [34] proposed a dynamic 2D model that predicts the performance of a PVT 

system that has a serpentine thermal collector. The dynamic 2D model is based on 

implicit finite difference relations that are solved at the discretized scheme as shown 

Figure 2-7. The model provides satisfactory outcome in which the highest deviation of 

8% happens when predicting PV efficiency.  

 

     Figure 2-7: Discretization of collector plate in Ji’s model [34] 

Tiwari and Sodha [35] adopted a dynamic 1D model to predict the performance of the 

water-based PVT system. The dynamic 1D model considered time-dependent variables 

while dealing with the layers of the PVT system, the convective, and radiative effects 

as thermal resistances. Figure 2-8 clearly shows the setup of the thermal resistances in 

the proposed model. The model provided fair agreement between experimental and 

numerical data, in which the experimental and the theoretical cell temperatures had a 

correlation coefficient and a root mean square percent deviation of 0.98% and 7.22%, 

respectively.  

Bahaidarah et. al [36] compared the performance of the water-based PVT system to the 

performance of a stand-alone PV system using a 1D dynamic model. The 1D transient 

model deals with the PVT layers and the PV layers as thermal resistances. The study 

showed that the PVT system had an increase of 9% in the electrical efficiency when 

compared to the standalone PV system. 
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Figure 2-8: Thermal resistance circuit diagram for the PVT system [35] 

Evola and Marletta [37] investigated the effect of inlet temperature on the performance 

of a water-based PVT system using a steady 1D model that incorporates both the first 

and second laws of thermodynamics. The steady 1D model proved that operating at a 

low inlet water temperature provides a high thermal efficiency of 50%, but a very low 

second law thermal efficiency of 4%. The study has concluded that optimized PVT 

performance is achieved when the inlet water temperature is in the range of 30 to 35 ℃.  

Abdulalah et. al [38] studied the relation between the mass flowrate and the 

performance of the water-based PVT system using a steady 1D model. The model 

predicted that the electrical efficiency increases with increasing mass flow rate. Also, 

the model was validated by comparing its results with experimental data that is 

collected from a PVT system whose thermal collector is a dual oscillating absorber. 

The mathematical model had an error of 1.4 ℃ in predicting the PV surface 

temperature. A summary of these studies [27-37] is presented in Table 2-3, which 

summarizes the input parameters of each numerical model to assess and optimize the 

performance of the PVT system properly. 
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Table 2-3: Comparison between the mathematical models of the PVT system 

Model Type Thermo-

physical 

properties  

Geometry of the PVT 

system 

Weather 

conditions  

Reference 

Dynamic 3D 

model 

Time-dependent Detailed 3D geometry Fluctuating  [28],[29], 

[30] 

Steady 3D 

model 

Fixed at average 

temperature 

Detailed 3D geometry Constant [28], [31] 

Dynamic 2D 

model  

Time-dependent Length and thickness of 

PV and TC  

Fluctuating [32], [33], 

[34] 

Steady 2D 

model 

Fixed at average 

temperature 

Length and thickness of 

PV and TC 

Constant [28] 

Dynamic 1D 

model 

Time-dependent Thickness of absorption 

pipes 

Fluctuating [35], [36] 

Steady 1D 

model 

Fixed at average 

temperature 

Thickness of absorption 

pipes 

Constant [28], [37], 

[38] 
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Chapter 3. Methodology 

The literature review and Table 2 indicate that there has been no/little zero-dimensional 

model, which can allow quick simple optimization of PVT systems. Therefore, to fill 

this gap and help ongoing efforts of improving PVT applications, the objective of this 

study is to assess and optimize the performance of a photovoltaic-thermal (PVT) system 

via a novel zero-dimensional model that does not rely on spatial resolution or time-

dependent variables. The zero-dimensional model uses thermodynamic relations that 

yield energy and exergy analyses of the PVT system.  

3.1. Problem Formulation 

The zero-dimensional mathematical model is proposed to predict the behavior of the 

PVT system. The mathematical model is validated against an in-house experimental 

PVT system. The in-house experimental setup consists of a PV module that is cooled 

via a double serpentine series-parallel thermal collector attached to its backside. Water 

is pumped inside the thermal collector. Using the validated model, a parametric study 

is conducted to optimize various design and operation parameters such as mass flow 

rates, inlet temperature, solar irradiance, wind speed and improve the overall 

performance of the system.  

3.2. Zero-dimensional Mathematical Model 

The zero-dimensional thermodynamic model is independent of space and time. This 

model assesses the performance of the PVT system using energy and exergy balances 

with the knowledge of the working fluid thermal properties, the fluid inlet conditions, 

the ambient conditions, and the surface temperatures of the PV and thermal collector. 

The following assumptions are used in the proposed zero-dimensional model: 

• The thermal and physical properties of the working fluid and the PVT system 

are independent of temperature [39]. 

• Negligible heat loss occurs from the back and the sides of the thermal 

collector. 

• Wind speed is independent of position. 

• There is no shading and soiling on the PVT system. 

• The system is in a quasi-equilibrium condition. 
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• Diffused radiation does not affect the PVT system [40]. 

• The temperature of the sun is 𝑇sun = 6000 K [41]. 

• The thermal collector overall heat transfer coefficient, 𝑈avg, is independent of 

the mass flow rate. 

• Water is used as the working fluid. 

The relevant modelling parameters are presented in Table 3-1. 

Table 3-1: PVT physical and thermal properties 

Parameter Value 

Surface area of PVT system (𝐴𝑃𝑉) 0.358 m2 

Hydraulic diameter of pipes (𝐷ℎ)  0.09 m 

Specific heat capacity of water (𝐶𝑝) 4186 J/kg. K 

Temperature coefficient (𝛽) 0.0045 1/K 

Thermal emissivity of the PV (𝜀𝑃𝑉) 0.9 

Reference efficiency of PV (𝜂𝑟𝑒𝑓) 0.139 

 

 The overall PVT efficiency (𝜂) is a combination of the electrical efficiency of PV (𝜂𝑒𝑙𝑒) 

and the thermal efficiency of the thermal collector (𝜂𝑡ℎ) 

  𝜂 = 𝜂𝑡ℎ + 𝜂𝑒𝑙𝑒                                                      (1)                             

Electrical efficiency is a measure of the amount of solar energy (𝐺) converted to 

electrical energy (�̇�𝑒) as the sun rays hit the surface area of the PV cell (𝐴𝑃𝑉).  

                                                                 𝜂𝑒𝑙𝑒 =
�̇�𝑒

𝐺𝐴𝑃𝑉
   (2a) 

The electrical efficiency depends on the PV surface temperature (𝑇𝑠). The increase in 

surface temperature substantially decreases the open-source voltage, slightly increases 

the short circuit current, and decreases the electrical efficiency [42]. The electrical 

efficiency depends on parameters provided by the PV manufacturer, such as the 

reference efficiency (𝜂𝑟𝑒𝑓), reference temperature (𝑇𝑟𝑒𝑓), and temperature coefficient 

(𝛽). 

                                                      𝜂𝑒𝑙𝑒 = 𝜂𝑟𝑒𝑓[1 − 𝛽(𝑇𝑠 − 𝑇𝑟𝑒𝑓)]                                (2b) 
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Thermal efficiency is a measure of the amount of solar energy converted to thermal 

energy (�̇�𝑢). This parameter depends on the design of the thermal collector and the 

weather conditions. 

                                                                        𝜂𝑡ℎ =
�̇�𝑢

𝐺𝐴𝑃𝑉
                (2c) 

The amount of heat absorbed by the thermal collector is related to the increase of the 

sensible energy of the working fluid. The mass flow rate (�̇�), the specific heat capacity 

of water (𝑐𝑝), the inlet (𝑇𝑖) and the outlet (𝑇𝑜) water temperatures are used in the 

formulation. 

                                                                   𝑄̇
𝑢 = �̇�𝑐𝑝[𝑇𝑜 − 𝑇𝑖]      (3) 

The heat transfer absorbed by the thermal collector is driven by internal forced 

convection heat transfer mechanism. The heat transfer absorbed depends on of the 

overall heat transfer coefficient (𝑈𝑜𝑣𝑒𝑟𝑎𝑙𝑙) and the log mean temperature difference 

(∆𝑇𝐿𝑀𝑇) as shown in Eq. (4) [43]. 

                                                              �̇�𝑢 = 𝑈𝑜𝑣𝑒𝑟𝑎𝑙𝑙𝐴𝑃𝑉∆𝑇𝐿𝑀𝑇      (4) 

The overall heat transfer coefficient is experimentally deduced. The log mean 

temperature difference is calculated as a function of PV surface temperature, inlet and 

outlet water temperatures. 

                                                                 ∆𝑇𝐿𝑀𝑇 =
𝑇𝑖−𝑇𝑜

ln(
𝑇𝑠−𝑇𝑜
𝑇𝑠−𝑇𝑖

)
                                       (5) 

While the PVT system converts part of the solar energy to electrical and thermal energy, 

the rest of the solar energy is lost to the surrounding by radiation (�̇�𝑅𝑎𝑑) and convection 

(�̇�𝑐𝑜𝑛𝑣). Heat lost by radiation depends on the Stefan-Boltzmann constant (𝜎), the 

emissivity of the PV cell (𝜀𝑃𝑉), the ambient temperature (𝑇𝑎), and the surface area of 

the PV (𝐴𝑃𝑉).  

                                                        �̇�𝑅𝑎𝑑 = 𝜎𝜀𝑃𝑉𝑇𝐴𝑃𝑉(𝑇𝑠
4 − 𝑇𝑎

4)                           (6) 

The heat lost by convection depends on the convective heat transfer coefficient (ℎ𝑤) 

and the wind speed (𝑣) [44]. 
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                                                              �̇�𝑐𝑜𝑛𝑣 = ℎ𝑤𝐴𝑃𝑉(𝑇𝑠 − 𝑇𝑎)              (7a)

                   

                                                                      ℎ𝑤 = 2.8 + 3𝑣                                    (7b) 

The solar energy that reaches the PVT system can be expressed in terms of the rate of 

extracted electrical energy (�̇�), the rate of useful thermal energy and the rate of energy 

lost to surrounding, as shown in Eq. (8). 

                                                 𝐺 ∗ 𝐴𝑃𝑉 = �̇� + �̇�𝑢 + (�̇�𝑐𝑜𝑛𝑣 + �̇�𝑅𝑎𝑑)                           (8) 

The second law efficiency (𝜂II) serves as a measure of the usefulness and potential of 

the PVT system [45]. The overall second law efficiency is the addition of the second 

law efficiency of the PV cell (𝜂II,𝑒𝑙𝑒) and the second law efficiency of the thermal 

collector (𝜂II,𝑡ℎ). 

                                                                 𝜂II = 𝜂II,𝑒𝑙𝑒 + 𝜂II,𝑡ℎ                (9) 

The rate of exergy supplied to the PVT system is the solar irradiance (�̇�𝑠𝑜𝑙𝑎𝑟,𝑖𝑛) whereas 

the rate of the recovered exergy is the electrical exergy (�̇�𝑒𝑙𝑒) and the thermal exergy 

(�̇�𝑡ℎ). The second law efficiency of the PV and the thermal collector are defined as 

show in Eq. (10) and Eq.  (11), respectively. 

                                                                     𝜂II,𝑒𝑙𝑒 =
�̇�𝑒𝑙𝑒

�̇�𝑠𝑜𝑙𝑎𝑟,𝑖𝑛
                         (10)

                

                                                                     𝜂II,𝑡ℎ =
�̇�𝑡ℎ

�̇�𝑠𝑜𝑙𝑎𝑟,𝑖𝑛
                         (11) 

The rate of supplied exergy refers to the amount of solar irradiance that reaches the 

surface of the Earth. The most common expression is related to the Sun’s temperature 

(𝑇𝑠𝑢𝑛) [46]. 

                                           𝑋̇
𝑠𝑜𝑙𝑎𝑟,𝑖𝑛 = 𝐺𝐴𝑃𝑉 [1 −

4

3
(

𝑇𝑎

𝑇𝑠𝑢𝑛
) +

1

3
(

𝑇𝑎

𝑇𝑠𝑢𝑛
)

4

]                       (12) 

The rate of recovered thermal exergy considers the portion of the heat that can be 

converted to work. A portion of the heat is wasted due to the disorganized nature of 

thermal energy [47]. 



32 

 

                                                   𝑋̇
𝑡ℎ = �̇�𝑐𝑝 [(𝑇𝑜 − 𝑇𝑖) − 𝑇𝑎 ln (

𝑇𝑜

𝑇𝑖
)]                              (13) 

The rate of recovered electrical exergy is equal to the yielded electrical power. The 

yielded electrical energy could be fully utilized without any losses. 

                                                       𝑋̇
𝑒𝑙𝑒 =  �̇�𝑒𝑙𝑒 =  𝜂𝑒𝑙𝑒𝐺𝐴𝑃𝑉                                          (14)                                  

All aforementioned equations are solved numerically under different operating 

conditions.  
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Chapter 4. Experimental Setup   

In this chapter, the in-house PVT system components and its measuring accessories are 

discussed. Also, the design and fabrication process of the thermal collector is portrayed 

4.1. PVT System Components   

The mathematical model developed in earlier section is validated by experimental data 

that is collected from an in-house water-based PVT system. The PVT system consists 

of a polycrystalline 50 W PV module and aluminum thermal collector. The thermal 

collector is attached to the backside of the PV as shown in Figure 4-1. Water is 

circulated by a 0.5 HP pump through the inlet of the thermal collector. The water 

volumetric flow rate is controlled by a valve and measured by a water flow meter. The 

inlet and outlet water temperatures are measured by K-type thermocouples with an 

uncertainty of 0.15 ℃. The PV surface temperature is recorded using the Fluke Ti200 

IR camera. Validating the zero-dimensional model requires recording the inlet and 

outlet temperatures, and the PV surface temperature at 15-minute intervals once the 

steady state is achieved. Data such as wind speed, solar irradiance, and ambient 

temperature is recorded by Davis VP2 portable weather station. Figure 4-1 shows the 

layout of the experiment and the instrumentation used in this study.  

 

Figure 4-1: Schematic of the PVT experimental setup 

 



34 

 

4.2. Design of In-house Thermal Collector 

The design of the thermal collector is based on the study conducted by Siddiqui [22] in 

which the double serpentine series-parallel heat sink has shown low PV surface 

temperature and an appropriate uniform temperature distribution. The heat sink is 

manufactured from aluminum plate and 10 copper pipes which are force fitted in the 

machined aluminum plate, as seen in Figure 4-2. The dimensions of the aluminum plate 

are 491 mm long, 652 mm wide, and 30 mm thick. Groove milling is performed to 

produce 10-mm grooves, in which the copper pipes are press fitted. The copper pipes 

are of  9 mm inner hydraulic diameter. The surfaces of the copper pipes are flattened 

to maintain proper contact area between the thermal collector and the rear side of the 

PV panel. The thermal collector is attached to the PV cell with the aid of thermal paste 

and bolts. 

     

 

Figure 4-2: Design and implementation of the double serpentine series-parallel TC 
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Chapter 5. Results and Analysis 

In this chapter, we validate the mathematical zero-dimensional model by comparing 

experimental data such as the difference in temperature between inlet and outlet as well 

as the surface temperature to the corresponding numerical predicted outcome. Using 

the experimentally validated mathematical model, parametric studies are performed to 

optimize the operational parameters and improve the performance of the system. 

5.1. Validation of the Zero-dimensional Model 

Performance of the water-based PVT system is a function of the thermal collector water 

inlet and outlet conditions and surface temperature of the PV cell. The difference 

between the thermal collector inlet and outlet temperatures determines the extracted 

thermal energy and the recovered thermal exergy. The electrical efficiency increases 

when the PV surface temperature is maintained at around room temperature [11]. 

Experimental data is collected from the in-house water-based PVT system and the zero-

dimensional model is validated accordingly.  Validity of the zero-dimension model is 

demonstrated in Figures 5-1 and 5-2. In the experimental part of this study, the 

difference between the thermal collector inlet and outlet water temperatures, the surface 

temperature of the PV, the wind speed, and the ambient temperature are collected at 

different solar irradiance levels. This data is collected for water flow rate of 

0.0235 kg/s on different days. Over the same period of time, the recorded wind speed 

has varied between 1.6 and 9.6 m/s, while the ambient temperature has varied between 

24.3 and 30.0 ℃. The difference between the thermal collector inlet and outlet water 

temperatures is deduced numerically from the model and is compared to the 

experimental data, as shown in Figure 5-1. The zero-dimensional model is fed with the 

experimental data of each case as well as the PV thermal and physical parameters to 

estimate the change in temperature of the specified case. For instance, at solar irradiance 

of 292 W/m2 , the experimental outlet water temperature is measured as 25.7 ℃ 

whereas the model outlet temperature is estimated as 25.6 ℃. The experimental and 

numerical trends are in agreement with an average error of 0.13 ℃. The numerical data 

has a coefficient of determination of 0.9321 ℃, which is indicative of the success of 

the model in predicting the difference between the thermal collector inlet and outlet 

water temperatures. Moreover, the result in Figure 8 shows that the difference between 

the thermal collector inlet and outlet water temperatures increases at higher solar 
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irradiance. This implies that the thermal performance of the PVT system is enhanced at 

high solar irradiance values. 

 

Figure 5-1: The difference in temperature between the TC inlet and outlet flow as a function of the 

solar irradiance 

Also, the experimental PV surface temperature is compared to the numerical outcome, 

as seen in Figure 5-2. The trend of the numerical surface temperature matches that of 

the experimental surface temperature. At low solar irradiance of 224 W/m2, the 

measured PV surface temperature is 28.7 ℃  whereas the model estimated PV surface 

temperature is 27 ℃. Increasing the solar irradiance to 472 W/m2 results in an increase 

in the measured PV surface temperature to a value of 34.1 ℃ and the model estimated 

PV surface temperature to 31.3 ℃. The PV surface temperature is directly proportional 

to the intensity of the incident solar irradiance. The numerical model has an average 

error of 1.80 ℃ in estimating the PV surface temperature. Also, the numerical data has 

a low coefficient of determination of 0.6325 ℃. This low value of the root mean square 

deviation is attributed to the quasi-steady state assumption and the omission of the 

spatial resolution in the model. 
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Figure 5-2: The PV surface temperature as a function of the solar irradiance 

5.2. Parametric Study 

Utilizing the experimental data, the weather conditions, and the physical and thermal 

properties, the thermal collector overall heat transfer coefficient, 𝑈avg, is calculated 

from the zero-dimensional model. For given experimental layout, the overall heat 

transfer coefficient is calculated as 27.81 W/(m ∙ K). The low value of the overall heat 

transfer coefficient is mainly attributed to the high contact thermal resistance between 

the copper pipes, the aluminum plate and the PV module. Utilizing the zero-

dimensional model, the impact of water mass flow rate on the PVT system is shown in 

Figure 5-3. The results in the figure are produced for an overall heat transfer of 

27.81 W/(m ∙ K), solar irradiance of 600 W/m2, inlet temperature of 26.0 ℃, ambient 

temperature of 25.0 ℃, and thermal and physical properties listed in Table 3-1. Figure 

10a shows that increasing the water mass flow rate drops the PV surface temperature 

until an asymptotic value at mass flow rate (0.01 kg/s). The asymptote outlet 

temperature approaches to the inlet temperature at high flow rates, while the surface 

temperature reaches a value higher than the inlet temperature due to the thermal 

resistance between the surface and the water. Consequently, the forced water flow at a 
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high volumetric flow rate has a relatively low outlet temperature as the heat removal 

rate from the PV declines with the increasing water mass flow rate. The lowest outlet 

temperature of 26.1 ℃ and the lowest PV surface temperature of 36.0 ℃  are achieved 

at mass flow rates above 0.01 kg/s. For the setup described in this paper, exceeding 

the mass flow rate values beyond 0.01 kg/s do not significantly increase thermal 

efficiency, electrical efficiency, and overall efficiency, as portrayed by Figure 5-3b. 

The reduced surface temperature implies that the electrical efficiency increases from 

12.63% to 13.23%. Increasing the mass flow rate generates more hot water and that is 

reflected by the high thermal efficiency of 44.87%. However, the quality of this water 

is low and that is reflected by the exergy analysis portrayed in Figure 5-3c. The second 

law efficiency of the thermal collector peaks at 0.91%, at a mass flow rate of 

0.0006 kg/s. This implies that the hot water has the highest available energy to be 

exploited and utilized in engineering applications. The second law efficiency of the PV 

increases by 0.64%, from 13.53% to 14.17%, as the mass flow rate is increased. This 

trend concludes that the first and second law electrical efficiencies are inversely 

proportional to the PV surface temperature. The overall second law efficiency also 

peaks at 0.0006 kg/s, which concludes that the optimal mass flow rate for this 

application is from 0.0006 kg/s to 0.003 kg/s. The performance of the PVT is affected 

by the wind speed, as shown in Figure 5-4. Using the optimized mass flow rate of 

0.001 kg/s, the wind speed varied between 0 m/s and 15 m/s, while the other 

operational and weather parameters remain constant. Increasing the wind speeds 

decrease the surface temperature and the outlet temperature, as depicted in Figure 5-4a. 

The heat lost through convection increases significantly resulting in a lowered surface 

temperature and a diminished ability in extracting heat through the water flow. 

Consequently, Figure 5-4b shows that the thermal and the overall efficiencies decrease, 

whereas the electrical efficiency increases from 12.4% to 13.4%. From energy 

analysis, the highest thermal efficiency of 50.6% is calculated at the lowest wind speed 

of 0 m/s, ensuring that the convective and radiative losses are minimal. However, the 

highest electrical efficiency of 13.4% is achieved at the highest wind speed of 15 m/s 

and the lowest PV surface temperature of 33℃. These trends are somewhat similar for 

the exergy analysis, in which the second law efficiency of the TC varies inversely with 

the wind speed. On the other hand, the second law efficiency of the PV varies directly 

with the wind speed. This could be attributed to the decreasing rate of heat extraction 
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as the wind speed increases. In short, higher wind speed allows better cooling of the 

PVT system which improves the PV electric power conversion, but it reduces the 

thermal energy collected by the thermal collector. Figure 5-3 shows the effect of mass 

flow rate on the outlet temperature, the PV surface temperature, the overall efficiency 

and the overall second law efficiency. 

                                  

(a) 

 

(b) 

                     

(c) 

Figure 5-3: The effect of mass flow rate on (a) Outlet water temperature and PV surface temperature 

(b) Overall efficiency (c) Overall second law efficiency 

Similarly, Figure 5-4 shows the impact of wind speed on the PVT performance. 
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(a) 

 

(b) 

  

(c) 

Figure 5-4: The effect of wind speed on (a) Outlet water temperature and PV surface temperature (b) 

Overall efficiency (c) Overall second law efficiency 

The impact of inlet temperature on PVT performance is illustrated in Figure 5-5. Using 

a mass flow rate of 0.001 kg/s, the inlet temperature is varied with the weather 

conditions, while thermal properties, and physical characteristics remain constant. 

Increasing the inlet temperature from 15°C to 47.6°C increases the surface and outlet 

water temperatures until they reach to an equilibrium, as shown in Figure 5-5a. The 

inlet water with low thermal content cools down the PV cell, which in turn leads to a 

relatively low surface temperature and a large difference between the outlet and inlet 
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water temperatures. Comparatively, the inlet water with high thermal content does not 

cool the PV cell properly, and the corresponding difference in temperature between the 

outlet and inlet waters is minimal. In Figure 5-5a, when the inlet temperature is  47.6°C, 

no heat is extracted by the water in the pipes since the produced electricity, and the heat 

lost through convection and radiation are equal to the solar irradiance received by PVT 

system. This implies that the thermal efficiency reaches to 0%, whereas the electrical 

efficiency decreases from 13.2% to 12.5%, as observed in Figure 5-5b. Energy analysis 

suggests the lowest inlet water temperature to have the highest possible overall 

efficiency. From the exergy analysis shown in Figure 5-5c, the second law PV 

efficiency remains the highest, 14.2%, at the lowest inlet water temperature.  However, 

a low inlet water temperature yields a low quality outlet water. Therefore, having the 

inlet water temperature range between 22.5°C and 27.5°C ensures the optimal 

performance of the PVT system. The ambient temperature 25°C lies within the optimal 

range of inlet water temperature. Having the inlet water temperatures lower than the 

ambient temperature results in entropy generation due to rapid heating of water. 

Accordingly, the water heats to a temperature that yields a lower exergy. In contrast, a 

water flow with an inlet temperature higher than the ambient temperature does not heat 

up significantly, which results in a lower potential to do work. Regardless of the inlet 

temperature, the second law efficiency of the TC remains relatively low. However, it is 

observed that an inlet water flow close to the ambient temperature yields the highest 

available energy. In Figure 5-6, the effect of ambient temperature and solar irradiance 

on the performance of the PVT system is studied in 3 scenarios that are common to 

UAE’s weather conditions. Namely, (a) the ambient temperature is 20 °C and the solar 

irradiance is 400 W/m2, (b) the ambient temperature is 30 °C and the solar irradiance 

is 600 W/m2, and (c) the ambient temperature is 40 °C and the solar irradiance is 

800 W/m2. Increasing the ambient temperature decreases the second law efficiencies 

of both the PV and the overall PVT system. At the optimum mass flow rate of 

0.001 kg/s, the second law efficiency of the PV is highest at the lowest inlet water 

temperature of 15 °C along with the lowest ambient temperature of 20 °C, as shown in 

Figure 5-6a. This behavior is expected for the PV since low inlet water and ambient 

temperatures ensure low surface temperature, which is favorable to electricity 

production. 
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(a) 

 

(b) 

 

(c) 

Figure 5-5: The effect of inlet water temperature on (a) Outlet water temperature and PV surface 

temperature (b) Overall efficiency (c) Overall second law efficiency 

The overall PVT second law efficiency is the highest at the lowest ambient temperature 

and at an inlet water temperature that is in the vicinity of the ambient temperature, as 

shown in Figure 5-6b. The overall PVT second law efficiency peaks at 15.2% as the 

inlet water and ambient temperatures, and solar irradiance are 

21.5 °C, 20 °C, and 400 W/m2, respectively.  In Figure 5-6b, the parabolic trends are 

attributed to the significant exergy destructed at low and high inlet water temperatures. 
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The trends shown in Figure 5-6 conclude that the overall performance of the PVT is 

optimum in weather conditions with high solar irradiance yet reasonable ambient 

temperature. While the GCC countries receive an abundance of solar radiation, the hot 

climate limits the efficiency and the performance of the implemented PVT systems.   

 

(a) 

 

(b) 

Figure 5-6: (a) Second law efficiency of the PV (b) Overall second law efficiency of the PVT system as 

a function of the operational parameters at mass flow rate of 0.001 kg/s 

Figure 5-7 shows the effect of varying both the mass flow rate and the inlet water 

temperature on the performance of the PVT, when the ambient temperature is 30 °C 

and the solar irradiance is 600 W/m2. As seen in Figure 5-7a, the second law efficiency 

of the PV decreases as the inlet water temperature rises, regardless of the mass flow 

rate. Using the optimized mass flow rate of 0.001 kg/s, the second law efficiency of 

the PV is maximized at 13.9% when inlet temperature 18.1 °C. However, the overall 

second law efficiency trends are parabolic showing that exergy is maximized at a 

specified range of inlet water temperatures. For mass flow rate of 0.0003 kg/s, the 

peak performance is at inlet water temperature ranging between 13.0 °C and 19.0 °C, 

as seen in Figure 5-7b. The water extracts low quantities of heat at high inlet 
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temperatures, whereas the thermal quality of the heated water is low at low inlet 

temperatures. PVT systems that utilize mass flow rates of  0.001 kg/s and 0.05 kg/s 

peak at median inlet water temperatures of  31.5 °C and 39 °C, respectively. Increasing 

the mass flow rate requires the usage of an elevated inlet water temperature, due to the 

fact that low inlet water temperature will yield low thermal quality water. With the inlet 

water temperatures above 52.3 °C, the water does not heat up and the operation of the 

PVT system is not justifiable. The trends shown in Figure 5-7 conclude that the optimal 

performance of the PVT system is achieved when the elevated inlet water temperatures 

are used at high mass flow rates, whereas the low inlet water temperatures are used at 

low mass flow rates.  

 

(a) 

 

(b) 

Figure 5-7: (a) Second law efficiency of the PV (b) Overall second law efficiency of the PVT system as 

a function of the operational parameters at ambient temperature of 30 °C and solar irradiance of 600 

W/m2 
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ṁ = 0.0003 kg/s
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Chapter 6. Conclusion and Future Work 

6.1. Summary 

This thesis validates the zero-dimensional model with the experimental data obtained 

from an in-house PVT system and weather station. Two significant operational 

parameters, namely the difference between inlet and outlet water temperatures as well 

as the PV surface temperature, matched the numerically acquired estimations with 

reasonable accuracy. In accordance with the experimental data, the difference between 

the inlet and outlet water temperatures increased at higher solar irradiances. Likewise, 

the zero-dimensional model estimated an increase in PV surface temperature as the 

solar irradiation intensifies. The zero-dimensional model is a reliable method in 

computing the overall heat transfer coefficient. Upon supplying the model with all 

operational parameters, such as the inlet and outlet water temperatures, the PV surface 

temperature, the mass flow rate, as well as the thermo-physical properties of the PVT 

system and the weather conditions at the site of the experiment, the overall heat transfer 

coefficient is computed as 24.7 W/(m∙K). The low overall heat transfer coefficient is 

attributed to the inherently high thermal resistance in the design of the PVT system. 

Extending the usage of the zero-dimensional model, performance parameters such as 

the overall first and second law efficiencies are determined as operational parameters 

are varied. The optimal mass flow rate of 0.001 kg/s ensures the highest available 

energy, as utilizing a relatively low mass flow rate does not yield enough thermal 

energy removal, whereas relatively high mass flow yields low available energy 

removal. Upon choosing the optimal inlet water temperature that optimizes the 

performance of the PVT system, the energy analysis gives misleading results, whereas 

the exergy analysis gives a more accurate conclusion. While a low inlet water 

temperature, 15 ℃, ensures high electrical efficiency and high second law efficiency 

of the PV, the second law efficiency of the TC is extremely low at such temperature 

since the yielded water is at low thermal quality. The study shows that an inlet water 

temperature that is close to the ambient temperature gives the highest overall second 

law efficiency. Relative to the ambient temperature, high PVT overall second law 

efficiency is achieved for the cases of low mass flow rate flow, with a relatively low 

inlet water temperature, as well as the case of high mass flow rate flow with a relatively 
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high inlet water temperature. Finally, the study concluded that the performance of the 

PVT system is optimal in relatively cold regions that receive high solar radiation. 

6.2. Future Work  

The zero-dimensional model is a strong tool in studying different operating liquids for 

the PVT system. Future work could include studying the effects of nanofluids, phase-

change materials, and organic compounds on the performance of the PVT system using 

the proposed zero-dimensional model. Also, the zero-dimensional could be extended to 

predict the performance of various PVT systems such as: Air-cooled PVT system, 

concentrating PVT systems, and Fresnel lens integrated PVT systems. Apart from the 

energy and exergy analysis of the PVT system, research related to the cost analysis and 

life cycle assessment of such systems would enrich the available literature.  
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Table A-1: Electrical specifications of PV module (STC) 

Nominal power 49 W 

Open-circuit voltage 22.12 V 

Short-circuit current 2.983 A 

Voltage at maximum power 18.37 V 

Maximum power current 2.667 A 

Efficiency module 13.9 % 

 

Table A-2: Mechanical data of PV module 

Length 535 mm 

Width 670 mm 

Depth 34 mm 

Weight 4.7 kg 
Table A-3: Properties of the thermal paste 

Table A-3: Properties of the thermal paste 

Material type Thermal Silicon compound 

Shear strength  1.5 MPa 

Thermal conductivity  >0.671 W/m. K 

Solidification time 3 min 

 

 

 

Figure A-1: Front-side of the PVT system 

 



52 

 

 

Figure A-2: Rear-side of the PVT system 

 

 

Figure A-3: Dimensions of the thermal collector 
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