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Abstract—A photovoltaic thermal (PV/T) collector is a 

system that combines a photovoltaic module with a solar 

thermal system in one device in order to convert the incident 

sunlight into electricity and produce thermal heat 

simultaneously. Different PV materials have been developed 

in order to obtain efficient solar energy utilization. PV/T 

technology has attracted a significant amount of research and 

professional interest during the last decades due to its better 

performance compared to separate solar systems. Hybrid 

PV/T solar collectors have been classified according to the 

kind of coolant fluid used. Water, air or a combination of 

both are the media most widely used as coolant systems for 

extracting the heat from the rear surface of the PV panel. 

Major research developments on enhancing the performance 

of PV/T collectors have been carried out in the last three 

decades. This article reviews the developments and advances 

in hybrid PV/T air and water collector applications.  
 

Key Words— Photovoltaic/thermal, Hybrid PV/T, energy 

performance, air and water collector,energy conversion.  
 

I. INTRODUCTION 

HE photovoltaic thermal (PV/T) collector is a system that 

combines a photovoltaic module with a solar thermal system 

in one device in order to convert the incident sunlight into 

electricity and thermal heat simultaneously, as shown in Figure 1. 

PV/T technology has attracted a significant amount of research 

and professional interest during the last decades due to its better 

performance compared to separate solar systems. PV systems can 

convert about 15~20% of the captured sunlight into electricity 

whilst the remainder turns into heat [1]. Hybrid PV/T solar 

collectors have been classified according to the kind of coolant 

fluid used. Water, air or a combination of both are the media most 

widely used as coolant systems for extracting the heat from the 

back surface of the PV panel [2]. In fact, the solar cell efficiency 

is greatly influenced by higher temperatures, which means that 

the efficiency of the PV panel is inversely proportional to the 

temperature of the solar cell. Through the heat extraction process 
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of the hybrid PV/T system, it was found that the PV/T is able to 

improve the electrical, thermal and overall solar efficiencies [3]. 

The performance of hybrid PV/T collectors was experimentally 

evaluated by Lalovic et al.[4] & Sudhakar and sharon[5], and 

analytically and economically investigated by Florschuetz [6], 

and Takashima et al.[7]. The essential concept in this field was 

introduced by Kern and Russell[8]. Hendrie[9]studied a 

theoretical model for a photovoltaic thermal collector by using 

traditional thermal plane methods. Since the mid-1970s [10] have 

been conducting theoretical analysis and experimental validation 

of several types of PV/T solar collectors. Florschuetz[6] 

introduced the widely known extension of the Hottel-Whillier-

Bliss (HWB) model in order to analyses the PV/T performance 

and perform a thermal analysis of flat-plate collectors. Numerical 

techniques for evaluating the performance of PV/T flat-plate 

collectors with respect to the type of fluid used have been 

elaborated by Raghuraman [11]. A computer simulation was used 

by [12] to examine the performance of a hybrid air-based system. 

On the other hand, in terms of minimising the cost of the hybrid 

system[13] suggested a novel technique of using a transparent a-

Si thin film solar cell. Loferski et al.[14] integrated and analysed 

a hybrid air-based system applied on a residential building. An 

interesting study for performance evaluation of a single-pass 

covered PV/Ta system, including the study of several parameters, 

namely; flow rate, PF, absorber parameters, channel depth 

modification and absorber parameters, was presented by 

Bhargava et al.[15] and Prakash[16].Takashima et al.[7] 

suggested a method to separate the solar panel and the absorber 

plate by using a gap to enhance the PV cooling. In another work, 

Sopian et al.[17], & Garg and Adhikari [18] studied in depth both 

single- and double-pass hybrid PV/Ta collectors to evaluate the 

performance of the designed collector. A precise study analysing 

the energy transmitted between different layers in the hybrid 

PV/Tw collector in terms of energy performance results was 

conducted by Bergene and Løvvik [19]. A parametric study on 

integrating the PV solar cell on a roof building is presented by 

Brinkworth et al.[20]. A recent study concentrating on integrating 

a PV/T system with latent heat storage and how this can be 

utilized on housing facades to provide warm water for domestic 

purposes was presented by Hausler & Rogass [21]. Also, in the 

USA, commercial PV/T systems were developed by Thomas et 

al.[22]. Since then, several studies have been conducted based on 

design, while other studies concentrated on both the performance 

and developments of PV/T systems. From most of the previous 

studies, several investigators concluded that the air-based 

collector design provides a simple and economical technique for 

cooling the PV, but that the air has low thermal conductivity and 

a low heat transfer rate as [23]. On the other hand, water-based 
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collectors have higher heat extraction and are more expensive 

than the air type. In the hybrid PV/T collectors, the photovoltaic 

solar cell is used as a heat absorber and thus has a dual 

function[24]. Furthermore, the total energy obtained from the 

hybrid PV/T system per unit surface is increased and by 

combining both systems this will reduce the installation costs[3]. 

 
Fig.1. Process for generating both of heat and electricity simultaneously from a 

PV/T system [1] 
 

Thus, continuity of research in new methods of thermal 

absorber configuration and design, developments in the material 

of the PV cells, coating selection, system evaluation, optimisation 

and reliability, are all important to make these systems 

commercially viable globally. This paper reviews and summarises 

the important literature covering different absorber techniques 

used with PV/T (air or water) collectors in order to find new 

solutions for improving the performance evaluation, their 

contribution to energy saving, and utilising this heat for different 

domestic purposes. In addition, comprehensive literature reviews 

of PV/Ta and PV/Tw solar collectors have been elaborated. 

Recent developments in PV/T collector technologies have been 

identified.  

II. TYPES OF PV SOLAR CELL TECHNOLOGY 

Generally, PV systems are classified according to their solar 

cell technology [25]. A study on the different  types of PV 

technology was carried out byMints [26], who concluded that the 

highest efficiency percentage of about 90% in the PV market 

depended on crystalline silicon, while mono-crystalline silicon 

achieved 42% and poly-crystalline yielded around 45%, as shown 

in Figure 2.  

 
Fig. 2. Classification of various PV technologies [27] 

III. MAIN FACTORS AFFECTING THE PV CONVERSION EFFICIENCY 

The light wavelength, PV temperature, and reflection are the 

most significant factors that affect the efficiency of the PV. These 

factors are summarised as follows: 

A. Wavelength of light 

The sun emits energy in the form of electromagnetic waves. 

White light from the sun includes all the colours of the visible 

spectrum and ranges in wavelength from about 400–780nm, as 

shown in Figure 3. The PV cell lacks the ability to absorb 

wavelengths longer than 700 nm so these simply pass through it. 

Very short wavelengths, such as X-rays, pass through the cell 

because their energy is too high to be absorbed. To increase the 

efficiency of photovoltaic cells, materials engineers have adopted 

a variety of techniques, including a multi-layer design that has 

several types of impurities mixed with the silicon, each with its 

own response curve. The top layer absorbs shorter wavelengths 

and the bottom converts the longer ones. The result is a 

significantly better conversion efficiency and better energy 

outputBube [28]. 

 
Fig. 3. Solar radiation spectrum [29] 

B. Reflection 

Another way to enhance the PV efficiency is by reducing the 

deviant solar radiation away from the solar cell top surface. For 

instance, silicon without any treatment can  reflect more than 30% 

of incident lightBube[28]. For this reason, many investigators are 

searching for other solutions such as anti-reflection technologies 

that will optimise light absorption. A special coating can be 

applied to the solar cell to increase the absorption and this causes 

the reflected light to strike a second surface before it is wasted to 

the environment[30]. 

C. Influence of rising temperature  

Generally, PV cells perform better when they work at low 

temperatures and their performance deteriorates as the 

temperature increases. Figure 4 shows the effect of increasing the 

temperature on the PV cell [31]. They found that by increasing 

the cell temperature the PV cell performance will decrease, which 

is similar to the result obtained by Evans [32]. 

 
Fig.4. Impact of temperature increases on the performance of solar cell [31] 
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D. Effect of dust on PV performance 

Dust can be defined as minute solid particles less than 500µm 

in diameter. Different studies have been conducted in order to 

investigate the influence of dust on the PV performance. In the 

USA, Hottel and Woertz [33] reported that they found a wide 

range of reduction in PV performance of around 1%, with a peak 

of 4.7% during a two month study period. In another study in 

Saudi Arabia,Nimmo and Said [34] reported a 40% degradation 

in PV performance in a period of six months. Meanwhile, in 

Kuwait a range of 17–65% PV performance reduction depending 

on the tilt angle over a period of 38 days was reported by Sayigh 

et al.[35]. In Egypt, a reduction of about 33.5–65.8% in the PV 

performance over a period of six months was observed by Hassan 

et al. [36]. 

IV. CLASSIFICATION OF HYBRID PV/T COLLECTORS 

A. Liquid-based PV/T collector types 

Interest in the development of water-type PV/T collectors has 

been growing in recent years compared to other techniques such 

as air or refrigeration for enhancing the performance of the PV/T 

collectors. This technique has the disadvantage that leakages or 

freezing may occur in extreme conditions. To prevent these 

problems, a water–ethylene–glycol mixture can be used as 

approved by Hasan and Sumathy [37]. Fujisawa and Tani [38] 

used an analysis of the designed PV/T system based on the 

second law of thermodynamics with the aim of evaluating the 

experimental performance. Figure 5(a) shows that the unglazed 

PV/T collector generates higher electrical exergy, while it’s 

calculated thermal exergy was found to perform less well than the 

flat-plate collector owing to greater heat loss to the environment 

in the case of the unglazed model, as shown in Figure 5(b). 

 
Fig. 5. (a)Exergy evaluation for PV/T collector with and without glass covers in 
terms of accumulated electric exergy, (b)Exergy thermal evaluation for a PV/T 

collector with and without glass cover [38] 
 

Moreover, they found that increasing the mass flow rate 

through the channel will improve the heat transfer coefficient, 

which leads to enhanced PV panel cooling as well.Solanki et 

al.[39] made an indoor simulation to evaluate the energy 

performance of the air-type PV/T collectors. The proposed system 

comprises three multi-crystalline silicone solar cells of glass-to-

tedlar type with a rating of 75 Wp that stand on a wooden duct. 

The impact of varying the mass flow rate on the energy 

performance under a specific solar radiation of about 600 W/m
2
 

and an inlet temperature of 38
o
C was computed and analysed. 

Figure 6(a) shows that the electrical, thermal, and overall 

performance efficiencies were found to be 8.4%, 42%, and 50% 

respectively. An improvement in the performance of the PV 

model resulting from solar cell temperature drops of about 10
o
C 

is shown in Figure 6(b). 

 
Fig.6. (a)Effect of electrical efficiency with changing mass flow rate, (b)Effect of 

both cell temperature and electrical efficiency for a model with and without flow in 

the duct [39] 
 

Chow et al. [40] studied the effect of adding a glass cover over 

two similar sheet-and-tube thermosyphon PV/T water-based 

collector systems. A cross-section of the designed model with 

glazing is shown in Figure 7, and the experimental design for the 

two models with and without glazing is seen in Figure 8. They 

examined the performance of the suggested system in terms of six 

operating parameters, namely; packing factor, mass flow rate, 

solar cell efficiency, ambient temperature, wind velocity, and 

solar radiation intensity. They applied the first law of 

thermodynamics to evaluate the performance of the studied 

system. The experimental and simulated results obtained for the 

PV power output and water temperature are shown respectively in 

Figure 9 (a) for the glazed collector and Figure 9 (b) for the 

unglazed collector. The results reveal that the glazed model 

always gives a better performance than the unglazed model. 

Meanwhile, the second law of thermodynamics supports the use 

of the model without a glass cover if increase of the ratio of mass 

flow rate to collector area, PF, photovoltaic cell efficiency, and 

wind velocity are seen as the desirable factors, whereas, in the 

case of increase of the ambient temperature (Ta) the glazed PV/T 

collector model is chosen. 

 
Fig. 7. Cross-section view (part plan) of PV/T collector with flat-box absorber and 

multi-water channel design [40] 

 
Fig.8. PV/T collectors with and without glass cover [40] 

 
Fig.9. performance evaluation and model validation of thermosyphon PV/T 

collector system [40] 

(b) (a) 

(a) (b) 
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In another study, Kim and Kim [41] experimentally analysed 

the performance of two PV/Tw models with and without glazing 

under indoor conditions, as seen in Figure 10 (a) & (b) 

respectively. They observed that the glazed model produces a 

thermal efficiency about 14% higher than the unglazed PV/T 

collector, whereas they found that the average electrical 

efficiencies with and without glazing are about 10.3% and 11.8% 

respectively. In addition, the overall energy performance of the 

PV/T collector with and without a glass cover was found to be 

48.4% and 35.8% respectively. In a similar study, 

Tripanagnostopoulos et al.[42] experimentally evaluated the 

performance of a PV/T collector to extract the heat from the PV 

panel under outdoor conditions. The hybrid PV/T systems were 

performed using poly-crystalline silicone with the same aperture 

area. Figure 11 (a) shows the PV model with water passing 

through tubes as a cooling fluid. In Figure 11 (b) a glass cover 

was added to enhance the thermal efficiency (PV/w +GL). Figure 

11 (c) shows the PV/a  with an air duct below the PV panel, and 

Figure 11 (d) shows the PV/a collector with glass cover (PV/a 

+GL). The authors then used the same design but this time with a 

booster diffuse reflector made from aluminium sheet, aiming to 

concentrate the incident sunlight on the PV module. In addition, 

they modified the cross-sections of Figure 11 (a) and (c) with 

amorphous silicon solar cells. 

 
Fig.10. (a) without glass cover (b) with glass cover PV/T collector [14]  

 

 
Fig.11. (a) PV model with water; (b) PV model with water and glass cover;  (c) PV 

model with air duct; (d) PV model with air duct and glass cover [42] 
 

The results obtained from using the booster diffuse reflector 

were an increase in the electrical output in the range from 25 to 

35% under a PV operating temperature changing from 40 to 70
o
C. 

In the case of using the additional glass cover, they found that the 

thermal efficiency was improved by 30%, with an increase in the 

optical losses of around 16%. Ibrahim et al.[43] evaluated 

theoretically the performance of PV/T water-based collectors with 

different absorber configurations, as seen in Figure 12. The PV/T 

system designed comprises hollow tubes attached underneath the 

pc-Si solar cell. The authors reported that with a flow rate of 

0.01kg/s the spiral flow model was found to be the best design, 

producing higher thermal and cell efficiencies of about 50.12% 

and 11.98% respectively at an output temperature of 31
o
C. Also, 

they pointed out that minimising the spacing between the tubes 

leads to more heat absorption. In another study,Ibrahim et al. 

[44]compared a PV/T water-based collector having an integrated 

spiral flow configuration with a single-pass rectangular duct 

absorber air flow collector. They observed that the thermal 

efficiency was about 64% while the electrical efficiency was 

around 11%. In addition, from the comparison of the spiral flows 

with the single-pass rectangular collector absorber, they 

concluded that the spiral flow design was much better at heat 

extraction. In order to achieve higher performance, a PV/T with a 

solar-assisted heat pump PV/T-SAHP integrated with a Rankine 

refrigeration cycle was designed by Ji et al.[45]. They used a 

distributed parameter method to develop a dynamic model of a 

PV solar cell, aiming to test the influence of the refrigerant 

factors, such as vapour quality, temperature, pressure and 

enthalpy, on the proposed system performance. The temperature 

allocation over the evaporator was investigated and analysed. The 

result showed that the PV efficiency and the thermal efficiency of 

the suggested system. Hendrie [9] derived a theoretical model of a 

hybrid PV/T air and liquid combined solar thermal system, 

aiming to calculate the thermal and electric performance of the 

proposed system. They reported that when the PV solar cells were 

not included in the operation the result obtained showed that both 

air- and liquid-based collectors could generate maximum thermal 

efficiencies of around 42.5%and 40% respectively. On the other 

hand, when the PV modules were in operation, the thermal 

efficiencies obtained were slightly reduced to 40.4% and 32.9% 

respectively. Moreover, they pointed out that the maximum 

electric efficiency achieved was 6.8%.As an echo to the analysis 

work done by De Vries[46], a theoretical analysis for a PV/T 

water-based collector used for domestic purposes was presented 

by Christandonis et al.[47]. Three cities under different climatic 

conditions were tested. They measured the thermal efficiency and 

found it to be 9% less than the traditional solar thermal collector. 

Moreover, they reported that the PV laminate has only small 

effects on the thermal efficiency. Kadhimet al.[48] evaluated the 

performance of a PV/T collector attached to a rectangular tube 

absorber design, as seen in Figure 13. They concluded from the 

simulation result that the rectangular tube absorber produces a 

combined PV/T efficiency of up to 65% and an electrical 

efficiency approaching 11.4% under solar radiation varying 

between 700 and 800 W/m
2
, with a fluid flow rate of about 0.045 

kg/s and an ambient temperature measured at between 28.6 and 

33.55
o
C, as seen in Figure 14. For future study, the authors 

recommended optimising the contact surface between the PV and 

the absorber collector underneath, aiming to enhance the 

efficiency of the PV/T collector. 

 
Fig.12. Different designed absorber namely; (a) Direct flow, (b) Serpentine flow,(c) 

Parallel serpentine flow,(d) Modified serpentine parallel flow,(e) Oscillator flow,(f) 

Spiral flow, (g) Web flow [43] 
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Fig.13. Rectangular tube absorber design [48] 

 
Fig.14. Changes of efficiencies over time at mass flow rate 0.045kg/s  ADDIN 
EN.CITE[48] 

 

 Moharram et al. [49] designed a PV/T collector that depended 

on water being sprayed over the mono-crystalline silicon PV 

panels, as shown in Figure 15. They derived two mathematical 

models; the first was used to compute the starting time needs for 

cooling of the PV panels as the temperature of the panels reaches 

the maximum allowable temperature (MAT), while the second 

model calculated how long it takes to cool down the PV panels to 

their normal operating temperature of 35
o
C. Both models were 

validated experimentally. The result indicated that cooling the PV 

panels when their temperature reaches the maximum allowable 

temperature of 45
o
C leads to the production of a higher energy 

output. The authors found that the cooling rate for the solar cells 

was 2
o
C/min based on the different parameters, namely, ambient 

temperature, solar radiation and the ambient temperature at 

sunrise. In addition, they operated the cooling system each time 

for 5 min, in order to minimise the module temperature by 10
o
C. 

Finally, the result obtained from the cooling rate derived model 

was found to be closer to the result obtained from the 

experimental measurements. 

 
Fig.15. Experimental setup (1) PV panel, (2) storage tank, (3) water pump, (4) 

filter, (5) nozzle, and (6) drain tube  [49] 
 

B. Air-based PV/T collector types 

This type of collector provides a simple and economical 

solution for extracting the heat from the PV panel to produce 

higher thermal efficiency. An explicit steady-state model for a 

single- and double-pass PV/Ta collector was developed by Sopian 

et al. [50]. They analysed the electric, thermal, and overall 

efficiency performance for both configurations and found them to 

be 7%, 28%, 35% and 9%, 34%, 45% respectively. From their 

results they observed that the double-pass PV/Ta collector was 

able to generate higher efficiency than the single-pass model, 

while the electrical efficiency was found to increase when 

increasing the mass flow rate to an optimum value, after which 

the thermal efficiency decreased.Tonui and Tripanagnostopoulos 

[51] enhanced the heat extraction from PV/T air collectors by 

suggesting two modifications with respect to the channel 

configuration, aiming to extract more heat, and the result was a 

reduction of the temperature of the PV panel, thus improving the 

efficiency. The first modified model was designed by adding a 

thin suspended flat metallic sheet at the middle of the air duct, 

while in the second modified model fins were used on the back 

plate of the air duct, as shown in Figure 16. It was clear that the 

energy efficiencies for the three techniques used, namely, the 

system with fins, system with TMS and traditional air heaters, 

were 30%, 28%, and 25% respectively. In a similar work,Tonui 

and Tripanagnostopoulos [52] performed two low-cost 

modification approaches in order to improve the heat transfer for 

a system with and without a glass cover. A mathematical model 

was derived aiming to investigate the influence of some 

significant parameters such as the fluid flow rate, tilt angle and 

inlet ambient temperature on the system efficiency. From the 

results obtained, they determined the optimum values for the 

channel depth and mass flow rate that led to decreasing the 

system performance. 

 
Fig.16. Different PV/T air collectors combined with glass cover, without glass 

cover, with TMS and with Fins [52] 
 

A comparative study on the energy performance of flat-plate 

PV/T air collectors was conducted byHegazy [53]. Four different 

configurations were designed: in model (1) the air passes over the 

absorber, in model (2) the air flows underneath the absorber, in 

model (3) the air flows on both sides of the absorber in a single-

pass design, and in model (4) the air flows in a double-pass 

design. The results obtained from the numerical analysis of the 

energy balance equations for each model showed that the first 

model performed less well than the other configurations, while 

better electric and thermal energy outputs were achieved by 

models (2–4). Moreover, they indicated that model (3) consumed 
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the lowest fan power, followed by model (4).Shahsavar and 

Ameri [54] examined the effect of using a thin aluminium sheet 

suspended at the middle of the air duct in terms of heat transfer 

improvement. Moreover, a mathematical model that was derived 

for their suggested prototype based on using different numbers of 

fans (2, 4, 8) was studied and analysed. The optimum number of 

fans required to maximise the electrical efficiency was 

determined. They reported that the model without a glass cover 

has the lowest overall efficiency compared to the system with a 

glass cover.Ooshaksaraei et al.[55], evaluated the performance of 

bifacial PV/T air-based type collectors in terms of their energetic 

and exergetic performance. They concluded that the maximum 

efficiencies of a double-path parallel PV/T collector were found 

to be around 45% to 63%. The single-path bifacial PV/T panel 

represented the highest exergy efficiency, which reached 10%. 

They also indicated that the double-path parallel bifacial design is 

more productive as it produces around 20% extra total energy 

when compared to the single-path design. Numerical and 

experimental work on a bi-fluid PV/T collector was presented 

byAssoa et al.[56]. The goal of their use of air and water as 

coolant fluids was to produce air preheating and hot water that 

can be used for domestic purposes. The thermal efficiency was 

found to be up to 80% with the appropriate collector length and 

mass flow rate.Shahsavar et al.[57]experimentally studied four 

different models of PV/T/a collectors, aiming to analyse the 

performance of the designed system. Figure 17 shows model (1) 

"with glazing", model (2) "without glazing", model (3) "with 

tedlar", and model (40 "without tedlar”. They developed an 

analytical expression similar to the Hottel-Whillier-Bliss equation 

in terms of climate and designed parameters. They concluded 

from their result that the last model had the best performance 

among the other configurations.  

 

Fig.17. (a) unglazed with tedlar (Model1), (b) unglazed without tedlar (Model2), 

(c) glazed with tedlar (Model3), and (d) glazed without tedlar (Model4)[57] 
 

In order to increase the solar radiation absorbed by the solar 

cells,Othman et al.[58]implemented an indoor double-pass PV/Ta 

collector integrated with a compound parabolic concentrator 

(CPC) and fins, aiming to focus more solar radiation on the PV 

cells and improve the heat transfer rate to enhance the energy 

performance of the designed system. The collector specifications 

were given as W=0.85m, L=1.22m, with a concentration ratio 

CR=1.86, a lower channel height that could be changed from 30 

to 120mm, and the overall area covered by solar cells of 0.38m
2
, 

as seen in Figure 18. They reported that the electricity generated 

from the proposed system decreased as a result of increasing the 

temperature of the air flow. The authors pointed out that this 

design model is more power productive and more economical. 

 
Fig.18. Schematic model of a double-pass photovoltaic thermal solar collector with 

CPC and fins [58] 
 

Figure 19 shows three different configurations, a flat-plate 

collector (FPC), v-corrugated, and finned air heaters, that were 

experimentally tested under the climate of Singapore byKarim 

and Hawlader [59]. They indicated that in the case of using a 

single-pass air flow collector model, the v-corrugated design was 

more efficient than the FPC, while for the double-pass air flow 

model the FPC gives a better performance than the v-corrugated. 

Moreover, they reported that the efficiency improved for all the 

designed models when the mass flow rate exceeded 0.056 kg/m
2
s. 

They found from these outcomes that the v-corrugated model was 

10–15% more efficient for the single-pass air system and 5–11% 

in the case of the double-pass air modes compared to the 

FPC.Ibrahim et al. [60] conducted a comparison study between 

two types of collectors. Firstly, a single air-pass PV/Ta collector 

was integrated with a rectangular tunnel absorber, while the 

second PV/Tw collector was connected with a spiral flow 

absorber. Both designs were used to produce cogeneration hot 

water and electricity simultaneously. Figure 20 shows the two 

absorbers installed under the flat plate with a single glass sheet of 

p-Si PV panel. The results obtained from the spiral flow indicated 

that the combined PV/T efficiency, the electrical efficiency, and 

the maximum output power were about 64%, 11%, and 22.35W 

while from the single-pass air model with a rectangular tunnel 

they obtained 55%, 10%, and 22.45W respectively. 

 
Fig.19 (a) Flat plate solar air collector (b) V-groove air collector (c) Finned 

collector[59] 

 
Fig.20. (a) PV/Ta system with rectangular absorber (b) PV/Tw system with spiral 

absorber [60] 
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The energy performance of a double pass fashion PV/T air type 

system integrated with a porous media in the bottom channel as 

shown in Figure 21 has been studied theoretically and 

experimentally by Sopian et al.[61]. They observed that the 

thermal efficiency obtained from theoretical and the experimental 

works are closer to each other under solar radiation about 570 

W/m
2
. In addition, they reported that the thermal efficiency of the 

double pass model with using porous media was found about 60-

70% in which 10% much better than the case without using 

porous media. 

 
Fig.21. Double pass PV/Ta system integrated with porous media [61] 

 

V. RECENT RESEARCH WORK ON BIPV/T APPLICATION 

A. BIPVT water-based  

Ibrahim et al.[60]investigated a PV/T using water as a coolant 

system in order to produce hot water to be used for many 

applications in Malaysia, such as building heating systems and 

hot water for domestic purposes. In their study, they suggested 

that the spiral flow absorber was pasted below the pc-Si PV 

model, as seen in Figure 22. They evaluated the BIPV/Tw 

collector with respect to the energy and exergy under the 

meteorological conditions of Malaysia. The results showed that 

the PV/T energy efficiency of 55–62% is higher than the PV/T 

exergy efficiency of 12–14%, as shown in Figure 23, and the 

primary energy saving efficiency was found to be in the range of 

73%–83%.  

 
Fig.22. (a)Spiral flow absorber, (b)Photograph of BIPVT system [60] 

 
Fig.23. Changes of energy and exergy efficiencies and outlet temperature over time 

at mass flow rate of 0.027 kg/s[60] 
 

   Four different models of BIPV/T collectors were constructed 

and tested in the Indian climate byAgrawal and Tiwari [62]. 

Model I "connecting all 6 rows of BIPV/T systems in parallel"; 

model II "connecting all 3 rows of BIPV/T systems in parallel, 

each having 2 rows in series; model III "connecting 2 rows of the 

BIPV/T systems in parallel, each having 3 rows in series"; and 

model IV "connecting all the rows of the BIPV/T systems in 

series" are shown in Figure 24. In the case of keeping the air mass 

flow rate constant, they recommended the fourth model to be 

more suitable as a rooftop system, while in the case of 

maintaining constant air flow velocity, they found that the first 

model was the best designed configuration, achieving an overall 

thermal efficiency up to 50%. At the City University of Hong 

Kong, a dynamic model of a BIPV water heating system based on 

the finite control volume method was simulated and then 

experimentally validated byChow et al.[63]. The results obtained 

confirmed that the simulation and experimental works were close 

to each other. The output power was found to be less than the 

simulated result, this reduction being due to a shading effect 

caused by surrounding buildings. There was a clearly observed 

large deviation in the daily electrical efficiency as a result of the 

shading effects, which reached approximately 28% for the 

summer and 13% for the winter data set.Agrawal and Tiwari [64] 

investigated the life cycle cost (LCC) for various designed 

configurations of BIPV/T collectors, including a module 

integrated with mono-crystalline (c-Si) PV solar cells and another 

module with amorphous PV silicon (a-Si) solar cells. A 

thermodynamic model was developed, drawing on previous 

studies to evaluate the energy, exergy and LCC for both models. 

The results obtained indicated that the c-Si produced a higher 

annual electrical output power than the a-Si, while in case of 

using the a-Si collector it was clear that this model produces a 

higher annual thermal output than the c-Si collector. They 

examined six types of solar cell in order to compute the LCC. The 

results showed that the a-Si has the lowest cost and is also more 

suitable for use in rural areas, whereas they found the c-Si solar 

cells to be more suitable for building roofs. 

 
Fig.24. (a) Model I "all rows are connected in parallel". (b) Model II "3 rows of are 

connected in parallel each having    2 rows in series". (c) Model III "2 rows are 

connected in parallel each having 3 rows in series". (d) Model IV "all the rows are 

connected in series" [62]. 
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B. BIPV/T air-based  

An open loop prototype of a BIPV/T air-based collector with a 

single inlet was studied and simulated byYang and Athienitis[65] 

through several series of experiments at Concordia University. A 

numerical control volume module was developed and investigated 

based on the results obtained from the experiments. On the other 

hand, they conducted several simulation studies aiming to 

improve the designs of the BIPV/T system with multiple inputs, 

as seen in Figure 25(a).  From the simulated results they found 

that the BIPV/T system with two inlets increased the thermal 

efficiency by up to 5%. Although the electrical efficiency was 

marginal, the peak PV temperature for the two-inlet system is 

lower than the one-inlet system, as seen in Figure 25(b). To 

enhance the thermal efficiency, they suggested adding a vertical 

glass solar air collector. 

 
Fig.25. (a) Schematic of the two-inlet BIPV/T system connected in series with 

glazed air collector packed with wire mesh, (b) Comparison of the temperatures of 

the 1-inlet and 2-inlet BIPV/T systems [65] 
 

Delisle and Kummert [66] developed a novel approach in order 

to identify the energy and the economic benefit of using an air-

based BIPV/T residential system compared to side-by-side PV 

modules and solar thermal collectors. Two models, a BIPV/T air 

collector and PV with a liquid solar thermal collector mounted 

side-by-side, were tested and compared as seen in Figure 26. Both 

systems were mounted facing south with a tilt angle of 45
o
 and an 

area of 40m
2
, and located in Montreal, Canada. In the case of the 

solar thermal collectors, they used a solution comprising 50% 

water and 50% propylene glycol as a heat exchanger. Transys 

simulation software was used to simulate the performance of both 

models. For the electric to thermal conversion factors of 2, the 

BIPV/T thermal equivalent useful energy was found to generate 

5–29% more than the conventional PV with side-by-side solar 

thermal collector for a water temperature at the inlet heat 

exchanger corresponding to 10
o
C. In addition, they estimated that 

the proper cost to recover the heat from the building’s integrated 

photovoltaic system in order to break even with the cost of the 

PV/T system was about 7000 CAD. Shahsavar et al.[67] studied a 

novel BIPV/T collector used for cooling the PV module mainly 

by ventilation in winter and exhaust air in summer. The results 

indicated that the effect of cooling 10m
2
 of PV solar panels led to 

extra electricity generation reaching 192.2kWh in summer time 

from April to September and an extra 55.9kWh in winter time 

from October to March. Yang and Athienitis[68] implemented a 

BIPV/T air type collector integrated with a glass cover and wire 

mesh to improve the thermal performance. Based on the derived 

mathematical model, they applied a computer program to analyse 

the overall system performance. The results showed that the 

proposed system with wire mesh provides a thermal efficiency of 

around 8.5% which was higher than the system without wire 

mesh. In addition, the outlet air temperature was improved from 

4°C to 11°C. Moreover, they reported that the optimum flow rate 

of the wire mesh system was in the range of 0.01kg/s to 0.03 kg/s. 

Skittides et al.[69] integrated a PV/T collector with a residential 

building. This technique was found to decrease the energy 

consumption of the heating and cooling systems simultaneously. 

From their results, they reported that the system’s overall 

efficiency was about 9% lower than the efficiency of traditional 

solar collectors, and that this design can be considered as an 

economical method for producing energy. Table I in Appendix 

section is shown a summary of the energy performances 

improvements selected from previous studies. 

 
Fig.26. Schematic of systems [66] 

VI. CONCLUSION 

Generation of both electricity and heat energy at the same time 

from PV/T solar collectors with either forced or natural flow 

(using water or air) is demonstrated by various researchers. PV/T 

systems contribute immensely towards energy savings and 

mitigation of the energy supply of buildings, and consequently 

produce lower CO2 emissions, among other social benefits. The 

energy performance of various hybrid PV/T collectors using air 

and water as a coolant fluid has been studied experimentally, 

theoretically, and numerically for more than three decades.  Many 

types of hybrid PV/T collector products have been put forward 

and evaluated by many researchers and professionals. Several 

configuration techniques have been applied to a basic flat-plate 

hybrid PV/T (air- or water-based) in order to enhance the energy 

performance. For instance, single and double rectangular duct 

collectors, spiral flow, web flow, serpentine flow, direct flow, v-

groove, TMS suspended at the middle air channel, fins at the back 

wall and several more techniques have been used and evaluated in 

order to cool the PV panel and improve the open circuit voltage.  

From this overview study, we can conclude that the thermal 

efficiency can be improved by improving the PV/T absorption 

and minimizing the thermal loss, which can be done by choosing 

a proper insulator material. The glazed hybrid PV/T collector will 

improve the thermal efficiency, while the unglazed PV/T 

collector increases the electrical efficiency of the system due to 

PV cooling. Water-based PV/T is a very popular technique which 

has seen growing applications in practical projects and can 

achieve maximum electrical and thermal efficiencies; its 

performance is largely dependent upon water temperature, flow 

rate, and the water flow channels’ geometrical shape and size. 

Although significant works have been completed in the study of 

PV/T, there are still some opportunities for further development 

of this technology, including developing a new absorber plate 

configuration. Generally, in order to make these systems 
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commercially viable in the future, research and development on 

optimising the material selection, minimising the cost, and 

absorber configuration design should be taken into consideration 

to improve the energy performance of hybrid PV/T collectors. 
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APPENDIX 

TABLE  I: Summary of the energy performances improvements selected from 

previous studies 


