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 Over recent years the photovoltaic technology has obtained significant 
development, especially in building integrated photovoltaic thermal (BIPVT) 
system. Photovoltaic thermal (PVT) air collectors are advantageous  
because of their efficiency. Various studies have been conducted to 
determine the ideal parameters of PVT air collectors. Few theoretical 
approach models of PVT air collector systems were used to help detect 
occurrences in a PVT collector system and calculate the optimal parameters. 
The heat transfer and energy balance of PVT air collectors were analysed and 
reviewed based on the model, quantity of cover, channels and forms of the 
collector. A mathematical model was developed to describe actual working 
situations and to examine new shut PVT collectors. The first law of 
thermodynamics is the principal equation in the model. Different analysis 
methods were utilised to evaluate PVT performances, which are generally 
based on energy and exergy analyses. This review focuses on theoretical 
approach model of single-pass PVT air collector. 
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1. INTRODUCTION 

The depletion of conventional fossil fuel resources has revived the demand for utilisation of 
renewable energy resources. Therefore, an alternative energy source must be determined to satisfy our energy 
requirements and preserve conventional fossil fuels. One such renewable energy source is solar energy, 
which can potentially supply significant amount of the world’s energy demand. Renewable energy sources, 
such as solar energy, provide environmental benefits and clean energy. In addition, solar energy is an ideal 
alternative source for impoverished or rural people who have no access to modern energy sources. Thermal 
and electrical energy can be generated from solar energy. Although these two energy sources are have 
different forms, they can be produced simultaneously by using hybrid collectors. This hybrid system consists 
of a combination of two types of collectors, namely, thermal collectors and photovoltaic–thermal (PVT) 
collectors. PVT collectors are designed to receive solar energy and convert it into thermal and electrical 
energy; in this device, thermal energy is transferred into fluid that flows into the collector. A PVT collector 
consists of a PV panel, an insulator and a frame as well as one or more cover (glass sheets) or a transparent 
material placed over the absorbing plate with air flowing around it. The efficiency of PVT collectors can be 
enhanced by using heat transfer area through the absorber with finned absorbers, corrugated surfaces and 
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porous media. PVT collectors can be classified into four types according to the heat transfer medium: air-
based, water-based, combined water/air-based and nanofluid-based PVT collectors [1-13].  

The overall performance of the PVT system can be evaluated based on the thermodynamic, 
environmental and economic impacts analysis. Enviroeconomic and exergoeconomic analyses for PVT 
 air collectors were studied [14]. Environmental-economic-exergy-energy analyses for different PVT  
air collector systems were studied [15-17]. Several types of PVT air collectors have been designed,  
evaluated and developed in various countries, thereby yielding varying degrees of technical performances 
based on energy–exergy analyses. In this review, we focused on the theoretical approach model of single-
pass PVT air collector. 
 
 
2. THEORETICAL APPROACH MODEL OF PVT AIR COLLECTORS WITHOUT GLASS 

COVER 
Sarhaddi et al. [18, 19] improved the thermal and electrical model for a PVT air collector, as shown 

in Figure 1. The figure shows the cross-sectional view of the PVT air collector, as well as its equivalent 
thermal resistant circuit and an element length ‘dx’ of the flow channel. The energy balance of the PVT 
collector is expressed as follows.  
For the PV module: 
 

𝜏௚ൣ𝛼௣௩𝐼𝛽௣௩ ൅ ൫1 െ 𝛽௣௩൯𝛼்𝐼൧𝑏𝑑𝑥 ൌ 
ൣℎ௣௩௔൫𝑇௣௩ െ 𝑇௔൯ ൅ ℎ௣௩்൫𝑇௣௩ െ 𝑇்൯൧𝑏𝑑𝑥 ൅ 𝜂௣௩𝐼𝛽௣௩𝑏𝑑𝑥 (1) 

 
For the back surface of a Tedlar: 
 

ℎ௣௩்൫𝑇௣௩ െ 𝑇்൯𝑏𝑑𝑥 ൌ ℎ்௙൫𝑇் െ 𝑇௙൯𝑏𝑑𝑥 (2) 
 
For the air flowing below a Tedlar: 
 

ℎ்௙൫𝑇் െ 𝑇௙൯𝑏𝑑𝑥 ൌ 𝑚ሶ 𝐶 ௗ்

ௗ௫
𝑑𝑥 ൅ 𝑈௕൫𝑇௙ െ 𝑇௔൯𝑏𝑑𝑥 (3) 

 
 

 
 

Figure 1. Schematic of temperatures and heat transfer coefficients of a PVT air collector  
 
 

In the application of PVT system, Sahsavar et al. [20] developed a building integrated photovoltaic 
(BIPVT) collector by using the cooling potential of ventilation and exhaust air to refrigerate the PV panel and 
heating system in the ventilation of buildings. The energy balance of this PVT collector, as shown in  
Figure 2, is expressed as follows. 
For PV panels: 
 

𝛼௣௩ሺ1 െ 𝜂௘௟ሻ𝐼𝐴𝑑𝑥 ൌ 
൫ℎ௪ ൅ ℎ௥,௣௩௦൯൫𝑇௣௩ െ 𝑇௔൯𝐴𝑑𝑥 ൅ ℎ௣௩௙൫𝑇௣௩ െ 𝑇௙൯𝐴𝑑𝑥 ൅ ℎ௥,௣௩௕൫𝑇௣௩ െ 𝑇௕൯𝐴𝑑𝑥  (4) 

 
For the air channel: 
 

𝑚ሶ ௙𝐶௣𝑑𝑇௙ ൌ ℎ௣௩௙൫𝑇௣௩ െ 𝑇௙൯𝐴𝑑𝑥 ൅ ℎ௕௙൫𝑇௕ െ 𝑇௙൯𝐴𝑑𝑥 (5) 
 
For the bottom plate: 
 

ℎ௥௣௩௕൫𝑇௣௩ െ 𝑇௕൯𝐴𝑑𝑥 ൌ 𝑈௕ሺ𝑇௕ െ 𝑇௔ሻ𝐴𝑑𝑥 ൅ ℎ௕௙൫𝑇௕ െ 𝑇௙൯𝐴𝑑𝑥 (6) 
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Figure 2. Schematic of heat transfer coefficients and temperatures of a PVT air collector  
 
 

Sohel et al. [21] proposed a dynamic model for PVT air collectors, as shown in Figure 3. The 
experimental data were similar with the modelled air temperature and electrical performance. The data from 
the PVT system were used to authenticate the theoretical approach in two buildings. The system energy 
balance for the heat loss from the top of the PVT is expressed as follows: 
 

𝑄௣௩ ൌ 𝐴ℎ௣௩௔൫𝑇௣௩ െ 𝑇௔൯ ൅ 𝐴ℎ௥,௣௩௦൫𝑇௣௩ െ 𝑇௦൯. (7) 
 
From the PV panel to the air in the channel: 
 

𝑄௣௩௙ ൌ 𝐴ℎ௣௩௙൫𝑇௣௩ െ 𝑇௙൯, (8) 
 
From the PV panel to the roof top: 
 

𝑄௣௩௥ ൌ 𝐴ℎ௥,௣௩௥൫𝑇௣௩ െ 𝑇௥൯. (9) 
 
The system energy balance for the heat loss from air to the roof and from roof to the room is determined as 
 

𝑄௙௥ ൌ 𝐴ℎ௙௥൫𝑇௙ െ 𝑇௥൯, (10) 
 

𝑄௥௥௠ ൌ 𝐴𝑈௥௥௠ሺ𝑇௥ െ 𝑇௥௠ሻ  (11) 
 
The energy balance of the air strip can be calculated as 
 

𝑚ሶ ௙𝐶௣௩௙
ௗ்೑
ௗ௫

ൌ 𝐴ℎ௣௩௙൫𝑇௣௩ െ 𝑇௙൯ െ 𝐴ℎ௙௥൫𝑇௙ െ 𝑇௥൯. (12) 

 
The energy balance around an infinitesimal control volume of the PV panel can be calculated as 
 

𝑚௣௩𝐶௣௩
𝑑𝑇௣
𝑑𝑡

ൌ ሺ1 െ 𝜌ሻ. 𝐼𝐴𝑀. ൫1 െ 𝜂௣௩൯𝑑𝐴. 𝐼 െ 𝐴ℎ௣௩௔൫𝑇௣௩ െ 𝑇௔൯ െ 

𝐴ℎ௥,௣௩௦൫𝑇௣௩ െ 𝑇௦൯ െ 𝐴ℎ௣௩௔൫𝑇௣௩ െ 𝑇௔൯ െ 𝐴ℎ௥,௣௩௥൫𝑇௣௩ െ 𝑇௥൯. (13) 
 
 

 
 

Figure 3. Schematic of heat transfer coefficients and temperatures of a PVT air collector  
 
 
Vats et al. [22] analysed the energy and exergy performances of a semi-transparent BIPVT system using an 
integrated PV panel, as shown in Figure 4. The energy balance of this PVT collector is expressed as follows.  
For the semi-transparent PV module: 
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𝜏௚𝛼௣௩𝛽௣௩𝐼𝐴𝑑𝑥 ൌ ℎ௣௩௔൫𝑇௣௩ െ 𝑇௔൯𝐴𝑑𝑥 ൅ ℎ௣௩௥൫𝑇௣௩ െ 𝑇௥൯𝐴𝑑𝑥 ൅ 𝜂௣௩𝐼𝐴𝑑𝑥 (14) 
 
For the room air temperature: 
 

ℎ௣௩,௥൫𝑇௣௩ െ 𝑇௥൯𝐴௣௩ ൅ 𝜏௚ଶ൫1 െ 𝛽௣௩൯𝐼𝐴௣௩ ൌ 

𝑀𝐶 ௗ ೝ்

ௗ௧
൅ 𝑈௥ሺ𝑇௥ െ 𝑇௔ሻ ൅ 0.33𝑁𝑉ሺ𝑇௥ െ 𝑇௔ሻ (15) 

 
 

 
 

Figure 4. Schematic of heat transfer coefficients and temperatures of a PVT air collector  
 

Yang et al. [23] examined the thermal features of an innovative two-inlet, open-loop BIPVT air collector, as 
shown in Figure 5. The thermal efficiency of the two-inlet systems was 5% higher than that of a conventional 
one-inlet system. The thermal efficiency of the BIPVT system with a semi-transparent PV panel reached 
approximately 7.6%. This system can be easily applied and does not significantly increase cost. The energy 
balance of this PVT collector is expressed as follows.  
For the top PV panel surface:  
 

𝐼௣௩ ൌ
஺ఙ൫ ೛்ೡ

ర ି ೔்೙ೞ
ర ൯

భ
ഄ೛ೡ

ା
భ

ഄ೔೙ೞ
ିଵ

൅ 𝐴ℎ௣௩௔൫𝑇௣௩ െ 𝑇௔൯ ൅ 𝐴ℎ௣௩௙൫𝑇௣௩ െ 𝑇௙൯ (16) 

 
For the fluid in the BIPVT: 
 

𝑚ሶ 𝐶௣ሺ𝑇௢ െ 𝑇௜ሻ ൌ 𝐴ℎ௣௩௙൫𝑇௣௩ െ 𝑇௔൯ ൅ 𝐴ℎ௕௢௧൫𝑇௜௡௦ െ 𝑇௙൯ (17) 
 
For the lining inner surface: 
 

𝐼௜௡௦ ൅
஺ఙ൫ ೛்ೡ

ర ି ೔்೙ೞ
ర ൯

భ
ഄ೛ೡ

ା
భ

ഄ೔೙ೞ
ିଵ

ൌ 𝐴ℎ௕௢௧൫𝑇௜௡௦ െ 𝑇௙൯ (18) 

 
For the PV panel bottom surface: 
 

𝐼௣௩ ൌ 𝐺𝐴𝐹𝛼௣௩ ൅ 𝐺𝐴ሺ1 െ 𝐹ሻ𝛼௚ ൅ 𝐺𝐴ሺ1 െ 𝐹ሻ𝜏௚𝜌௜௡௦𝛼௣௩ െ 𝐸 (19) 
 
For the solar radiation incident in the insulation: 
 

𝐼௜௡௦ ൌ 𝐺𝐴ሺ1 െ 𝐹ሻ𝛼௜௡௦𝜏௚ (20) 
 
 

 
 

Figure 5. Schematic of temperatures and heat transfer coefficients of a PVT air collector  
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3. THEORETICAL APPROACH MODEL OF PVT AIR COLLECTORS WITH GLASS COVER 
Aste et al. [24] investigated a PVT air collector. A simulation model was developed to calculate  

the performance of the system. The simulated and experimental thermal and electrical performances of  
the PVT collector were consistent. The system has been applied to solar rooftops and buildings. The energy 
balance of this PVT air collector, as shown in Figure 6, is expressed as follows. 
For PV cells: 
 

𝐼𝐴௣௩𝜏௚𝛼௣௩ ቆ1 െ
𝜂∗

𝜏௚𝛼௣௩
ቇ ൌ 

𝐴௣௩ℎ௣௩௔൫𝑇௣௩ െ 𝑇௔൯ ൅ 𝐴௣௩ℎ௣௩௙൫𝑇௣௩ െ 𝑇௙൯ ൅ 𝐴௣௩ℎ௥,௣௩௣൫𝑇௣௩ െ 𝑇௣൯ (21) 
 
For the glass part of the sandwich without PV cells inside: 
 

𝐼𝐴௚𝛼௚ ൌ 𝐴௚ℎ௚௔൫𝑇௚ െ 𝑇௔൯ ൅ 𝐴௚ℎ௚௙൫𝑇௚ െ 𝑇௙൯ ൅ 𝐴௚ℎ௥,௚௣൫𝑇௚ െ 𝑇௣൯ (22) 
 
For the air gap: 
 

𝑀௙𝐶ሺ𝑇௢ െ 𝑇௜ሻ ൌ 𝐴௣௩ℎ௣௩௙൫𝑇௣௩ െ 𝑇௙൯ ൅ 𝐴௚ℎ௚௙൫𝑇௚ െ 𝑇௙൯ ൅ 𝐴௣ℎ௣௙൫𝑇௣ െ 𝑇௙൯ (23) 
 
For the absorber plate: 
 

𝐼𝐴௚𝜏௚𝛼௣ ൅ 𝐴௣௩ℎ௥,௣௩௣൫𝑇௣௩ െ 𝑇௣൯ ൅ 𝐴௚ℎ௥,௚௣൫𝑇௚ െ 𝑇௣൯ ൌ 
𝐴௣ℎ௣௙൫𝑇௣ െ 𝑇௙൯ ൅ 𝑈௕𝐴௣൫𝑇௣ െ 𝑇௕൯ (24) 

 
For the PV, the actual thermal–spectral efficiency is 
 

𝜂∗ ൌ 𝜂௡
ଵ଴଴ିఊ൫ ೛்ೡିଶହ൯

ଵ଴଴ிௌ
, (25) 

 
where 𝛾 is the temperature power coefficient of PV cells, and FS is the spectrum correction factor of PV 
efficiency. 
 
 

 
 

Figure 6. Heat transfer coefficients and temperatures of a PVT air collector 
 
 

Another heat transfer and energy modelling for PVT air collectors with glass cover were proposed 
in [25-27]. The analytical expression for the electrical efficiency of PVT hybrid air collectors was 
established. Case A is a glass-to-glass PV module with an air channel above the absorber plate, and Case B is 
a glass-to-glass PV module with air channel below the absorber plate. The energy balance of this PVT air 
collector, as shown in Figure 7, is expressed as follows: 
Case A: Glass-to-glass PV module with an air channel above the absorber plate 
For the PV module: 
 

𝛼௣௩𝜏௚𝛽௣௩𝑆ሺ𝑡ሻ𝑏𝑑𝑥 ൌ 
ൣ𝑈௧,௣௩൫𝑇௣௩ െ 𝑇௔൯ ൅ 𝑈௣௩,௙൫𝑇௣௩ െ 𝑇௙൯𝑏𝑑𝑥൧ ൅ 𝜏௚𝜂𝛼௣௩𝛽௣௩𝑆ሺ𝑡ሻ𝑏𝑑𝑥 (26) 

 
For the blackened absorber plate: 
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ൣ𝛼௣൫1 െ 𝛽௣௩൯𝜏௚ଶ𝐼ሺ𝑡ሻ൧𝑏𝑑𝑥 ൌ ൣℎ௣௙൫𝑇௣ െ 𝑇௙൯ ൅ 𝑈௣௔൫𝑇௣ െ 𝑇௔൯൧𝑏𝑑𝑥 (27) 
For air flowing through the channel:  
 

𝑚ሶ ௔𝐶௔
ௗ்೑
ௗ௫

𝑑𝑥 ൌ ൣℎ௣௙൫𝑇௣ െ 𝑇௙൯ ൅ 𝑈௣௩௙൫𝑇௣௩ െ 𝑇௙൯𝑏𝑑𝑥൧ (28) 

 
Case B: Glass-to-glass PV module with air channel below the absorber plate 
For the PV module:  
 

𝜏௚𝛼௣௩𝛽௣௩𝐼ሺ𝑡ሻ𝑏𝑑𝑥 ൌ ൣ𝑈௧,௣௩൫𝑇௣௩ െ 𝑇௔൯ ൅ ℎ௣௩௣൫𝑇௣௩ െ 𝑇௣൯൧𝑏𝑑𝑥 ൅ 𝜏௚𝜂௣௩𝛽௣௩𝐼ሺ𝑡ሻ𝑏𝑑𝑥 (29) 
 
For the blackened absorber plate: 
 

ൣ𝛼௣൫1 െ 𝛽௣௩൯𝜏௚ଶ𝐼ሺ𝑡ሻ ൅ ℎ௣௩௣൫𝑇௣௩ െ 𝑇௣൯൧𝑏𝑑𝑥 ൌ ℎ௣௙൫𝑇௣ െ 𝑇௙൯𝑏𝑑𝑥 (30) 
 
For the air channel below the absorber plate:  
 

𝑚ሶ ௙𝐶௙
ௗ்೑
ௗ௫

𝑑𝑥 ൌ ℎ௣௙൫𝑇௣ െ 𝑇௙൯𝑏𝑑𝑥 (31) 

 
 

 

 

 
Figure 7. Design and heat transfer coefficients of the system 

 
 
4. PERFORMANCE OF BIPVT AIR COLLECTOR 

Table 1 shows the comparation of Performance of air-based PVT systems. 
 
 

Table 1. Performance of air-based PVT systems 
Year Author(s) Study Performance 

Analyses 
Energy Efficiencies (%) PVT Exergy 

Efficiency  
    Thermal PV Overall (%) 

2007 Alfegi et al. [40] Experimental Energy analysis 15.2-26.4 11.4-12.7 26.6-39.13 NA 
2008 Alfegi et al. [41] Experimental Energy analysis 17-26.43 10.5-12.09 27.5-40.4 NA 
2009 Joshi et al. [43] Experimental Energy analysis 26.4-30.5 9.5-11 41.6-47.4 NA 
2009 Alfegi et al. [44] Experimental Energy analysis NA NA 49.1-62.8 NA 
2009 Dubey et al. 

[45] 
Experimental and 
theoretical 

Energy analysis NA NA 9.75–10.41 NA 

2010 Agrawal and 
Tiwari [47] 

Experimental and 
theoretical 

Energy–exergy 
analysis 

NA NA 53.7 NA 

2010 Agrawal and 
Tiwari [48] 

Experimental and 
theoretical 

Energy–economic 
analysis 

33.54 7.13 NA NA 

2010 Sarhaddi et al. 
[14] 

Experimental and 
theoretical 

Energy analysis 17.18 10 45 NA 

2010 Sarhaddi et al. 
[15] 

Experimental and 
theoretical 

Energy–exergy 
analysis 

17.18 10 45 10.75 

2010 Shahsavar and 
Ameri [49] 

Experimental and 
theoretical 

Energy analysis 60 9.5 72 NA 

2011 Agrawal and 
Tiwari [50] 

Theoretical Energy–exergy 
analysis 

70.62 NA NA NA 

2012 Amori and Al-
Najjar [51] 

Theoretical Energy analysis 19.4-22.8 9-12.3 47.8-53.6 NA 

2012 Agrawal et al. 
[52] 

Experimental and 
theoretical 

Energy–exergy 
analysis 

35.7 12.4 NA NA 

2013 Agrawal and 
Tiwari [53] 

Experimental Energy–exergy–
environmental 
analysis 

32 NA NA NA 
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Table 1. Performance of air-based PVT systems (continued) 

2014 Yang and 
Athienitis [24] 

Experimental and 
theoretical 

Energy analysis 27.1 10 NA NA 

2014 Kim et al. [54] Experimental Energy analysis 22 15 NA NA 
2015 Li et al. [56] Experimental and 

theoretical 
Energy analysis 50 11.9-12.4 77.7 NA 

2015 Good et al. [57] Experimental Energy analysis 71.5 17.4 NA NA 
2015 Ahn et al. [58] Experimental Energy analysis 23 15 38 NA 
2015 Jahromi et al. 

[59] 
Theoretical Energy–exergy–

economic analysis 
51.6-52 7.5-8.7 NA 9.6-9.7 

2015 Kamel and Fung 
[60] 

Theoretical Energy analysis 32.8-41 16-17 NA NA 

2015 Rajoria et al. 
[61] 

Theoretical Energy–exergy–
enviro-economic 
analysis 

12.1-28.1 3.1-9.1 NA NA 

2016 Gholampour 
and Ameri [62] 

Experimental Energy–exergy 
analysis  

55 NA 69.91 8.66 

2016 Rounis et al. 
[63] 

Theoretical Energy analysis 48 
 

16.5 
 

NA NA 

2016 Mojumder et al. 
[64] 

Experimental and 
theoretical 

Energy analysis 56.19 13.75 NA NA 

2016 Hazami et al. 
[65] 

Experimental and 
theoretical 

Energy–exergy 
analysis 

50 15 NA 14.8 

2017 Salem et al. [67] Experimental Energy–exergy 
analysis 

31.6-57.9 17.7-38.4 59.3-92 11.1-13.5 

2018 Fudholi et al. 
[10] 

Experimental and 
theoretical 

Energy–exergy 
analysis 

21.3-82.9 9.87-11.34 31.21-94.24 12.66-12.91 

 
 
5. CONCLUSIONS 

PVT systems combine solar energy and PV collectors, which simultaneously produce heat and 
electrical energy. The efficiency and energy products from the combination of PV panels and collectors are 
higher than that of a separated system. Researchers and companies have proposed various designs to improve 
the overall efficiency of PVT systems. However, the lack of information on the commercial viability and 
long-term performance of a PVT system decreases its acceptance by the market. 

Researchers have developed mathematical models to evaluate the performance of PVT systems with 
different collector designs. Energy balance is the basic concept in developing the mathematical models at  
a steady state. The performance of PVT systems is influenced by mass flow rates, collector geometry and 
other parameters. Model confirmation has been conducted to examine the behaviour of an actual system. To 
confirm the mathematical model, researchers have assessed either experimental or analytical results. 
Theoretical and experimental results have been generally consistent when the correct mathematical model is 
employed. Various approaches are limited because the precision of several key parameters is low and 
mistakes often occur in obtaining experimental results due to carelessness. 
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