
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/327552058

INTERNATIONAL JOURNAL OF ENERGY AND ENVIRONMENT Performance

evaluation of a naturally ventilated photovoltaic-thermal (PV/T) solar

collector: A case study

Article · September 2018

CITATIONS

0
READS

33

4 authors, including:

Some of the authors of this publication are also working on these related projects:

Two Phase Flow and Heat Transfer in Laminar and Turbulent Flow Regimes View project

Remaining useful life prediction of subsea equipment for prognosis View project

Amin Shahsavar

Kermanshah University of Technology

23 PUBLICATIONS   219 CITATIONS   

SEE PROFILE

Pouyan Talebizadeh Sardari

University of Nottingham

52 PUBLICATIONS   241 CITATIONS   

SEE PROFILE

Sirous Yasseri

Brunel University London

115 PUBLICATIONS   98 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Sirous Yasseri on 10 September 2018.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/327552058_INTERNATIONAL_JOURNAL_OF_ENERGY_AND_ENVIRONMENT_Performance_evaluation_of_a_naturally_ventilated_photovoltaic-thermal_PVT_solar_collector_A_case_study?enrichId=rgreq-212357b3f1ea32d393be4b18048c8d93-XXX&enrichSource=Y292ZXJQYWdlOzMyNzU1MjA1ODtBUzo2NjkyNTIzMzE3Njk4ODRAMTUzNjU3MzU5ODk1Ng%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/327552058_INTERNATIONAL_JOURNAL_OF_ENERGY_AND_ENVIRONMENT_Performance_evaluation_of_a_naturally_ventilated_photovoltaic-thermal_PVT_solar_collector_A_case_study?enrichId=rgreq-212357b3f1ea32d393be4b18048c8d93-XXX&enrichSource=Y292ZXJQYWdlOzMyNzU1MjA1ODtBUzo2NjkyNTIzMzE3Njk4ODRAMTUzNjU3MzU5ODk1Ng%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Two-Phase-Flow-and-Heat-Transfer-in-Laminar-and-Turbulent-Flow-Regimes?enrichId=rgreq-212357b3f1ea32d393be4b18048c8d93-XXX&enrichSource=Y292ZXJQYWdlOzMyNzU1MjA1ODtBUzo2NjkyNTIzMzE3Njk4ODRAMTUzNjU3MzU5ODk1Ng%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Remaining-useful-life-prediction-of-subsea-equipment-for-prognosis?enrichId=rgreq-212357b3f1ea32d393be4b18048c8d93-XXX&enrichSource=Y292ZXJQYWdlOzMyNzU1MjA1ODtBUzo2NjkyNTIzMzE3Njk4ODRAMTUzNjU3MzU5ODk1Ng%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-212357b3f1ea32d393be4b18048c8d93-XXX&enrichSource=Y292ZXJQYWdlOzMyNzU1MjA1ODtBUzo2NjkyNTIzMzE3Njk4ODRAMTUzNjU3MzU5ODk1Ng%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Amin_Shahsavar?enrichId=rgreq-212357b3f1ea32d393be4b18048c8d93-XXX&enrichSource=Y292ZXJQYWdlOzMyNzU1MjA1ODtBUzo2NjkyNTIzMzE3Njk4ODRAMTUzNjU3MzU5ODk1Ng%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Amin_Shahsavar?enrichId=rgreq-212357b3f1ea32d393be4b18048c8d93-XXX&enrichSource=Y292ZXJQYWdlOzMyNzU1MjA1ODtBUzo2NjkyNTIzMzE3Njk4ODRAMTUzNjU3MzU5ODk1Ng%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Kermanshah_University_of_Technology?enrichId=rgreq-212357b3f1ea32d393be4b18048c8d93-XXX&enrichSource=Y292ZXJQYWdlOzMyNzU1MjA1ODtBUzo2NjkyNTIzMzE3Njk4ODRAMTUzNjU3MzU5ODk1Ng%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Amin_Shahsavar?enrichId=rgreq-212357b3f1ea32d393be4b18048c8d93-XXX&enrichSource=Y292ZXJQYWdlOzMyNzU1MjA1ODtBUzo2NjkyNTIzMzE3Njk4ODRAMTUzNjU3MzU5ODk1Ng%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Pouyan_Talebizadeh_Sardari?enrichId=rgreq-212357b3f1ea32d393be4b18048c8d93-XXX&enrichSource=Y292ZXJQYWdlOzMyNzU1MjA1ODtBUzo2NjkyNTIzMzE3Njk4ODRAMTUzNjU3MzU5ODk1Ng%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Pouyan_Talebizadeh_Sardari?enrichId=rgreq-212357b3f1ea32d393be4b18048c8d93-XXX&enrichSource=Y292ZXJQYWdlOzMyNzU1MjA1ODtBUzo2NjkyNTIzMzE3Njk4ODRAMTUzNjU3MzU5ODk1Ng%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Nottingham?enrichId=rgreq-212357b3f1ea32d393be4b18048c8d93-XXX&enrichSource=Y292ZXJQYWdlOzMyNzU1MjA1ODtBUzo2NjkyNTIzMzE3Njk4ODRAMTUzNjU3MzU5ODk1Ng%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Pouyan_Talebizadeh_Sardari?enrichId=rgreq-212357b3f1ea32d393be4b18048c8d93-XXX&enrichSource=Y292ZXJQYWdlOzMyNzU1MjA1ODtBUzo2NjkyNTIzMzE3Njk4ODRAMTUzNjU3MzU5ODk1Ng%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sirous_Yasseri?enrichId=rgreq-212357b3f1ea32d393be4b18048c8d93-XXX&enrichSource=Y292ZXJQYWdlOzMyNzU1MjA1ODtBUzo2NjkyNTIzMzE3Njk4ODRAMTUzNjU3MzU5ODk1Ng%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sirous_Yasseri?enrichId=rgreq-212357b3f1ea32d393be4b18048c8d93-XXX&enrichSource=Y292ZXJQYWdlOzMyNzU1MjA1ODtBUzo2NjkyNTIzMzE3Njk4ODRAMTUzNjU3MzU5ODk1Ng%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Brunel_University_London?enrichId=rgreq-212357b3f1ea32d393be4b18048c8d93-XXX&enrichSource=Y292ZXJQYWdlOzMyNzU1MjA1ODtBUzo2NjkyNTIzMzE3Njk4ODRAMTUzNjU3MzU5ODk1Ng%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sirous_Yasseri?enrichId=rgreq-212357b3f1ea32d393be4b18048c8d93-XXX&enrichSource=Y292ZXJQYWdlOzMyNzU1MjA1ODtBUzo2NjkyNTIzMzE3Njk4ODRAMTUzNjU3MzU5ODk1Ng%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sirous_Yasseri?enrichId=rgreq-212357b3f1ea32d393be4b18048c8d93-XXX&enrichSource=Y292ZXJQYWdlOzMyNzU1MjA1ODtBUzo2NjkyNTIzMzE3Njk4ODRAMTUzNjU3MzU5ODk1Ng%3D%3D&el=1_x_10&_esc=publicationCoverPdf


INTERNATIONAL JOURNAL OF 

ENERGY AND ENVIRONMENT 
 

 

 

Volume 9, Issue 5, 2018  pp.455-472 
 

Journal homepage: www.IJEE.IEEFoundation.org 

 

 

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2018 International Energy & Environment Foundation. All rights reserved. 

Performance evaluation of a naturally ventilated 

photovoltaic-thermal (PV/T) solar collector: A case study 
 

 

Amin Shahsavar1, Pouyan Talebizadeh Sardari2, Sirous Yasseri3, Rohollah Babaei 

Mahani4 
 

1 Department of Mechanical Engineering, Kermanshah University of Technology, Iran. 
2 Faculty of Engineering, University of Nottingham, University Park, Nottingham NG7 2RD, United 

Kingdom. 
3 Department of Mechanical Engineering, Faculty of Engineering, Brunel University, United Kingdom. 

4 Director, Belmore Energy Ltd., United Kingdom. 

 
Received 22 Apr. 2018; Received in revised form 4 July 2018; Accepted 14 July 2018; Available online 1 Sep. 2018 

 

 

Abstract 

The objective of this paper is to design and analyze a naturally ventilated photovoltaic-thermal (PV/T) air 

collector numerically and experimentally in both glazed and unglazed conditions. To reduce the panel’s 

temperature, a thin metal sheet in the middle of the air channel is used to improve thermal and electrical 

output of the system. A good agreement is first achieved between the numerical results and the measured 

data. The validated model is then used to evaluate the effective parameters i.e. solar radiation intensity, 

channel depth and channel length on air mass flow rate, PV cooling, outlet air temperature as well as 

thermal and electrical efficiencies. The results show that while the thermal efficiency ranges between 

12.21-37.17% throughout the day, the electrical efficiency ranges between 3.23-8.12%. 

Copyright © 2018 International Energy and Environment Foundation - All rights reserved. 
 

Keywords: Photovoltaic-thermal air collector; Natural convection; Glass cover; Thermal efficiency; 

Electrical efficiency. 

 

 

 

1. Introduction 

In hybrid photovoltaic-thermal collectors (PV/T), a combination of both types of thermal collector and the 

photovoltaic collector is employed to generate thermal and electrical energy simultaneously [1]. The 

produced electricity can be used to circulate the working liquid through the collector. PV/T systems can 

generate more energy per unit surface area than single photovoltaic panel due to reduction of PV 

temperature [2]. Due to the high efficiency of PV/T systems, they are particularly well suited for 

applications with both heat and power with more advantages for limited available roof space.  

PV/T systems has been studied significantly by many researchers both numerically and experimentally. 

Kern and Russell [3] presented the main concepts of PV/T systems and showed that water or air can be 

used for removing the heat from the PV panels. Florschuetz [4] developed a linear relationship between 

the cell efficiency and its operating temperature. Sopian et al. [5] analyzed single and double-pass PV/T 

air collectors and showed the advantage of double-pass configuration. Moshfegh and Sandberg [6] studied 

the effect of induced velocity on the reduced heat flux in a naturally ventilated vertical PV/T system. Garg 
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and Adhikari [7] presented a simulation model for determining the steady-state performance of PV/T air 

system with single and double glass configurations and showed that the need for glazing depends on the 

operating temperature. Brinkworth et al. [8] developed a simplified method for calculation of the flow rate 

in naturally ventilated PV/T integrated in buildings. Sandnes and Rekstad [9] studied hybrid PV/T systems 

numerically and experimentally and developed an analytical model for flat plate collectors due to the 

inclusion of additional solar cells. Tripanagnostopoulos et al. [10] investigated thermosyphon-type PV/T 

systems and showed that, compared to the unglazed systems, glazed PV/T systems for water-heating can 

improve the thermal efficiency up to 30%; however, the electrical efficiency is reduced by 16%. Chow 

[11] presented a transient model for a single-glazed sheet-and-tube water-heating PV/T collector which 

provides the instantaneous thermal/electrical gains and efficiencies, as well as the thermal conditions of 

the sub-components. Tiwari et al. [12] performed a theoretical and experimental study on a photovoltaic 

panel integrated with air duct for climate condition of India and concluded that an overall thermal 

efficiency of PV/T system is significantly increased (18%) due to cooling the PV panel. Tonui and 

Tripanagnostopoulos [1, 13] investigated a PV/T air system and suggested the use of thin flat metal sheet 

at the middle or finned back wall of an air channel in the PV/T air configuration to improve the thermal 

efficiency and cooling the PV panels.  

Raman and Tiwari [14, 15] studied a PV/T air collector for five different Indian climate conditions 

annually. They showed that the energy efficiency is 40-45% lower than the thermal efficiency under high 

solar radiation intensities. Furthermore, they presented higher advantages of double-pass design than the 

single-pass configuration. Chow et al. [16] investigated a building-integrated photovoltaic/water-heating 

system for Hong Kong climates annually and found that the annual thermal and cell conversion efficiencies 

are 37.5% and 9.39%, respectively. Shahsavar et al. [17] performed a numerical optimization on the 

performance of PV/T systems based on natural air flow operation using the genetic algorithm in order to 

find the optimum geometric parameters. Gholampour and Ameri [18] performed an exergy and energy 

analysis of a naturally ventilated PV/T with the aid of fins for heat transfer enhancement to the air and 

temperature reduction of the PV. Guarracino et al. [19] developed a dynamic model for PV/T collectors 

with a sheet-and-tube thermal absorber in order to generate electricity and domestic hot water, 

simultaneously as well as reducing the PV temperature.   

In this study, a naturally ventilated PV/T air collector is designed, built and tested at a geographic location 

of Kerman, Iran. In this system, a thin metal sheet is used to improve heat extraction from the panels to 

reduce the temperature and consequently achieving higher thermal and electrical output. The metal sheet 

is suspended in the middle of an air channel in the studied PV/T air system. The objective of this paper is 

to study the performance of this system for both glazed and unglazed types.  

 

2. Experimental setup 

The cross-sectional schematic view of the studied PV/T air collector is shown in Figure 1a and a picture 

of the setup is displayed in Figure 1b.  

 

 

 
(a) (b) 

 

Figure 1. The studied PV/T air collector (a) a Cross-sectional schematic view; (b) Photograph of 

experimental setup. 

 



International Journal of Energy and Environment (IJEE), Volume 9, Issue 5, 2018, pp.455-472 

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2018 International Energy & Environment Foundation. All rights reserved. 

457 

The basic components of the system are as follows: 

 Two polycrystalline silicon type PV panels, each rated at 45 W peak having length, width, and height 

0.98, 0.46, and 0.04 m, respectively. 

 The air channel constructed from wood with dimensions of 1.96 0.54 0.35 m. 

 A thin metal sheet (TMS) with the material of Aluminum suspended at the middle of air channel. 

 Two lamps of 35W, as a resistive load. 

 5 mm-thick glass cover for the glazed configuration.  

 25 mm-thick fibreglass for insulation of the channel walls. 

The channel walls and the metal sheet are black to increase their absorptivity and emissivity. Furthermore, 

the PV array with wooden structure and is tilted at 30° (equal to the latitude of Kerman) to maximize the 

solar energy gain [20, 21].  

Since the system is naturally ventilated, the driving force in the air channel is the buoyancy force that 

controls the induced flow rate. Note that the local wind is neglected in this study. The opposing forces are 

the frictional losses between channel walls and the airflow as well as the pressure gradients created at the 

entrance, the exit and any control device in the flow channel.  

According to the Iranian meteorological organization (IMO), the annual solar radiation in Kerman is about 

7625 MJ/m2. Since Kerman has a high irradiation level, a considerable amount of its energy requirements 

may be obtained from solar energy systems such as photovoltaic panels [20].  

 

2.1 Measurements 

The following parameters are measured in the experiments: 

 Velocity of the air flowing through upper ( 1fv ) and lower ( 2fv ) channels. 

 Load current ( lI ) and load voltage ( lV ). 

 Temperature of ambient air ( aT ), the PV panels ( pvT ), TMS sheet ( TMST ), back insulation wall ( bT ) as 

well as outlet air from upper ( 1fT ) and lower ( 2fT ) channels. 

 Solar radiation Intensity ( rI ). 

 Wind speed ( wv ). 

A digital Testo 405-V1 thermometer is used for measuring the ambient air temperature. The thermometer 

is located outside about 1.5 m above the ground. The device is also used for measuring the speed of air 

stream in the upper and lower channels. Type PT100 thermocouples are used for the temperature 

measurement. A BM 6 Kipp & Zonen pyranometer is used for measuring the incident solar intensity on 

the PV panels and an NRG40 anemometer is used to record the wind speed. The pyranometer is mounted 

on the surface parallel to the collector surface in such a manner that is would not cast a shadow onto the 

collector plate. Two DT-9205 type multimeters are used for measuring voltage and current of PV panels 

and the resistive load. The experimental results for a typical two days in the month of July 2009 for Kerman 

condition are shown in Tables 1 and 2 for glazed and unglazed types, respectively. 

 

Table 1. Observation obtained for glazed type. 

 

Time )/( 2mWIr  )( CTa   )( CTpv   )(1 CT f   )(2 CT f   )(VVl  )(AI l  )/(1 smv f  )/(2 smv f  

10:00 641 30.2 57 37.8 36 7.58 2.32 0.32 0.15 

10:30 727 31.4 60.3 40.6 37.8 10.85 2.95 0.29 0.23 

11:00 792 32 63.4 42.5 40.5 12.8 3.27 0.29 0.16 

11:30 816 33.2 67 43.9 41 12.9 3.31 0.31 0.11 

12:00 864 34.3 68.7 45.4 42.3 13.08 3.32 0.33 0.12 

12:30 884 34.6 70.6 45.8 42.5 12.97 3.33 0.33 0.12 

13:00 880 34.8 70.8 46.8 42.5 13.12 3.29 0.34 0.12 

13:30 870 36.1 70.2 48.3 42.5 13 3.25 0.36 0.07 

14:00 846 36 71.1 46.8 43.5 12.85 3.19 0.32 0.12 

14:30 800 36.5 70.8 47.3 44.7 10.56 2.86 0.32 0.13 

15:00 725 35.6 68.8 45.8 44.1 9.62 2.67 0.29 0.16 

 



International Journal of Energy and Environment (IJEE), Volume 9, Issue 5, 2018, pp.455-472 

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2018 International Energy & Environment Foundation. All rights reserved. 

458 

Table 2. Observation obtained for unglazed type. 
 

Time      )(VVl  )(AI l  )/(1 smv f  )/(2 smv f  

10:00 650 30.8 48.4 39.3 37.7 10.84 2.89 0.16 0.08 

10:30 732 32.4 53.2 40.7 39.7 14.39 3.51 0.14 0.1 

11:00 799 32.7 54.8 41.4 40.3 14.88 3.58 0.18 0.11 

11:30 848 34.7 59.1 43.4 42.1 14.85 3.57 0.18 0.1 

12:00 889 34.7 60.5 43.5 42.8 14.96 3.59 0.18 0.12 

12:30 899 35.4 60.9 44.4 43.3 14.95 3.55 0.23 0.12 

13:00 899 35.8 61.1 46.3 43.9 14.83 3.54 0.2 0.1 

13:30 880 36.6 62.5 46.8 44.1 14.7 3.46 0.29 0.12 

14:00 848 37.4 62.6 47.5 44.4 14.58 3.5 0.29 0.09 

14:30 794 36.4 60.5 45.6 44.5 14.38 3.5 0.24 0.12 

15:00 731 36.3 57.5 45.3 44.3 13.72 3.4 0.23 0.12 

 

2.2 Air mass flow rate 

The mass flow rate of flowing air in the upper and lower channels of the studied PV/T system can be 

calculated as [1]: 
 

3

1

2

)2/(

sin)(2


















outHp

rthchch

TDfLC

LIAAg
m




  (1) 

 

where chA  is the channel area,   is the air density,   is the collector tilt angle, th  is the thermal efficiency 

of the system, and f  is the friction factor that is calculated from the equation given by Tsuji and Nagano 

[22] for laminar (Eq. (2)) and turbulent (Eq. (3)) flow as: 
 

12/1)/(906.1 PrGrf   (2) 

 
9.11/1)/(368.1 PrGrf   (3) 

 

HD  is the hydraulic diameter of the channel given as [23]: 

 

P

A
D ch

H

4
  (4) 

 

where chA  and P  are the cross-sectional area and the wetted perimeter of the channel, respectively. 

 

2.3 Energy balance equations 

Figure 2 shows the studied PV/T collector indicating heat transfer coefficients for different parts. 
 

 
 

Figure 2. Schematic of the studied PV/T air system with heat transfer coefficients. 

)/( 2mWIr
)( CTa  )( CTpv  )(1 CT f  )(2 CT f 
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The following assumptions are considered to drive the energy balance analysis [24]: 

 One-dimensional steady-state heat transfer. 

 Negligible thermal capacities of the system components except for the flowing air. 

 Equal convection heat transfer coefficient between the channel surfaces, the metal sheet, and the 

flowing air. 

 Uniform temperatures of the PV panels, TMS sheet, glass cover and the back insulation surface. 

 

Therefore, the energy balance equations for the different components of the system are given as: 

 Glass cover 

 
wdxTThhwdxTThhwdxI agwsgrpvgcgpvrrg ))(())(( ,,  

 (5) 
 

 PV panel 
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 Upper channel air stream 
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 (8) 

 

 Lower channel air stream 

 

wdxTThwdxTThdTCm fbcfTMScfpf )()( 2222 
 (9) 

 

 Back insulation surface 

 

wdxTThwdxTTUwdxTTh fbcabbbTMSbTMSr )()()( 2,   (10) 

 

For unglazed type, Eq. (5) is transformed to the following equation: 

 

wdxTTh

wdxTThwdxTThhwdxI

TMSpvTMSpvr
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)(

)())(()1(

,
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 (11) 

 

Equations (6) to (10) can be combined to give the following two differential equations: 

 

32211

1
  ff

f
TT

dx
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 (12) 
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2
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f
TT

dx
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 (13) 

 

The boundary conditions are as follows: 

 

aff TxTxT  )0()0( 21  (14) 
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Hence, the two differential equations to find the air outlet temperatures are solved numerically using the 

Runge-Kutta method in this paper.  

 

2.4 Heat transfer coefficients 

2.4.1 Heat loss coefficients 

The PV loss coefficient from the PV panels to the ambient air via the front glazing can be determined as 

[25]: 
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where c , e  and q  are defined as: 
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The wind convection heat transfer coefficient is defined as [26]: 

 

ww vh 38.2   (19) 

 

The loss coefficient from the bottom accounts for the conduction losses through the back insulation of the 

solar collector which is given by: 
 

ins

ins
b

k
U


  (20) 

 

where insk  and ins  are the thermal conductivity and thickness of the insulation material. 

 

2.4.2 Convection heat transfer coefficients 

The free convection heat transfer coefficient of the air gap of height 25s mm between the PV panels and 

glass cover is calculated from the equation derived by Hollands et al. [27, 28] as: 

 

 *3/16.1* ]166416.0[))8.1(sin1(]1[44.11/  RRRskhc   (21) 

 

where cos/1708 sRaR   and sRa is the air gap Rayleigh number (




.

..sin..3 TgL 
 , T  is the temperature 

difference between the PV surface and the glass cover). The notation [ ]* means that if those parameters 

become negative they should be replaced by zero. All above properties are calculated for the mean 

temperature, 2/)( gpv TT  .     

The natural convection heat transfer coefficients between the airflow and both the PV panels and the TMS 

sheet as the back wall are calculated as [29]:  
 

 29.00965.0 Ra
D

k
h

H
c   (22) 
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where k  is the thermal conductivity of air.  

 

2.4.3 Radiation heat transfer coefficient 

The radiative heat transfer coefficient between the glass cover and the sky is defined as [26]: 
 

ag
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,   (23) 

 

With subscript g  is replaced by pv  for the unglazed type.  

The equivalent sky temperature is evaluated as [26]: 

 
5.10552.0 as TT   (24) 

 

The radiative heat transfer coefficient in the air cavities is determined using the linearized coefficient from 

Stefan-Boltzmann equation [26]: 
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where, the subscripts 1 and 2 represent any two surfaces seeing each other. 

 

2.5 Calculation of the current and voltage of the resistive load 

Figure 3 is an equivalent circuit used either for an individual cell, a panel consisting of several cells or for 

an array consisting of several panels.  

 

 
 

Figure 3. The equivalent circuit for a PV generator. 

 

The relationship between current and voltage is given as [26]: 
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where LI  is the light current in (A), DI   is the diode current of the equivalent circuit in (A), oI  is the 

inverse polarization current in (A), sR  is the series resistance in (Ω), shR  is the shunt resistance in (Ω), and 

a  is the curve fitting parameter. Rauschenbach [30] showed that the shunt resistance of most modern cells 

is very large and therefore the last term of Eq. (26) can be neglected. Therefore Eq. (26) can be reduced 

to: 

 

  1/).(exp  aRIVIIIIII soLshDL  (27) 

 

LI DI

shR

shI

sR

LoadR

I

V



International Journal of Energy and Environment (IJEE), Volume 9, Issue 5, 2018, pp.455-472 

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2018 International Energy & Environment Foundation. All rights reserved. 

462 

where: LI , oI , sR  and a  depend on the solar radiation and the temperature of the PV panel [26] based on 

information for I  and V  given by the manufacturer of a PV unit for reference solar radiation, refI , at a 

reference temperature,  refT , (Table 3), and are described as [26]: 
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Table 3. Nominal and reference parameters of PV units. 
 

36sN cells AI refsc 98.2,   AI refmp 76.2,   KmAscI /325.1,    

WP 45max   VV refoc 5.20,   VV refmp 3.16,   KVocV /0775.0,    

 

The subscripts oc , sc , mp  and ref refer to open circuit, short circuit, maximum power, and reference 

conditions, respectively.   is the energy gap of silicon (1.12 eV), sN  is the number of cells connected in 

series in a single unit of the PV system, and 
ocV , 

scI  are the temperature coefficients of the open circuits 

voltage and closed circuits current, respectively. The mentioned parameters vary by different solar 

radiation intensities and temperature conditions based on the following equations: 
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refss RR ,  (35) 

 

In brief, the evaluation of the characteristic equation of a PV panel is as follows: first, Eqs. (28) to (31) are 

used to estimate the values of the four parameters at reference conditions. Next, these values are adjusted 

to the actual operating conditions with Eqs. (32) to (35). Finally, the system current, I , is calculated from 

Eq. (36) which is derived from Eq. (27) accounting for the PV panels that are connected in parallel ( NP ) 

and in series ( NS ) [26]: 
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while the VI   curve of a resistance is described by Ohms law: 
 

lll RIV .  (37) 

 

where lR  is the resistance. At any time, the combination of the PV panels and the resistive load will 

operate at the intersection of the characteristic curves of the two components. 

 

2.6 Evaluation of the performance parameters 

The conversion efficiency, c  of the PV panel, is formulated as a function of its temperature pvT  given as 

[4]: 
 

))(1( refpvrefrefc TT    (38) 

 

where ref  is the temperature coefficient of solar cell efficiency and ref  is the panel efficiency at the 

reference temperature refT . The values of ref  were found experimentally as 0.132 and 0.125 for unglazed 

and glazed systems respectively with refT = 25 C  while ref  was obtained as 0.006 1C  for both types. 

Three kinds of efficiencies are defined for a PV/T collector. The thermal efficiency is defined as: 
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The electrical efficiency depends mainly on the incoming solar radiation, the temperature of the PV panels 

and resistive loads consumed power. The electrical efficiency of the system is defined as: 
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where lI  and lV  are the current and voltage of the resistive load.  

Finally, the total efficiency of the studied PV/T air collector is calculated by [2, 7, 31]: 

 

elthtot    (41) 

 

3. Results and discussion 

3.1 Validation of the model 

Figures 4 to 6 show the comparison between experimental and theoretical values of the temperatures of 

the outlet air and PV panels as well as the air mass flow rate for both glazed and unglazed types. Note that 

the measured weather data presented in Tables 1 and 2 are used as the input data of the numerical code. As 

shown, a good agreement can be seen between the theoretical and experimental values.  

Furthermore, the glazed type has a higher PV temperature than unglazed configuration since the glazing 

increases the operating temperature of the system [7]. Increasing the PV temperature leads to a higher the 

buoyancy force and consequently increases the air mass flow rate through the channel. Therefore, it is 

concluded that the glazed type has a higher value of air mass flow rate than unglazed type as shown in 

Figure 6. 

Comparisons between operating voltage and current of the PV panels and resistive load are presented in 

Figures 7 and 8 for both glazed and unglazed types, respectively. It is obvious from these figures that 

unglazed system has higher values of the voltage and current than glazed type. This is due to the lower PV 

temperature hence higher performance of the PV panels. Also, there is a quite good agreement between 

measured and predicted values of the voltage and current.   

Figures 9 to11 show the hourly variation of the thermal, electrical, and total efficiency for glazed and 

unglazed systems, respectively. It is found that there is a good agreement between the experimental and 

theoretical results. The thermal efficiency ranges between 12.21-37.17% throughout the day whereas 

electrical efficiency ranges between 3.23-8.12%. The total efficiency is of the order of 20.33-42.44%. 

Furthermore, setting the glass cover on the photovoltaic panels leads to an increase in thermal efficiency 
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and a reduction of electrical efficiency of the system. Therefore, it is concluded that using glass cover is 

suitable just in the application that thermal efficiency has a more priority than electrical efficiency.  
 

 
 

Figure 4. Comparison of experimental and theoretical outlet air temperature for both glazed and unglazed 

types. 
 

 
 

Figure 5. Comparison of experimental and theoretical PV panel temperature for both glazed and 

unglazed types. 
 

 
 

Figure 6. Comparison of experimental and theoretical air mass flow rate for both glazed and unglazed 

types. 
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Figure 7. Comparison of experimental and theoretical operating voltage of the PV panels for both glazed 

and unglazed types. 

 

 
 

Figure 8. Comparison of experimental and theoretical operating current of the PV panels for both glazed 

and unglazed types. 

 

 
 

Figure 9. Comparison of experimental and theoretical thermal efficiency for both glazed and unglazed 

types. 
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Figure 10. Comparison of experimental and theoretical electrical efficiency for both glazed and unglazed 

types. 

 

 
 

Figure 11. Comparison of experimental and theoretical total efficiency for both glazed and unglazed 

types. 

 

3.2 Case studies 

In this section, the validated model is used to study the effects of the incident solar radiation, channel depth 

and channel length on the air mass flow rate, temperatures of the PV panels and outlet air as well as thermal 

and electrical efficiencies of the studied PV/T collector. Note that the irradiance and wind speed are 

considered 800 W m-2 and 1.5 ms-1, respectively and the ambient and inlet air temperatures is also 25 °C. 

 

3.2.1 Effect of incident solar radiation 

In natural flow systems, the air velocity depends on the heat flux, which is represented by the incident solar 

radiation absorbed by the PV/T panels. Figures 12-14 give the effect of the solar radiation intensity on the 

outlet air temperature, PV panel temperature and air mass flow rate, respectively. It is seen that both 

temperatures and air mass flow rate increase with increasing solar radiation intensity. As shown, the results 

for both glazed and unglazed systems are the same except that for the glazed systems are slightly elevated 

than the unglazed systems due to higher temperatures of operation and the results for glazed systems are 

presented here.  

With increasing the solar radiation, the air mass flow rate increases due to more irradiance intercepted by 

the PV/T collector. Therefore, more heat energy is gained by air in the channel increasing the temperature 

in the outlet and creating a higher stack effect. 
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Figure 12. Variation of outlet air temperature with irradiance. 

 

 
 

Figure 13. Variation of PV panel temperature with irradiance. 

 

 
 

Figure 14. Variation of air mass flow rate with irradiance. 

 

3.2.2 Effect of channel depth  

Figure 15 illustrates the effect of the channel depth on the outlet air and PV panel temperature. It is seen 

that the outlet air temperature decreases with channel depth while the PV panel temperature increases with 

the channel depth. This is due to the variation of air velocity and convection heat transfer coefficient with 

the channel depth where both quantities decrease with increasing channel depth. 
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Figure 16 illustrates the effect of channel depth on the thermal efficiency, where it is clear that the thermal 

efficiency decreases with increasing the channel depth due to a decrease in the outlet air temperature. The 

variation of the electrical efficiency with channel depth is illustrated in Figure 17. As shown, the electrical 

efficiency reduces with increasing channel depth. This is attributed to the increased PV temperature that 

leads to a decrease in the resistive load’s consumed power. 

 

 
 

Figure 15. Effect of channel depth on the outlet air and PV panel temperature. 

 

 
 

Figure 16. Effect of channel depth on the thermal efficiency. 

 

 
 

Figure 17. Effect of channel depth on the electrical efficiency. 
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3.2.3 Effect of channel length 

Figure 18 displays the effect of the channel length on the thermal and electrical efficiency, respectively. 

The thermal efficiency increases and the electrical efficiencies decreases with the channel length. A higher 

collector length increases the collection area and therefore more solar radiation is intercepted which gives 

more energy to airflow which results in a higher thermal efficiency. On the other hand, a higher collector 

length leads to a higher PV panel temperature leading to the reduction in the electrical efficiency as the 

channel length increases.  

 

 
 

Figure 18. Effect of channel length on the thermal and electrical efficiency. 

 

4. Conclusion 

Theoretical and experimental studies of a naturally ventilated PV/T air collector was conducted in this 

paper. Based on the presented results, the following conclusions were achieved: 

 There is a good agreement between the predicted and measured results. 

 The thermal efficiency ranges between 12.21-37.17% throughout the day whereas electrical efficiency 

ranges between 3.23-8.12%. The total efficiency is of the order of 20.33-42.44%. 

 Setting glass cover on photovoltaic panels leads to a higher thermal efficiency and a lower electrical 

efficiency. Therefore, using glass cover is suitable when the thermal efficiency has a higher priority 

than electrical efficiency. 

 The outlet air and the PV panel temperatures as well as the air mass flow rate increase with increasing 

the solar radiation intensity. 

 The outlet air temperature, the thermal efficiency, and the electrical efficiency reduce with increasing 

the channel depth, while the PV temperature increases with increasing the channel depth. 

 The outlet air temperature increases with increasing the channel length, as a result the thermal 

efficiency increases. On the other hand, increasing the channel length results in higher PV temperature 

causing the reduction in electrical efficiency as the collector length increases.  

 

Nomenclature 

chA  the cross-sectional area of the channel (m2) 

pvA  PV array aperture area (m2) 

pC  specific heat capacity of air (J Kg-1 K-1) 

HD  hydraulic diameter (m) 

f  friction factor 

g  acceleration due gravity (ms-2) 
Gr  Grashof number 

ch  convection heat transfer coefficient in the air channel (WK-1 m-2) 

ch  convection heat transfer coefficient from PV to glass cover (WK-1 m-2) 

sgrh ,  radiation heat transfer coefficient between glass cover and sky (WK-1 m-2) 
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gpvrh ,  radiation heat transfer coefficient between PV and glass cover (WK-1 m-2) 

TMSpvrh ,  radiation heat transfer coefficient between PV and TMS sheet (WK-1 m-2) 

bTMSrh ,  radiation heat transfer coefficient between TMS sheet and back insulation wall (WK-1 m-2) 

wh  wind convection heat transfer coefficient (WK-1 m-2) 

I  the operating current of PV array (A) 

DI  diode current (A) 

LI  light current (A) 

lI  operating current of resistive load (A) 

mpI  the operating current of PV panel at maximum power point condition (A) 

oI  inverse polarization current (A) 

ocI  open circuit current (A) 

 solar radiation intensity (Wm-2) 

scI  short circuit current (A) 

k  the thermal conductivity of air (Wm-1 K-1) 

insk  the thermal conductivity of insulation material (Wm-1 K-1) 

L  length of the collector (m) 
m  the total mass flow rate of air flowing through system channels (Kgs-1) 

1fm  mass flow rate of air flowing through the upper channel (Kgs-1)  

2fm  mass flow rate of air flowing through the lower channel (Kgs-1) 

N  number of the glass cover 
NP  number of PV panels connected in parallel 
NS  number of PV panels connected in series 

P  the wetted perimeter of the channel 

Pr  Prandtl number  

lR  resistance ( ) 

Ra  Rayleigh number 

sR  series resistance ( ) 

shR  shunt resistance ( ) 

s  the height of air gap between PV and glass cover (m) 

aT  ambient temperature (°C) 

bT  back wall temperature (°C) 

gT  glass cover temperature (°C) 

outT  outlet air temperature (°C) 

pvT  PV temperature (°C) 

TMST  TMS sheet temperature (°C) 

bU  back heat loss coefficient (WK-1 m-2) 

TU  top heat loss coefficient (WK-1 m-2) 

1fv  the velocity of air flowing through the upper channel (ms-1) 

2fv  the velocity of air flowing through the lower channel (ms-1) 

V  operating voltage of PV panel (V) 

lV  operating voltage of PV array and resistive load (V) 

mpV  operating voltage of PV panel at maximum power point condition (V) 

ocV  open circuit voltage (V) 

scV  short circuit voltage (V) 

wv  wind velocity (ms-1) 

w  the width of the collector (m) 

 

rI
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Greek symbols 
  thermal diffusivity (m2 s-1) 

pvg  ,  absorptance of glass cover and PV cells, respectively 

  thermal expansivity of air (K-1) 

ref  temperature coefficient of PV cells ( 1C ) 

pvg  ,  the emissivity of glass cover and PV cells, respectively 

  collector tilt angle 

c   PV panel electrical efficiency at pvT  

ref  PV panel electrical efficiency at reference temperature   

el  electrical efficiency 

th  thermal efficiency 

tot  total efficiency 

  density (Kg m-3) 
  kinematic viscosity (m2 s-1) 
  Stefan-Boltzmann constant (5.67 10-8 W m-2 K-4) 

g  the transmittance of the glass cover 

ins  the thickness of insulation material (m) 

scI ,  temperature coefficients of the short circuits current (A K-1) 

ocV ,  temperature coefficients of the open circuits voltage (V K-1) 
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