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Abstract:  The benefits of photovoltaic systems are not only for 

electricity generation, but also provide shading for building envelopes 

to reduce heat gain from solar radiation. However, a crucial problem 

of photovoltaic system installation on building envelopes is an 

increase of photovoltaic module’s temperatures due to insufficient 

ventilation. An appropriate air spacing of the enclosure, which minimizes 

the heat gains through walls/roofs and maximizes photovoltaic electricity 

generation, has not been studied extensively and is not well 

documented. In this study, an adjustable testing rig model was 

designed and constructed. It is capable of varying the air space and 

the inclination angle of a photovoltaic system. The test rig was initially 

set up to be tilted nearly at the same degree of Bangkok’s latitude



P. Trinuruk, C. Sorapipatana and D. Chenvidhya 
 

 
 

Asian J. Energy Environ., Vol 8, Issue 1 and 2, (2007), pp. 73-95 74 

(orientated due to southward, at 15o of tilted angle) and spacing of air 

gap 140 mm. An actual experimental test was used to verify a simulation 

model. The experimental results indicate that the model can predict 

relatively well for the module’s temperatures, but with some discrepancy 

for the wall surface temperatures. After that it was simulated under 

the same conditions with various spacings of the air gap from 10 mm 

to 250 mm with 10 mm increment. The results showed that the 

appropriate air gap can reduce the amount of heat transferred into the 

building by at least 1.85 kWh/m2 per year. Although the increase of 

the air gap spacing tends to reduce the heat gain through the 

building, the spacing of the air gap is limited due to an increase of the 

unshaded area and increases in the outside temperatures of the building, 

which, in turn, cause the heat gains through the building to increase. 

 

Keywords: photovoltaic, heat gain, air gap, building envelope, enclosure, 

energy balance method, simulation. 

 

1. INTRODUCTION 

In Thailand, about 60% of electricity in buildings is consumed 

by air conditioning loads because it is located in the hot humid 

tropics. There are a few possible solutions to reduce the electricity 

load demands of air conditioning systems, which are either to reduce 

heat gains through the building, or to prevent the building envelopes 

from exposure to the solar radiation by using shading devices. One of 

the possible methods is to mount photovoltaic panels to cover building 

envelopes, which is known as photovoltaic cladding. This method can 
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reduce amounts of the direct sunlight incident on the building envelope 

and, at the same time, it can also provide clean electricity generation. 

Nevertheless, there is a disadvantage in mounting the photovoltaic 

panel on the building envelope. It will increase the photovoltaic 

module’s temperature due to the long wave emissive radiation from 

the building envelope to the photovoltaic panel, if the ventilation is 

insufficient on the back of the photovoltaic panel. Photovoltaic 

performance is generally deteriorated due to the rise of the module’s 

temperature, i.e. 0.3-0.6% per 1oC for crystalline silicon and 0.2% 

per 1oC for thin film silicon [1]. The performance of photovoltaic 

panels on the building can be improved, if there is a sufficient width 

of the air gap underneath the photovoltaic modules. A sufficient air 

gap can lead to dissipation of the heat from the photovoltaic panel, and 

a decrease in the module’s temperatures. However, the width of the air 

gap between the photovoltaic module and the building envelope should 

not be too large otherwise it may lead to an unaesthetic appearance, 

damage caused by the lift-force of wind, and an increase in unshaded 

areas resulting in more direct solar radiation incident on the building 

envelope, which causes an increase in the heat gain through the building. 

The influences of installed photovoltaic panels on the heat 

transfer through a building envelope and photovoltaic performance 

has been studied. The effect of an air flow induced by free convection 

behind the photovoltaic panels has been studied by Brinkworth et al. 

[2]; they found that the air flow induced by buoyancy force can reduce 

the module’s temperature up to 20 K. Yang et al. [3] built a test rig 

of a photovoltaic-wall and photovoltaic-roof for validation of their 
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simulation model. Good design of the ventilated photovoltaic-wall 

structure can reduce the module’s temperature up to 15oC and increase 

8.0% of the power output compared with non-ventilation. The results 

of Brinkworth’s study [2] have presented not only the effect of the 

module’s temperature, but also the effect of shading by the photovoltaic 

cladding. It is noted that the peak temperature of the outer surface of 

the wall is reduced from 50oC to 32oC without and with PV shading, 

respectively, and heat gain received through a building of 105.6 kJ/m2 

is reduced over a day. The closing and opening of the entrance of the 

air gap in between the photovoltaic module and the building envelope 

also influences the module’s temperature. Brinkworth et al. [4] found 

that the temperature difference between the closed and open air entrance 

was 26oC. This high temperature difference occurred because closing 

the air entrance led to poor heat transfer on the rear surface of the 

photovoltaic module.  

In this paper, the appropriate air gap underneath photovoltaic 

panels on a building envelope has been investigated using a simulation 

method whose validity is verified by experimental results. The 

appropriate air gap is required in order to minimize the heat gain 

penetrating into the building and maximize the electricity generation 

from the photovoltaic panels. The present work is focused on the gap 

configuration in the enclosure of the non-ventilated air gap, which is 

the condition of the poorest photovoltaic installation on a building 

envelope. The inclined surface is set at 15o and the air gap is varied 

from 10 to 250 mm with 10 mm increments. A simulation model has been 

developed based on the energy balance method with the assumptions 

of unsteady state conditions and one-dimensional heat transfer.  
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2. METHODOLOGY 

2.1 Experimental set up  

A test rig of a photovoltaic panel on a building envelope was 

set up and tested in the actual outdoor climatic conditions of Thailand, 

at Bangkhuntain campus, King Mongkut’s University of Technology 

Thonburi (KMUTT). Testing data were recorded automatically using 

Campbell datalogger “CR10X”, which was programmed to read data 

every 10 seconds and the collected data were sampled every one 

minute and averaged one hour. The test rig contains an 80-W multi-

crystalline silicon photovoltaic module which is mounted on lightweight 

blocks. The blocks were plastered by concrete mortar on both the 

front and the rear surface, which are a basic method of the building 

envelope constructed in Thailand. A room beneath the building envelope 

platform was constructed and enclosed with multilayer insulators and 

controlled at a constant temperature at 25oC, by an air conditioning 

unit. The periphery of the air gap, which is the space between the 

photovoltaic module and the building envelope, was enclosed with 

insulation as an enclosure space.  

The constructed testing rig is supported by four steel stands, 

and the rig was designed in such a way that it can be adjustable in 

various inclination angles and air gap spaces as shown in Fig.1. A 

pyranometer is mounted on the same plane as the photovoltaic 

panels. K-type thermocouples were adhered at the middle of each 

surface such as the front and the rear of the photovoltaic panel, the 

front and the rear of the building envelopes within the enclosure air 

gap, and the temperature-controlled free space room.   
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Figure 1. System schematic of a photovoltaic panel on building envelope.  

 
For the measurement of climatic data, a Campbell weather station 

was set up to measure the wind velocity and direction, the solar 

irradiance, the ambient temperature, and the relative humidity, and 

recorded by a Campbell datalogger.  

 

2.2 Testing Conditions  

In the present work, the photovoltaic testing rig was set up in a 

condition in which a photovoltaic panel on a building envelope has 

the poorest ventilation, i.e. there is no ventilation beneath the photovoltaic 

panel at all. This condition leads to a high temperature of the photovoltaic 

panel and poor heat exchange to the surroundings when the sky is 

clear during the day time, and hence it decreases the photovoltaic 

performance. The air gap underneath the photovoltaic module of the 

test rig was enclosed around with insulation foam on the outside 

perimeter of all walls as shown in Fig. 2. The air gap is 140 mm high 
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and is tilted at an inclination of 15 degrees facing due south. Under 

this condition, the photovoltaic panel receives the highest solar 

irradiance. Measurements of the actual temperatures of each surface, 

the amounts of generated electricity and the weather data were 

recorded and used for verifying the accuracy of the simulation model.       

                                  

 

 

 

 

 

 

  
 (a)        (b) 

Figure 2. (a) Photovoltaic panel on building envelope in the field 

test, and (b) Setting the air gap as an enclosure. 

 
2.3 Process of heat transfer on photovoltaic panel and the building  

2.3.1 Energy balance on photovoltaic panel 

The energy absorbed on a photovoltaic panel, which can all be 

converted into electricity, the accumulated heat on itself and the heat 

losses to surroundings can be written as:  

TThTThTThTThI wopvraapvcaskypvrfambpvcfpvt +−+−+−+−= )()()()( 1ατ&
 

  
dt

dT

A

Cm
TI pv

pv

pvpv
pvSTCt +−−+ ))25(005.01(η&  ,    (1) 

where tI& is the solar radiation incident on the tilted surface (W/m2), 

α  is the absorptivity of the cell (-), pvτ  is the transmissivity of the glass 

(-), cfh  and rfh  are respectively the heat convection coefficient and the 

Enclosed airspace 
with insulation as 

enclosure 
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thermal radiation coefficient on the front surface of the photovoltaic 

panel (W/K.m2), 1cah  is the heat convection coefficient in the enclosed 

air gap between the rear surface of the photovoltaic panel and the air 

(W/K.m2), rah  is the thermal radiation coefficient between the photovoltaic 

panel and the top surface of the top wall (W/K.m2), pvT  is the module’s 

temperature (oC), ambT is the ambient temperature (oC), skyT  is the sky 

temperature (oC), aT  is the air temperature in the enclosed air gap 

(oC), mpv is the mass of the photovoltaic panel (kg), pvC  is the heat 

capacity of the photovoltaic panel (J/kg.K), Apv is the surface area of 

the photovoltaic panel (m2), STCη  is the photovoltaic panel’s efficiency 

at the standard testing condition (-), and dt  is the interval time (sec). 

 

 

 

 

 

 

 

 

Figure 3. The heat transfer processes on the photovoltaic module on 

building envelope. 
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Shortwave radiation, gI& , the revised ASHRAE clear sky model, 

that was developed from five-year data of four-province solar radiation 

during years 1996-2000 by Amarananwatana et al.[5], is applied in 

this work to determine the solar intensity of Thailand under clear sky 

condition.  

  dZbg III
•••

+= θcos ,       (2) 

  ( )zb BAI θsecexp−=
•

 ,     (3) 

  bd ICI
••

= ,         (4) 

where gI&  is the global irradiance on horizontal surface (W/m2), bI& is 

the direct irradiance on horizontal surface (W/m2), dI&  is the diffuse 

irradiance on horizontal surface (W/m2), A , B  and C  are the correction 

factors due to extraterritorial irradiance, atmospheric attenuation, and 

diffuse radiation, respectively, and zθ  is the zenith angle (degree). 

Ambient temperature, Tamb, the ASHRAE air temperature model 

[6] is used to calculate the outdoor air temperature for the extreme 

condition, which is given by  

  )(
100 minmaxmax TT

f
TTamb −−= ,     (5) 

where Tmax and Tmin are the maximum and minimum temperature 

from the local meteorological data (oC), and f is the daily range.  

Sky temperature, Tsky, is based on Idso-Jackson model [7], 

which was an empirical formula of downward radiation, developed 

from experiment data based on a theoretical study of those parameters 

which influence on the emissivity of the atmosphere. 
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 ])T(2737.77x100.261Exp[1/σR 244
o ′−−−=′ −T ,   (7) 

where Ro is the downward atmospheric radiation flux from a clear 

sky, T ′ is the absolute screen level air temperature (K), F is the 

correction factor from the effect of cloud [8], and σ is the Stefan-

Boltzmann constant.   

Heat convection coefficient, the heat convection on its surface, 

hcf, is dominated by the effect of wind velocity, Vw, which is given by 

McAdams [9] 

wcf V8.37.5h +=  ; for 0 < Vw < 7 m/s,    (8) 

In an enclosed air gap, under a situation dominated by free 

convection, the heat transferred is calculated from the effect of the 

inclination angle and dimensionless numbers: the Nusselt number, 

Nu, the Rayleigh number, Ra, and the Prandtl number, Pr. 

 

Table 1. Heat coefficient equations of free convection in the enclosure 

in various planes [10]. 

 Equation Condition 

Inclined Surface ( ))cos/708,1(1446.01 β⋅−+= RaNu  1,708 < Ra.cosβ < 5,900 

 ( ) 252.0cos229.0 β⋅= RaNu  5,900 < Ra.cosβ < 9.24x104  

 ( ) 285.0cos157.0 β⋅= RaNu  9.24x104 < Ra.cosβ < 106 

 

Therefore, the heat convection coefficient is calculated from 

the equation which is given by 
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S

kNu
h

.
= ,      (9) 

where S is the width of air gap space (m). 

Longwave radiation coefficient, there are two longwave 

radiation coefficients which are involved in the calculation: the first 

one is hrf, the longwave radiation coefficient between the photovoltaic 

module and the ambient, which can be expressed as 

 ( )skypvskypvpvrf TTTTh ′+′′+′= )( 22σε ,                   (10) 

  The second one is hra, the heat radiation coefficient between the 

rear surface of the photovoltaic module (or Tedlar) and the top wall 

surface of the building material that can be written as:  

 
( )

1)/1()/1(

)( 22

−+

′+′′+′
=

slabtd

wopvwopv

ra

TTTT
h

εε

σ
,                            (11) 

whereε is the emissivity of surface material.  

 

2.3.2 Energy balance of the air mass in the gap space 

The air gap is assumed to be perfectly enclosed; the air flow in 

the gap, therefore, can be ignored. The heat balance of air in the 

enclosure can be calculated from the accumulated heat in the air mass in 

the enclosure and the absorbed (or emitted) heat transferred from the 

photovoltaic module and the building envelope, which is given by   

 
dt

dT

A

Cm
TThTTh a

pv

aa
awocaapvca =−+− )()( 21 ,             (12) 

where 2cah  is the convection coefficient of the top surface of the wall 

with the air in the enclosure (W/K.m2), and aaa TCm  and,,  are the mass, 
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the heat capacity and the temperature of the air in the enclosure 

respectively.  

 

2.3.3 Energy balance on the top surface of the top wall (or roof) 

The heat balance on the top of the top wall (roof) surface can 

be calculated from the long wave radiation exchanges between the 

photovoltaic panel’s rear surface and the top wall’s surface, the heat 

convection of air at the top wall’s surface within the enclosed air 

gap, and the heat penetration (released) by conduction into (from) the 

surface of the top wall (roof) to the first inner layer of building 

materials at temperature node of T1,j;  

ajwowopvrawoaca RTTTThTTh 112 /)()()( −=−+− ,               (13) 

where aR1 is the thermal resistance of the 1st wall layer (K.m2/W), 

jiT , is the temperature at a given inner layer ith  and at a point j (oC). 

Heat conduction coefficient of the building material, can be 

calculated from the conductance of material, with respect to its 

thickness. The transient heat transfer is applied and a wall layer can 

be assumed to be at a single uniform temperature, provided that its 

Biot number, Bi, is less than 0.1: 

      
k

hL
Bi = ,                  (14) 

where h is the heat convection coefficient (W/K.m2), L is the 

characteristic length of the object (m), and k is the thermal conductivity 

of the material (W/K.m). 

The heat conduction resistance of the material, R, is 
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k

L
R = .                   (15) 

2.3.4 Energy balance in the building material  

Normally, the heat transfer across the building material (wall/roof) 

can be simplified by one-dimensional analysis. The wall comprises of 

several thin sections of homogeneous material, and each of them can be 

represented by a single temperature for the entire interior of that section. 

In this study, the finite difference method is applied in the simulation 

model to study the heat transfer in the building material. The energy 

balance for an interior point can be computed from the heat balance 

of the accumulated heat in the layer and the heat conduction as given 

below: 

 
aibi

jiji

aibi

jiji

jiji

p

RR

TT

RR

TT
TT

dt

Cx

,1,

,1,

,,1

,,1

1,, )(
+

+

−

−

−
+

−
−

+

−
=−

∆ ρ
 ,             (16) 

where x∆  is the thickness of wall layer (m). 

 

2.3.5 Energy balance on an inner surface of the wall 

The heat balance on an inner surface of the wall is dominated 

by the heat conduction and the heat transfer coefficient of the 

combination between the convection and the radiation in the indoor 

room, hi, which is given by  

 
bn

wijn
iwii R

TT
TTh

,

,)(
−

=− ,               (17) 

where Ti is the room temperature, which is fixed at 25oC, Twi is the 

surface temperature of the inner wall (oC).   
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2.3.6 The heat gain through building 

According to the heat conduction, the calculation of this 

simulation is examined by using the finite difference method. The 

heat gain through the building can be computed from the heat 

transfer between the surface temperature of the inner wall and the air 

temperature inside the room. 

  )( iwii TThq −=′′ ,                 (18) 

where q ′′  is the total heat flux into the building (W/m2).  

 

2.4 The simulation method  

The simulation model was programmed by using MATLAB 

software, based on the above equations as shown in Fig.4. The 

program can determine the annual heat gain through the building and 

the annual electricity energy outputs from the photovoltaic panel 

mounting on the building envelope under the clear sky condition of 

Thailand, which is considered to be the maximum possible electricity 

outputs available, while minimizing the heat load transferred to the 

building envelope. The model is based on the following assumptions: 

(i) the heat transfer is one-dimensional, (ii) the thermal-physical properties 

of photovoltaic elements and building materials are independent of 

temperature within the test conditions, (iii) the temperatures are uniformly 

distributed within the materials, (iv) the temperature difference 

between the front and the rear surface of the module is neglected and 

(v) the effect of heat capacity from the aluminum frame of the 

photovoltaic panel is ignored. The physical properties of photovoltaic 

components and the building materials are given in Table 2. 
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Figure 4. Flow diagram of simulation program. 
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Table 2. Physical properties of photovoltaic components and building 

materials [11-14]. 

 Unit Glass  Photovoltaic 
cell  

Tedlar   Lightweight 
block  

Concrete 
plastering  

Thickness  m 0.006 0.00038 0.00017 0.075 0.01 
Density  kg/m3 2,500 2,330 1,475 1,400 700 
Specific heat J/kg.K 840 712 1,130 962 1,000 
Thermal 
conductivity 

W/m.K 1.04 148 0.14 0.42 0.2 

Absorptivity, α - 0.8 - - - 0.4 
Transmittivity, τ - - - - - - 
Emissivity, ε - 0.94 - 0.893 0.93 0.93 

 

3. RESULTS OF STUDY 

3.1 Accuracy of simulation model and verification    

Prior to using the simulation model for evaluating the amount 

of annual heat flux passing into a building and the annual electricity 

generating under the extreme condition of Thailand, the model accuracy 

should be verified with experimental data. The model performance is 

assessed by using experimental data under the testing conditions of 

15o tilted angle, facing due south and 140 mm air spacing, and 

statistical analyses: the root mean square error (RMSE) and the mean 

bias error (MBE). RMSE is calculated to assess the magnitude of the 

accuracy of the predicted data, whereas MBE is used to identify the 

systematic error of the predicted data: whether it is an overestimation 

or an underestimation of the actual values. The comparison of 

RMSE, MBE, % Error of RMSE and % Error of MBE of the 

predictions with the corresponding mean values, between the 

module’s temperature and the top of the wall temperature is given in 

Table 3 and shown in Fig. 5. 
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Table 3. Verifying the model accuracy with the mean of the experimental 

data, RMSE, MBE, % Error of RMSE and MBE.      

 

Module’s 
temperature 

The top of the 
wall surface 
temperature 

The inner of the 
wall surface 
temperature 

The air 
temperature in 

the air gap 
Number of 

Observations 
56 56 56 56 

Mean (oC) 38.937 35.036 27.062 35.322 

RMSE (oC) 1.843 4.816 6.780 2.141 

MBE (oC) -0.091 0.744 0.854 -1.000 

% Error of RMSE  5.324 15.309 25.542 6.563 

% Error of MBE -0.401 2.151 10.340 -2.962 

 

 

Figure 5. The correlation between the simulation results and 

experimental results in the temperature predictions.  

 
The average value of RMSE of the module’s temperature is 

1.843oC, the RMSE of the surface temperature of the top wall is 
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4.816oC, the RMSE of the surface temperature of the inner wall is 

6.708oC, and the RMSE of the air temperature in the gap is 2.141oC. 

This indicates that the simulation model gives a better accuracy in 

the prediction of the module’s temperature than the air temperature in 

the enclosed air gap, the surface temperature of the top wall, and the 

surface temperature of the inner wall, respectively. The magnitude of 

MBE is -0.091oC for the module’s temperature, 0.744oC for the surface 

temperature of the top wall, 0.854oC for the surface temperature of the 

inner wall and -1.000oC for the surface temperature of the inner wall, 

respectively. The simulation model, therefore, has a slight systematic 

error in underestimating the module’s temperature, whereas, it 

overestimates the surface temperature of the top wall.  

 

3.2 The effect of spacing of the air gap  

The model is simulated continuously over an entire year under 

the maximum solar radiation of the clear sky condition of Thailand 

to evaluate the annual amounts of heat transferred through the 

building, and the annual amounts of photovoltaic electrical energy 

generation from the photovoltaic panel on the building envelope. The 

inclined surface of the photovoltaic panel was tilted at 15o, the air 

gap was varied from 10 mm to 250 mm, with 10 mm increments, and 

the wind speed was fixed at 1 m/s to investigate the effect of the air 

gap’s spacing.     

The correlation between the annual amount of heat gains 

through the building per unit area and the air space is shown in Fig. 

6. It indicates that the annual amount of the heat gain penetrating 
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through the top of the building envelope is not linearly proportional 

to the gap spacing. At a very small air gap, the annual amount of the 

heat gains through the building is as high as 209.7 kWh/m2, and the 

heat flux decreases sharply, as the air gap increases until it is at a 

critical gap of 20 mm, then the annual heat flux increases sharply 

again, as soon as the air gap increases to another critical gap spacing 

at 30 mm. At this spacing, the heat flux increases to the second peak 

of 208.7 kWh/m2, which is slightly less than the first peak. At higher 

air gap spacings the heat flux through the building will gradually 

decrease with the increasing of the air gap.  

The sharp decrease in the annual amount of heat flux at a very 

small gap indicates that the heat transfer process is dominated by heat 

conduction. The effect of the heat conduction then decreases, because of 

increasing of the air gap’s height. However, when the height of the air 

gap is large enough, it starts to initiate heat convection in laminar 

flow, and subsequently convection becomes dominant leading to the 

increase in the overall heat transfer coefficient. Thereafter, as the spacing 

increases the value of the heat convection coefficient gradually 

decreases because the effect of the spacing gap is dominant over the 

Nusselt number.  

 In contrast, the annual amount of the electrical energy 

generated by the photovoltaic panel is considerably less variable with 

increasing of the air gap compared with the annual amounts of the 

heat flux penetrated through the building envelope. Thus, an increase 

in the air gap provides a better generation of the annual amount of 

photovoltaic electrical energy generating, which is about 0.05 kWh/m2.     
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(b) Annual electricity generation from photovoltaic 

Figure 6. The simulation results of the annual amount of heat flux 

penetrated into a building envelope and the annual amount 

of the electricity generation from the photovoltaic panel 

on the same building envelope, at 15o tilted angle, under a 

clear sky condition of Thailand, at 1 m/s of wind speed.   
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4. CONCLUSIONS 

This study showed that the simulation method developed gives 

the most accurate results on the prediction on the module’s temperature 

among all predicted parameters such as the temperatures of the air 

gap, the temperatures of the top and internal surface of the wall.  

The simulation results for the totally enclosed air gap underneath 

the photovoltaic panel, which is equivalent to the worst condition, 

without any ventilation beneath the photovoltaic panel, indicate that 

the appropriate air gap can reduce the heat flux through the building, 

which in turn could reduce the load of an air conditioning system of a 

building, at least 1.85 kWh/m2 in a year. However, the air gap does 

not give any significant effects in increasing amounts of electricity 

energy generated from a photovoltaic panel. Although the photovoltaic 

panel can reduce only a relatively small amount of the heat gain 

through the building, its good advantage is that it can provide some 

of clean electricity energy from the photovoltaic panel, which is about 

356 kWh/m2 per year.  

For the case of Thailand, where the inclined surface of the 

photovoltaic panel should be tilted at about 15o and wind speed is 

generally low, a spacing of the appropriate air gap should be more 

than 40 mm to reduce heat transfer from the back of the photovoltaic 

panel to the building envelope. In order to minimize the heat gain, a 

larger air gap is preferred. Although larger air gaps are preferable to 

give lower heat gains through the building, it should be kept in mind 

that if the air gap is too large, it could give a negative effect on 
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increasing of heat gain, since it will reduce a projected shaded area 

due to the slant of solar irradiance incident on the building envelope. 
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