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Abstract: The benefits of photovoltaic systems are not dioly
electricity generation, but also provide shadingkfoilding envelopes
to reduce heat gain from solar radiation. Howeaertucial problem
of photovoltaic system installation on building etopes is an
increase of photovoltaic module’s temperatures wu@sufficient
ventilation. An appropriate air spacing of the esale, which minimizes
the heat gains through walls/roofs and maximizesgloltaic electricity
generation, has not been studied extensively andois well
documented. In this study, an adjustable testimg miodel was
designed and constructed. It is capable of variegair space and
the inclination angle of a photovoltaic system. Tdwst rig was initially

set up to be tilted nearly at the same degree oigBz's latitude
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(orientated due to southward, af b tilted angle) and spacing of air
gap 140 mm. An actual experimental test was useerify a simulation
model. The experimental results indicate that tloeleh can predict
relatively well for the module’s temperatures, bith some discrepancy
for the wall surface temperatures. After that itsvemulated under
the same conditions with various spacings of thgap from 10 mm
to 250 mm with 10 mm increment. The results showwat the
appropriate air gap can reduce the amount of heasferred into the
building by at least 1.85 kWh/nper year. Although the increase of
the air gap spacing tends to reduce the heat daimudgh the
building, the spacing of the air gap is limited do&n increase of the
unshaded area and increases in the outside temmpsrat the building,

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

Keywords: photovoltaic, heat gain, air gap, building envel@relosure,

energy balance method, simulation.

1. INTRODUCTION

In Thailand, about 60% of electricity in buildingsconsumed
by air conditioning loads because it is locatedthe hot humid
tropics There are a few possible solutions to reduce tbetresity
load demands of air conditioning systems, whichegiteer to reduce
heat gains through the building, or to preventlibidding envelopes
from exposure to the solar radiation by using sigdievices. One of
the possible methods is to mount photovoltaic Eatwetover building

envelopes, which is known as photovoltaic claddirigs method can
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reduce amounts of the direct sunlight incidentrentuilding envelope

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

Nevertheless, there is a disadvantage in mourit@ghotovoltaic
panel on the building envelope. It will increase thbhotovoltaic
module’s temperature due to the long wave emissidétion from
the building envelope to the photovoltaic panethié ventilation is
insufficient on the back of the photovoltaic panPhotovoltaic
performance is generally deteriorated due to the aof the module’s
temperature, i.e. 0.3-0.6% p#IC for crystalline silicon and 0.2%
per TC for thin film silicon[1]. The performance of photovoltaic
panels on the building can be improved, if thera sufficient width
of the air gap underneath the photovoltaic modulesufficient air
gap can lead to dissipation of the heat from tlwguboltaic panel, and
a decrease in the module’s temperatures. Howdwenyidth of the air
gap between the photovoltaic module and the bgldmvelope should
not be too large otherwise it may lead to an uha&stappearance,
damage caused by the lift-force of wind, and aneiase in unshaded
areas resulting in more direct solar radiationdent on the building

envelope, which causes an increase in the heatrgatrgh the building.

The influences of installed photovoltaic panels tbe heat
transfer through a building envelope and photoiolEerformance
has been studied. The effect of an air flow indusgdree convection
behind the photovoltaic panels has been studieBrimkworth et al.
[2]; they found that the air flow induced by buoyanoscé can reduce
the module’s temperature up to 20 K. Yang ef3lbuilt a test rig

of a photovoltaic-wall and photovoltaic-roof for ligation of their
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simulation model. Good design of the ventilated tpholtaic-wall
structure can reduce the module’s temperature Ap’@ and increase
8.0% of the power output compared with non-veititatThe results
of Brinkworth’s study[2] have presented not only the effect of the
module’s temperature, but also the effect of slgalinthe photovoltaic
cladding. It is noted that the peak temperaturéhefouter surface of
the wall is reduced from 8G to 32C without and with PV shading,
respectively, and heat gain received through alimgjlof 105.6 kJ/m
is reduced over a day. The closing and openingeghtrance of the
air gap in between the photovoltaic module andoikiling envelope
also influences the module’s temperature. Brinkiwett al.[4] found
that the temperature difference between the clasddpen air entrance
was 26C. This high temperature difference occurred bezaimsing
the air entrance led to poor heat transfer on ¢#fae surface of the

photovoltaic module.

In this paper, the appropriate air gap undernehtiigvoltaic
panels on a building envelope has been investigatied a simulation
method whose validity is verified by experimentasults. The
appropriate air gap is required in order to minenthe heat gain
penetrating into the building and maximize the leity generation
from the photovoltaic panels. The present worlo@ised on the gap
configuration in the enclosure of the non-venttiaggr gap, which is
the condition of the poorest photovoltaic instédlaton a building
envelope. The inclined surface is set dt dad the air gap is varied
from 10 to 250 mm with 10 mm increments. A simolatmodel has been
developed based on the energy balance method heitastsumptions

of unsteady state conditions and one-dimensiorat thensfer.
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2. METHODOLOGY

2.1 Experimental set up

A test rig of a photovoltaic panel on a buildingzelope was
set up and tested in the actual outdoor climati@itions of Thailand,
at Bangkhuntain campus, King Mongkut’'s UniversifyTechnology
Thonburi (KMUTT). Testing data were recorded auttiogdly using
Campbell datalogger “CR10X", which was programmedead data
every 10 seconds and the collected data were sdngslery one
minute and averaged one hour. The test rig conain80-W multi-
crystalline silicon photovoltaic module which is mmbed on lightweight
blocks. The blocks were plastered by concrete mamaboth the
front and the rear surface, which are a basic mdettiche building
envelope constructed in Thailand. A room benealpthiding envelope
platform was constructed and enclosed with mukéfagsulators and
controlled at a constant temperature &(C2%y an air conditioning
unit. The periphery of the air gap, which is thesp between the
photovoltaic module and the building envelope, waslosed with

insulation as an enclosure space.

The constructed testing rig is supported by foeelsstands,
and the rig was designed in such a way that ith=m@adjustable in
various inclination angles and air gap spaces awrshn Fig.1. A
pyranometer is mounted on the same plane as theovditic
panels. K-type thermocouples were adhered at tlaelleniof each
surface such as the front and the rear of the pbtitoc panel, the
front and the rear of the building envelopes witthia enclosure air

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

For the measurement of climatic data, a Campbeiltivee station
was set up to measure the wind velocity and dwactthe solar
irradiance, the ambient temperature, and the veldtumidity, and

recorded by a Campbell datalogger.

2.2 Testing Conditions

In the present work, the photovoltaic testing rigsveet up in a
condition in which a photovoltaic panel on a builglienvelope has
the poorest ventilation, i.e. there is no ventilatbeneath the photovoltaic
panel at all. This condition leads to a high terafpee of the photovoltaic
panel and poor heat exchange to the surroundings e sky is
clear during the day time, and hence it decredsesphotovoltaic
performance. The air gap underneath the photoeahaidule of the
test rig was enclosed around with insulation foamtloe outside

perimeter of all walls as shown in Fig. 2. Thegap is 140 mm high
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and is tilted at an inclination of 15 degrees fgoilue south. Under
this condition, the photovoltaic panel receives thighest solar
irradiance. Measurements of the actual temperatfreach surface,
the amounts of generated electricity and the weattza were

recorded and used for verifying the accuracy osthmilation model.

with insulation as
enclosure

(b)
Figure 2. (a) Photovoltaic panel on building envelope in thediel
test, and (b) Setting the air gap as an enclosure.

2.3 Process of heat transfer on photovoltaic panahd the building
2.3.1 Energy balance on photovoltaic panel

The energy absorbed on a photovoltaic panel, wtachall be
converted into electricity, the accumulated heaitself and the heat
losses to surroundings can be written as:

Bz, =My (T, ~Tow) + h (T, =Ty )+ Mo (T, =T + (T, =T )+

B7ge (1- 0008, ~25) + m;f = )

where & is the solar radiation incident on the tilted sog (W/M),

«a is the absorptivity of the cell (-}, ,, is the transmissivity of the glass

(-), hy andh, are respectively the heat convection coefficiewt the
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thermal radiation coefficient on the front surfaxfehe photovoltaic

panel (W/K.m), h, is the heat convection coefficient in the enclosed

air gap between the rear surface of the photowoftanel and the air

(W/K.mP), h,, is the thermal radiation coefficient between thetpvoltaic
panel and the top surface of the top wall (W/fi(,nnpv is the module’s
temperature°C), T, is the ambient temperatur®),T,, is the sky
temperature°C), T, is the air temperature in the enclosed air gap
(°C), my, is the mass of the photovoltaic panel (kg), is the heat

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

the photovoltaic panel @) 7. is the photovoltaic panel’s efficiency

at the standard testing condition (-), andis the interval time (sec).

Accumulate heat Accumulate heat
? on phovoltaic on building

Indoor room

T, Building .Twi .Ti =25°Q
Envelops

= ! = \
" Finite Different Method z‘
Electricity

Figure 3. The heat transfer processes on the photovoltaiclaamh

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

that was developed from five-year data of four-proe solar radiation
during years 1996-2000 by Amarananwatana ]ais applied in

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

condition.
I.g:I.bcos¢92+I.d ) (2
I = Aexp- Bsed),) (3)
I, =Cl» , (4)

where ¥ is the global irradiance on horizontal surfacertdy/ & is

the direct irradiance on horizontal surface (W/m& is the diffuse
irradiance on horizontal surface (V\?)mA, B andcC are the correction

factors due to extraterritorial irradiance, atmasjhattenuation, and

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

Ambient temperature, Tam, the ASHRAE air temperature model
[6] is used to calculate the outdoor air temperatargte extreme
condition, which is given by

f
T =Tour— T -T..), 5
amb max 100( max mln) ( )

where Tax and T, are the maximum and minimum temperature

from the local meteorological dat¥Cj, andf is the daily range.

Sky temperature, Ty, is based on ldso-Jackson modé],
which was an empirical formula of downward radiafioleveloped
from experiment data based on a theoretical stlitlyose parameters

which influence on the emissivity of the atmosphere
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, R, +(cT"*-R))F
T, - 4/—0 , (6)

R, /oT'* =1-0.261Exp}7.77x10*(273-T")?], (7)

when

where R is the downward atmospheric radiation flux fronclear

sky, T’ is the absolute screen level air temperature K)s the

correction factor from the effect of clolyfl], ando is the Stefan-

Boltzmann constant.

Heat convection coefficient, the heat convection on its surface,
hy, is dominated by the effect of wind velocity,, which is given by
McAdams[9]

hy =57+38v, ;for0<\,<7m/s, (8)

In an enclosed air gap, under a situation domin&tedree
convection, the heat transferred is calculated ftbeneffect of the
inclination angle and dimensionless numbers: thesili number,
Nu, the Rayleigh number, Ra, and the Prandtl nupitrer

Table 1.Heat coefficient equations of free convection ia émclosure

in various plane§gl0].

Equation Condition

Inclined Surface ~ Nu=1+0.4461- (1708/ Ra-cosp)) 1,708 <Ra.cof < 5,900
Nu = 0.229Ra- cosp)"** 5,900 <Ra.cop < 9.24x16

Nu = 0.157Ra- cosp)**® 9.24x10 <Ra.co < 10

Therefore, the heat convection coefficient is dal@d from

the equation which is given by
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ho MUk ©)
where S is the width of air gap space (m).

Longwave radiation coefficient, there are two longwave
radiation coefficients which are involved in thdccdation: the first
one ishy, the longwave radiation coefficient between thetptoltaic

module and the ambient, which can be expressed as

hy = s, (T2 +TE)(T +TS), (10)

The second one Is,, the heat radiation coefficient between the
rear surface of the photovoltaic module (or Tedéar) the top wall
surface of the building material that can be wniths:

oy +TT + )
T We )+ Weg,)-1

(11)

wheres is the emissivity of surface material.

2.3.2 Energy balance of the air mass in the gap sp&a

The air gap is assumed to be perfectly enclosedaithflow in
the gap, therefore, can be ignored. The heat balahair in the
enclosure can be calculated from the accumulaigdiéne air mass in
the enclosure and the absorbed (or emitted) haasferred from the
photovoltaic module and the building envelope, Whgcgiven by

C, dT,
(T =) (T To) =

where h,, is the convection coefficient of the top surfat¢he wall

(12)

with the air in the enclosure (W/K3nandm,,C_,andT, are the mass,
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the heat capacity and the temperature of the aihénenclosure

respectively.

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

The heat balance on the top of the top wall (reafface can
be calculated from the long wave radiation exchangetween the
photovoltaic panel’s rear surface and the top wallirface, the heat
convection of air at the top wall's surface withiee enclosed air
gap, and the heat penetration (released) by caodiato (from) the
surface of the top wall (roof) to the first innexyér of building
materials at temperature node qf;T

Dy (Ta =Tuo) + 0 (T, —Too) = (T —Ty) /Ry, (13)
where R, is the thermal resistance of th& wall layer (K.nf/W),

T ;is the temperature at a given inner layeraind at a point PC).

Heat conduction coefficient of the building material, can be
calculated from the conductance of material, wigspect to its
thickness. The transient heat transfer is applietilaawall layer can
be assumed to be at a single uniform temperatuogjded that its
Biot number Bi, is less than 0.1:

_h

Bi=——
k

(14)

where h is the heat convection coefficient (W/K)nL is the
characteristic length of the object (m), d&1d the thermal conductivity
of the material (W/K.m).

The heat conduction resistance of the matdRiak
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L
R_?. (15)
2.3.4 Energy balance in the building material

Normally, the heat transfer across the buildingeniit(wall/roof)
can be simplified by one-dimensional analysis. Wadl comprises of
several thin sections of homogeneous materialeant of them can be
represented by a single temperature for the @nt&gor of that section.
In this study, the finite difference method is dggblin the simulation
model to study the heat transfer in the buildingema. The energy
balance for an interior point can be computed ftbenheat balance
of the accumulated heat in the layer and the hwaduction as given
below:

AxpC, T T - T =T T =T | (16)
dt Rip+R. Ry+R.,

where ax is the thickness of wall layer (m).

2.3.5 Energy balance on an inner surface of the wal

The heat balance on an inner surface of the walbminated
by the heat conduction and the heat transfer coeffi of the
combination between the convection and the radiatiathe indoor
room,h;, which is given by

h (T, —I)=M, (17)
R

whereT, is the room temperature, which is fixed af@5T,; is the

surface temperature of the inner wag)
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2.3.6 The heat gain through building

According to the heat conduction, the calculatidn this
simulation is examined by using the finite diffecenmethod. The
heat gain through the building can be computed fribim heat
transfer between the surface temperature of ther wall and the air
temperature inside the room.

q'=h(T; -T), (18)
whereq’ is the total heat flux into the building (W/m

2.4 The simulation method

The simulation model was programmed by using MATLAB
software, based on the above equations as showkigid. The
program can determine the annual heat gain thrthegbuilding and
the annual electricity energy outputs from the phioltaic panel
mounting on the building envelope under the clégrondition of
Thailand, which is considered to be the maximunsitbs electricity
outputs available, while minimizing the heat loaahtsferred to the
building envelope. The model is based on the fahgvassumptions:
(i) the heat transfer is one-dimensional, (ii)ttiermal-physical properties
of photovoltaic elements and building materials er@gependent of
temperature within the test conditions, (iii) teenperatures are uniformly
distributed within the materials, (iv) the temperat difference
between the front and the rear surface of the readuteglected and
(v) the effect of heat capacity from the aluminunanie of the
photovoltaic panel is ignored. The physical prapsrbf photovoltaic

components and the building materials are giveraiole 2.
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Table 2. Physical properties of photovoltaic components lauittiing
materiald11-14]

Unit Glass Photovoltaic Tedlar Lightweight Concrete

cell block plastering
Thickness m 0.006 0.00038 0.00017 0.075 0.01
Density kg/m 2,500 2,330 1,475 1,400 700
Specific heat J/kg.K 840 712 1,130 962 1,000
Thermal WimK  1.04 148 0.14 0.42 0.2
conductivity
Absorptivity, o - 0.8 - - - 0.4
Transmittivity,t - - - - -
Emissivity, e - 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 evaluatthg amount
of annual heat flux passing into a building and @haual electricity
generating under the extreme condition of Thailémelmodel accuracy
should be verified with experimental data. The nigaeformance is
assessed by using experimental data under thagegiinditions of
15° tilted angle, facing due south and 140 mm air isgacand
statistical analyses: the root mean square erfdiS@® and the mean
bias error (MBE). RMSE is calculated to assesanhgnitude of the
accuracy of the predicted data, whereas MBE is tsédentify the
systematic error of the predicted data: whethisrain overestimation
or an underestimation of the actual values. The peoison of
RMSE, MBE, % Error of RMSE and % Error of MBE ofeth
predictions with the corresponding mean valueswéen the
module’s temperature and the top of the wall telaforee is given in

Table 3 and shown in Fig. 5.
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Table 3.Verifying the model accuracy with the mean ofeéiRperimental
data, RMSE, MBE, % Error of RMSE and MBE.

Module’s  The top of the  The inner of the The air
temperature  wall surface wall surface temperature in
temperature temperature the air gap
Number of
Observations 56 56 56 56
Mean (°C) 38.937 35.036 27.062 35.322
RMSE (°C) 1.843 4.816 6.780 2.141
MBE (°C) -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
?0 T T T T
& PV (8]
O Top ofwall 0P
goL | * Innerwall |
o Airin the gap )
5
£ o I u]
S 5ot 9, e i
w s o o oF %
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Figure 5. The correlation between the simulation results and

experimental results in the temperature predictions

The average value of RMSE of the module’s tempegaisl
1.843C, the RMSE of the surface temperature of the tafl is
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4.816C, the RMSE of the surface temperature of the el is
6.708C, and the RMSE of the air temperature in the gah142C.
This indicates that the simulation model gives #ebeaccuracy in
the prediction of the module’s temperature thareihéemperature in
the enclosed air gap, the surface temperatureeofap wall, and the
surface temperature of the inner wall, respectivEhe magnitude of
MBE is -0.092C for the module’s temperature, 0.7@84for the surface
temperature of the top wall, 0.884for the surface temperature of the
inner wall and -1.00@ for the surface temperature of the inner wall,
respectively. The simulation model, therefore, haslight systematic
error in underestimating the module’s temperatwehereas, it

overestimates the surface temperature of the ttip wa

3.2 The effect of spacing of the air gap

The model is simulated continuously over an ernytg& under
the maximum solar radiation of the clear sky caaditof Thailand
to evaluate the annual amounts of heat transfetiheough the
building, and the annual amounts of photovoltaectical energy
generation from the photovoltaic panel on the ogdenvelope. The
inclined surface of the photovoltaic panel wastiliat 15, the air
gap was varied from 10 mm to 250 mm, with 10 mmeénents, and
the wind speed was fixed at 1 m/s to investigageettfiect of the air

gap’s spacing.

The correlation between the annual amount of hedisg
through the building per unit area and the air sgacshown in Fig.

6. It indicates that the annual amount of the lyzdh penetrating
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through the top of the building envelope is noedirly proportional
to the gap spacing. At a very small air gap, theuahamount of the
heat gains through the building is as high as 2RR/n?, and the
heat flux decreases sharply, as the air gap ineseastil it is at a
critical gap of 20 mm, then the annual heat flugréases sharply
again, as soon as the air gap increases to arwttieal gap spacing
at 30 mm. At this spacing, the heat flux increasehe second peak
of 208.7 kWh/rf, which is slightly less than the first peak. Aglhér
air gap spacings the heat flux through the buildivity gradually

decrease with the increasing of the air gap.

The sharp decrease in the annual amount of heaafla very
small gap indicates that the heat transfer prosedsminated by heat
conduction. The effect of the heat conduction tetreases, because of
increasing of the air gap’s height. However, whenteight of the air
gap is large enough, it starts to initiate heatveation in laminar
flow, and subsequently convection becomes domileaaling to the
increase in the overall heat transfer coeffici€hereafter, as the spacing
increases the value of the heat convection coefiicigradually
decreases because the effect of the spacing ghprimant over the

Nusselt number.

In contrast, the annual amount of the electricaérgy
generated by the photovoltaic panel is considergisly variable with
increasing of the air gap compared with the anmanabunts of the
heat flux penetrated through the building enveldpmus, an increase
in the air gap provides a better generation ofaheual amount of

photovoltaic electrical energy generating, whicahisut 0.05 kWh/f

Asian J. Energy Environ., Vol 8, Issue 1 and 20@0pp. 73-95 91



P. Trinuruk, C. Sorapipatana and D. Chenvidhya

210.0

209.5

209.0

208.5

208.01

207.5

207.0

Annual heat gain through building (kth[m

2065+
O X & QO N O Q & O )
DRSO PP E PP PP

Spacing (mm)
(@) Annual heat gains through building

357.0
356.91
356.81
356.71
356.61
356.51
356.4+
356.31
356.2
356.14
3»_BO+—T—"TT"T" T T T T T T T T T T T T T T T T T

PSSO S PP LRSS PP

Annual PV electricity generation (kthm

Spacing (mm)

(b) Annual electricity generation from photovoltaic

Figure 6. The simulation results of the annual amount oft Hiex
penetrated into a building envelope and the ananalunt
of the electricity generation from the photovoltgianel
on the same building envelope, af fiied angle, under a

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

This study showed that the simulation method deezgives
the most accurate results on the prediction omibh@ule’s temperature
among all predicted parameters such as the tempesabf the air

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

The simulation results for the totally enclosedgaip underneath
the photovoltaic panel, which is equivalent to therst condition,
without any ventilation beneath the photovoltaiogiaindicate that
the appropriate air gap can reduce the heat fltoutih the building,
which in turn could reduce the load of an air ctinding system of a
building, at least 1.85 kWh/nin a year. However, the air gap does
not give any significant effects in increasing amtsuof electricity
energy generated from a photovoltaic panel. Althaiig photovoltaic
panel can reduce only a relatively small amounthef heat gain
through the building, its good advantage is thatai provide some
of clean electricity energy from the photovoltaanpl, which is about
356 kWh/nf per year.

For the case of Thailand, where the inclined serfat the
photovoltaic panel should be tilted at about a6d wind speed is
generally low, a spacing of the appropriate air ghpuld be more
than 40 mm to reduce heat transfer from the batkeophotovoltaic
panel to the building envelope. In order to minienthe heat gain, a
larger air gap is preferred. Although larger aipgare preferable to
give lower heat gains through the building, it dddee kept in mind

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

due to the slant of solar irradiance incident anlihilding envelope.
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