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This study numerically investigates the thermal behavior and airﬂow characteristics of the
building-integrated photovoltaic (BIPV) façade. A three-dimensional model is developed
based on the typical BIPV façade. Computational ﬂuid dynamics (CFD) with the shear
stress transport (SST) κ-omega turbulent model is used in the study. The effects of geometric
conﬁgurations on the BIPV cell temperature in steady state are evaluated including the sizes
of the bottom and top openings and the depth of the back air cavity (or so-called cavity
depth). When the sizes of the inlet and outlet openings are the same, the effects on the
decrease of cell temperature are limited. By enlarging the bottom (inlet) opening, the
impact of ventilation in the cavity behind is more signiﬁcant and the cell temperature
decreases. Cavity depth is also a vital factor affecting BIPV cell temperature. The paper
identiﬁes the optimal cavity depth of approximately 100–125 mm. Flow disturbance and
a vortex may be observed at the bottom and top of the air cavity, respectively, as the
cavity depth increases which negatively affects the ventilation causing these ﬂow disturbances to increase the cell temperature. Thermal effects of environmental conditions are
compared with regard to two selected BIPV conﬁgurations. The wind velocity and the
attack angle also have an obvious impact on cell temperature. Ambient temperature and
solar irradiance exhibit a linear relationship with BIPV cell temperature as expected.
[DOI: 10.1115/1.4044623]
Keywords: BIPV, CFD, ventilation, cooling, PV performance, temperature, design,
environmental conditions, building, exergy, heat transfer, photovoltaics, renewable,
simulation, sustainability

1 Introduction
In 2011, the world energy consumption stood at approximately
10 terawatts (TW) per annum, and it is projected to reach 30 TW
by 2050 [1]. Buildings currently consume approximately 40% of
the world’s energy. With further urbanization, it is expected that
energy consumption will increase due to the growing population
and economy, as well as due to the energy demand for new buildings. The need for environmental sustainability calls for net-zero
energy buildings and new renewable energy sources, for instance,
solar energy. Recently, the potential of rooftop solar photovoltaic
power in urban areas has been investigated [2,3]. However, in
most buildings, rooftop photovoltaics (PV) alone cannot provide
sufﬁcient localized power generation that achieves a net-zero
energy building. Façade integrations of photovoltaic systems or
building-integrated photovoltaics (BIPV) offer a viable solution
for a higher share of localized power generation [4].
Electrical conversion efﬁciency of PVs, however, depends on their
operational temperature. Overheating may occur due to high cell
temperatures of BIPVs when cooling effects from wind are low,
and ventilation behind the modules is limited compared with the freestanding rooftop PV modules. Radziemska [5] investigated the
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temperature impact on the efﬁciency of crystalline silicon solar cell
and determined that lower temperature of solar cells provides
higher power output. As the temperature rises, a decrease may
be observed of the output power (−0.65%/K), the ﬁll-factor
(−0.2%/K), and the conversion efﬁciency (−0.08%/K) of PV
modules. In fact, PV panels absorb up to 80% of solar irradiation.
A signiﬁcant part of that energy will be converted into heat. For crystalline panels that are commonly used in the market, these result in a
power generation drop of 0.45%/K [6,7]. Experimental studies show
that power generation of a semi-transparent PV module decreases
0.48%/K in standard test conditions that do not account for temperature and 0.52% in outdoor conditions under 500 W/m2 [8].
Overall, the electrical conversion efﬁciency of a PV module
increases as the cell temperature decreases [9].
Numerous studies have been performed to evaluate the performance of the photovoltaic-thermal (PV/T) modules [10–14]. Air,
water, or other media may be used for cooling and transferring
heat of PV modules. Reclaimed heat can be applied for heating of
space or water. Slimani et al. [14] performed a comparative study
of thermal and electrical performance for four different PV/T air
collectors. They concluded that wind velocity is an essential
factor for high electrical efﬁciency. Also, the optimization of PV/
Ts with air collectors has been investigated [15]. A parametric
study indicated that PV/Ts with water collectors can increase cell
efﬁciency by 5.3% [16]. Nahar et al. [17] proposed a pancakeshaped ﬂow channel collector for PV/T. For every 100 W/m2
increase in irradiation level, the cell temperature rises by approximately 5.4 °C for PV modules with the pancake-shaped collector
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(G), and ambient temperature (Tamb) on the cell temperature of a
PV module. Heat transfer and ﬂow distribution are discussed
involving conﬁguration variations, including the size of the openings (at the top and the bottom) and the air cavity depth between
the PV module and the wall behind. The modeling involves conduction and convection heat transfers. Niž etić et al. [32] implemented a three-dimensional CFD model to investigate the thermal
performance of standalone PV panels involving limited scenarios
regarding wind speed, wind attack angle, and solar irradiation conditions on the rooftop. A PV panel was supported with a metal
frame and an equivalent thermal energy absorption induced by
solar irradiation was applied to PV cells. Several thermal sensors
were attached to PV cells and glass surfaces. Cell and surface temperatures of the numerical model were validated experimentally.
The said model is extended to the model, proposed in this study,
with an air cavity at the back in order to investigate the ventilation
of BIPV.
Figure 1 presents the conventional BIPV façade of a building
with PV panels installed on the building façade. There is a considerable variation of BIPV designs with or without openings for ventilation. In the present study, the openings between the rows of the
PV panels are used for ventilation. While the side edges may be
sealed and thus the pressure difference between the two sides of
the PV panel may be small or negligible, the thermal effect of the
top and bottom openings as well as the air cavity depth between
the panels and the back wall are investigated in this study. For
the sake of simplicity, a unit model is developed consisting of a
PV panel attached to an enclosure with the top and bottom openings
as illustrated in Fig. 2.
2.2 Simulation Model Setup. The panel dimensions are based
on a typical PV module which is 1600 × 1000 mm (Lp × Wp) [33] in
the unit model. The openings at the top and bottom are of height a
and b, respectively, as illustrated in Fig. 2. The air cavity behind the
PV panel with the depth d from the wall is also crucial for ventilation. The unit model is placed inside of a ﬂuid domain (i.e., a
numerical wind tunnel presented in Fig. 3) for the purposes of
ﬂuid dynamics simulation, the dimensions of which are in respect
to the length of the panel. The distances of the ﬂuid domain from
the inlet and outlet surfaces to the panel are L = 3Lp and L = 6Lp,
respectively. The domain height and width are W = H = 7Lp.
PV panel is made up of several layers of different materials [34]
as illustrated in Fig. 2. The front layer is a glass panel whose thickness is 3 mm. The middle layer combines crystalline PV cells and
ethylene vinyl acetate (EVA) at a thickness of 0.5 mm, whereas
the back layer is 0.5 mm Tedlar. Physical properties of materials
for heat transfer in the solid domain including density ρ, thermal

2 Methodologies and Simulation Setup
2.1 Computational
Fluid
Dynamics
Simulation
Methodology. The present study performs CFD simulations
using commercial software with ANSYS FLUENT (version 18.1).
Three-dimensional modeling is implemented to investigate the
effects of wind speed (u), wind attack angle (θ), solar irradiation
011016-2 / Vol. 142, FEBRUARY 2020

Fig. 1

BIPV façade conﬁguration in the present study
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and 9.2 °C for PV modules without the pancake-shaped collector.
Some reviews of PV/T technologies and their thermal effects can
be found in existing publications [10,12,13,18].
Natural and forced convection in vertical and tilted photovoltaic
(PV) double-skin systems (open-ended channels) was investigated
with reference to BIPVs [19,20]. One numerical study shows that
overheating of PV modules occurs and that the cell temperature
can reach more than 80 °C near the top of the module when the
ambient air is at 20 °C [21]. Various cooling methods have been
reviewed for PV modules placed on building rooftops [22]. Flow
visualization using hot-wire anemometry measurement was carried
out on a model of a double-skin PV façade [23]. A two-inlet BIPV/T
system (i.e., an additional air inlet at the middle of the facades, in
addition to the top and bottom openings) can increase thermal efﬁciency by 5% compared with the single inlet at the bottom [20].
Moreover, a metal sheet dividing two compartments of the air
cavity behind the BIPV was suggested for improvement of the
forced and natural ventilation [24,25]. Han et al. [26,27] carried
out a numerical investigation of the double-pane window integrated
with see-through a-Si PV cells with low-emittance (low-e) coatings.
It was noted that a large quantity of heat transfer indoors caused
by radiation can be reduced [27]. In addition to power generation,
the air-conditioning cooling load can be reduced [26]. The existing
studies are largely based on PV modules with open ends at the top
and bottom. To the best knowledge of the authors, the effects of
the size of the openings and the air cavity at the back of PV
modules have not been fully addressed so far.
Theoretical models were developed for the prediction of electrical and thermal performance of BIPVs [28]. A typical single-pass
PV/T was investigated using a numerical model [29]. There is a
limited number of studies concerning the cooling effect of the
back air cavity or gap on the BIPVs surface temperature. Brandl
et al. [30] used the experimental method and CFD simulation to
evaluate the thermal behavior and buoyancy-induced airﬂow characteristics of PV façade elements with ﬁxed side openings. The
results showed high PV surface temperature. The induced air ﬂow
velocity was less than 0.4 m/s. Gan [21] carried out another numerical study regarding the buoyancy-induced airﬂow cooling effects
of the gap distance between mounted PV panels and the roof and
concluded that the temperature of BIPVs decreased with the
increase of the gap distance. The critical gap distance stands at
about 0.125 m with solar irradiation of 1 kW/m2 at the ambient temperature of 20 °C. At this critical gap distance, the PV panel’s
average temperature drops signiﬁcantly. Further analysis of simulation results by Gan [31] indicated that when the air gap was larger
than 0.08 m, the average PV temperature decreased by increasing
panel length under buoyancy-induced airﬂow cooling. Both
studies were based on 2D simulations. In his opinion, the BIPV
width is much larger than the air gap so the buoyancy-induced
ﬂow essentially happens along the length. However, most existing
studies ignore external disturbances and wind.
The present study aims to comprehensively investigate the effects
of BIPV conﬁgurations including the size of the openings and the
air cavity behind the BIPV, as well as environmental factors
(including wind speed, wind direction, ambient temperature, solar
irradiance, etc.) on cell temperature. A numerical analysis is performed using computational ﬂuid dynamics (CFD), and passive
cooling methods are studied and evaluated. For the sake of simplicity, the present study isolated a BIPV unit with an air cavity at the
back. Cooling effects of various BIPV conﬁgurations are discussed,
including the size of the openings and cavity depth with natural ventilation at different solar irradiation levels.

Table 1 Physical properties of the material

Material
Glass
PV
Tedlar
Aluminum

Density ρ
(kg/m3)

Speciﬁc heat
capacity Cp (J/kg K)

1.04
148
0.14
225

2500
2330
1475
2700

835
705
1130
1028

coarse meshes are set in the air domain in order to reduce computation time and power. The mesh is generated by the ANSYS workbench mesh module. The proximity size function is used with the
medium relevance center. The proximity size function sources
refer to the faces and edges, whereas the proximity minimum size
is 5 × 10−3 m. Maximum face size is 0.535 m and growth rate
stands at 1.188. The boundary layer consists of several sublayers
in the ﬂuid domain close to solid surfaces. The viscous sublayer,
crucial to ﬂow simulation and heat transfer, is immediately adjacent
to the wall and the log-layer [37]. Fine mesh is also required on the
boundary layer of the ﬂuid domain near to the solid surface where
high gradients of temperature and velocity are induced due to the
convective heat transfer and buoyancy effect. In order to determine
the meshing size of the boundary layer, the present study sets a nondimensional wall distance y + = 1 for the wall-bounded ﬂow [38].
Ten inﬂation layers are used with the growth rate of 1.2 as illustrated in Fig. 4. Based on the 2 m/s wind speed, the height of ﬁrst
inﬂation layer is set at 0.15 mm. Fine prismatic cells are meshed
in the boundary layer and the PV cell. The remaining parts including ﬂuid domain, glass, aluminum frame, and back sheet are meshed
with tetrahedral cells of a relatively large size. After meshing, the
number of elements reaches 17 million.
Grid independency tests are conducted with for different degrees
of freedom (DoF) consisting of approximately 11, 14, 17, and 25
million elements. Figure 5 depicts velocity proﬁles of four scenarios
with different DoF. The proﬁles are similar. Flow disturbance is
generated at the bottom of the air cavity inside the unit where its
velocity proﬁle is varied as the number of elements increases. A
comparison of the similarity of velocity proﬁles with 17 and 25
million elements demonstrates that the results tend to be converged
when 17 and 25 million elements are involved. Among all four scenarios, the average temperatures of the PV cell surface change
within 1 °C and the external velocity proﬁles are converged (not

Fig. 3 Numerical wind tunnel in a ﬂuid domain with BIPV unit
model

conductivity λ, and speciﬁc heat capacity Cp are presented in
Table 1. The media of the ﬂuid domain is air at the ambient temperature of 27 °C except in some scenarios that are speciﬁed in this
study. The speciﬁc heat and thermal conductivity of air are
1006.43 J/kg K and 0.0242 W/m K, respectively. Maximum air
velocity in the simulation is 4 m/s. Since the Mach number is
lower than 0.1 and pressure gradient is low, the ﬂow regime is subsonic and the ﬂow compressibility can be neglected [35,36].
However, the simulation considers the buoyancy effect in relation
to the incompressible ideal gas for the air (i.e., the media of ﬂuid
domain).
2.3 Meshing. As mentioned above, the thickness of the PV
cell is 0.5 mm. To capture heat transfer details of this component,
the meshing element height should be less than the thickness of
the cell; therefore, the model requires a ﬁne mesh. Comparatively
Journal of Solar Energy Engineering

Fig. 4 Mesh of the inﬂation layers on the solid surface
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Fig. 2 Typical PV conﬁguration (a unit model)

Thermal conductivity
λ (W/m K)

where xi (i = x,y,z) are the coordinates, ui and t are the velocity
vectors and time, respectively, ν is the dynamic viscosity, and p is
the pressure. Equations (1) and (2) are similar to the Navier–
Stokes equations, except the time-averaged variables in Eqs. (1)
and (2). The Reynolds stresses −u′i u′j also must be estimated by turbulence models [45]. The numerical model of PV panel without the
back cavity was previously validated by the experiments [32].
The energy equation is given in the following form:
(3)

where E and ρ are total energy and density, respectively, T is the
temperature, and keff is the effective conductivity. The term on the
right-hand side of Eq. (3) represents the energy transfer due to conduction. Detailed expressions of the theories can be found in the
theory guide of the ANSYS FLUENT [46].

Fig. 5 Section view of air velocity proﬁles at the central line of
the BIPV unit with different number of meshing elements: (a) 11
million elements, (b) 14 million elements, (c) 17 million elements,
and (d) 25 million elements

presented herein). Although a more substantial number of elements
(or DoF) can achieve higher accuracy, it also increases computational time and power. Since there are limited variations of temperature and velocity proﬁles between scenarios with 17 and 25 million
elements, the former one is selected in this study. The iteration
number has also been tested. The buoyancy-induced ﬂow reaches
a steady state when the iteration number is around 300 (not presented herein). Therefore, the iteration number was set to 300 in
the simulations.
2.4 CFD Algorithms. Shear stress transport (SST) κ-omega
turbulent model [39] is used in numerical studies to ensure the accuracy of the convection and possible ﬂow separations. The model is
commonly used and it has been experimentally proved that it
offers accurate and robust results for a wide range of boundary
layer ﬂows with pressure gradient [40]. The SST model is a hybrid
turbulence model which combines the advantages of both
κ-epsilon and κ-omega models. The κ-omega model is expected to
obtain more accurate results for boundary layer ﬂows than
κ-epsilon models, while the κ-epsilon model provides an accurate
prediction of the ﬂow behavior in the freestream. This numerical
model has been proved experimentally with effective prediction of
the heat transfers and temperatures of the PV panels under various
conﬁgurations and environmental conditions [32,41,42], which
make the SST κ-omega turbulent model sufﬁciently realistic for
the present study of the PV panel being exposed to open wind conditions. The SST κ-omega model solves the two equations in the
model. The κ-omega model was used in the near-wall region extending from the wall to the viscous sublayer, while it switches to
κ-epsilon model in the freestream. The SST κ-omega model is
based on the Reynolds-averaged Navier–Stokes (RANS) and
energy equations [43]. The RANS models can be solved with two
transport equations for the turbulent kinetic energy κ and the speciﬁc
dissipation rate of the turbulent kinetic energy ω [44]. The incompressible ﬂow equations can be given as
∂〈ui 〉
= 0, and
Continuity equation:
∂xi

(1)



D〈ui 〉
1 ∂〈 p〉 ∂
∂〈ui 〉 ′ ′
=− ·
+
ν
〈u i u j 〉
Momentum equation:
Dt
ρ ∂xi
∂xj
∂xj
(2)
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2.5 Boundary Conditions. The present study considers a
BIPV façade under typical tropical outdoor conditions. Wind
speed, wind attack angle, ambient temperature, and solar irradiation
are investigated. In the model, the freestream wind speed and temperature can be set at the boundary of the inlet. Seven different wind
speeds (0 m/s, 0.1 m/s, 0.2 m/s, 0.4 m/s, 1 m/s, 2 m/s, and 4 m/s)
are studied based on the weather conditions in Singapore with the
annual average wind speed of 2 m/s [47]. In order to apply solar
irradiance on the PV module, a simple method is used whereby
an equivalent thermal energy absorption is applied on PV cells
[32]. The heat ﬂux is equal to the equivalent thermal energy absorption by the PV panel. The BIPV façade equivalent thermal energy
absorption from the solar irradiation can be calculated according
to Eq. (3)
Thermal energy = 0.74 × F × G

(4)

where F is the sky view factor which represents the ratio between
the radiation received by a planar surface and the diffuse irradiance
from the sky. Rehman and Siddiqui [48] determined that for a plane
with 90 deg tilt angle, F stands at 0.5. Niž etić et al. [32] used the
equivalent thermal energy absorption coefﬁcient of 0.74, as can
be seen in Eq. (4), which provided highly accurate realistic simulation results compared with experimental results. Peak solar irradiance in Singapore is approximately 1350 W/m2 [49]. Using
Eq. (4), the equivalent BIPV thermal energy absorption under the
sun peak hour is 500 W/m2. In order to study the impact of the
solar irradiation variation on BIPV cell temperature, six equivalent
thermal energy absorption values of 200, 300, 400, 500, 600, and
700 W/m2 are investigated. While the wind speed at inlet is set,
the outlet boundary condition is set at the outlet in Fig. 3. All
other walls in the models are set to be non-slip condition.

3 Results and Discussion
The CFD simulation provides visualization of the temperature
and ﬂow distributions under various conditions. The present study
discusses the dimensions of ventilation openings, air cavity depth,
wind velocity and attack angle, solar irradiation, and ambient temperature. The discussion is separated into two parts. The geometrical conﬁgurations of BIPV unit are the ﬁrst to be investigated.
Based on the results of the optimized settings, BIPV performance
is evaluated under various environmental conditions.
3.1 Thermal Effect of Even Top and Bottom Opening
Dimensions. Initially, the top and bottom openings have the
same size (i.e., a = b in Fig. 2) ranging from 30 to 60 mm with a
10 mm interval. Air cavity depth d and wind velocity u are
200 mm and 2 m/s, respectively. In this subsection, the wind
attack is considered at normal incidence to PV panels. Figure 6
illustrates PV cell temperature distribution. High temperature
occurs at the center top of the panel due to the buoyancy effect.
Transactions of the ASME
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∂
(ρE) + ∇ · (u′ (ρE + p)) = ∇ · (keff ∇T)
∂t

Fig. 7 Average PV cell temperature at 2 m/s wind speed, d =
200 mm

Although the temperature proﬁles of the four scenarios are different,
the average cell temperatures vary within 2 °C range. As presented
in Fig. 7, the average temperature is maintained at approximately
79.35 °C for the opening sizes between 30 mm and 40 mm. As a
and b increase to 50 mm and 60 mm, the temperature decreases
by 1.5 °C. It is noted that there is a power generation drop of
approximately 0.45%/K [6,7]. Figure 8 presents sections of the
velocity proﬁles at the vertical centerline of the panel. Velocity proﬁles are similar at the front of the panel when the openings are of
various sizes (not presented herein). Flow disturbance is observed
at the bottom of internal air cavity. The maximum ﬂow speed in
the air cavity is approximately 0.6 m/s when a = b = 60 mm.
Limited improvement of cell temperature is observed with the
increase of opening sizes when a = b ranges from 30 mm to 60 mm.
3.2 Thermal Effect of Uneven Top and Bottom Openings.
Uneven sizes of top and bottom openings may enhance the winddriven ventilation due to pressure difference at the back of the PV
panel inside the air cavity. In order to evaluate the effects of the
top and bottom openings sizing ratio on PV cell temperature, six
b/a ratios from 1 to 5 have been investigated at a constant wind
velocity of 2 m/s and attack angle θ = 0 deg under the equivalent
thermal energy absorption of q = 500 W/m2. Preferably, enlarged
bottom opening with enhancing the ﬂow in the same direction of
buoyancy effect. It is found that there is an insigniﬁcant improvement of the PV cell temperature when b < a and thus the results
are not discussed here. In this subsection, a and d are kept at the
minimum of 30 mm and 200 mm, respectively, while b varies
from 30 mm to 150 mm. Figure 9 illustrates the plot of PV cell
Journal of Solar Energy Engineering

Fig. 8 Section view of air velocity proﬁle at central line of the
BIPV unit (d = 200 mm) with the equal opening size: (a) a = b =
30 mm, (b) a = b = 40 mm, (c) a = b = 50 mm, and (d) a = b =
60 mm

temperatures with various b/a ratios. Cell temperature slightly
decreases as the b/a ratio increases. The temperature drops 2.5 °C
when the bottom opening increases from 30 mm to 60 mm (i.e.,
b/a = 1–2). There is a leveling off between 60 mm and 90 mm
(i.e., b/a = 2–3), while the temperature further drops 1.5 °C when
the bottom opening is increased to 150 mm (i.e., b/a = 5).
Figure 10 presents the velocity proﬁle of six conﬁgurations with
various b/a ratios. As the b/a ratio increases, ﬂow disturbance gradually forms at the bottom of the air cavity behind the PV panel. This
disturbance disrupts the bottom-to-top airﬂow for heat rejection. It
also reduces the convective heat transfer between the back surface
of the panel and the air. As the b/a ratio increases, the cooling efﬁciency becomes higher. The reduction of temperature slows down
with a further increase of b.
3.3 Thermal Effect With Various Air Cavity Depths. In the
previous subsection, ﬂow disturbance was observed at the bottom of
the air cavity. In this subsection, the air cavity depth d is investigated in order to alleviate the adverse effect of the said ﬂow disturbance. Wind velocity, attack angle, and equivalent thermal energy
absorption are the same as Sec. 3.2. The selected instance for the
various depths study was the one with a = 30 mm and b = 75 mm
(i.e., b/a = 2.5). Different cavity depths d are studied ranging
from 40 mm to 150 mm. The results are compared with a baseline
model of d = 200 mm. Figure 11 illustrates how the cavity depth
has a signiﬁcant effect on the airﬂow inside the cavity. As d
FEBRUARY 2020, Vol. 142 / 011016-5
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Fig. 6 Front view of the PV cell temperature proﬁle: (a) a = b = 30 mm, (b) a = b = 40 mm,
(c) a = b = 50 mm, and (d) a = b = 60 mm

Fig. 11 Internal air streamlines of BIPV units (a = 30 mm, b =
75 mm) with various cavity depths: (a) d = 40 mm, (b) d = 50 mm,
(c) d = 75 mm, (d) d = 100 mm, (e) d = 125 mm, and (f ) d = 200 mm

Fig. 10 Air velocity proﬁle around the BIPV unit at various
b/a ratios (a = 30 mm, d = 200 mm): (a) b/a = 1, (b) b/a = 1.5,
(c) b/a = 2, (d) b/a = 3, (e) b/a = 4, and (f ) b/a = 5

decreases from 200 mm to 75 mm, the size of the ﬂow disturbance
(at the bottom) and vortex (at the top) is also reduced. When d is less
than 75 mm, the ﬂow disturbance vanishes. Figure 12(a) demonstrates the relationship between PV cell temperature and the
cavity depth. High average cell temperature can be observed
when d is small (for instance, 40 mm). As d increases, the temperature drops dipping at around d = 100 mm and 125 mm. With
further increases of d, the temperature also rises and reaches a
plateau. Two mechanisms may be governing cell temperature
changes at various d values. First, the ﬂow resistance between the
bottom and top openings of the air cavity increases at small d and
thus reduces heat transfer efﬁciency, which this mechanism is dominated for d < 100 mm. Second, at large d (>100 mm–125 mm), the
ﬂow disturbance and vortex induced at the bottom and top of the air
cavity, respectively, have adverse effects on the airﬂow and heat
transfer (as presented in Figs. 11(d)–11( f )). Crossﬂow ventilation
between the two openings is reduced. The second mechanism
becomes more signiﬁcant when d > 125 mm. Average cell temperatures are reduced regardless of the size of openings as illustrated
in Fig. 12(b). It was determined that the average cell temperatures
at d = 100 mm are lower than those at d = 200 mm if other conﬁguration elements are the same.
3.4 Thermal Effect of the Wind Speed. Wind speed is an
independent, critical factor in the convective heat transfer. Although
the wind speed cannot be controlled in outdoor conditions, its
011016-6 / Vol. 142, FEBRUARY 2020

Fig. 12 Average PV cell temperature with various cavity depths
with a = 30 mm when (a) b/a = 2.5 and (b) a = b
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Fig. 9 Plot of the average cell temperature versus b/a ratios
(a = 30 mm, d = 200 mm)

inﬂuence is worth investigating in order to estimate BIPV performance. In order to evaluate BIPV performance at different wind
speeds, six scenarios with wind velocity ranging from 0.1 to 4 m/s
normal to the PV panel were investigated at constant solar irradiance
with an equivalent thermal energy absorption of 500 W/m2. The performance of two BIPV conﬁgurations was evaluated and compared.
One conﬁguration involves same-sized top and bottom openings
(i.e., a = b = 30 mm). The other conﬁguration envisages the openings ratio of b/a = 2.5 with a = 30 mm. In both cases, cavity depth
stands at 100 mm.
Figure 13 presents average cell temperatures of conﬁgurations
with b/a = 1 and 2.5 at various wind velocities. At u = 0.1 m/s,
the temperature in both PV cells is 94 °C. As wind speed increases,
the average cell temperature steadily declines. Comparison of the
two conﬁgurations’ geometry reveals that at low wind velocity
u < 1 m/s, the difference in average cell temperatures is negligible.
However, as the wind velocity gradually increases so does the temperature difference. At u = 4 m/s, the average cell temperature with
b/a = 2.5 is 5 °C lower than with b/a = 1. It should be noted that the
cell temperature on-site should be lower than the results presented
since the peak solar irradiance was steadily applied in this numerical
experiment. In general, as the wind velocity increases, the average
cell temperature decreases almost linearly. However, different
BIPV model geometrical conﬁgurations will affect the rate of the
temperature decrease.
3.5 Effect of the Solar Irradiance. In order to evaluate BIPV
cell temperature at various solar irradiance conditions, simulations
are carried out with two model conﬁgurations (b/a = 1 and 2.5,
with both d = 100 mm) at constant wind speed u = 2 m/s normal
to the PV panel. Two BIPV unit models are examined when different solar irradiance is applied. The equivalent thermal energy
absorption q ranges from 200 to 700 W/m2. Figure 14 presents
the PV cell temperature. As q goes up, an increase in the average
cell temperature can be observed. It can also be observed that the
average cell temperature has a linear relationship with equivalent
thermal energy absorption. A comparison of two sets of results
obtained for the plots of b/a = 1 and 2.5 revealed a small difference
in the average cell temperatures—less than 3 °C. During the peak
hour for sun in Singapore when q = 500 W/m2, the average cell temperature is approximately 79 °C. Based on the above observations,
it can be concluded that the size of the openings has a limited inﬂuence on BIPV performance when solar irradiation is varied.
3.6 Effect of the Wind Attack Angles. Previously mentioned
two BIPV model conﬁgurations are used in the simulation to investigate BIPV performance with reference to different wind attack
Journal of Solar Energy Engineering

Fig. 14 PV cell temperature versus solar irradiance at a wind
speed of u = 2 m/s normal to the PV panel

Fig. 15 PV panel cell temperature versus the wind attack angle
at u = 2 m/s, a = 30 mm

angles ranging from θ = 0 deg to 90 deg. Wind velocity and
attack angle are 2 m/s and θ = 0 deg, respectively, under the equivalent thermal energy absorption of q = 500 W/m2. Figure 15 presents the average cell temperature at different wind attack angles.
For both conﬁgurations, when u = 2 m/s and θ < 60 deg, the
change in temperature is within 3 °C. The panel cell temperature
maintains between 74 °C and 79 °C. When 60 deg < θ < 90 deg,
cell temperature drops drastically from 75 °C to 63 °C. It is
projected ∼5.4% improvement of power generation based on
0.48%/K [6,7]. A comparison of the plots in both instances, with
b/a = 1 and 2.5, reveals a similar trend. If θ < 60 deg, the general
performance of the conﬁguration with b/a = 2.5 is better than the
one with b/a = 1. If θ > 60 deg, then the values of average cell temperatures in both instances are the same. It indicates that the size of
the openings has a limited effect on the BIPV performance when θ >
60 deg. This may be due to the fact that heat rejection is dominated
by heat exchange on the front surface of the panel. Figure 16
illustrates a stagnant zone or low velocity in front of the PV panel
at θ = 0 deg. Such regions with low wind speed will cause less convection heat transfer and consequently high temperature of PV cell.
For θ > 60 deg, increases of the wind speeds are observed on the
front surface of the panel. In addition, convection heat transfer
should be more effective.
3.7 Effect of the Ambient Temperature. In the actual outdoor
conditions, the ambient temperature ﬂuctuates. This may also affect
FEBRUARY 2020, Vol. 142 / 011016-7
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Fig. 13 Average PV panel cell temperature under various wind
speeds normal to the PV panel

Acknowledgment
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The instance with b/a = 2.5 demonstrates lower temperature than
the one with b/a = 1.

4 Conclusions
CFD simulation is used for the evaluation of the BIPV cooling
performance with various geometrical conﬁgurations under different environmental conditions. A simpliﬁed 3D model of the conventional BIPV is developed. The inﬂuence of geometric
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the building wall. The effects of different environmental conditions
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