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Abstract
Building integrated photovoltaics (BIPV ) systems,
on the outer layer of a building structure, have the
ability to reduce electricity and materials costs, as
well as pollution, by taking advantage of renewable
energy sources (sunlight and wind), and changes
in thermal resistance. A BIPV ventilation air-gap
system and its effects on heating and cooling loads
are presented in this work.We use computational
fluid dynamics to model, analyze, and compare BIPV
air-gap and attic ventilation strategies and their
impact on building energy performance. Results
suggest an attic natural ventilation increase by 2.8
mph and a mean temperature decrease by 11.2%.
One novel contribution of this work includes a
BIPV attachment, that converts the air-gap into a
miniature wind catcher to further improve building
performance. This design improves upon traditional air-gap architectures by increasing natural
air velocity while decreasing photovoltaic and attic
temperatures.

operating temperature is important with respect to
boosting the market implementation of solar energy
systems by optimizing kilowatt hours (kW h).
We propose a novel wind-catcher duct design to increase the natural ventilation in the air-gap between
photovoltaics panels and the building. Since the duct
increases the airflow, the NV through the duct is then
used to reduce heating and cooling loads by venting
the air into the structure. Additionally, we assess
the effect that the air-gap wind-catcher module and
building venting strategy has on the BIPV performance using computational fluid dynamics (CFD) to
find optimal conditions in terms of temperature and
airflow velocity.

Keywords: Building Integrated Photovoltaic, BIPV,
Air-Gap, Natural Ventilation, Computational Fluid
Dynamics

Introduction
Solar energy systems, like building integrated photovoltaics, provide renewable electrical power and reduce building energy consumption (Hestnes (1999);
Liu et al. (2011)). Devices directly affect their electrical efficiency, durability, and heat transfer through
the building envelope (Wilson and Paul (2011);Wang
et al. (2006)). The cell temperature of photovoltaic is
roughly inversely proportional to their electrical efficiency (Mirzaei and Carmeliet (2015)). High operating temperatures lead to a drop in the electrical conversion efficiency at a rate of 0.5% per 4.5◦ C. During the summer months, the cell temperature could
reach 70◦ C and will lead to a reduction of conversion
efficiency by ≈ 22.5% from standard test conditions
(Biwole et al. (2013)). Therefore, the investigation of
increasing efficiency of BIPV by lowering PV panel

Figure 1: Factors that affect BIPV systems: solar
radiation, PV panel size, design, placement, air-gap,
wind speed, and roof ventilation strategy.
There are numerous factors that can affect the electrical efficiency of BIPV influence a building’s cooling and heating loads (Figure 1). Some parameters
include: (1) the type of BIPV panels (thermal resistance, efficiency, size, and shading); (2) environmental conditions (solar power, air temperature, and
wind-speed); and (3) building architectural design
(placement of PV, the size of a ventilated air-gap between PV and the building, heat trapping, and NV
of the facade/building). In recent years, researchers
have studied how to control the PV cell temperature (Chong and Tan (2012); Emery et al. (1996);
Skoplaki and Palyvos (2009)). Successful temperature control techniques include active cooling and
passive heat removal (Chong and Tan (2012)), vary-
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ing the size of air-gaps (Gan (2009)), and ventilated
roofs (Lee et al. (2009)). This work leverages the airgap between PV panels and the building as a wind
catcher to increase NV, decrease temperatures, and
ultimately reduce heating and cooling loads.
Only 15%-20% of solar radiation is converted to electricity by PV. The other staggering ≈ 80% of incoming solar irradiation is absorbed by the PV panel and
transferred via thermal radiation and heat convection to nearby surfaces. This represents a heat load
that needs to be removed from the PV panel in order
to increase performance and decrease cooling-loads.
PV panels and their surrounding air is often modeled and simulated as uniform temperatures. This approach neglects the airflow effects of fluid dynamics,
such as air-gap velocity/temperature and wind speed,
which can influence panel electrical efficiency and
heat transfer (Mirzaei and Carmeliet (2015); Goverde
et al. (2015, 2017)). One method to mitigate the solar radiation load is directed natural ventilation underneath the PV. NV decreases the temperature and
increases the performance of BIPV (Kalogirou et al.
(2014)). Previous research by Dolye et al.(Doyle et al.
(2015)) and Tzer-Ming et al. (Jeng et al. (2013))
demonstrated the numerical modeling of CFD and
thermal heat transfer phenomena on PV.
We demonstrate significant energy and cost savings
by integrating sustainable resources (NV ) and stateof-the-art renewable technologies (BIPV ) into one
combined novel wind-catcher duct system. Different
parametric designs of the air-gap between the building and PV panel (Section 2.2 )are modeled (Section 2.3 ) and simulated (Section 3 ). Relatively little
research has been published on utilizing BIPV airgap ventilation into attic spaces (Zarmehr and Kider
(2018)). Well designed and ventilated roofs reduce
the thermal loads imposed by to direct solar radiation
(Wang et al. (2006)). We propose a similar duct system ventilation to increase the overall building energy
performance. Results are then analyzed to highlight
to most efficient design in terms of PV temperature
and attic airflow. (Section 4 ).

Figure 2: Example of a single family home with attic
and BIPV.
Building Architectural Concept
Building account for a large portion of overall energy
and resource use, and have a major environmental impact. Building architects and engineers are often motivated by low energy consumption and increased PV
efficiency during retrofit and construction projects
(Brinkworth et al. (2000)). Figure 2 (top) shows a
cross-section of the design used in this paper work.
We consider single family residential homes with attics and PV modules (common throughout the United
States) (Figure 2 (bottom)). The BIPV modules are
standoff arrays mounted parallel to the roof’s pitch
which allows for an air-gap between the PV and the
roof. During the operation, PV modules absorb incident solar radiation to generate electricity. However,
most of the absorbed solar radiation is converted into
heat. This has two negative effects: (1) solar radiation increases the module temperature reducing efficiency, and (2) some of the solar radiation temperature increase is transferred to the building roof and
attic by natural convection and radiation.

Methodology
From a building physics perspective, natural ventilation influences two phenomena: airflow velocity and
temperature. NV allows cooling ventilation by lowering the functioning temperature and moving air inside a building. The methodology section is divided
into three subsections modeling and simulating the
NV. First, we present the architectural design concept that we model and simulate. Second, we look at
various parametric designs that optimally refine our
BIPV design concept. Finally, we detail the numerical simulation model we use to simulate the NV.

Figure 3: PV air-gap duct and wind-catcher design.
Wind-Catcher Duct Architectural Concept
Figure 3 shows our novel wind-catcher duct architectural concept and flow of the design. This design increases the airflow under the PV panel through pressure changes and wind. One of the most efficient ways
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to cool a PV system is to utilize natural ventilation
from the gap between PV and roof. Figure 4 shows
the detail of the vent structure design. Increasing
airflow helps to decrease the loss of efficiency for the
PV and building heat gain, especially during summer
(Ingersoll (1986)).

Figure 4: A detailed cutaway of the duct and windcatcher design under PV modules to increase airflow
velocity and circulate air into the attic below.
The goal of the air-gap duct system is to catch the
air from the outdoor environment and direct it into
the duct to ventilate the PV and into the attic of the
building. This natural airflow circulates hot trapped
air inside the attic. Normally this air is static or
utilizes mechanical systems. The duct provides NV
that increases velocity and allows the air to be pushed
into the attic. This concept is similar to a basic windcatcher system. A wind-catcher operates by adjusting pressure differences and the buoyancy effect to
increase the flow of natural ventilation. Here Figure 4 shows the design for when the wind hits the
vents it directs the flow of air via pressure change
through the duct and into the two lower vents. This
flow from high-pressure to low-pressure regions forces
air through the duct and then down into the attic.
Wind-catchers also benefit from low maintenance due
to the lack of moving parts.
Parametric Duct Design
We utilize parametric design to explore alternative
parameters that assess the change in airflow velocity and temperature to aid in thermal management.
Airflow affects the heat transfer mechanisms from the
back surfaces of BIPV systems. PV works most efficiently at lower temperatures. High back surface
temperatures decrease voltage and may damage the
solar cells. The parametric design identifies the relevant variables from the original system to improve
efficiency. The aim is to control the main parameters of the convection heat transfer through natural

ventilation mechanisms, including the upstream airflow velocity and temperature. The Design models
are shown in Figure 5. Here we looked at six primary
designs and varied the length and height of the duct
to find optimal configurations. Different sub-designs
of the air-gap were initially analyzed to find which
were best to conduct a more detail analysis (Section
4).

Figure 5: Parametric designs tested: (A) PV panels
mounted directly to the roof which has no gap or ventilation; (B) Small air-gap; (C) An over-sized air-gap;
(D) An air-gap duct and exhaust into the attic; (E)
Air-gap and nozzled duct and exhaust into the attic;
and (F) This design is equipped with an air-gap and
wind-catcher and exhaust into the attic. Design (F)
has superior ventilation to reduce temperature and increase natural ventilation airflow velocity.
There are two separate parametric designs. The first
design optimizes catching wind from outside and directing it into the duct under PV. This design analyzes how to cool down the PV and increase PV efficiency. The second design directs the airflow into the
attic and uses natural ventilation to cool down the attic to decrease building heating load. The BIPV system was installed on the roof of the simulated building model; the thickness of the PV panel is 38mm
and arranged parallel to the roof. An inclination of
45◦ was selected for the roof slope. Figure 3 shows
the overall simulated model included PV duct design, wind-catcher design and inlet and outlet of airflow into and from the attic. In this case, the surface
of the panel was subject to a constant radiation intensity of 1000 w/m2, the outdoor temperature of 32◦ C
and different wind velocities. This analysis found a
specific wind-catcher duct design for the entrance of
air to maximize airflow and help to increase the velocity into the duct.
Numerical Simulation Model
Computational fluid dynamics fundamental equations are continuity, momentum, and energy (Anderson and Wendt (1995)). The Continuity equation formulates when a fluid is in motion, for the
chosen control volume, the mass must be conserved.
M omentum is an equation based on Newton’s second law which states the net force in the fluid element equals its mass times the acceleration of the
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element. The Energy equation is obtained from the
first law of thermodynamics. Regarding energy equation, the rate of change of energy inside the fluid element should be equal to the net flux of heat into the
element plus rate of working done on the element due
to body and surface forces.
This simulation analysis for our parametric design
solves the steady incompressible turbulent flow according to the RANS approach, time-averaged continuity and Navier-Stokes equations with applying the
Boussinesq approximation. The RNG k −  turbulence model (Yakhot and Orszag (1986)) was used
for modeling the turbulent airflow and heat transfer around the modules and building envelope inside
the attic (Evola and Popov (2006)). The transport
equations for turbulent kinetic energy k and turbulent kinetic energy dissipation  for this model are as
follows Equations 1 and 2.
∂
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∂
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Here η0 = 4.38, β0 = 0.015, C1 = 1.42, and C2 =
1.68. The turbulent viscosity (µt ) is given by Equation 6 where Cµ = 0.085.
µt = Cµ ρ

k2


(7)

The governing equations are discretized by hybrid differentiation and utilize a second order linear upwind
difference scheme. This more accurately accounts for
flow direction. The mass equation utilizes central differentiation and solved on a co-located grid. Rhie and
Chow’s algorithm avoids checker boarding due to the
co-located grid (Rhie and Chow (1983)). The simulation leverages the Gauss-Seidel Point-Implicit method
(Batina (1993)) to solve the finite-volume linear system, where the convergence criterion is based on the
reduction of all the scaled solution residuals.

The coupling between pressure and velocity distribution is obtained using SIMPLEC procedure. This
simulation included full buoyancy effect. The following under-relaxation parameters are simulated:
Mass Momentum Enthalpy
k

1.0
0.65
1.0
0.7 0.7
CFD simulation analysis (Guide (2005)) was used for
modeling of fluid flow and heat transfer around PV
modules mounted over or beside a building envelop
performed with ANSYS Fluent (Ansys (2019)).
The models were simulated under bright sunshine
when overheating would be most likely to occur. The
initial environmental conditions for the simulation include: the constant radiation intensity 1000 w/m2 at
the solar panel surface, the outdoor temperature of
32◦ C, and eight different wind velocities applied at
the inlet (2.5, 5, 7.5, 10, 12.5, 15, 17.5, and 20 mph)
with constant atmospheric pressure boundary conditions at the inlet and outlet openings.
The simulation defined no-slip and zero velocity
boundary conditions at all walls, the ceiling, and the
attic floor. The mesh model utilized 2940 elements
and 33546 nodes to accurately resolve properties and
flow parameters. The heat source(s) (PV panel(s)),
was represented by a constant heat flux and used noslip and zero velocity boundary conditions. Convergence criterion is based on the reduction of enthalpy
residual (units of W ) fell to a value below 1% of
the value of the heat input (W )) and all the scaled
solution residuals under the threshold of 10− 3 was
achieved after approximately 6000 iterations.

Analysis & Results
A computational fluid dynamics simulation approach
simulates and investigates a complete understanding
of the complexities and characteristics of different
natural ventilation strategies on cooling the roof PV
arrays (duct under PV ) and the indoor environment
(attic). First, we show the analysis of airflow inside
the duct under the PV panels to show how this study
enhanced the velocity and temperature of airflow inside the duct. Second, we show an analysis of attic
demonstrating the velocity and temperature changes
inside the attic. Attic air is almost completely static
without this structure and design. The BIPV design
we proposed Figure 4 with the wind-catcher and duct
vents, delivers the most benefit from the airflow and
provides the highest overall energy savings.
PV Duct Analysis
We assess PV performance by the surface temperature of the PV panels. The thermal performance
of the duct is characterized by the airflow pattern
and temperature distribution simulated by the CFD.
We assume the outdoor air temperature is 32◦ C.
The heat flux for the PV roof is initially fixed at
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Figure 6: This visualization shows the PV air-gap duct analysis for our six parametric designs. The last
design (F) demonstrates the wind-catcher design with multiple attic vents performs the best. (Top) Air velocity
distribution contour under PV duct for six different designs. (Bottom) Air temperature distribution contour
under PV duct for six different designs.

1000w/m2 . The location and size of the flow openings used for the above comparison of computation
are denoted as parametric input design conditions.
To improve the design, we compare the output variables of the moving airflow’s temperature and velocity. Six different main parametric designs are simulated and analyzed (Figure 6). Design A represents a
regular gap without natural ventilation into the attic.
Design B shows the narrowing nozzle in the entrance
with one regular exhaust into the attic. Design C
adds the wind-catcher design to the CFD duct simulation. Design D visualizes a regular air-gap with
two exhausts into the attic. Design E shows the narrowing nozzle in the entrance with two attic exhausts.
Design F (the most optimal) shows the wind-catcher
design in the entrance and two regular exhausts into
the attic. These designs depend on airflow inlet and
outlet shape, location, and vent count.
For this duct study, the outside wind velocity (or velocity inlet into the duct) is assumed to be 5 mph with
constant atmospheric pressure. The results show that
the incoming air enters into space horizontally and
the cool airflow soon moves towards the top due to
a buoyancy effect. The air near the PV arrays cools
more effectively with the wind-catcher duct design.
Figure 6 (Top) shows the predicted air temperature
distribution for all different designs in the duct under
the PV. The velocity range is set up between 0 to 20
mph. Comparison of velocity simulation shows that
Designs C & F provide the best result and higher average velocity in the duct. Figure 6 (Bottom) shows
that velocity in Designs C & F is 10 mph in the most
areas providing the highest airflow velocity speed with the Design F being the most optimal. This de-

sign will cause an increase in the airflow of 240% compared to the velocity inlet which is only 5 mph.
Figure 6 (Top) shows the comparisons of temperature
distribution through the different designs. The simulation results found that total temperature in the
wind-catcher duct design is lower by 5◦ . This cooler
temperature will cool the PV module, increasing the
overall efficiency (kW h). This airflow will enter the
attic to increase the overall building efficiency.

Figure 7: Mean air-temperature changes at the exhaust per different outside wind velocity.
This study chose the Design F for the PV air-gap
duct (Figure 4). Since this design performed the best.
We investigate the performance of the design under
different outdoor wind velocities. Figure 7 provides
the mean temperature change under different wind
velocities to show how the effect lowers the temperature. Figure 9 graphs the velocity changes inside
the duct at the exhaust showing how it increases linearly with the change in wind velocity. As the results
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Figure 8: (Top) The air velocity and temperature distribution contours in the attic for three different designs.
The increased airflow under PV provides movement of the static air (No Vent/A) by venting the airflow from the
duct (B,C). (Bottom) The air temperature distribution in the attic showing air-gap venting lowers temperature.
show, if there is a windy day, wind-catcher duct performance will increase.

Figure 9: Mean air-velocity changes at the exhaust
per different outside wind velocity.

Figure 10: (Top) Parametric design of attic integrated with solar PV and natural ventilation duct.
(Bottom) visualization of increased airflow the design
ventilates into the attic.

Attic Analysis
We determine the performance of various designs of
air-gap duct types and vents to identify the best performance of airflow in the indoor attic. Figure 10
shows the final design and the simulated airflow that
the wind-catcher duct ventilates into the attic. This
additional naturally ventilated airflow pushes hot
trapped air into the attic , which increase airflow
circulation and improves air quality. The circulated
cooler air has an effect of lessening the convection
heat transfer through the roof walls in the hot summer months.
We modeled and simulated three designs aimed to
help circulate the natural ventilation inside the attic
from the duct system. Figure 8 shows these three
designs. Design A simulates the attic without any
ventilation. In this design, the air inside the attic is
almost static. This is the base case to demonstrate
a clear indicator that the wind catcher duct-design
increases performance. Design B and C use natu-

ral ventilation from the duct. Design B has exhaust
vents in the bottom of the attic, where Design C is
equipped with an exhaust on the top of far side and
top of the roof.
Figure 8 visualizes the airflow velocity distribution
contours of the three designs. The naturally ventilated designs move the static air in the attic. Also,
Figure 8 shows the temperature distribution change
of the airflow of the designs. Here we see that Design
C has the greatest reduction in airflow temperature
and will have the greatest change in the conduction
of the attic surfaces saving the most overall energy.
Table 1 demonstrates the average attic’s airflow circulation velocity. There is almost no circulate in Design A, however Design B and C increase airflow with
natural ventilation. Design C is shown to have the
highest increase in velocity. Figure 11 then compares
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velocity changes for each design per different outdoor
conditions. It shows how Design C provides better
results with a windy day outside.
Table 1: Average airflow velocity per 5 mph outdoor
wind velocity weather conditions.
Design A Design B Design C
0.12
1.35
2.74

increase of airflow velocity and the decrease of the
total mean temperature inside the attic.
The results of the CFD simulation indicated that
without an adequate air-gap or wind-catcher duct
system, overheating of PV modules could occur under hot temperatures and bright sunshine greatly reducing the performance and durability. To reduce
the overheating potential of the PV panels, a minimum air-gap of 0.12 m between mounting three modules continuously along the upward direction and the
building envelope would be required Gan (2009). The
wind-catcher duct nozzle system with two vents and
upper attic venting system (Design C ) is preferred,
the analysis of which indicates that natural ventilation can be increased by 2.8 mph and that temperature is lowered by 11.2%.

Conclusion

Figure 11: Attic airflow average circulation velocity
per different outdoor conditions.

Table 2: Average air temperature per 5 mph and 32◦ C
of outdoor weather conditions.
Design A Design B Design C
42.22
36.20
35.50

Figure 12: Attic airflow mean temperature per different outdoor conditions.
Table 2 demonstrates the average attic’s airflow temperature. Design A is the hottest, however, Design B
and C increase airflow with natural ventilation and
thus decrease the air temperature. Design C is shown
to have the highest decrease in temperature. Figure
12 then graphs the changes in the mean total temperature of the attic. These results demonstrate the
overall effect of the wind-catcher duct design by the

This work introduced a low-cost and low-maintenance
wind-catcher duct system design addition to BIPV
systems in order to increase airflow velocity and decrease air temperature resulting in increased performance for the PV system electricity output. In addition, we found that the design can further enhance
energy performance by utilizing the increased airflow
from the duct system to naturally ventilate an attic. This system could easily be integrated into and
enhance many BIPV systems with little effort and
contains no mechanical parts, making the design a
low-cost, yet efficient addition.
CFD demonstrated the effect of the design of air-gap
duct between the PV modules and building envelope
on the PV performance and attic airflow circulation
in terms of temperature and velocity. This has a
positive impact on cell temperature, electrical performance, duribility, attic air quality, air circulation, and
temperature. We showed the mean velocity in the airflow behind PV modules increased with using windcatcher nozzle design. This parametric study showed
the relation between the ventilated wind-catcher nozzle and the attic on building energy performance.
This work is the first step in establishing a better
overall BIPV system utilizing a novel wind-catcher
air-duct nozzle design and spawn avenues for future
studies. Future work includes calculating the exact
electrical output of the PV panels under the different designs to determine the increase of the electrical
energy they produce. Additionally, we plan to use
the temperature and velocity plus the BIPV differences to calculate the overall energy performance of
a building with the new design. Additionally, real
building site locations will allow for detailed analysis
of the placement of the system, air-duct optimization, vent size, and whole building simulation (wind
orientation) based on the weather conditions and location of the site’s surroundings. Also, future work
can model and simulate the effect of the natural ven-
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tilation system on efficiency in the living area. Design
B vented the attic air down and potentially increased
airflow to other parts of the building. This would be
interesting to study and compare to Design C which
had a positive effect on the attic.
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