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Abstract: A building-integrated wind turbine (BIWT) is an alternative way to assess renewable
energy. BIWTs produces their own energy without relying on fossil fuels. However, only a few
researchers have studied BIWTs. Greater wind velocity (V) results in greater potential energy (P).
The aerodynamic design has an important role to play in increasing wind velocity and reducing
turbulence intensity. CFD simulations taken from previous research have revealed that round-shaped
buildings increase velocity up to 30%. This study focuses on the wind response of square and top-
rounded-shaped building models, and their optimization based on variations in wind velocity. Wind
tunnel studies were conducted to study wind flow around the building, followed by a computer
simulation to verify the results. In a wind tunnel, three BIWT models (1:150 in scale) located in Seoul,
South Korea (terrain B), were evaluated. The results of the study show that the streamline should
be followed when installing wind turbines on rectangular rooves with flat surfaces. This method
allows wind speed to be elevated significantly, when compared to a turbine at a higher height. In
addition, round corners can produce wind velocity that is up to 34% greater than sharp corners
beside a building. In summary, this paper presents a five-step analysis framework that can be used
by researchers who wish to analyze BIWTs through wind tunnel experiments and CFD.

Keywords: urban wind energy; high-rise building; round-shape building; building-integrated wind
turbines; CFD simulation; wind tunnel

1. Introduction

The global population is growing rapidly, which increases energy demand proportion-
ally [1]. Global warming is a phenomenon related to temperature increases on the surface
of the planet [2]. As a result of global warming and energy crisis issues, alternative energy
has become one of the most mature renewable energies in urban areas. As one of the largest
renewable energy sources, wind energy has currently gained the most traction [3–6]. More-
over, the current trend indicates that wind energy will continue to be the leading renewable
power source for the foreseeable future, continuing to garner the highest investments and
having the highest number of new installations [6].

There is a strong correlation between global warming and building energy perfor-
mance [7–9]. Most of the world’s buildings represent large energy consumers, contributing
significantly to global warming. In urban areas, most high-rise buildings have been es-
tranged from nature and completely separated from it. Recent years have seen a significant
increase in wind generation in urban settings known as building-integrated wind tur-
bines (BIWTs). As wind changes speed with height (boundary layer), generating energy on
rooftops is of great importance to reduce the generation load and transmission losses [10,11],
since one of the most important characteristics of wind is its variation with height. BIWTs
are installed wind turbines that are completely integrated into the architectural design
of buildings, for instance, within/on the corners of the façades or between the buildings
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(Figure 1) [12]. BIWT is becoming more common as a new green building icon and a new
way to assess optimal energy use in buildings [10,13]. It has several benefits, such as decen-
tralized power generation, reduced transmission losses and reduced construction costs.
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Figure 1. BIWT model and the possible location of wind turbines (a) on top of a building, (b) between
two buildings, and (c) in the side of a building.

A designer should analyze carefully when designing BIWTs, especially regarding
urban areas and local weather conditions [14]. The building has to be shaped in a way that
maximizes wind harvesting in the chosen urban environment. Due to complex building
arrangements, wind speed in urban areas tends to be affected by surface roughness. The
main parameters that affect the efficiency of wind turbines on tall buildings in urban
environments are the building’s geometry, and inflow wind characteristics [15]. These
geometries, especially different roof shapes, determine the amounts of power density and
turbulence intensity around high-rise buildings in urban areas [14,16]. The large turbulence
intensity and the small wind velocity of the incoming flow impinging on buildings reduce
the efficiency of wind turbines [17]. However, in previous studies, analysis based on the
computation of fluid dynamics (CFD) simulations showed that rounded-shape buildings
can increase velocity by as much as 30% [18]. Rounded-corner models had the most
efficient performance in reducing drag coefficient, as compared to the others [19]. To
employ BIWTs, it is important to design the building shape and swept area carefully to
increase wind velocity.

In light of the lack of research on the BIWT, either experimentally or academically, we
conducted this study. In this study, three different BIWTs were modeled by aerodynamically
modifying the rooftop with rounded corners and 1

2 rounded, compared with a basic,
rectangular flat roof. All models were analyzed primarily using wind tunnel experiments.
Many wind tunnel studies conducted in the 20th century have produced highly accurate
quantitative analyses [20–22]. Wind tunnel experiments are conducted in order to predict
the effects of wind on buildings. In the design of high-rise structures, wind effects are
generally a major concern, especially when wind turbines are included. A Cobra probe and
a pitot tube were used to measure the results. As a comparison, a computational model
was selected for validating the data. Rather than directly comparing the CFD/wind tunnel
experiments, this research emphasizes the conclusions that can be drawn from the results.
The purpose of this experiment was to explore potential wind energy in urban areas using
models, in order to find the most efficient BIWT design.
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1.1. Research Questions

1. If the wind turbine is installed on top of a building, what is the recommended
roof shape?

2. How does the location of the wind turbines and the intensity of the turbulence affect
each other?

3. What are the best ways to measure wind velocity, turbulence intensity, and wind
potential in a wind tunnel?

4. What are the results of the wind tunnel experiment in comparison with the CFD
simulation? This research will focus on achieving the following objectives.

1.2. Research Objectives

1. To compare the best aerodynamic shapes to increase wind velocity, using different
building shapes.

2. To identify whether wind flow can be measured around a building using cobra probes.
3. To identify whether pitot tubes can be used as a comparison tool with cobra probes in

the same wind tunnel experiment.
4. To compare the velocity coefficient and turbulence intensity of the measured data

using multiple points.

2. Material and Methods
2.1. Evaluating the Performance of Wind Turbines

The design of a BIWT depends on the accurate prediction of output power. The
high-rise building’s placement of wind turbines is meant to catch high-velocity winds on a
high altitude [18]. A wind turbine’s power can be calculated using its potential energy (P).
Potential energy from the wind can be calculated using this equation:

P = 1/2 ρ A Cp V3 (1)

where P is wind turbine power, Cp is the coefficient of performance, ρ is air density, A is
the swept area of the blades, and V is wind velocity. The power of the turbine is highly
dependent on the speed of the wind (V). When the wind speed doubles, the power increases
by eight times. In addition to the height of the building, the shape of the building can
also increase wind velocity. Building architecture can be designed to capture and tunnel
wind through the turbines, which can produce wind speeds greater than the prevailing
wind speed. Aerodynamics models are based on this design. As the shapes and spatial
relationships of the tower sculpt the airflow, the wind velocity increases.

2.2. Physical Model

From Equation (1), it is crucial to properly design a BIWT’s aerodynamic shape and
swept area (A) to increase wind speed (V). Based on this basic concept, three aerodynamic
shapes were developed. This study analyzes three aerodynamic performances, each with its
own roof pattern. Figure 2 shows the atmospheric boundary layer wind tunnel of the CKP
wind tunnel [23] where the experiments were conducted, and the basic models used in the
present study. The experimental data was collected using the cobra probe, an instrument
calibrated regularly in the CKP wind tunnel. The wind tunnel experiments are conducted
on a building model (scale 1:150) with dimensions of 16 m × 16 m × 64 m. The models
were analyzed in Seoul, South Korea, as a representative location. The BIWT was located in
terrain B [24,25] which describes urban areas with numerous closely spaced obstructions
having the size of single-family dwellings with the height of 3.5 m. A power law (2) can be
used to approximate the wind speed profiles within atmospheric boundary layers, which
belong to the turbulent boundary layer type. Wind speed profile can be seen in Figure 3,
where Z is height and U is average wind speed in Z.

V(z) = V1 (Z/Z1)α (2)
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The building model was composed of 2 mm thick acrylic sheets attached with glue.
Experimental measurements were completed on the top of the building at specific points
during wind tunnel tests. Figure 4 shows that a wind turbine is situated on the roof of a
building. Various locations on the model were used to measure each building. Wind tunnel
experiments were conducted for three different building types. First building (Figure 4a)
was a common rectangular shape, later called building A. The turbine was located in front,
along the wind, because the highest wind velocity is the windward surface of the building.
The higher the tower of the wind turbine is, the larger the wind velocity is [18,26]. Because
of that reason, in this experiment we used a height 35 mm (5 m) above the roof of the
building A. The second building (Figure 4b) was a rectangular shape with rounded-corner
shape on the top of the building, later called building B. For the last model, we modified
the roof shape with a 1

2 circular. The turbine was located in the middle of the building
(Figure 4c), and later called building C.
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2.3. Measure Tools

Cobra probes were used in the wind tunnels to calculate wind velocities and turbulence
intensity (Figure 5a). The cobra probe or dynamic multi-hole pressure probe measured the
mean and fluctuating 3-component velocities (Figure 5a), as well as the static pressure [27].
Building A was measured by cobra probes only. This is because the design of the building
was not complicated. In the case of building B, pitot tubes were used as a comparison for
cobra probes due to the rounded shape. The same method was used for building C, which
was a cobra probe and pitot tube calibration (Figure 5c). Pitot tubes are the basic instrument
for measuring wind speed in wind tunnels. By using the pitot tube, the local velocity can
be determined at any given point in the flow stream, as opposed to the average velocity of
the pipe or conduit. Figure 5b shows the basic pitot tube, which consists of a tube pointing
directly into the fluid. The pressure in this tube can be measured since fluid exists within it.
However, the flow of fluid is brought to a halt (stagnates), since there is no outlet to allow
flow to continue. The pitot tube operates on the principle of converting kinetic energy
into pressure at a stagnation point. This instrument is accurate, reliable, convenient, and
economical. To convert stagnation pressure to fluid velocity, use Bresnoulli’s Equation (3):

Total pressure = static pressure + dynamic pressure (3)Buildings 2022, 12, 144 6 of 15 
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To calculate the velocity (4):

V2 =
2(Pt − Ps)

ρ
(4)

However, the pitot tube is inaccurate at low speed (about less than 5 m/s) and unsuit-
able for measuring turbulence. This weakness can be measured using cobra probes, which
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can measure low wind speeds. Moreover, there were differences in the wind tunnel experi-
ment results between the cobra probes and the pitot tube. Because of this, the researcher
made a simple experiment with a new equation, as shown in Table 1. The result from
Table 1 can be drawn upon to become linear regression (Figure 6). The relation between the
pitot tube and the cobra probe can be describe by:

y = 1.055x + 0.124. (5)

Table 1. Simple experiment to equate the wind tunnel result between the pitot tube and the
cobra probe.

Sampling time (s): 20.480
Number of samples: 12,800
Data output rate (Hz): 625.0

Calibration
Experiment (m/s)

1 2 3 4

Pitot tube1 2
Cobra probe1 2.25 2.27 2.23 2.14

Pitot tube2 4.1
Cobra probe2 4.31 4.24 4.26 4.36

Pitot tube3 6.13
Cobra probe3 6.49 6.35 6.57 6.6

Pitot tube4 8.22
Cobra probe4 8.7 8.74 8.62 8.74

Pitot tube5 10.1
Cobra probe5 10.6 10.5 10.5 10.7
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The equation result (5) can identify the similarities between the pitot tube and the
cobra probe’s wind velocity results (Figure 6).

3. Experimental Results and Discussion

The wind tunnel experiment is widely accepted by scientific and engineering commu-
nities. This method has proven to be accurate and representative of real-world situations
when it correctly accounts for the characteristics of the atmosphere, and when the model is
scaled correctly, as is already widely accepted worldwide for the analysis of wind turbines
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or building structures. Turbulence intensity can also be calculated during experiments
using wind tunnels. All models in wind tunnel tests must be conducted under similarity
parameters, such as:

1. Geometric similarity: the model must be the same shape as the prototype, including
the structure to be tested, its surroundings, boundary layer thickness, and turbulence
length scale.

2. Kinetic similarity: to achieve kinematic similarity, it is essential to analyze turbulence
intensity, duration, and distribution of turbulence scales, roughness block, and the
boundary layer, as well as power spectral density.

3. Mechanical similarity: similarities in mechanical motion can also be defined by Reynolds
numbers, natural periods, mass ratios, elastic parameters, and damping constants.

4. In building A, cobra probes were used to measure wind velocity at the curtain point.
Cobra probes and pitot tubes were used in building B and building C.

In this experiment, the results are shown as velocity coefficients (VC) (6) derived from
the velocity at point (x), divided by the boundary layer velocity in terrain B.

Velocity Coefficient (VC) = Vin point/Vapproach (6)

Each model contained wind turbines located on top of the building, and between 50 m
(buildings B and C) and 70 m (building A) above ground (Figure 7). The average wind
velocity (Vapproach) was 10m/s.

3.1. Building A

For building A, wind turbines were located in the windward side of the building,
since most of the wind velocity is experienced there (Figure 7a). The wind turbine was
estimated to be five meters tall. Wind turbines were set up in this experiment at a height of
5 m above the roof. The further back the wind was, the higher the wind speed; the further
back the wind location, the higher the velocity was (Figure 8). The best positions for wind
turbines were at 8, 10, and 12, with VC values of 11.8. On those points, especially starting
from points 10 to 12, the intensity of the turbulence increased as well. However, it was still
lower than TI inlet, except for point 11.

Cobra probes provided important turbulence intensity data for structural engineers.
The blade flicker can be prevented by controlling the turbulence intensity. In this case, wind
turbines were recommended for installation in points 4 through 10. As the vortex has not
yet been created in front of the building. Additionally, the location of the wind turbine in
point 11 is not recommended. Overall, wind velocity grew by 10% from the wind velocity
approach (Figure 8), with more stable TI in front, and fluctuating TI at the back.

3.2. Building B

The wind turbines in Building B were located in the middle roof after passing through
a rounded corner (Figure 7b). The elevation of the wind turbines varied from 1m to 10m
above the roofline. We used a method for measuring B by using cobra probes and pitot
tubes; a pitot tube was used to validate the results of the cobra probe. In Figure 9, the
wind flow increased instantly after passing the rounded corner (VC on point 1 = 1.24), but
then decreased as the point got higher (VC on point 30 = 1.16). After passing through the
rounded shape at a height of 1 to 4 m above the roof surface, the wind velocity increased.
Above a height of five to ten meters, wind speeds tended to stabilize. Even so, this value
was higher than the wind velocity inlet (VC inlet = 1). Compared to building A, these
results were completely different.
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Figure 9. A wind tunnel test on building B resulted in a measurement of the velocity coefficient (VC)
and turbulent intensity (TI). Wind velocity increased by 29% with rounded corners. In this design, a
wind turbine was best placed at points 1 to 9 (1 m to 3 m above the roof).

The TI results for building B (Figure 9) were relatively stable, between (9% to 12%).
Additionally, the TIon point was lower than the TIinlet (12.9% respectively). Higher wind
velocity in lower areas with stable TI was mainly because round-cornered buildings increase
laminar flow, rather than turbulent flow. As a result of these rounded corners, wind velocity
increased by 29%. In this design, a wind turbine was best placed at points 1 to 9 (1 m to
3 m above the roof). As a result of this shape modification, designers do not need to install
tall wind turbine towers, such as in building A (5 m above the roof).

3.3. Building C

For building C’s roof, 1
2 circular shapes were planned. The wind turbines were in the

center of a rounded shape at a height of 1 m up to 10 m (Figure 7c). Similar to building B,
building C measurements were taken with cobra probes and pitot tubes. The VC trends
in each point were almost the same as in building B, although they were more stable, and
higher (Figure 10). The highest point was at point 1 (VC = 1.34), and the lowest was at
point 30 (VC = 1.25). From point 1 to 30 (11% respectively), TI were stable, and lower than
the TI inlet (12.5% respectively). Adding the circular shapes increased laminar flow and
reduced wind pressure.
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Figure 10. A wind tunnel test on building C resulted in a measurement of the velocity coefficient
(VC) and turbulent intensity (TI). The 1

2 round shape can produce wind velocity up to 34% greater
than other shapes. In this model, wind turbines should be installed in the 1 m to 2 m height above
the 1

2 rounded shapes.

The 1
2 round shape can produce wind velocity up to 34% greater than other shapes.

When compared with other models, building C had the best performance. In this model,
wind turbines should be installed in the 1 m to 2 m height above the 1

2 rounded shape. Keep-
ing the wind turbine tower lower can increase wind velocity with a fully rounded shape.

4. Comparison of Wind Tunnel Results with Computer Simulation

A comparison with CFD analysis from previous results was also performed to obtain
a better understanding of wind flow [18,28]. A combination of these methods was used to
validate the model’s results. In comparison to a regular experiment, the CFD provides much
more detailed information about the flow field. To study wind flow around a building, CFD
is a powerful analysis tool. In addition, it is inexpensive, and the results can be repeated
numerous times. A CFD model can be used to determine optimal positions and wind
speeds for turbines under different wind conditions [18,29]. The simulation of wind flows
on the roof of the building will help us understand the flow. Simulation settings were
similar to those used in a wind tunnel experiment, including the building shape, building
scale (1:150), building location, terrain, and velocity input (10 m/s). Models were set in the
boundary layer of terrain B with viscous K-epsilon, and all of the iterations were successful.

As compared to building B and building C, building A could not increase wind velocity
optimally. Computer simulations and experiments have shown that the higher the tower
of a wind turbine is, the larger the wind velocity (Figure 11a). An experiment in the wind
tunnel indicated that wind velocity was stable at VC = 1.2. This trend was also reflected
in the computational simulation, where VC = 1.1 (Figure 12a). Overall, the results of the
experiment were nearly identical to those of the simulation (Figure 11b).

In building B, the wind turbines were located in the center of the roof. After passing
through the round corner (Figure 11b), the wind velocity increased. Figure 12b shows
similar results for CFD and the wind tunnel. Point 2 had the highest VC in both the
wind tunnel experiments (VC = 1.29) and the computational simulation (VC = 1.24). After
passing through the rounded shape (Figure 11b), the wind velocity increased. The results
of the wind tunnel and CFD were almost identical (Figure 12b). Approach wind velocity
increased by roughly 25–29%.
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Figure 11. Contour plots of wind velocity magnitude on the side view (X-coordinate) (a) building A
shows the highest velocity located windward the building; (b) building B shows the highest velocity
near the rounded shape in front and back the building; (c) building C shows the wind velocity is
more stable, centered in the middle.

Building C experienced an increase in wind speed after passing the rounded shape in
the middle of the rounded shape (Figure 11c). Red color contour in Figure 11c indicated the
increase in wind speed. The wind speed dominates the middle of the 1

2 rounded shape in
heights of 1–2 m. A similar result was found using both wind tunnels and CFD (Figure 11c).
The wind tunnel experiment showed that point 1 had the highest VC (1.34). However, for
CFD, the highest VC was found in point 2 (VC = 1.35). Wind velocity increased by 35%
from the wind velocity approach (Figure 12c).

A comparison of three BIWT models was conducted (building A, building B, and
building C). Overall, all three models were in good agreement with the experimental data,
but building C provided the best performance. Furthermore, the computed simulations
supported these findings. These studies were conducted with a building model of a single
building and not interrupted by urban morphology, such as another building or three. The
model assumed that any local impacts of the surrounding objects on the wind speed were
excluded, such as the mutual influence of the turbines on one another’s performance and
the local flow signature of the building.
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5. Conclusions

An aerodynamic investigation on wind flow and wind velocity of BIWTs using wind
tunnel experiments and computer analysis has been briefly introduced in this study. Putting
wind turbines on top of buildings (BIWTs) should allow them to take advantage of building
height without having to construct expensive, full-size towers, especially in urban areas.
The framework this study was based on consisted of the following simple steps:

• Step 1: Designing the building. Using references from various aerodynamic shapes
that apply to BIWTs.

• Step 2: Setting up the wind tunnel experiment: geometric similarity, kinetic similarity,
mechanical similarity, and tool calibration.

• Step 3: Conducting a wind tunnel experiment. Research in wind tunnels using two
measurement tools (cobra probes and pitot tubes) in order to make the prediction
more accurate, especially in rounded shapes. The cobra probes measured turbulence
intensity and wind velocity. The pitot tube was used for comparison.

• Step 4: Performing a computational analysis. Evaluating multiple BIWT models using
computer models and creating model variables similar to those in the wind tunnel.
Using a similar scale to that used in the experiment, and simplifying the models to
reduce errors.

• Step 5: Validating the CFD and wind tunnel experiment results.
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For a simple rectangular building with flat roof shapes, it is important to locate wind
turbines following the streamline. This method can increase wind velocity effectively when
compared with built higher turbines. When modifying the building top, a the rounded-
corner shape could increase wind speed (25–29% from approach wind velocity) if compared
with a flat, sharp, corner top. For the 1/2 rounded-shape on the roof (without a flat area),
the streamline looked steadier at the center. The wind speed increased at the center of the
rounded towers (35% from approach wind velocity).

The wind turbine should be installed to the windward side of each of these designs. In
order to install a wind turbine with 5 m height inside a simple rectangular building with a
flat roof, the turbine needs to be situated 4 m to the front of the building. The wind velocity
method can increase the wind velocity by up to 10%. Installing rounded corners on rooves
has the potential to increase wind speed by as much as 29%, by only installing the wind
turbines 3 m above the ground and positioning them in the middle of the roof building. A
half-round roof building has the best performance. Increased wind velocity (up to 34%) is
possible with a lower wind turbine tower (1 m to 2 m at the middle of the roof). Circular
shapes increase laminar flow, decrease wind pressure, and stabilize turbulence intensity.

Performing experiments is challenging and requires time. This includes evaluating
different sources of error. In this case, the errors were due to the instruments and mea-
surement methods. On one hand, CFD errors were a result of the messing techniques and
parameter classification. In general, both methods were accurate. According to this study,
wind tunnel experiments and computer simulation show similar results and patterns. In
order for these similarities to occur, detailed simulation settings variables are needed.
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