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especially for application in high-rise buildings. The paper investigates the potential of
energy production from the horizontal-axis wind turbine (HAWT) and the vertical-axis
wind turbine (VAWT) on the rooftop of a university building in Indonesia. The wind
speed data were measured on the rooftop of the building for seven months. The data
was analyzed using Weibull distribution. Based on the probability density function of
the Weibull distribution, the potential energy production was calculated using the
power curves from the manufacturer. Comparing energy production between HAWTs
and VAWTs has shown that VAWTs can produce more energy than HAWTSs. Using six
turbines, VAWTs can produce 48,476 kWh. On the other hand, with four turbines,
HAWTSs can produce 41,729 kWh. The reason is that VAWT requires shorter distance
requirements for inter-turbine and between rows. Therefore, VAWT can use more

Keywords: turbines than HAWT in the limited area. In conclusion, VAWT for high-rise buildings is
Wind energy; wind turbines; vertical axis  more preferred because VAWT can generate more energy. Further study should
wind turbines (VAWT); horizontal axis investigate the optimal configuration with varying the wind direction and quantifying

wind turbine (HAWT); high-rise buildings  the wake effect on power output.

1. Introduction

Indonesia has enormous potential for renewable energy in different types, such as hydro,
geothermal, bioenergy, solar, ocean, and wind energy. According to Indonesia's ministry of energy
and mineral resources, renewable energy's potential power is about 417,8 GW, but only 10,4 GW has
been utilized [1]. For wind energy, it has a potential power of 60,6 GW [2]. This data indicates wind
energy potential has not been fully utilized.

In 2014, wind turbines' installed capacity was only 1.6 MW in Indonesia [3]. However, this number
increased in 2018 with wind farm construction in two locations: Sidrap and Jeneponto, Sulawesi [4].
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The Sidrap wind farm has 30 turbines with each turbine capacity of 2.5 MW, while the Jeneponto
wind farm has 20 units of turbines with an individual capacity of 3.6 MW [4].

Wind energy can be utilized onshore, offshore, in mountains, valleys, and urban areas [5,6]. One
of the promising wind energy applications is in high-rise buildings. High-rise buildings are a building
with a minimum height of between 23 and 30 meters [7]. The potential for wind energy utilization in
high-rise buildings is promising in Jakarta because it has hundreds of high-rise buildings; 91 buildings
have a height of over 150 meters.

However, research on Indonesia's wind energy potential is limited, especially for high-rise
buildings. One of which was performed by Tjahjana et al., [8] in Surakarta. For this research, the wind
speed was measured at an altitude of 50 meters for five years, from January 2011 to December 2015.
It was found that wind potential in Surakarta had an average wind speed of 4 m/s and 5 m/s with an
occurrence frequency of 35.90% [8]. The wind energy potential in Surakarta had a wind density of
139.43 W/m? and potential electricity production of 1221.4 kWh/m?/year [8]. Wind energy potential
was analyzed using the Weibull distribution.

The second research of wind energy potential on a high-rise building was carried out in the main
campus building with a height of 98 m [9]. Wind measurements were carried out at the height of 1m
(+ 98 m) using an anemometer for eight months, from July to October and December until April. As
a result, the average wind speed was 5.2 m/s, which could produce 100,000 kWh / year on the
rooftop with a surface area of 796.25 m2. This electricity production had the potential to save
electricity consumption on the main building by 3.27%.

Due to the limited study on wind energy potential in high-rise buildings in Indonesia, therefore,
this study aimed to analyze wind energy potential on the main building of the Institut Teknologi PLN
(IT-PLN), which is in Jakarta, the capital of Indonesia. The main building has a height of 53.5 m and
eleven floors, as shown in Figure 1. The rooftop area is a rectangular shape with a dimension of 33 m
on each side. The wind speed was measured using an anemometer for seven months.
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Fig. 1. Main campus building of IT-PLN
2. Methodology

Wind speed data for the research were measured using an anemometer installed on the
building's rooftop at 1m (+55.5m). The wind speed was recorded at the 12-minute interval for seven
months. The wind speed was then averaged hourly by using Eq. (1) [10].

Vo = [y, ] (1)
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Because the data was in time-series format, the wind speed data were sorted into bins. The
frequency of wind speed in each bin was then counted. Both bins and the frequency of wind speed
show the wind speed frequency distribution (Table 1). The wind speed data was then analyzed to
determine two parameters of Weibull distribution using the standard deviation method (STDM),
which is also considered as the empirical method [11,12]. This method is considered as a special of
the moment method [13]. The Weibull shape parameter k can be calculated by Eq. (2) [14].

(&)2 _ r(1+%1) . 2)

Vm

Where oy is the standard deviation of the wind speed data set, the Vm is the average wind speed
in Table 2, and it is given by Eq. (3) [15]. The fi is the frequency of wind speed (third column in Table
2), and Vi is the mean wind speed for each bin in Table 2.

1
Vin = n 7i1=1 fiVi (3)

Once k is known, the scale parameter c is given by [14]

i ewey (4)
Alternatively, the scale parameter c can be estimated by [16]

Vin k2.6674—

o (5)

" 0.184+0.816 k273855

When the Weibull parameters were obtained, the probability of each bin was calculated, and the
result was used to estimate the potential of energy production. The potential energy production was
computed for a horizontal axis wind turbine (HAWT) and a vertical axis wind turbine (VAWT). The
result is shown in Table 1.

Table 1

Turbine model used for the analysis

No.  Turbine model Turbin type Power Diameter
(kw) (m)

1 Fortis Montana HAWT 5.6 5

2 Ropatec WRE.060 VAWT 6 3.3

3. Results and Discussion
3.1 Wind Speed Distribution and Weibull Parameters

Wind speed frequency distribution is the frequency of occurrence of wind speed in each bin. Wind
speed frequency distribution is based on measured data, and it is essential to assess the wind energy
potential. Wind turbines located at two different sites with the same wind speed may generate
completely different energy output because of the difference in the wind speed distribution [17].
Therefore, wind measurement at the potential sites cannot be neglected. With the data in Table 2
and Eq. (3), the average wind speed is 6.4 m/s.
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The frequency distribution is required to calculate the Weibull parameters using STDM. Based on
Table 2, the Weibull parameter can be calculated using Eq. (2) and Eq. (4). The Weibull parameters
are 2.09 for the k and 7.23 for the c parameter.

The application of the STDM method to estimate energy production is considerably accurate. For
example, a study showed that potential energy error at three different sites was between 0,7% and
3,6% by using STDM [12]. Another study found that the error in power density calculation at three
different heights was between 0,12% and 3,5%.

Table 2
Wind speed frequency distribution based on
measured data for seven months

Vi (m/s) Vi (m/s) Frequency
0 -1 0.5 0.0079
1 - 2 1.5 0.0461
2 - 3 2.5 0.0919
3 - 4 3.5 0.1418
4 - 5 4.5 0.1142
5 - 6 5.5 0.0766
6 - 7 6.5 0.1359
7 - 8 7.5 0.0604
8 - 9 8.5 0.0713
9 - 10 9.5 0.1264
10 - 11 10.5 0.0538
11 - 12 115 0.0299
12 - 13 12.5 0.0114
13 - 14 135 0.0101
14 - 15 14.5 0.0135
15 - 16 15.5 0.0026
16 - 17 16.5 0.0058
17 - 18 17.5 0.0003

3.2 Potential of Energy Production for a Single Wind Turbine

The Weibull parameters are used to calculate each bin's probability density function and applied
to calculate the probability of potential energy production for different turbine models.

The power curve data is required to estimate energy output in the 4th column in Table 3
accurately. The power curve is the relation between the wind speed and the power output of the
wind turbine. The power curve data were taken from the manufacturer's data, as illustrated in Figure
2 [18]. The probability density function based on Weibull parameters was used to estimate the
percentage of wind speed occurrence in each bin, and it was then used to calculate energy
production, as shown in Table 3. For a 6 kW HAWT, the cut-in and rated wind speed are 2.5 m/s and
17 m/s, respectively; therefore, the 6 kW HAWT starts generating power at a wind speed of 2.5 m/s
and reaches its rated-power at a wind speed of 17 m/s.
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Table 3
Prediction of the annual energy output for 6 kW of VAWT
Minimum Maximum Average Power Probability Energy
(m/s) (m/s) (m/s) (kw) kWh
3 4 3.5 0.08 10.51% 69
4 5 4.5 0.18 11.94% 183
5 6 5.5 0.33 12.29% 350
6 7 6.5 0.55 11.67% 562
7 8 7.5 0.85 10.32% 768
8 9 8.5 1.25 8.55% 937
9 10 9.5 1.75 6.67% 1,022
10 11 10.5 2.35 4.91% 1,010
11 12 115 3.10 3.41% 926
12 13 12.5 4.00 2.24% 785
13 14 135 5.05 1.39% 617
14 15 14.5 5.80 0.82% 418
15 16 15.5 6.00 0.46% 241
16 17 16.5 6.00 0.24% 128
17 18 17.5 6.00 0.12% 64
Total energy production for 1 turbine: 8,079
Capacity Factor : 15%
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Fig. 2. Power curves of HAWT and VAWT [18]

Although the HAWT has a slightly lower rated power than VAWT, the potential energy production
and the capacity factor (CF) of HAWT are larger than VAWT (Table 4). The reason is that 82% of wind
speed frequency occurred at mean wind speed between 3.5 m/s and 12.5 m/s (Table 2), and the
power curve of HAWT has a higher power on those wind speed range than VAWT (Figure 2).
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The energy output of HAWT using measured data in Table 2 is 10,567 kWh. Comparing the energy
output between measured data and Weibull distribution data shows that the energy output error for
HAWT is within +1.28%, and for VAWT is within +0.56%.

Table 4

Annual energy production and capacity factor

No. Turbine type Energy CF
(kWh)

1 HAWT 10,432 21%

2 VAWT 8,079 15%

3.3 Energy Potential Production for Multiple Turbines

Multiple turbines are usually used in a wind farm to increase energy output. However, the size
and the number of the wind turbine that can be used on the building is limited by the available
rooftop area, and the capability of the building structure to withstand the weight and the vibration
of the turbine during operation because most buildings are not designed to use wind turbine.

For optimal wind turbine operation, the distance between turbines and the distance between
turbine rows have specific requirements for each turbine type. For example, for HAWT type, the
recommended inter-turbine spacing (Sx) is between 3D and 5D (D is the rotor diameter), and the
spacing between rows (Sy) is between 5D and 9D [19]. Therefore, four HAWTs with in-line
arrangements can be used on the rooftop area, as illustrated in Figure 3. The base output power is
around 22.4 kW, and the estimate of annual energy generation is 41,729 kWh without considering
the wake effect to the downstream turbines and the variation of wind direction.

Wind
direction

33m

—— Sx=56D0=25m

33m
Sy=58D
=25m

Fig. 3. Turbine spacing for HAWT
Contrary to HAWT, the performance of VAWT is not sensitive to the spacing between turbines.

For VAWT, a shorter distance between turbines leads to a slight decrease in performance, but in
some cases, the shorter spacing may increase the power Cp of VAWTs [20,21]. A study recommended
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that the spacing inter-turbine was 1.36D for the best performance, especially for counter-rotating
between adjacent turbines. The accelerated streamflow between turbines is the main reason for the
performance improvement [21,22]. Another study showed that the best spacing between turbines
was 3D for varying wind direction [23].

For our study, the distance between turbines and rows is planned to be 4D and 8.5D, respectively,
as shown in Figure 4. Therefore, there will be three turbines for each row or six turbines overall.
According to Dabiri [24], four diameter distances between turbines and rows only reduces the power
output by 5% compared with an isolated turbine. With the distance to the downstream turbines
equal to 8.5 of rotor diameter, the VAWT may generate at least the same power as an isolated turbine
when wind direction is from north or south. The multiples VAWT will have an installed capacity of 36
kW. The annual energy generation is around 48,476 kWh.

Wind
direction
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Fig. 4. Turbine spacing for 6 kW of VAWTs

Comparing the potential energy production between VAWTs and HAWTs shows that the VAWTSs
generate more energy by 14%. The reason is that VAWT has a lower distance requirement between
turbines and rows. Therefore, more units of VAWT can be used. Also, for wind turbine application on
the rooftop area of a high-rise building, where the space is very limited, the VAWT is more preferred
than HAWT.

Without considering the wake effect, the four turbines of HAWT may generate four times of
energy of an isolated HAWT from any direction, as previously discussed. However, for an actual wind
condition (Figure 5), the downstream turbine may have a wake effect because the wind speed after
the upstream turbines decreases. Consequently, the power output and energy generation of the
downstream turbine are lower. According to Bons [25], the wake region may go as far as a six-turbine
diameter at 20°degree behind each turbine. On the other hand, the rooftop area of the building is
very limited. It is not preferred to have a spacing of 6D to the downstream turbines unless a smaller
turbine size is used. As a result, the wake effect reduces the downstream turbine's power output
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from 20% to 46% compared to the power output of an isolated turbine [26]. The most considerable
losses are 46% at a distance of Sy/D = 3.

However, the power output of HAWT can be improved in several ways: operating upstream
turbine at the yawed position and optimizing the turbine layout. By yawning upstream turbine
position during operation, the wake effect on the downstream turbine is lesser. Therefore, the output
power can increase by 12% [26]. The following improvement is by changing the arrangement from
in-line to staggered configuration. Applying the staggered layout may improve the energy output and
power factor by 5.5% and 7.8%, respectively [27]. Another strategy is that staggering the turbines in
vertical may improve the power output by 15% [28].

By contrast, the distance between turbines of VAWT has a lower requirement. Because of the
lower distance requirement, the performance and power output of the VAWT can be improved in
two ways: shortening the distance between VAWT and clustering the VAWT. The distance inter-
turbine of VAWT can be shortened to 1.36D, improving power production by 10% [21]. For the
current VAWT layout (Figure 4), eight more turbines can be added to the layout with a spacing of
1.36D. Consequently, the power output at rated-power may increase from 36 kW to 84 kW.
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Fig. 5. Wind rose based on the frequency

Another improvement strategy can be achieved by clustering the VAWT. The clustering can be in
biomimetic, three turbines cluster, and four turbines cluster [29,30]. The interaction between VAWTSs
may result in a 10% improvement in power output [30]. Another benefit of clustering the VAWT is
that it can work well from any wind direction. Improving our current layout (Figure 4) into clustering
will increase the power output because at least six VAWTSs can be added to the layout.

Another factor that should be considered is the effect of the vibration of a wind turbine on the
building. The vibration of the wind turbine can cause fatigue to the building structure [31]. To
understand the effects, some researchers already studied the issues. First is the studying of the effect
of a wind turbine on the building that could cause tactile (feelable) vibration, the rattling of fixtures
and fittings, and damage to the building [32]. The case studies were performed on four different
buildings. The result showed that there was no evidence either from measurement and the tenants
on tactile vibration, the rattling of fixtures and fittings, and (potential) damage to the building.

Another study was performed on the rooftop of 24 story building [33]. The result showed that
building vibration contributed to the vibration of the VAWT tower, not the other way around.
Therefore, further study is worth investigating the effect of vibration of multiple turbines on the
building and exploring mitigation strategies to reduce the vibration of VAWT.
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To install the turbine, the VAWT should be disassembled into some parts. Therefore, it will be
easier to transport to the rooftop of the building either by using a cradle system or a good elevator.
The parts are then assembled on the rooftop.

4. Conclusions

The potential application of wind turbines on the rooftop of a high-rise building has been
investigated. The wind data was measured using an anemometer for seven months. The average
wind speed is 6.40 m/s, which is potential for further study. The annual energy production potential
for a single turbine is 10,432 kWh and 8,079 kWh for HAWT and VAWT, respectively. Based on energy
production, HAWT is more superior for single turbine operation than VAWT. The reason is that HAWT
has a better power curve that generates more power on wind speed range between 3.5 m/sand 12.5
m/s. This wind speed range contributes to 82% of wind occurrence.

However, when it comes to multiple turbine applications, VAWT is more superior to HAWT. VAWT
needs a lower spacing requirement than HAWT,; therefore, it can utilize more turbine units. The
HAWT can use four turbines with a total capacity of 22.4 kW and generate 41,729 kWh. On the other
hand, VAWT can employ eight turbines with a total capacity of 36 kW and generate 48,476 kWh. Also,
HAWT may suffer from a wake effect that leads to significantly lower power output.

Some improvement techniques to increase power and energy output has been identified from
the literature. For HAWT, the power output can be improved by yawning the turbine position to
reduce the wake effect on the downstream turbine and staggering the layout horizontally and
vertically. Improvement strategies have also been found for VAWT: shortening the spacing between
turbines and rows and clustering the VAWT layout. Either way may permit the use of additional
turbines, which consequently increase the power output of windfarm. Therefore, the application of
VAWT is more preferred than HAWT because the improvement can increase the power output
significantly.

Further studies are needed to identify the effect of wake effect on the power output of current
arrangement for HAWT and VAWT by varying wind direction according to Figure 5. Secondly, the
proposed improvement strategies for HAWT and VAWT should be further investigated to quantify
the effect of improvement on each turbine type's power output. The studies should be performed by
either CFD analysis or experimental studies using a wind tunnel.
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