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Abstract

This research examines the efficiency of small-scale vertical axis wind
turbines for energy generation on the Bitlis Eren University campus. Wind
data analysis was conducted using Weibull and Rayleigh distributions,

with the most suitable distribution identified through error analysis. Three
vertical axis wind turbine models from the same manufacturer, with rated

Corresponding Author capacities of 600W, 1000W, and 3000W, were assessed for energy
Yunus SAYAN production potential. Error analysis results indicated that the Weibull
ysayan@beu.edu.tr distribution provided the best fit for the wind data. Based on this

distribution, the annual mean wind speed was found to be 3.17 m/s, while
the average power density reached 45.25 W/m?. Analysis of the results
indicated that, among the evaluated models, the 1 kW turbine exhibited

ORCID of the Authors the most favorable capacity factor, suggesting a more efficient
F.O: 0000-0002-4114-0785 performance relative to its rated capacity under the given wind conditions.
L.E: 0000-0002-2247-2549 In contrast, the 3 kW turbine yielded the highest total annual energy
Y.S: 0000-0002-0871-6842 output, highlighting its potential for maximizing absolute energy

generation despite having a lower efficiency ratio. These results suggest
that small-scale VAWTs can be viable for rooftop installation in regions
with similar wind characteristics, offering a supplementary energy source
for institutional or residential use. The study provided insights that could
Received: 30.01.2025 inform local energy policy, particularly in promoting decentralized
Accepted: 18.07.2025 renewable energy systems and integrating wind energy solutions into
urban infrastructure.
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Bitlis Eren Universitesi Kampiisiinde Uygun Riizgar Hizi Dagihm Kullanilarak
Kiiciik Olcekli Dikey Eksenli Riizgar Tiirbinlerinin Performans Analizi

Oz

Bu caligma, Bitlis Eren Universitesi yerleskesinde enetji iiretimi amaciyla
kiiciik Olgekli diisey eksenli riizgar tiirbinlerinin  verimliligini
incelemektedir. Riizgar verilerinin analizi, Weibull ve Rayleigh
dagilimlar1 kullanilarak gergeklestirilmis ve hata analizi yoluyla en uygun
dagilim belirlenmistir. Ayni iireticiye ait, sirasityla 600 W, 1000 W ve 3000
W anma giiciine sahip ti¢ farkli diisey eksenli riizgar tiirbini modeli, enerji
iretim potansiyeli agisindan degerlendirilmistir. Hata analizi sonuglarina
gore, Weibull dagilimi riizgar verileri i¢in en iyi uyumu saglamistir. Bu
dagilima dayanarak, yillik ortalama riizgar hiz1 3.17 m/s, ortalama gii¢
yogunlugu ise 45.25 W/m? olarak belirlenmistir. Sonug¢larin analizi,
degerlendirilen tiirbin modelleri arasinda 1 kW’lik tiirbinin en uygun
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kapasite faktoriine sahip oldugunu ve bu durumun, mevcut rizgar
kosullarinda anma giiciine gore daha verimli bir performans sergiledigini
ortaya koymaktadir. Buna karsilik, 3 kW’lik tiirbin, daha diisiik bir
verimlilik oranina ragmen en yiiksek yillik toplam enerji iretimini
saglamis ve boylece mutlak enerji iiretimini maksimize etme potansiyelini
one ¢ikarmistir. Bu sonuglar, kiiciik o6lcekli diisey eksenli riizgar
tiirbinlerinin benzer riizgar karakteristiklerine sahip bolgelerde cat1 iistii
kurulumlar i¢in uygulanabilir oldugunu ve kurumsal ya da konut tipi
kullanimlar i¢in tamamlayict bir enerji kaynagi sunabilecegini
gostermektedir. Caligsma, yerel enerji politikalarmin sekillendirilmesine
katki saglayabilecek bulgular sunmakta; 6zellikle merkezi olmayan
yenilenebilir enerji sistemlerinin tesviki ve riizgar enerjisi ¢ozliimlerinin
This work is licensed under a kentsel altyapiya entegrasyonu konularinda yol gosterici niteliktedir.
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Introduction

Energy is essential for human survival and development but increasing demand and limited fossil fuel
reserves have led to a global energy crisis [1, 2]. The widespread use of fossil fuels contributes to
environmental problems such as climate change and ecological imbalance. As awareness of
sustainability and environmental protection grows, renewable energy is becoming a key solution for
meeting future energy needs [1, 3, 4]. Although renewable energy sources such as wind and solar energy
supplement conventional energy and play a growing role in some developed countries, they are not yet
dominant in the energy sector. In addition to electricity, they contribute significantly to heat production
without emitting greenhouse gases. This environmental benefit is a key driver behind the rising
investment in renewable energy [S]. Many countries are developing technologies to better utilize
renewable energy sources like wind, solar, geothermal, and biomass. Wind energy, in particular, is clean,
renewable, land-efficient, and environmentally friendly, making it a strong candidate to help meet global
energy demands [6]. Wind turbines harness the kinetic energy of wind and transform it into electricity.
In power generation, large-scale, three-bladed, horizontal-axis wind turbines are the most widely
utilized. However, the integration of small-scale wind turbines in areas unsuitable for larger systems can
enhance overall energy production efficiency [7, 8]. Small-scale wind turbines are becoming
increasingly widespread in individual homes, small businesses, and rural areas without access to the
electrical grid. Using these turbines on the roofs of buildings makes it possible to benefit from wind
energy in urban areas. Placing turbines on the rooftops of tall buildings can result in higher wind speeds,
enabling greater efficiency of the wind turbine [9, 10]. Small-scale wind turbines can be divided into
two types according to the rotation axis of the rotor: the horizontal axis and the vertical axis. The rotor
of vertical-axis wind turbines (VAWT) is oriented vertically. These turbines can offer greater advantages
in terms of operation and safety in urban applications compared to horizontal-axis turbines (HAWT)
[11]. Due to their versatility and ability to capture wind from all directions thanks to their vertical axes,
VAWTs are recommended for use in areas with high turbulence and frequently changing wind directions

compared to HAWTs [8, 12]. Additionally, because of advantages such as lower maintenance costs,
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reduced installation expenses, quieter operation, easier rooftop mounting, and better integration with the

environment compared to HAWTs, VAWTs are considered more suitable for urban applications [8, 9,
12]. However, Darrieus-type VAWTs also face significant limitations, most notably low aerodynamic
efficiency at suboptimal operating conditions and poor self-starting capability, particularly at low tip
speed ratios (TSRs) [13]. The poor self-starting behavior arises primarily from insufficient torque
generation during initial rotation, often requiring external assistance to reach operational speeds. This
challenge is especially critical in small-scale implementations, where system simplicity and energy
independence are prioritized. Additionally, fluctuating aecrodynamic forces during operation may induce
unsteady loads, leading to fatigue-related concerns and structural reliability issues [14]. To overcome
these drawbacks, several aerodynamic enhancement strategies have been proposed. Modifications to
blade geometry, pitch angle, and turbine solidity have been shown to improve lift forces and torque
generation, especially during the startup phase. Blade profiles such as J-shaped airfoils have
demonstrated the ability to increase torque output at low TSRs by combining lift and drag effects, though
they may compromise performance at higher speeds [15]. Among passive flow control approaches,
adaptive flaps have emerged as a promising solution. These flaps respond to varying flow conditions,
delay separation, and increase lift without requiring external energy input, thereby improving power
output and rotor acceleration during startup [13]. Another notable direction has been the development
of hybrid VAWTs that combine lift-based Darrieus rotors with drag-based Savonius components. These
systems leverage the high starting torque of Savonius blades and the superior high-speed efficiency of
Darrieus blades. However, hybrid designs may introduce increased structural complexity, vortex-
induced losses, and higher production costs [16]. Recent computational and experimental studies have
further highlighted the influence of key physical parameters—such as the number of blades and the
turbine’s moment of inertia—on the self-starting behavior. Dynamic simulations have proven essential
in accurately capturing transient startup behavior, helping to refine design parameters for improved
performance in real-world conditions [17]. Continued research into such integrated aerodynamic
solutions remains essential for advancing the practical viability of VAWTs in small-scale and urban
energy systems. This research identifies the most suitable wind speed distribution for the Bitlis Rahva
region by analyzing wind data using Weibull and Rayleigh distributions. Additionally, the energy
generation potential of three small-scale vertical axis wind turbines with varying rated capacities was
estimated. Wind measurements from the Bitlis meteorological station in the Rahva region served as the
basis for this analysis. To assess the accuracy of the Weibull and Rayleigh distributions, three distinct
error evaluation criteria were applied. The Bitlis Eren University campus was selected as the study area
due to its location within the city center and its comparatively favorable wind potential relative to other
regions. Additionally, given the limited availability of wind data for this area, the study provides an
important reference for future researchers. These factors enable a realistic evaluation of small-scale wind

energy systems’ performance and offer valuable insights into the utilization of renewable energy
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resources in the region. Thus, the study contributes meaningfully to both urban wind energy applications

and local energy policy development.
Material and Methods

The estimation of energy output from wind turbines relies on wind data recorded at the intended
production site. In this study, wind measurements were sourced from the Bitlis meteorological station,
situated at 38° 28' N latitude and 42° 9' E longitude, under the Turkish State Meteorological Service.
For this purpose, wind data measured at ten-minute intervals at a height of 10 meters between 2011 and
2012 was used. In the study, the building with block number R6, located among the Bitlis Eren
University staff residences in the Rahva campus at the Bitlis city center, was chosen as the application
area. The R6 building was selected due to the prevailing wind direction in the region, which
predominantly came from the southwest—a direction associated with the highest wind energy potential.
Additionally, considering structural obstructions in that direction, the R6 building was the farthest from
these barriers, offering a cleaner and less turbulent wind flow. These characteristics made R6 a
technically suitable location for evaluating rooftop wind energy potential within the study area. The
Bitlis meteorological station, where the wind data were obtained, is located within the Bitlis-Rahva

region selected as the application area. The satellite image of the study area is given in Figure 1.

Figure 1. Satellite imagery of the project location [18]

Before estimating the energy yield from a wind turbine, evaluating the wind potential of the area is
essential. This requires an initial statistical analysis of wind data. The mean wind speed (vy), standard

deviation (o), and wind power density (P,) were calculated using the following equations [19].
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In these formulas, v; refers to the recorded wind speed, p represents air density, and n denotes the total
count of wind speed measurements.Selecting the most suitable wind speed distribution function was
essential for accurately estimating the energy output of wind turbines. The Weibull and Rayleigh
distributions were widely utilized in scientific research to model wind speed variations [20-24]. The
probability density function of the Weibull distribution (f (v)), along with the equations for mean wind

speed, standard deviation, and wind power density, are presented below [25-27].
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In these formulas, k represents the shape parameter, ¢ denotes the scale parameter, and 7" refers to the
gamma function. When the shape parameter in the Weibull distribution is set to 2, it simplifies into the
Rayleigh distribution. Since the Rayleigh distribution relies on a single parameter, it offers less
flexibility than the Weibull distribution but is easier to compute. In this study, the maximum likelihood
method was used to estimate the parameters of the Weibull and Rayleigh probability density functions.
The obstacles arising from the topographic structure of the energy production site will affect the wind
speed. An increase in height will increase wind speed as it reduces the effect caused by terrain roughness.
To estimate the energy output of a wind turbine, wind speed values at the turbine’s hub height had to be
considered. In this study, it was assumed that the selected turbines would operate on the rooftop of the

designated building. Consequently, determining wind speeds at the hub height became necessary. These
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wind speeds were calculated using the power law equation provided below, which adjusts wind speeds

from the measurement height to the required height [28].

a
2= ®

In this equation, v denotes the wind speed measured at height h, and v; is the estimated wind speed at
height h,. The exponent a ranges from 0.05 to 0.5, influenced by the surface roughness of the
measurement location and atmospheric stability conditions [20]. Determining the wind speed
distribution function that best represents the wind data was crucial for accurately predicting the energy
obtained from wind turbines. This study assessed the accuracy of Weibull and Rayleigh distributions
using root mean square error (RMSE), chi-square (y?), and the coefficient of determination (R?). The

formulas for these evaluation metrics were provided below [26, 29].

n 0.5
RMSE = %Z(yi — xi)zl C))
i=1
_ N (i — x)?
X = Z e (10)

_ Y —2)% = X, (g — y)?
i —z)?

Here, the observed wind speed frequency is denoted as y; , while its average value is represented as z; .

RZ

(11)

The predicted frequency is given as xi , with n indicating the total number of observations and m referring
to the number of parameters in the distribution function. The power generated from the wind turbine Pr,
can be estimated using the power production curve of the wind turbine. The power production curve of
a wind turbine can be modeled by expressing the power value that can be obtained using a third-degree

equation as follows [30, 31].

0, v<v;

Py (v) = (a3 + ayv? + azv + a,) Py, v, < v < g (12)
Pg, Vg <V < 1
0, v > v,

In this case, ai, a2, as, as are regression coefficients. The turbine starts generating electricity at vi (cut-
in wind speed), reaches its nominal output at vg (rated wind speed), and stops producing power at vo
(cut-out wind speed). The parameter Pr represents the turbine’s rated power capacity [30]. The potential

energy output of a wind turbine was calculated using the equation provided below.

E, =T J "Pr(v) F(v) dv (13)

V1
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Here T stands for time.
The capacity factor (Cg) indicates the performance of a wind turbine in terms of energy generation. It
was calculated as the proportion of actual energy output to the maximum possible energy at rated power.
The formula for computing the capacity factor is provided below [30].
Er

Cr =
F=rp,

(14)

In this study, the energy production value was estimated using three types of vertical axis wind turbines

of Aeolos company with different rated powers (Figure 2).

Figure 2. Aeolos wind turbine with a vertical-axis design [32]

Table 1 presents the technical specifications of the selected wind turbines, while Figure 3 illustrates their
power generation curves. The power curves of the turbines used in the study were obtained from the
manufacturer. Energy production calculations were carried out based on these power curves, while also
considering the elevation of the study area along with ambient temperature and pressure values. These
meteorological parameters were obtained from the nearest official weather station, and the resulting air
density was adjusted specifically for the study location. This approach helped ensure that energy

production estimates better reflected real operating conditions.
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Table 1. Specifications of the turbines [32-34]

Manufacturer & Model

Specifications with their unit Aeolos-V Aeolos-V Aeolos-V

0.6kW 1kW 3kW
Rated power (Pr: W) 600 1000 3000
Maximum output power (W) 800 1500 3800
Rotor diameter (m) 1.6 2.0 2.8
Output voltage (Volt=V) 24 48/110 120/220
Hub height (m) 2.0 2.8 3.6
Start-up wind speed (m/s) 1.5 1.5 1.5
Cut in wind speed (v;: m/s) 2.5 2.5 2.5
Rated wind speed (vz: m/s) 10 10 11
Survival wind speed (m/s) 50 50 52.5
Swept area (m? 2.01 3.14 6.16
Number of blades 3 3 3
Turbine weight (kg) 18 28 106
Generator efficiency (%) 96 96 96
Noise level (dB(A)) <45 <45 <45
Temperature range (°C) -20 to +50 -20 to +50 -20 to +50
Design lifetime (Years) 20 20 20
Generator Each generator equipped with three-phase permanent

magnets

4000 [

3000

Power (W)
[ )
]
(=]

1000

—o—\ 0.6kW V 1kw -B-V 3kw

12 16 20
Wind speed (m/s)

Figure 3. Power curves of wind turbines [32-34]

Results and Discussion

Figure 4 illustrates the probability density function for wind speeds based on Weibull, Rayleigh, and

observed results. In addition, Table 2 provides the results obtained from Weibull and Rayleigh

distributions alongside the observed data. According to observations, the yearly mean wind speed and

power density are 3.16 m/s and 50.07 W/m?, respectively. As per the Weibull model, the calculated

annual average wind speed was 3.17 m/s, with a power density of 45.25 W/m?. The shape parameter (k)
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was 1.48, while the scale parameter (c) was 3.5 m/s. The Weibull model's results closely aligned with

the observed data.
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Figure 4. Frequency distribution

Table 2. Statistical results of wind data (for annual average)
v (M/S) k ¢ (m/s) c P,, (W/m?)

Observed 3.16 - - 2.2448 50.07
Weibull distribution 3.17 1.48 3.50 2.1789 45.25
Rayleigh distribution 3.14 2 3.54 1.6386 30.21

Error analysis results were given in Table 3. The highest R?, lowest RMSE, and y? values were found in
the Weibull distribution. Findings indicate that the Weibull distribution offered the closest fit to the

observed wind data.

Table 3. Error analysis results
R’ RMSE Ve

Weibull distribution 0.976944 0.011401 0.000130
Rayleigh distribution 0.893379 0.024517 0.000601

Figure 5 illustrates the sectoral frequency variation of wind speed. The highest frequency, reaching
27.5%, occurred in the South-Southwest direction. Thus, it was identified as the dominant wind direction

in the region.
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Figure 5. Sectoral frequency variation of wind speed

The wind speed distribution was analyzed at the designated turbine hub height. At this height, the annual
mean wind speed was recorded as 4.13 m/s, while the average power density reached 87.44 W/m?. Due
to the high elevation of the study area, the air density was reduced, which led to a relatively low power
density value. Table 4 presents the results of the wind power plant assessment for the turbines. The
highest annual energy output, measured at 2849 kWh, was generated by a 3 kW-rated wind turbine. In
the evaluation of turbines according to their capacity factors, the largest capacity factor was 17% for the
turbine with a rated power of 1 kW. The highest rated nominal power operating hours were observed in
the 0.3 and 1 kW turbines. One notable observation in the results was the apparent contradiction between
the total annual energy output and the capacity factor of the 3-kW wind turbine. Although this turbine
produced the highest total energy among the evaluated models, it had the lowest capacity factor. As
detailed in Table 4, this outcome stemmed from the relatively short duration the 3-kW turbine operated

at or near its rated power under the local wind conditions.

Table 4. Analysis results

0.6 kW 1 kW 3 kW
Operational time (hours/year) 6462 6462 6462
Operational time at rated power (hours/year) 405 405 273
Capacity factor (%) 15.54 17.16 12.38
Power energy output (kWh/year) 714.983 1316.275 2848.546
Energy production per unit kW (kWh/kW) 1191.638 1316.275 949.515

349



Oral et al. Sinop Uni J Nat Sci 10(2): 340-353 (2025)
E-1SSN:2564-7873

Conclusions

This research examined the energy generation efficiency of small-scale vertical axis wind turbines. To
model wind speed distribution, both Weibull and Rayleigh distributions were used. Following error
analysis, the most suitable wind speed distribution was determined, and the energy output of the selected
turbines was calculated. Error analysis results indicated that the Weibull method provided the most
accurate wind speed distribution. Based on this distribution, the annual mean wind speed was determined
to be 3.17 m/s, with k and c parameters calculated as 1.48 and 3.50 m/s, respectively. The average wind
power density was 45.25 W/m?. Additionally, the dominant wind direction was the South-Southwest
(SSW), with a frequency of 27.5%. The highest energy production per unit kW was achieved by the 1
kW nominal power wind turbine, 1316 kWh. The largest capacity factor was obtained from the wind
turbine with 1 kW nominal power. The annual energy production operation period of this turbine was
determined to be approximately 6462 hours.

As a result:

e For the study region where the annual energy production periods of the turbines were high, it
was recommended to use small-scale wind turbines for energy production purposes in individual
residences or small businesses.

e In selecting small-scale vertical axis wind turbines for the region, it was considered more
efficient to select turbines with low rated wind speed characteristics that could start energy

production at low speeds.
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