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Abstract
This study presents a user-friendly and quick estimate for the expected power output and costs associated with micro-scale
wind turbine generation, aimed at simplifying and facilitating the engagement of non-specialists with the technical
complexities of wind turbine technologies and terminologies. The analysis encompasses several critical parameters of small-
scale wind turbines, including rotor diameter, cut-in velocity, and rated power, assessed against varying wind velocities at
the prospective installation sites. To utilize this estimate, users need only to determine two key factors: the required power
output in kilowatts (kW) and the annual mean wind velocity at the intended installation height. This is applicable to both
roof-mounted and tower-mounted micro-scale wind turbines. By identifying these two factors, users can easily select the
appropriate wind turbine(s) to meet their energy needs, including determining the necessary power capacity and the number
of turbines required. The estimate also provides a general cost guide, including related costs and considerations for turbine
cut-in velocity and rotor diameter, which indicates the space required for installation. The estimation method is grounded in
the Weibull statistical model, which offers three scenarios of power generation: optimistic, most likely, and pessimistic.
This range of scenarios ensures that users have a comprehensive understanding of potential outcomes based on varying
wind conditions. This practical and accessible estimate is designed to serve as a valuable resource for non-specialists
involved in residential, educational, and small commercial applications. By demystifying the technical aspects of micro-
scale wind turbine generation, the study aims to empower a broader audience to make informed decisions about renewable
energy solutions. The detailed examination of rotor diameter, cut-in velocity, and rated power against different wind
velocities provides a thorough foundation for understanding the capabilities and limitations of small-scale wind turbines.
Moreover, the emphasis on user-friendly guidance ensures that even those without specialized technical knowledge can
navigate the complexities of selecting and installing micro-scale wind turbines. The scenarios provided by the Weibull
method allow users to anticipate different levels of power generation, helping them to prepare for a range of possible
outcomes and to plan accordingly. The study's approach balances technical rigor with accessibility, making it an invaluable
tool for expanding the adoption of wind energy in various settings. Ultimately, this estimate serves as a bridge between
sophisticated technical knowledge and practical application, offering a simplified yet comprehensive guide to micro-scale
wind turbine generation. By focusing on the essential parameters and providing clear, scenario-based estimates, the study
facilitates the integration of renewable energy solutions in everyday contexts, promoting sustainable energy practices among
a diverse audience.
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1. INTRODUCTION

Rapid worldwide population growth results in a continuous and rapid increase in energy demand. To maintain a high living
standard in industrialized countries and improve living standards in developing countries, energy consumption is inevitable.
In this context, renewable energy resources are booming as a sustainable clean energy alternative. Renewable energy
sources such as solar, wind, bioenergy, geothermal, hydropower, and ocean energy (wave, tidal, and thermal) are
particularly versatile, especially when used in combination. The shift towards renewable energy is driven by the need to
address environmental concerns associated with traditional fossil fuels, such as coal, oil, and natural gas. These
conventional energy sources contribute significantly to greenhouse gas emissions and air pollution, leading to climate
change and health problems. Renewable energy, on the other hand, offers a cleaner, more sustainable option that can help
mitigate these issues. Solar energy harnesses sunlight to generate electricity and heat. It is one of the most abundant and
widely used renewable resources. Advances in solar panel technology have made it more efficient and affordable, allowing
for widespread adoption in both residential and commercial applications.

Wind energy converts the kinetic energy of wind into mechanical power or electricity using wind turbines. It is a rapidly
growing source of energy due to its low operational costs and minimal environmental impact. Wind farms can be installed
onshore or offshore, providing flexibility in deployment. Bioenergy is derived from organic materials, such as plant and
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animal waste. It can be used for heating, electricity generation, and as a biofuel for transportation. Bioenergy helps reduce
waste and lower greenhouse gas emissions by converting organic waste into useful energy. Geothermal energy taps into the
Earth's internal heat to generate electricity and provide direct heating. It is a reliable and consistent energy source, with
geothermal power plants operating around the clock regardless of weather conditions. Hydropower uses the energy of
flowing water to generate electricity. It is one of the oldest and most widely used renewable energy sources. Hydropower
plants can range from large-scale dams to small, localized installations, making it a versatile option.

Ocean energy includes wave, tidal, and thermal energy. Wave energy captures the energy of surface waves, while tidal
energy exploits the gravitational pull of the moon and sun to generate power. Ocean thermal energy conversion (OTEC)
uses temperature differences between surface water and deep water to produce electricity. These technologies are still in the
developmental stage but hold great potential for future energy production. Combining these renewable energy sources can
create a more resilient and reliable energy system. For example, solar and wind energy can complement each other, with
solar power peaking during the day and wind power often stronger at night. Integrating bioenergy, geothermal, and
hydropower can provide a stable energy supply, even when solar and wind resources are variable. Fortunately, wind is an
inexhaustible renewable energy source that can provide significant amounts of energy to support the continuous and
growing energy demand. Wind velocity is a crucial factor in determining wind potential. Wind velocity is strongly
dependent on specific site topography and characteristics (Sahin and Aksakal, 1998), such as altitude, latitude, climate, etc.
The effectiveness of wind energy production is heavily influenced by the location of wind turbines. Areas with higher
altitudes often experience stronger and more consistent winds, making them ideal for wind farms. Similarly, coastal regions
and open plains typically have higher wind speeds due to the lack of obstructions and the influence of temperature gradients
between land and sea or different land surfaces. The topography of a site plays a significant role in wind patterns. Hills and
mountains can create wind corridors that channel and amplify wind speeds, whereas valleys may experience reduced wind
flow. Understanding these geographical factors is essential for optimizing the placement of wind turbines to maximize
energy capture.

Latitude also affects wind energy potential. Regions closer to the poles generally have stronger winds compared to those
near the equator. This is due to the larger temperature differences and the Coriolis effect, which influences wind patterns on
a global scale. Climate is another determinant of wind potential. Seasonal variations, weather patterns, and local
microclimates can all impact wind velocity. For example, monsoon winds, trade winds, and other regional wind systems can
provide predictable and sustained wind flows that are beneficial for energy production. Accurate assessment of wind
potential requires detailed wind resource assessment studies, which involve collecting and analyzing wind speed and
direction data over an extended period. This data helps in creating wind maps and models that predict the wind energy
potential of different regions. Investments in technology and infrastructure are also critical for harnessing wind energy
effectively. Advances in turbine design, materials, and energy storage solutions have made wind energy more efficient and
cost-effective. Taller turbines with larger blades can capture more energy from higher altitudes where wind speeds are
greater and more consistent.

Wind energy offers numerous environmental and economic benefits. It produces no greenhouse gas emissions during
operation, reducing the carbon footprint compared to fossil fuel-based power generation. Additionally, wind energy projects
can create jobs, stimulate local economies, and reduce dependence on imported fuels. Today, the trend of utilizing wind
energy technology is booming and developing very rapidly. Given that wind power is a natural, localized, inexhaustible,
clean, and sustainable resource, it is vitally important to conduct specific technical and economic feasibility research to
determine whether the level of wind potential at a certain location can fully meet or partially provide the energy demand for
such locations (Kose, 2004). If it is a partial provision, then it is crucial to understand how much energy can be reliably
supplied with a high level of probability. Technical feasibility studies typically involve the assessment of wind speed and
direction data, which is collected over a significant period. This data is used to create wind resource maps and models that
predict the energy production potential of the site. Factors such as turbulence, wind shear, and seasonal variations are
analyzed to optimize the placement and design of wind turbines. Advanced computational tools and simulations are
employed to ensure that the turbines are positioned where they can capture the maximum possible wind energy.

Economic feasibility studies, on the other hand, consider the costs associated with wind energy projects, including the initial
capital investment, operation and maintenance costs, and the potential revenue from selling the generated electricity. These
studies also take into account the availability of incentives, subsidies, and financial support from governments and
international organizations, which can significantly impact the economic viability of wind energy projects. Moreover,
integration with the existing energy grid is another crucial aspect of feasibility research. The intermittency of wind energy
necessitates the development of efficient storage solutions or complementary energy sources to ensure a stable and reliable
power supply. Hybrid systems that combine wind energy with other renewable sources, such as solar or hydroelectric
power, can enhance energy reliability and reduce dependence on fossil fuels. Assessing the environmental impact is also a
critical component of feasibility studies. Wind energy projects must consider potential effects on wildlife, such as birds and
bats, as well as noise and visual impacts on local communities. Engaging with stakeholders and conducting environmental
impact assessments help in mitigating these effects and ensuring that wind energy projects are socially and environmentally
sustainable.
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2. LITERATURE REVIEW

Advancements in renewable energy have significantly shifted the focus towards sustainable and environmentally friendly
power sources. Among these, wind energy stands out due to its inexhaustible nature and the potential to meet rising energy
demands. Research on stand-alone renewable generation scenarios is burgeoning, particularly in the realm of micro-scale
wind turbines for residential use. These turbines, ranging from 0.5 kW to 10 kW, can either fully or partially satisfy the
electricity needs of domestic households, contingent on the availability and adequacy of wind and solar resources (Maklad,
2014). However, the adoption of micro-scale wind turbines faces challenges. The relatively sophisticated nature of wind
turbine technology, combined with the general public's unfamiliarity with these systems, creates a barrier to widespread
acceptance. Non-specialists, particularly households, often find it daunting to evaluate the feasibility and benefits of such
renewable energy options (Maklad, 2014). One critical aspect of assessing wind energy potential is understanding wind
velocity distribution. This factor is crucial not only for the structural and environmental design of wind turbines but also for
evaluating their energy conversion efficiency and overall performance. Wind velocity is influenced by several site-specific
characteristics such as altitude, latitude, and climate, making it imperative to conduct thorough technical and economic
feasibility studies before implementing wind energy solutions (Kose, 2004).

There are several continuous mathematical functions, or probability density functions, that can be used to model the wind
velocity frequency curve by fitting time-series measured data. In wind power studies, the Weibull and Rayleigh probability
density functions are commonly used and widely adopted (Gokgek et al., 2007). The Weibull distribution, in particular, is
effective in picturing the wind energy potential of an area, with its parameters providing insights into the wind
characteristics specific to that region (Abernethy, 2002; Weibull, 1939, 1951). The Weibull distribution is characterized by
its scale and shape parameters, which can be derived from historical wind speed data. These parameters help in estimating
the frequency and intensity of wind speeds, which are crucial for designing and optimizing wind energy systems. The
Rayleigh distribution, a special case of the Weibull distribution with a shape parameter of two, is also frequently used in
wind power studies due to its simplicity and effectiveness in representing wind speed data in many locations. The aim of
this study is to provide a user-friendly quick estimate of power and cost for micro-scale wind turbines targeted at non-
specialists. By simplifying the technical details and presenting the information in an accessible manner, this study seeks to
open the gate for the general public to gain a comprehensive understanding of the potential of wind turbines. This approach
is intended to facilitate the initial selection process for households and small businesses, making it easier for them to
consider and potentially adopt wind energy solutions. By providing clear and straightforward estimates, the study aims to
demystify wind energy technology and promote its adoption as a viable and sustainable energy option.

Wind velocity distribution is a critical wind characteristic, not only for structural and environmental design and analysis but
also for assessing wind energy potential and the performance of wind energy conversion systems. Various continuous
statistical functions, known as probability density functions, are used to model the wind velocity frequency curve by fitting
time-series measured data. Generally, in wind power research studies, the Weibull probability density function is commonly
used and widely adopted (Gokgek et al., 2007). The Weibull probability density function is particularly effective in
representing wind speed distributions. It allows researchers and engineers to estimate the frequency of different wind
speeds, which is essential for evaluating the feasibility and efficiency of wind energy projects. By fitting historical wind
speed data to the Weibull distribution, key parameters can be derived to characterize the wind resource at a specific
location. This characterization helps in predicting the energy output of wind turbines and optimizing their design and
placement.

3. RESULTS AND DISCUSSION

The table 1 categorizes wind turbine power generation scenarios based on rotor diameter and annual mean wind velocity,
offering insights into potential outputs under various conditions. It outlines optimistic, most likely, and pessimistic scenarios
for power generation in watts, illustrating the range of expected outcomes across different operational parameters. Each
scenario represents a distinct combination of rotor diameter and wind velocity, influencing the turbine's efficiency and
resulting power generation capacity. These categories help in understanding the variability and potential output fluctuations
that developers and planners must consider when assessing wind energy projects. For instance, the optimistic scenario
depicts the highest potential power output under ideal conditions, indicating peak performance expectations. In contrast, the
most likely scenario provides a realistic estimate of power generation based on typical operational conditions, reflecting
practical expectations. Conversely, the pessimistic scenario indicates the lowest anticipated power output, accounting for
less favorable conditions such as lower wind speeds or less efficient turbine performance. This scenario highlights potential
challenges or limitations that could affect energy yield. Such categorization is essential for stakeholders in the wind energy
sector, including engineers, developers, and policymakers, as it informs decision-making regarding turbine selection, site
suitability, and overall project feasibility. By understanding these scenarios, stakeholders can better plan and optimize wind
energy projects to maximize energy production and economic viability over varying environmental conditions.

The table 2 presents scenarios for power generation by wind turbines with a cut-in velocity of 2.5 m/s, categorized by rotor
diameter and annual mean wind velocity. It outlines optimistic, most likely, and pessimistic power outputs in watts, offering

-67 -



Vol. 3(2), 65-71

a comprehensive view of potential energy production under varying conditions. For each rotor diameter category and wind
velocity scenario, the optimistic power represents the highest expected output, assuming ideal operational conditions. This
figure serves as an aspirational benchmark for turbine performance. The most likely power output provides a realistic
estimation based on typical operational parameters, reflecting the anticipated average energy production over the given
conditions of rotor diameter and wind speed. In contrast, the pessimistic power output indicates the lowest anticipated
energy generation, accounting for less favorable conditions that could impact turbine efficiency, such as lower wind speeds
or reduced operational efficiency. These scenarios are crucial for stakeholders in the wind energy sector, aiding in decision-
making related to turbine selection, site assessment, and project feasibility. By understanding these potential outputs,
stakeholders can better plan and optimize wind energy projects to maximize energy yield and economic viability across
diverse environmental conditions.

Table 1: Cut-In Velocity (2m/s) Wind Turbines’ Power Generated Scenarios in Watts

Rotor Diameter Annual Mean Optimistic power Most Likely Pessimistic Power
in meters Velocity (m/s) in Watts Power in Watts in Watts
2.5 175 44 33
3 269 78 59
4 478 185 140
5 677 358 272
6 846 598 468
1-1.5 7 981 885 739
8 1083 1189 1078
9 1159 1480 1455
10 1213 1737 1830
11 1250 1946 2173
12 1273 2102 2467
2.5 701 177 132
3 1078 310 234
4 478 185 140
5 677 358 272
6 3384 2392 1874
2-2.5 7 3922 3541 2956
8 4313 4755 4313
9 4636 5919 5819
10 4852 6946 7319
11 4998 7783 8692
12 5091 8408 9867
2.5 1576 397 297
3 2425 698 527
4 4300 1661 1258
5 6091 3219 2448
6 7614 5382 4216
3 7 8825 7968 6652
8 9750 10700 9703
9 10431 13319 13093
10 10917 15629 16467
11 11247 17511 19557
12 11455 18917 22201

Table 3 provides detailed scenarios of power generation for wind turbines with a cut-in velocity of 3 m/s, categorized by
rotor diameter and annual mean wind velocity. It offers insights into the expected power output in watts under optimistic,
most likely, and pessimistic conditions across different operational scenarios. For turbines with rotor diameters between 1 to
1.5 meters, at an annual mean wind velocity of 3.5 m/s, the optimistic power generation ranges from 369 watts to 1271
watts, with corresponding most likely outputs varying between 118 watts to 2101 watts. Pessimistic scenarios indicate
power outputs ranging from 87 watts to 2467 watts, reflecting the variability in wind conditions and turbine efficiency
across different diameters. In the 2 to 2.5 meter rotor diameter category, under similar wind conditions, optimistic power
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generation spans from 1477 watts to 5085 watts, while most likely outputs range from 473 watts to 8405 watts. Pessimistic
estimates vary between 350 watts and 9866 watts, highlighting the potential variability in energy production depending on
wind speed and turbine specifications. For larger rotor diameters of 3 meters, the optimistic power generation ranges from
3322 watts to 11441 watts, with most likely outputs varying between 1064 watts to 18911 watts. Pessimistic scenarios
predict power outputs ranging from 786 watts to 22200 watts, illustrating the broad spectrum of potential energy generation
across different operational conditions and rotor sizes. These detailed scenarios are crucial for stakeholders in the wind
energy sector, providing valuable insights into expected energy yields and helping to optimize turbine selection, site
assessment, and operational planning to maximize efficiency and economic viability in wind energy projects.

Table 2: Cut-In Velocity (2.5m/s) Wind Turbines’ Power Generated Scenarios in Watts

Rotor Diameter Annual Mean Optimistic power Most Likely Pessimistic Power
in meters Velocity (m/s) in Watts Power in Watts in Watts
3 268 75 56
4 477 183 138
5 676 357 271
6 845 597 468
1-15 7 980 885 739
8 1083 1188 1078
9 1158 1479 1455
10 1212 1736 1830
11 1249 1945 2173
12 1272 2102 2467
3 1072 301 224
4 1906 732 554
5 2703 1426 1085
6 3380 2389 1872
925 7 3919 3539 2955
8 4330 4753 4312
9 4633 5918 5819
10 4849 6495 7318
11 4996 7782 8692
12 5089 8407 9867
3 2412 677 503
4 4289 1647 1245
5 6082 3209 2442
6 7605 5374 4212
3 7 8818 7962 6649
8 9743 10695 9702
9 10425 13315 13092
10 10911 15627 16466
11 11241 17509 19556
12 11450 18915 22201

Table 4 summarizes the cost estimates for micro-scale wind turbines categorized by rotor diameter range and their
corresponding rated power outputs. This table provides insights into the pricing structure for different turbine specifications
aimed at micro-scale applications. For turbines with rotor diameters ranging from 1 to 1.5 meters, capable of producing
between 200 to 400 watts of rated power, the estimated price is $650.00 USD. This range is suitable for smaller-scale
applications or locations with lower wind speeds where modest power generation is sufficient. In the 2 to 2.5 meter rotor
diameter category, turbines capable of generating between 500 to 800 watts of rated power are priced at $1,500.00 USD.
These turbines are designed for moderate power output needs and are suitable for a broader range of applications compared
to smaller diameter turbines. For turbines with a rotor diameter of 3 meters, which can produce between 1000 to 1500 watts
of rated power, the estimated price is $2,300.00 USD. These turbines are positioned for higher power generation
requirements, making them suitable for applications requiring more substantial energy outputs. These cost estimates provide
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valuable information for stakeholders considering micro-scale wind energy solutions, helping them assess investment
options, operational costs, and potential returns based on turbine specifications and expected power outputs.

Table 3: Cut-In Velocity (3m/s) Wind Turbines’ Power Generated Scenarios in Watts

Rotor Diameter Annual Mean Optimistic power Most Likely Pessimistic Power
in meters Velocity (m/s) in Watts Power in Watts in Watts
3.5 369 118 87
4 475 180 135
5 674 354 269
6 843 595 467
1-15 7 978 883 738
8 1081 1187 1077
9 1157 1479 1454
10 1211 1736 1829
11 1248 1945 2173
12 1271 2101 2467
35 1477 473 350
4 1898 720 541
5 2696 1417 1078
6 3374 2382 1868
225 7 3913 3534 2952
8 4325 4749 4310
9 4628 5915 5817
10 4845 6942 7317
11 4992 7780 8691
12 5085 8405 9866
35 3322 1064 786
4 4271 1620 1216
5 6066 3189 2425
6 7591 5359 4202
3 7 8804 7591 6643
8 9731 10686 9697
9 10414 13308 13089
10 10901 15620 16464
11 11232 17504 19555
12 11441 18911 22200
Table 4: Cost Estimate of Micro-scale Wind Turbines based on Rotor Diameter Range and Rated Power
Rotor Diameter (meters) Turbine Rated Power (Watts) Turbine Price (USD)
1-1.5 200-400 $650.00
2-2.5 500-800 $1,500.00
3 1000-1500 $2,300.00

4. CONCLUSIONS

Micro-scale renewable energy generation is a vital option for supplying energy to domestic, educational, and small
commercial applications, whether in urban or remote areas. Wind energy, as an inexhaustible and environmentally friendly
source, plays a crucial role in this context. Despite the relative sophistication of wind turbines, both at the mega and micro-
scale levels, this study focuses on micro-scale turbines. The importance of micro-scale renewable energy generation lies in
its ability to provide a sustainable and independent energy supply. For domestic and small-scale applications, micro-scale
wind turbines offer a practical solution to meet energy needs while reducing reliance on conventional power sources. These
turbines can be particularly beneficial in remote areas where access to the main power grid is limited or non-existent. The
relative sophistication of wind turbines means that their design and operation require careful consideration. Micro-scale
wind turbines, while smaller and less complex than their mega-scale counterparts, still involve intricate technology and
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engineering.

This study aims to provide a comprehensive analysis of micro-scale turbines, addressing their potential for energy
generation, the factors influencing their efficiency, and their overall feasibility for small-scale applications. Due to the
sophistication of wind turbine terminologies and technologies, there is a significant knowledge gap among non-specialists,
which often leads to a reluctance to explore this renewable energy option. This study specifically targets non-specialists and
micro-scale wind turbines. By utilizing the Weibull statistical method, the study provides a quick and simplified estimate of
power and cost in a tabulated form. This estimate is designed to assist non-specialists in preparing a quick technical and
commercial assessment of micro-scale wind turbines as a viable option to reduce their energy costs. The Weibull statistical
method is widely adopted in wind power studies due to its effectiveness in modeling wind velocity frequency curves. By
applying this method, the study aims to present an accessible and user-friendly approach for estimating the potential power
output and associated costs of micro-scale wind turbines. The tabulated estimates serve as a practical tool for non-
specialists, allowing them to make informed decisions about investing in wind energy without needing extensive technical
knowledge.

To estimate the power output and cost of micro-scale wind turbines, users need to provide two key inputs: the annual mean
wind velocity at the installation height of the turbine and the power load demand they wish to meet. These parameters are
crucial as they directly influence the feasibility and efficiency of wind energy conversion at a specific location. The annual
mean wind velocity can be determined using local meteorological data or measurements taken at the proposed installation
site. This measurement indicates the average speed of the wind over a year, which is essential because higher wind speeds
generally result in greater energy production by the turbine. The power load demand refers to the amount of electricity
required to meet the user's needs, which could vary depending on factors like household consumption, business operations,
or specific project requirements. Once these inputs are provided, a simplified estimation tool, often based on the Weibull
statistical method, can be utilized. This tool calculates and presents various options of micro-scale wind turbines that match
the specified wind conditions and power demand. These options typically include details such as turbine costs, sizes, and
rated powers. Users can then evaluate and select the turbine model that best suits their preferences and operational needs,
thereby optimizing their choice based on technical feasibility and economic considerations.

This approach aims to empower non-specialists, such as homeowners, small businesses, or educational institutions, to
explore renewable energy solutions effectively. By providing a user-friendly method to estimate both the power output
potential and financial implications of micro-scale wind turbines, this tool facilitates informed decision-making in adopting
sustainable energy alternatives. It bridges the gap between technical complexity and practical application, making
renewable energy more accessible and actionable for a broader range of users. The estimation tool provides users with three
scenarios to choose from based on the inputs provided: optimistic, most likely, and pessimistic (worst-case). Selecting the
scenario depends on the user's confidence in the accuracy of their inputs. Opting for the most likely scenario is
recommended when the user is confident in the validity of their data. However, if there is uncertainty or conservatism is
preferred, the pessimistic scenario can be chosen. It's important to note that the estimate focuses on providing a quick
assessment of power output and cost relative to the specified power load demand. It does not include additional costs such
as installation, inverters, controllers, wiring, and other ancillary equipment necessary for a complete micro-scale wind
turbine system. Users should be mindful of these additional costs when planning their total budget for implementing a wind
energy solution. By clarifying these points, users can make informed decisions regarding the feasibility and financial
implications of integrating micro-scale wind turbines into their energy strategy. This approach helps ensure transparency
and accuracy in estimating the potential benefits and costs associated with renewable energy adoption.
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