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ABSTRACT

Wind energy provides a sustainable solution to the ever-increasing demand for energy. Micro-wind turbines
offer a promising solution for low-wind speed, decentralized power generation in urban and remote areas.
Earlier researchers have explored the design, development, and performance analysis of a micro-wind turbine
system tailored for small-scale renewable energy generation. Researchers have investigated various aspects such
as aerodynamic considerations, structural integrity, efficiency optimization to ensure reliable and cost-effective
operation, blade design, generator selection, and control strategies to enhance the overall performance of the
system. The objective of this paper is to provide a comprehensive design and performance review of horizontal and
vertical micro-wind turbines. The study begins with an overview of the current landscape of wind energy across the
globe and India in particular, highlighting key challenges and opportunities. Numerical and experimental studies
were used to validate the designs. Horizontal Axis Wind Turbines (HAWTs) with ducts or shrouds are suitable
for microscale and low-speed applications. Researchers investigated the position and location of the turbines to
enhance their performance in urban settings. Airflow and airfoil noise produce aerodynamic noise, which is the
most significant disadvantage of wind turbines. The findings provide valuable insights for stakeholders interested
in advancing micro-wind turbine technology. The highlighted research opportunities may be pursued further to
improve the efficiency, reliability, and overall performance of micro-wind turbines.
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1 Introduction

Wind energy, along with other renewable energy sources, plays a significant role in contributing

to global sustainability goals. Its continuous expansion is imperative for fostering a sustainable and

prosperous future worldwide. Wind energy plays a critical role in the global transition to renewable

sources, reducing reliance on fossil fuels.

Mitigating climate change is a key function of wind energy, as it decreases carbon dioxide and

other greenhouse gas emissions associated with electricity generation, assisting nations in meeting

their emissions reduction targets. Wind power diversifies the energy mix, enhances energy security

by utilizing indigenous wind resources, and boosts resilience to supply disruptions and geopolitical

tensions. The growth of wind energy signifies a broader shift towards a more sustainable and resilient
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energy system, showcasing the feasibility and scalability of renewable technologies and inspiring global

transition efforts.

Wind, an inexhaustible resource, is harnessed by wind turbines to generate electricity without

burning fuel or polluting the air [1,2]. Renewable energy accounted for 13% of India’s electricity

production and 25% of total installed capacity byMarch 2022, with a target of 40% by 2030 under the

Paris Agreement [3]. There are many types of horizontal axis wind turbines, but only a few are really

made to work well on small scales. This has made people more interested in designing and improving

micro wind turbines, especially for areas with low wind speeds or in cities [4]. This study aims to

review previous works in the wind energy sector and develop micro wind turbines suitable for such

environments.

1.1 Global Energy Distribution Scenario

Demand for energy is growing across many countries in the world. In the case of wind energy, the

use of renewable energy technologies is growing because of things like rising population and changing

energy needs. Wealth may play a part, but it’s more important to look at bigger picture factors like

energy demand, technological progress, and policy frameworks that encourage the use of wind energy.

The global wind energy industry has witnessed remarkable growth over the years. In 2022, it was the

third-best year ever for new wind energy capacity, with 78 GW added globally. The total installed

global capacity reached 906 GW, representing a 9% year-on-year growth. In 2023, it is projected to be

the very first to exceed 100 GW of new capacity added globally, with a forecasted year-on-year growth

of 15%. 680 GW of new capacity is expected in the next five years (2023–2027), averaging 136 GW

per year. However, trends documented in the Global Wind Report 2022 from the Global Wind Energy

Council (GWEC) indicate that growth must quadruple by the end of the decade if the world is to stay

on course for a 1.5°C pathway and net zero by 2050 [5].

From 1800 to 2022, there has been a significant and rapid growth in global energy consumption.

Initially, traditional biomass was the primary source of energy until the early 20th century. The

Industrial Revolution heralded the ascendancy of coal as a primary energy source, which was

subsequently succeeded by the prominence of oil and natural gas in the mid-20th century [2]. Over

the past few decades, there has been a substantial increase in the use of renewable energy sources such

as wind, solar, and contemporary biofuels. Additionally, nuclear power has consistently played a role

in the global energy mix, indicating a broader range of energy options.

1.2 Energy Distribution Scenario of India

Energy demand and consumption in India have experienced significant growth over the past

few decades due to factors such as population growth, urbanization, industrialization, and economic

development. The country’s energy sector is characterized by a diversemix of energy sources, including

fossil fuels (coal, oil, and natural gas) and renewables (solar, wind, hydroelectric, and biomass).

Coal has historically been the dominant source of energy in India, primarily used for electricity

generation. Oil and natural gas also play significant roles, particularly in transportation and industry.

The demand for electricity in India has been growing steadily. This has put pressure on the country’s

power infrastructure, leading to efforts to improve energy efficiency and expand electricity generation

capacity. The government’s commitment to increasing access to electricity, improving energy efficiency,

and reducing reliance on fossil fuels is reflected in initiatives, including the promotion of renewable

energy. Wind energy holds immense potential for India’s sustainable development, contributing

to environmental protection, economic growth, energy access, and energy security. Wind energy

diversifies India’s energy mix, reducing reliance on conventional fossil fuels like coal and natural gas.
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This diversification contributes to a more balanced and sustainable energy portfolio. India has vast

wind resources, especially in regions like Gujarat, Rajasthan, Tamil Nadu, and Maharashtra, making

it one of themost suitable countries for wind energy development.Wind energy is renewable and clean,

contributing to India’s efforts to reduce greenhouse gas emissions and combat climate change. It aligns

with the country’s commitments under international agreements like the Paris Agreement. The cost

of wind energy has become increasingly competitive with conventional sources of energy, especially as

technology advances and economies of scale are achieved. This makes wind energy an attractive option

for meeting India’s growing electricity demand. Wind energy can play a crucial role in electrifying

remote and off-grid areas where extending conventional grid infrastructure is economically unviable.

Off-grid wind power systems can provide reliable electricity access to remote communities.

As per the World Energy Outlook 2019 by the International Energy Agency, coal continues to

be the primary source of worldwide energy consumption, accounting for 45% of the total. Petroleum

and other liquids constitute 25% of the total, while biomass and garbage make up 20%. Natural gas

accounts for 6% of the total contribution, whereas hydroelectricity, nuclear power, and other renewable

sources each for 1%. This distribution highlights the ongoing worldwide dependence on fossil fuels,

specifically coal and petroleum [2].

By the end of 2021, the country had the fourth-largest wind power capacity globally, totaling 40

GW, which was a 4% increase from the 38.62 GW generation in 2020. India is seeking to increase

its green energy portfolio by utilizing the untapped coastal wind energy potential along its 7600 km

shoreline. There has been a growing emphasis on offshore activities in recent years. The Ministry of

Renewable Energy has established a goal of installing 30 gigawatts of offshore wind power by the

year 2030. The Indian Wind Atlas indicates that the potential capacity for wind energy installation is

approximately 102.79 GW at 80 m above ground level and 302.25 GW at 100 m above ground level.

India’s offshore wind power business is in its early stages, with a potential capacity of approximately

60 GW. The coastal wind energy operational capacity grew from 25,088 MW in 2015 to 41.93 GW

in 2022, as reported by IRENA. The trend is anticipated to rise in the upcoming years, contributing

to the market’s expansion. The market is anticipated to be driven by the rising use of onshore wind

energy, fueled by the expanding domestic wind sector.

As a result of increasing affluence and adapting to new ways of life, India has become the 3rd

biggest global consumer of energy [6]. India will soon be the most populous nation on earth. India

will need to add a power system the size of the European Union to its existing infrastructure in order

to satisfy the rise in demand for electricity that is expected to occur over the course of the next two

decades [7].

1.3 Installed Renewable Energy Capacity in India

As ofApril 2022, the installed renewable energy capacity in Indiawas 158.12GW,which represents

39.43% of the country’s total installed power capacity. When compared to the previous fiscal year’s

first eight months, the addition of 8.2 GW of capacity for renewable energy sources occurred during

the first eightmonths of the FY22 fiscal year. Solar energy’s installed capacity has expanded by a factor

of 18 since March 2014, when it stood at 2.63 gigawatts (GW), to its projected level of 49.3 GW by the

end of 2021. When compared to the 1.73 GW of solar power capacity that was built in FY21, India’s

addition of 7.4 GW of solar power capacity in FY22 through December 2021 is a 335% increase. It is

anticipated that 392,000 off-grid solar goods would be sold in India during the first half of the year

2021, suggesting a rapid increase in the utilisation of this renewable energy source. The amount of

energy that was generated from renewable sources (other than hydro) in May 2022 was 19.31 billion
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units (BU), which is an increase from the 17.87 billion units (BU) that were generated in May 2021.

In the period from April 2021 to March 2022, renewable energy sources generated 170.91 billion units

(BU), which is an increase from the previous year’s production of 147.24 billion units (BU). When it

comes to the overall wind power capacity built, the nation holds the fifth spot on the global list. When

compared to the 1.73 GW of solar power capacity that was built in FY21, India’s addition of 7.4 GW

of solar power capacity in FY22 through December 2021 is a 335% increase [8].

The domestic wind power business in India has shown steady expansion over the past few years,

making it the leader in India’s wind energy industry. The growth of the wind sector has resulted in

the development of a thriving ecosystem, the capacity to successfully operate projects, and a yearly

manufacturing base of around 10,000 MW. By the end of March 2021, the country had the fourth

highest amount of installed wind capacity in the world, totaling 39.25 gigawatts (GW). During the

year of 2020–2021, it generated around 60.149 billion units [9].

1.3.1 Government Involvement in Favor of Wind Energy

The national government offers fiscal and financial incentives to the private sector in order

to support the establishment of wind generating projects over the entirety of the country. This is

accomplished through private sector investment. These incentives consist of a sped-up depreciation

schedule as well as exemptions from having to pay customs duty onwind power generator components.

In order to qualify for participation in the Generation Based Incentive (GBI) Scheme, wind energy

projects have to have already been authorized by 31 March 2017, in order to be eligible. The

administration of this country has taken the following steps, in addition to providing financial and

other kinds of incentives, in order to encourage the development of wind power: The National

Institute of Wind Energy in Chennai provides services including both wind resource assessment and

site appraisal for potential wind farm locations. The issuance of these guidelines was done with the

purpose of establishing a framework for the acquisition of wind power. These rules are intended to

provide assistance to Distribution Licensees in the process of procuring wind energy at prices that are

comparable to other sources [10].

Previous review papers have given useful information about micro wind turbine technology.

This review paper is different because it focuses on the newest developments and innovations in

design and parametric studies. While earlier reviews have been helpful, this paper fills a gap in the

research by focusing on the design and parametric study aspects and giving a full analysis of recent

developments. While many reviews have given broad overviews of different aspects of wind energy

technology, not many have gone into specific detail about the design and parametric studies of micro

wind turbines. This review paper carefully looks at the newest research results and compares them to

previous research. The goal is to fill in any gaps in our knowledge and give a full picture of the latest

developments in micro wind turbine technology.

2 Micro-Scale Wind Turbine

Micro-wind generation employs wind turbines that are significantly more compact than those

used in conventional wind generation, making them well-suited to domestic power generation. Micro-

wind generating is a type of micro-generation that harnesses the natural energy of the wind to power

a single building or an entire farm [11]. It is possible to set up either a horizontal axis wind turbine

or a vertical axis wind turbine. The turbine and an inverter are the two main components of a typical

micro wind turbine installation [12]. Mechanical energy is produced as the wind turns the blades of the

wind turbine. The mechanical energy of spinning is transformed by the turbine into Direct Current
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(DC), and then by the inverter into Alternative Current (AC). The inverter’s output is wired to the

home’s breaker panel, from which the electricity is fed to the various electrical devices throughout the

dwelling. A bidirectional metre allows for the export of excess electricity from a home to the electrical

grid, with the retailer issuing credits based on the electricity current tariff [13].

2.1 Classification Based on Axis of Rotation

2.1.1 Vertical Axis Wind Turbines (VAWTs)

Verticle axis wind turbines (VAWTs) may generate electricity in any wind direction and need

only a low “cut-in” wind speed to function [14]. These turbines offer a significant improvement

over traditional Horizontal Axis Wind Turbines (HAWTs) in terms of noise levels, weight, and ease

of incorporation into preexisting buildings. They were considered practical for use in cities with

varying wind conditions. Classifying VAWT layouts can be done in two ways, the Savonius and the

Darrieus [15,16].

Savonius rotor

The Savonius rotor is made up of a number of hollow cylinders in the shape of a half cup, all of

which are fastened to a central shaft that spins. The drag force acting on the halves of the cylinders

generates torque. Savonius rotors use up less of the flow energy (only 20%) than Darrieus rotors.

Therefore, this type of turbine is more commonly used for wind velocimetry than for producing

significant amounts of electricity. In comparison to other ‘Lift type’ VAWTs, the Savonius rotor’s

ability to kick itself into gear is its biggest selling point. The possibility of achieving commercial

profitability in power generation is present with this configuration, subject to the advancement of

efficient turbine designs [17].

Darrieus type wind turbine

Darrieus originally filed for a patent on his wind turbine ideas in 1931. The highest efficiency

ratings among VAWTs go to these turbines, however their low starting torque and poor building

integration are commonplace. Darrieus-type wind turbines function exclusively as lift-type turbines,

with the rotor rotating and the generator being powered by the lift forces acting on the turbine

blades [18].

2.1.2 Horizontal Axis Wind Turbines (HAWTs)

Wind turbines with a horizontal axis can yaw and spin on their own, unlike their vertically oriented

counterparts. These turbines are more sensitive to wind direction than VAWTs, hence they are often

placed at higher altitudes. Between 50% to 60% efficiency [19] is the sweet spot for these turbines.

2.2 Classification Based on Aerodynamic Force

Another way to classify wind turbines is by the type of aerodynamic force they generate, either

lift or drag, at the blade’s surface. As the name implies, lift-type machines exert a force perpendicular

to the direction that the wind is blowing, whereas drag-based Wind Turbines (WTs) use aerodynamics

to push in the same direction as the air flow. Unlike HAWTs and Darrieus turbines, which rely purely

on lift forces, Savonius turbines and other innovative types of VAWT are based on the drag forces.

The drag-based turbines are simple in design but perform poorly overall. However, lift-based turbines

capture more of the wind’s potential energy per square foot of swept area [15], despite their complexity.

Table 1 summarizes of the research work on various blade profiles used and parameters for small scale

wind turbine.
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Table 1: Summary of research work on different blade profiles used and parameters small scale wind

turbine

Sr. no. Authors Blade profile used Parameters studied

1. Freere et al. [19] MG4520 Wind speed, rotor speed, pitch angle

2. Kishore et al. [20] -

3. Matsumiya et al. [21] SD7037

4. Chen et al. [22] NACA 4415

5. Mayer et al. [23] -

6. Giguere et al. [24] SG 6040–SG 6043 Reynolds number

7. Selig et al. [25] S 822, S 834, E 387, SD 2030

8. Singh et al. [26] AF 300

9. Song et al. [27] SD 7062

10. Takao et al. [28] NACA 1008 Pitch angle, rotor diameter

11. Kilmas et al. [29]

12. Mclaren et al. [30] NACA 0015

13. Miau et al. [31]

2.3 Classification Based on Rotor Diameter and Power Rating

There are several types of wind turbines that can create different amounts of energy based on the

diameter of their rotors. Classification of HAWT based on rotor diameter and power rating were given

in Table 2. Segmentations of wind turbines are used to categorise them, although there are no agreed-

upon boundaries for these types of turbines. Small wind turbines typically have a rotor diameter of 0.5–

10 metres with a power output of 50 watts to 15 kilowatts. They are used for low-power applications

(battery charging, domestic consumption, cottages, etc.). Commercial applications typically require

the design, installation, and connection to the grid of wind turbines with capacity of 15 kW or above

(rotor diameters of 10 m or higher). A smaller wind turbine’s COE per unit of swept area is much more

than that of a larger wind turbine.

Table 2: Classification of HAWT based on rotor diameter and power rating [32]

Rotor diameter

(m)

Swept area (m2) Standard power

rating (kW)

Small scale Micro 0.5 1.25 0.2 1.2 0.004 0.25

Mini 1.25 3 1.2 7.1 0.25 1.4

Household 3 10 7 79 1.4 16

Small commercial 10 20 79 314 25 100

Medium commercial 20 50 314 1963 100 1000

Large commercial 50 100 1963 7854 1000 3000
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2.4 Horizontal Axis Wind Turbines (HAWTs)

The turbine is located inside of a duct that has been specially constructed to look like an annular

wing, with the suction side of the wing pointing inward. Ducted turbines, in comparison to turbines

without ducts, are able to sustain lower pressure levels than the ambient air pressure. This leads to

enhanced airflow and higher energy generation capabilities [33]. The current design of wind turbines

makes use of a mechanism known as passive yawing, and it has been recommended that the shroud be

self-stabilizing in order to lessen the stress that is placed on the control system [34]. The fundamental

advantage of the shrouded wind turbine is its great efficiency, but there are several other reasons why it

beats horizontal axis wind turbines of comparable diameter. It is not necessary to have a yaw control

system while using the shroud for yaw angles that fall within the stall range, which is around +30

degrees. The enclosure that is established by the shroud helps to reduce the losses that occur at the

tip of the turbine, and it also helps to eliminate the negative effects that are caused by the tower wake

on the turbine. Because of the flow field that exists within the shroud, it is possible to use an axial

flow turbine, which ultimately results in increased energy production. In addition, the cost of the

tower for a shrouded wind turbine is considerably less than the cost of a normal horizontal-axis wind

turbine [33].

In comparison to the performance of the naked turbine, the installation of a simple conical diffuser

increased the micro wind turbine’s coefficient of performance by around 60%. The coefficient of

performance increased by 63% after the addition of a conical diffuser shroud for the nozzle. The ideal

tip speed ratio for the diffuser and nozzle-diffuser advancements was determined to be 33% greater

when compared to the bare turbine. The study revealed that the nozzle-diffuser enhancement yielded

a minimal increase compared to the diffuser enhancement. The difference between the two was only

1.7% in favor of the turbine using diffuser augmentation [35].

2.5 Performance of Micro Scale HAWT

Numerous research was undertaken to optimise the design parameters in order to increase

performance, and a number of methods for estimating the aerodynamic characteristics of wind

turbines were published. The aerodynamic performance of wind turbine is largely influenced by

blade profile, the different types of blade profiles used for the study are as shown in Fig. 1. On the

aerodynamic performance of tiny turbines, additional characteristics, such as rotor solidity and blade

number, have also been explored [36,37].

Figure 1: Different blade profiles used for small scale wind turbines

Wind tunnel experiments and the Lattice Boltzmann Method (LBM) were used to examine the

performance and interaction of two-stage rotors in micro–Counter RotatingWind Turbines (CRWTs)
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[22]. The counter-rotating method improves the wind power coefficient of HAWT, whereas micro

CRWThas two schemes that achieve the same result. National Renewable Energy Laboratory (NREL)

Phase VI’s numerical study on the effect of pitch angle on HAWT performance led to the following

conclusions. The Shear-Stress Transport (SST) k-model predicts thrust and power well. Most of the

time, the SST turbulence model is used to simulate turbulent flow phenomena in Computational Fluid

Dynamics (CFD). It takes the best parts of twowell-known turbulencemodels and puts them together:

the k-ω (k-omega) model near the walls and the k-ε (k-epsilon) model in the flow regions on the

outside. The SST model can accurately represent both near-wall and far-from-wall turbulent flow

behavior thanks to this hybrid approach. This makes it useful for many situations, such as those with

complex geometries and boundary layer flows. Because micro turbines are smaller and have lower

Reynolds numbers than utility-scale turbines, they often have different flow characteristics, such as

being more sensitive to turbulence and boundary layer effects. For a given wind speed, there is an

optimal pitch angle that maximizes turbine power. Wind speed determines the optimal angle. As air

velocity increases, momentum transfer increases, increasing thrust. Increased pitch angle reduces blade

frontal area and drag, reducing thrust [38,39].

2.6 Blade Design

The capacity of a wind turbine to convert wind energy into electricity is its efficiency. Using

the National Advisory Committee for Aeronautics (NACAs) data and Qblade airfoil modelling, the

efficiency and power of new airfoils were studied in the past [39]. According to NREL, the choice of

airfoil should maximise lift. The National Aeronautics and Space Administration preferred lift-based

airfoils over lift-to-drag ratio. Three high-lift airfoils are being modelled in Qblade. A NACA 23012

5-digit airfoil is utilised in power generation [40]. According to Qblade, the addition of turbine blades

boosts power. New airfoils and an optimised pitch were used to test this notion. The end product of

the project is a portable turbine with four sets of blades capable of producing 10 watts of power in

various conditions. The modular hub and blades make wind blade replacement simple. The 5-blade

model cut 3.35 m/s. Reduced power increases efficiency. The 7-blade type provides the highest power

between 3 and 4 m per second. Six-blade designs operate best over 5 m/s. The Alpha model generates

10 watts in winds greater than 10 m per second and is advised for safety [40].

Ronit et al. developed a low Reynolds number airfoil for use in tiny horizontal axis wind turbines

to improve start-up and operational efficiency in low wind speeds. Tests were conducted on the

upgraded airfoil (AF300) in an open circuit wind tunnel at Reynolds numbers of 38,000, 75,000,

128,000, and 205,000. Pressure variations were collected throughout the airfoil’s surface, and lift

and drag forces were quantified using a dynamometer at various angles of attack, α. Particle Image

Velocimetry (PIV) and smoke flow visualization were employed to analyze the airflow around the

airfoil. Maximum lift coefficients of 1.72, 1.81, and 1.86 were achieved at Reynolds numbers of 75,000,

128,000, and 205,000, respectively, with a stall angle of 140 degrees. The lift coefficient rose from 0.41

to 1.05 at Re = 38,000 within the α range of 0–180, with no stalling observed [21].

The results from particle image velocimetry and smoke flow visualization showed that the flow

stayed fully attached to the airfoil surface from Re as low as 56,000 at an angle of attack of 80 and

maintained a fully attached flow up to 140 angle of attack for Re as low as 75,000.

The typical lifespan of a modern wind turbine is estimated to be twenty years, and the comparable

number of rotations is somewhere between 108 and 109. The choice of material and the shape that it

takes are the two most important aspects of the design of a rotor blade. The material that is chosen

needs to be able to withstand wear and tear while also being relatively lightweight [41–43].
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In the study, a computerized model was suggested for determining the amount of ice load that

would be placed on wind turbine wing portions that were 80% of their span. Calculating the torque

coefficient for four clear and iced rotors at different Angles of Attack (α) allows one to analyse how

the buildup of ice affects the efficiency of a HAWT bymeasuring the influence of lower lift and greater

drag brought on by the formation of ice. A rotor blade with a radius of 40 m is used in the calculation

of the angle of relative wind; thus, rotor blades with a radius of 32 m are used in the calculation of the

torque coefficient. In addition to that, a Tip Speed Ratio (TSR) of 6 and a wind speed of 15.3 m/s are

presumed [44].

2.7 Experimental Analysis

Stereoscopic Particle Image Velocimetry (PIV) was used to analyze the near-end transition-wake

of a 0.6 m horizontal-axis wind turbine model [45]. The tip speed ratio impacts the structures and

mixing qualities of the wake flow. Analysis of the structure of vortices reveals that wake instability

relies on rotor tip speed ratio. Experimental work performed on small scale horizontal axis wind

turbines presented in Table 3. As evidenced by unconditioned and phase-lock average velocity fields,

wake instability influences flow characteristics [45].

Table 3: Summary of experimental work performed on small scale horizontal axis wind turbines

Sr. no. Authors Specifications Test conditions

14 Nishizawa et al. [46] Rotor diameter 1 m, no. of

blade 5

Measurement of yaw moment at

0, 100, 200, 300 rpm

15 Ladge et al. [47] 5 MW wind turbine, Blade

length 0.4 m

Wind speed 2–22 m/s, Turbulence

intensity <1%

16 Lubitz [48] 1 kW rated small wind

turbine, blade diameter 2.5 m

Atmospheric

17 Pagnini et al. [49] 20–22 kW power rating,

Turbine diameter 10 m

Rotational speed 90 rpm, wind

speed 12–20 m/s

18 Shen et al. [50] 600 W poer rating, 3 nos.

blades, rotor diameter 1.8 m

Average wind speed 10 m/s

19 Jugsujinda et al. [51] Rotor diameter 120 mm Wind speed 7.5–8.5 m/s

20 AI-Hadhrami [52] NACA 0012, blade diameter

1.2 m, Chord length 0.08 m

Reynolds number 3500–31000

21 Hong et al. [53] Use of PMSG (permanent

magnet synchronous

generator)

Variable wind speed at different

locations

22 Nishi et al. [54] NACA 63-210 Wind tunnel of dimensions 450

mm × 450 mm × 1500 mm

The research shows that a powerful root vortex that is released from the maximum chord results

in an outboard radial motion at the root region and a similar inboard motion at the maximum chord

area (at r/R = 0.3). Both of these movements can happen at the identical radial point in relation to

the turbine radius (r/R). This process results in a rise in axial velocity [55]. The effect of yaw angle

on blade power with respect to different rpm speeds. Abu Dhabi’s accumulated wind hours are used

to compare micro wind turbine performance and economics. The study says ATT’s payback is 1.83
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years. ATT micro wind turbines could replace commercial wind turbines. Using the same swept area

produces more energy, according to the study [56]. Salih N. et al. introduced an innovative design of

a micro wind turbine optimized for low wind speed areas including the Arabian Peninsula, Jordan

Desert, and United Arab Emirates (UAE). The experimental validation confirms the accuracy of

the theoretical design’s performance analysis, demonstrating a high level of agreement between the

two results. The theoretical power coefficient is 0.38, while the experimental power coefficient is

0.34 [22]. A prototype is created using a 3D printer to validate the simulation. The ATT prototype

blades are tested in an open-air environment to achieve more realistic results. A methodology for

designing ATT blades that incorporates Reynolds Number as a design parameter has been created

and applied. The operational Reynolds number is taken into account together with the Blade Element

Momentum (BEM) theory specifications since the lift and drag coefficients of the airfoils depend on

it. The Reynolds number significantly impacts the performance of turbine blades. Reynolds number

sensitivity research indicates that the ATT turbine blade airfoil SG6043 outperforms the NACA 4412

and SG6042 airfoils, as illustrated in Fig. 2. The Reynolds number is determined by the average chord

length of the blade, while maintaining a constant wind speed of 5 m/s as the primary goal for designing

micro turbine blades. The Reynolds number is estimated relatively high at first as 120000, and after

three iterations for NACA 4412 and SG6042, it settles down to about 25000. Nonetheless, Airfoil

SG6043 continues to oscillate in proximity to Reynolds number 25000.

Figure 2: Illustration of SG6042, SG6043 and NACA4412 Airfoil Profiles in dimensionless format

with respect to the chord length

2.8 Control

It has been shown that neuro fuzzy control is a very reliable and secure method for managing

established boundaries, and it can operate with steady-state, sinusoidal, and random wind profiles. In

light of the fact that it was difficult to construct either a linear or a nonlinear plant, a database was

utilised in order to fit the control. The control unit showed some encouraging capabilities, including

being able to deter overload and reduce the amount of time required to overcome inertia. By preventing
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unnecessary wear and tear caused by lowwind speed, an automatic timer that calculates themeanwind

speed could be of great use. Training for the controller can be done with the neuro fuzzy tool, or it can

be done manually if necessary. By providing the data set following the definition of the control rules,

this tool made the process of designing the rules much simpler [57].

Simple passive controllers can be found on very small horizontal-axis wind turbines. These

systems comprise tilt-up structures, gravity-operated furling tails, side-vanes, and spring-loaded tails.

Microturbines that have a flexible tail that shifts as well as an off-center pivot offer a greater controlling

ability and a more straightforward construction. This strategy is non-invasive, low-risk, dependable,

and easy to execute [58].

3 Vertical Axis Wind Turbine

3.1 Darrieus Type VAWT

France’s Georges Darrieus is credited with developing the first aerodynamic vertical-axis wind

turbine, which was initially patented in 1931. Its operating principle relies on the fact that the speed of

its blades is a multiple of wind speed. This results in an apparent wind blowing from behind the turbine

all through the entire cycle, with minimal fluctuation in the angle of attack. Summary of wind turbine

configurations with capacity and different features were been presented in Table 4. When combined

to the actual wind, this headwind produces the perceived wind. If the angle of attack of this observed

wind on the blade is larger than zero [59], the lift force contains a forward component that propels the

turbine.

Table 4: Summary of wind turbine configurations used for research work

Sr. no. Authors Turbine type Capacity Features

23 Islam et al. [60] Darrieus rotor egg

beater shaped

4 MW Lift type wind turbine

Curved blade having

variable cross section
24 Gorelov et al. [61]

25 Eriksson et al. [62]

26 Brahimi et al. [63]

27 Rosen et al. [64]

28 Bergeles et al. [65]

29 Marini et al. [66]

30 Wakui et al. [67]

31 Staelens et al. [68]

32 Shienbein et al. [69]

33 Vandenberghe et al. [70] Darrieus rotor straight

bladed

10 kW Lift type

Uniform cross section

aerofoil shaped blades
34 Graham et al. [71]

35 Wilhelm et al. [72]

36 Siota et al. [73]
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3.1.1 Experimental Analysis

Wind tunnel testing and Particle Image Velocimetry (PIV) are the primary experimental tech-

niques used for studyingDarrieus Vertical AxisWind Turbines (VAWTs) [74]. Summary of experimen-

tal work on vertical axis wind turbine given in Table 5. The trial results indicate that the conventional

practice of adjusting upstream velocity in wind tunnels to account for blockage effects may not

be directly suitable for Vertical Axis Wind Turbines (VAWTs) [74]. These most likely results in

underestimation of the correction rates for all of the cases considered. Moreover, according to the

results of tests, the significance of upstream velocity adjustments decreases as the thrust coefficient

increases [75].

Table 5: Summary of experimental work on vertical axis wind turbine

Sr. no. Authors Specifications Test conditions

37 Ali et al. [76] – Wind speed 8.33 m/s

38 Damak et al. [77] Aspect ratio 1.57 Reynolds number varying

from 80000–150000

39 Saha et al. [78] Chord length 120 mm, blade

height 220 mm

Wind velocity range 6–12 m/s

40 Sheldahl et al. [79] Number of buckets 2 and 3, rotor

height 1 and 1.5, rotor diameter 1

Wind speed 7–14 m/s,

Reynolds number

432000–867000

41 Loganathan et al. [80] 3 nos. rotors, no. of blades 40,

blade diameter 40 mm and blade

height 160 mm

Wind speed 8.5 m/s

42 Yen et al. [81] NACA 0020 chord length 2 07.5

mm and blade span 300 mm

Wind speed 10 m/s

3.1.2 Numerical Analysis

There are differences between the computed and measured force coefficients and wake charac-

teristics in validation scenarios. Summary of numerical work performed on small scale Darrius wind

turbine given in Table 6. The anticipated power gains and trends lend credibility to the ideas. This

research demonstrates the ability to regulate and use wake zones in VAWT arrays to attain high wind

farm efficiency.

Table 6: Summary of numerical work performed on small scale Darrius wind turbine

Sr. no. Authors Model used Blade profile used for research

43 Howell et al. [82] 2D and 3D NACA 0022

44 Li et al. [83] 2D Reynolds Averaged Navier

Stokes (RANS), 2.5D RANS

and 2.5D Large Eddy

Simulation (LES)

NACA 0018

(Continued)
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Table 6 (continued)

Sr. no. Authors Model used Blade profile used for research

45 Danao et al. [84] 2D NACA 0012/0022/5522, LS

0421

46 Castelli et al. [85] 3D NACA 0021

47 Almohammadi et al. [86] 2D Unsteady Reynolds

Averaged Navier Stokes

(URANS) and

Renormalization Group

(RNG) k-ε

NACA 0015

48 Almohammadi et al. [87] 2D URANS, RNG, k-ε, k-ω

SST

49 Mohamed [88] 2D URANS and k-ε

Realizable

NACA 0021, S-1046

50 Mohamed [89] NACA 0010/0015/0018/0021/

6312/63415

51 Chowdhary et al. [90] 3D URANS and k-ω SST NACA 0018

52 Elkhoury et al. [91] 3D LES NACA 634-221 NACA

0018/0021

53 Wekesa [92] 2D URANS and SST

Transition

NACA 0012/0022

54 Wekesa [93] 2D RANS and k-ω SST NACA 0022

3.1.3 Savonius Type Wind Turbine

The Savonius rotor is a wind turbine with a vertical axis that operates mostly due to wind drag

forces acting on its buckets. However, lifting forces also contribute to the transmission of mechanical

power to the turbine shaft [94,95]. The structural solution for the Savonius rotor comprises of two

or more blades positioned along the rotor’s central axis to capture a portion of the main air stream.

There are numerous sorts of blades, each with a unique section form and each positioned at a unique

distance from the rotor’s centre axis. This separation is known as the blade gap [96].

3.2 Position of Wind Turbines

As mentioned earlier, small-scale wind turbines can efficiently fulfill the energy requirements of

homes. However, the placement of these turbines is also vital in order to achieve maximum efficiency.

Small-scale wind turbines have become a practical option for fulfilling the energy requirements of

residential properties.Nevertheless, the strategic placement of these turbines is crucial in order to attain

optimal efficiency. Multiple experiments have been carried out to determine the optimal locations for

the placement of wind turbines. Topographical characteristics, such as elevations, depressions, and

plant life, can greatly impact the movement of air currents. Multiple experiments have been conducted

to determine the optimal location for placing wind turbines [97]. The topography, barriers, and

adjacent constructions in the vicinity can affect the direction and intensity of wind currents, leading

to turbulent conditions that may affect the efficiency of small wind turbines. Optimization techniques

are employed to ascertain the optimal arrangement and design of turbines for a specific location.

This entails employing mathematical modeling, computer simulations, and iterative design processes
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to determine the most advantageous placement of turbines in relation to one another and nearby

obstacles. In order to tackle these challenges, optimization techniques are utilized to ascertain the

most efficient arrangement and setup of turbines for a specific location [98]. This procedure frequently

entails the utilization of advanced mathematical modeling, computer simulations, and iterative design

processes. By employing these techniques, engineers and researchers can examine wind flow patterns,

turbulence impacts, and wake interactions to determine the most advantageous placement of turbines

in relation to one another and nearby obstacles. This article provides a comprehensive account of the

planning, building, and overseeing of El Alumbre’s inaugural wind energy project, aimed at providing

electricity to rural areas in Peru. The project is designed to generate power on a community-wide scale.

3.3 Aeroacoustics of Wind Turbines

Wind turbine noise limits widespread wind energy adoption. Assuming that mechanical noise is

well-controlled, aerodynamic noise from the blades dominating current large wind turbines. Aero-

dynamic noise is caused by airflow and airfoil noise. Low-frequency noise from upwind turbines

is unimportant (i.e., with the rotor upstream of the tower). The leading edge of the blade and

upstream turbulence generate inflow noise. On a three-bladed, 58-m-diameter wind turbine, acoustic

field measurements were undertaken to identify noise sources and determine if trailing edge noise

was predominant. Blade roughness was evaluated using untreated, cleaned, and scuffed blades. A

broad horizontal microphone array assessed the rotor plane and blades for noise. The results of the

array indicate that nearly all noise (emitted to the ground) is generated during blade fall. Convective

amplification and trailing edge noise result in an asymmetric source pattern. The blades’ loudness was

proportional to the flow speed. The slashed blade was more audible. The narrowband noise spectrum

of a blade revealed that trailing edge bluntness noise was unimportant. According to tests [99], trailing

edge noise dominates wind turbine noise.

3.4 Performance Assessment of Micro Wind Turbines Installed on Site

The issue of wind turbine noise is a substantial concern that can have an effect on the widespread

acceptance of wind energy. Although wind turbines generally have effective measures to minimize

mechanical noise, the main source of noise in modern large wind turbines is aerodynamic noise,

specifically from the blades. Aerodynamic noise is primarily caused by the interactions between airflow

and airfoils. This study compares and contrasts the findings of the estimated annual energy production

and cost-benefit evaluations conducted using actual wind speed data from various locations in the

United Kingdom. The evaluations were performed under both steady state and dynamic conditions.

The obtained results were derived from actual wind speed measurements. Therefore, to evaluate

the performance in a stable condition, the wind power input is determined by employing Weibull

distributions, with the user having the flexibility to choose the shape factors and mean wind speeds.

The study utilized acoustic field measurements with a wide horizontal microphone array to evaluate

noise levels at the rotor plane and on the blades. The evaluation of blade roughness involved comparing

untreated, cleaned, and scuffed blades to determine the effect it has on noise production. The payback

period for micro-wind turbines (micro-WTs) with rated powers of 1.5 kW or less is the most extended,

and it may surpass the initially intended lifespan of these turbines. These micro-wind turbines make

up 84% of all small and micro-wind turbines that have been installed in urban areas of the United

Kingdom. The results unveiled various significant revelations regarding wind turbine noise. Initially,

it was noted that the predominant amount of noise produced towards the ground happens when the

blades descend, which is commonly referred to as blade fall. This indicates that phenomena such as

convective amplification and trailing edge noise have a substantial impact on the production of noise.
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According to a study, micro-wind turbines with a maximum power output of 1.5 kW or less account

for 84% of all small-scale wind turbines installed in urban areas of the United Kingdom [100].

4 Summary of Research Work on Micro Wind Turbine

Scientific and industrial research is needed to develop and optimize microwind turbine rotors.

Global research focuses on designing and building large-scale wind turbines that generate electricity

and supply grid connections. Smaller wind turbines contribute much less kW than larger ones.

Miniature wind turbines on homes are feasible. Micro wind turbines reduce fossil fuel emissions,

boosting renewable energy production. Their compact size makes these turbines cost-effective. Several

scholars have proposed diffuser-equipped wind turbines. Over time, diffusers have evolved, and the

flanged diffuser can increase power by four to five times. In contrast, a diffuser makes the wind

turbine larger. This increases aerodynamic drag, requiring a strong attachment. Micro wind turbines

have been extensively studied, but low-speed, ground-mounted wind turbines have received little

attention. The literature has little research on improving wind turbine performance. Therefore, there

are many research opportunities to analyze and optimize low-speed micro wind turbine performance

parameters.

5 Conclusion

It is known that large-scale wind turbines have an effect on global climates. Although large-scale

wind farms are unsustainable, small-scale wind turbines offer a tremendous deal of potential for

generating valuable energy that can be sufficient for home requirements. Following are the outcomes

of the analysis:

• By the first half of 2022, India’s installed renewable energy capacity (including hydro) had

reached 158.12 GW, or 39.43% of the country’s total installed power capacity.

• For the most part, the BEM theory was utilized to design HAWT blades, which involved

establishing the best distributions of pitch angle and chord length in each segment under the

design point.

• Enhancing design parameters such as tip speed ratio, blade twist angle, number of blades, chord

length, and Reynolds number improved WT performance.

• Numerical and experimental studies were used to validate the designs. HAWTs with ducts or

shrouds are suitable for microscale and low-speed applications. The flow rate through a shroud-

mounted turbine is much higher than that of equivalent unducted turbines. As a result, this

process generates more electricity.

• To provide stronger control of the turbine, sophisticated computational approaches such as

neurofuzzy control have been developed, which have proven to have a promising capacity to

prevent overpowering and shorten the time required to overcome inertia.

• Researchers studied the position and location of the turbines to improve their performance in

urban settings. Airflow and airfoil noise produce aerodynamic noise, which is the most signifi-

cant disadvantage of wind turbines. This has hindered WT adaptation in urban environments.

Efforts are underway to reduce the noise, but progress is slow.

The literature has reported ample research, but here are some research opportunities related to

micro-wind turbines to enhance their efficiency, reliability, and overall performance:
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1. Investigate advanced aerodynamic designs and materials for turbine blades to improve energy

capture and efficiency in low-speed conditions. Explore the use of variable pitch or adaptive

blade technologies for optimal performance across a range of wind speeds.

2. Develop and implement smart control algorithms that enable real-time adjustments to turbine

operation based on changing wind conditions, ensuring maximum energy extraction with

integrated energy storage technologies such as batteries or flywheels. Investigate remote mon-

itoring systems that allow real-time performance tracking and diagnostics for early detection

of issues, ensuring a reduction in downtime and operational costs.

3. Investigate innovative noise reduction technologies to address concerns about the acoustic

impact of small wind turbines in residential and urban settings. Explore aerodynamic mod-

ifications, materials, or structural changes to minimize turbine noise without compromising

performance.

4. Address small wind turbine operation challenges in cold climates by developing technologies

that prevent ice accumulation on blades and ensure reliable functioning in freezing conditions.

5. Investigate cost-effective manufacturing methods, such as advanced molding, 3D printing,

or modular designs, to reduce the overall production costs of small wind turbines. Explore

materials that balance cost-effectiveness with performance and durability.
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