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Abstract: Liquid fossil fuel is anticipated to run out by the mid-2060s. The destruction of land, water,
and air due to fossil fuel use contributes to environmental degradation. Policymakers, scientists,
and researchers are looking into power generation from renewable sources, such as wind and
solar energy, because of the threat of climate change owing to global warming brought on by
greenhouse gas emissions. Although there have been substantial advancements in the use of large-
scale wind turbines for power generation, small-scale wind turbines, which have the potential for
solo power generation, have not received wider acceptance yet due to their lower-than-expected
power generation performance. This study’s main goal is to analyse the limitations of harnessing
wind energy by small-scale wind turbines for power generation in built-up areas for residential and
commercial uses. The study focuses on the difficulties and potential of generating electric power from
small wind turbines in urban settings. The state of wind characteristics in built-up areas, economic
viability, aerodynamic limitations, and governmental regulations for small-scale wind turbines are
also discussed.
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1. Introduction

The global energy policy is heavily influenced by the dwindling supply of fossil fuels,
the unpredictability of international energy markets, and the growing concerns posed by
climate change due to greenhouse gas emissions [1–4]. Despite global power generation
still being dominated by fossil fuels (36% coal, 22.2% natural gas, and 3% other fossil fuels),
hydropower (15.2%), and nuclear energy (9.2%), renewable energy (7.5% wind, 4.3% solar,
2.2% bioenergy, and 0.4% other renewables) is slowly but steadily contributing more to the
global power generation mix [5]. Among all renewable energy, wind is the most dominating
and commercially competitive at present. The operating efficiency of wind power has
significantly increased during the past ten years, particularly for big commercial wind
turbines (>1 MW), making it more economically competitive than other power generation
types. Wind energy is abundant, renewable, available everywhere on Earth (land and
sea), clean, emits no greenhouse gases while being used, and occupies little land [2,4–6].
Environmental impacts are typically less detrimental than those from other energy sources.
By December 2022, the world’s wind power generation had increased from 2.5% in 2010 to
899 GW, or 7.5% of total power generation. The overall cost of power generation per unit
has decreased to levels that are comparable to those of conventional fossil fuels (coal and
natural gas) thanks to technological advancements and a better understanding of wind
characteristics [7–9]. The world’s top ten countries that generate power from the wind are
shown in Figure 1 [10]. China is by far dominating the world, producing nearly 44% of
the global wind power, followed by the USA (~16%), Germany (7.4%), India (~5%), and
others. However, the utilisation of wind resources for the power generation in emerging

Wind 2023, 3, 418–438. https://doi.org/10.3390/wind3040024 https://www.mdpi.com/journal/wind

https://doi.org/10.3390/wind3040024
https://doi.org/10.3390/wind3040024
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/wind
https://www.mdpi.com
https://orcid.org/0000-0003-4926-2610
https://doi.org/10.3390/wind3040024
https://www.mdpi.com/journal/wind
https://www.mdpi.com/article/10.3390/wind3040024?type=check_update&version=2


Wind 2023, 3 419

and developing nations (except India) is still significantly lagging due to financial and
technological constraints and lack of local wind resource mapping.
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Figure 1. The top 15 countries’ installed wind power generation capacity in 2022 and 2011. 

At present most, wind power is generated through commercial wind turbines. 
Turbines are generally classified into three groups: small, intermediate, and large. Small 
wind turbines, usually with a power of less than 10 kW, are used for built-up residential, 
commercial, agricultural, and remote applications. The intermediate wind turbines, with 
powers between 10 and 250 kW, are ideal for village electric power, hybrid systems, and 
distributed power. Turbines with over 250 kW are designed to be large and used for 
commercial power generation. Most commercial wind turbines are generally in the 2–3 
MW range. In 2021, the largest wind turbine in the world was Vestas “V236-15.0 MW”. Its 
three 115.5 m blades make a rotor diameter of 236 m and a wind-swept area of 43,743 
square m. With a 280 m hub height, it was the world’s tallest wind turbine in 2021 [11]. In 
2023, the world’s largest wind turbine was manufactured by CSSC Haizhuang for the 
Dongying City Offshore Wind Power Industrial Park in Shandong Province, China. The 
turbine’s rotor is 260 m in diameter, and its blades are 128 m long. Seven football fields’ 
worth of space (53,000 m2) is covered by the swept area of the H260-18 MW turbine. A 
single H260-18 MW turbine is expected to produce more than 74 million kWh of electric 
power annually, sufficient to power nearly 40,000 homes for a year [12]. 

At present, most commercial wind power (92%) is produced by onshore wind 
turbines built far from populated areas and offshore shallow-water turbines (8%), which 
require long-distance power transmission to the nearest load centre (power consumers), 
creating financial and engineering challenges [13]. Furthermore, the rapid urbanisation 
due to population growth and economic prosperity in emerging and developing nations 
in Asia, South America, and Africa is expected to reach over 70% of the global population 
in urban and suburban areas by 2070, creating the need for increased power consumption 
[13,14]. Wind-generated power in built-up areas for urban and suburban use can reduce 
the need for complete dependence on grid-connected power. On the other hand, while 
shallow-water offshore wind harnessing is still growing, deep-water offshore and urban 
(and sub-urban) areas remain untapped potential locations for additional wind energy 
collection for power generation [15]. Despite having immense potential for harnessing 
urban wind energy for power generation, utility-scale wind turbines’ footprint and 
penetration are negligible compared to utility-scale solar power generation. The ability of 
solar panels and wind turbines to convert sunlight into useful electric power determines 
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Figure 1. The top 15 countries’ installed wind power generation capacity in 2022 and 2011.

At present most, wind power is generated through commercial wind turbines. Tur-
bines are generally classified into three groups: small, intermediate, and large. Small wind
turbines, usually with a power of less than 10 kW, are used for built-up residential, commer-
cial, agricultural, and remote applications. The intermediate wind turbines, with powers
between 10 and 250 kW, are ideal for village electric power, hybrid systems, and distributed
power. Turbines with over 250 kW are designed to be large and used for commercial power
generation. Most commercial wind turbines are generally in the 2–3 MW range. In 2021,
the largest wind turbine in the world was Vestas “V236-15.0 MW”. Its three 115.5 m blades
make a rotor diameter of 236 m and a wind-swept area of 43,743 square m. With a 280 m
hub height, it was the world’s tallest wind turbine in 2021 [11]. In 2023, the world’s largest
wind turbine was manufactured by CSSC Haizhuang for the Dongying City Offshore
Wind Power Industrial Park in Shandong Province, China. The turbine’s rotor is 260 m in
diameter, and its blades are 128 m long. Seven football fields’ worth of space (53,000 m2)
is covered by the swept area of the H260-18 MW turbine. A single H260-18 MW turbine
is expected to produce more than 74 million kWh of electric power annually, sufficient to
power nearly 40,000 homes for a year [12].

At present, most commercial wind power (92%) is produced by onshore wind turbines
built far from populated areas and offshore shallow-water turbines (8%), which require
long-distance power transmission to the nearest load centre (power consumers), creating
financial and engineering challenges [13]. Furthermore, the rapid urbanisation due to
population growth and economic prosperity in emerging and developing nations in Asia,
South America, and Africa is expected to reach over 70% of the global population in urban
and suburban areas by 2070, creating the need for increased power consumption [13,14].
Wind-generated power in built-up areas for urban and suburban use can reduce the need for
complete dependence on grid-connected power. On the other hand, while shallow-water
offshore wind harnessing is still growing, deep-water offshore and urban (and sub-urban)
areas remain untapped potential locations for additional wind energy collection for power
generation [15]. Despite having immense potential for harnessing urban wind energy for
power generation, utility-scale wind turbines’ footprint and penetration are negligible
compared to utility-scale solar power generation. The ability of solar panels and wind
turbines to convert sunlight into useful electric power determines their efficiency. Only
approximately 22% of the solar energy captured by even the most efficient solar panels is
converted into electric power. Up to 60% of the wind energy that wind turbines capture
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can be turned into useful electric power. Solar energy is significantly easier to use, while
wind energy is more efficient but more difficult to harness, especially in built-up areas.

Hence, the objective of this article is to highlight the prospects and challenges of
harnessing urban wind for power generation using small-scale wind turbines in built-up
areas. The rest of this article is divided into the following sections: Section 2 talks about the
prospects for small-scale wind turbines; Section 3 discusses small-scale wind turbines and
contributing factors that affect their performance; Section 4 analyses several case studies of
in situ performance measurements of small-scale wind turbines; Section 5 discusses the
current limitations of small-scale wind turbines and their implications for built-up area
power generation; and finally, the main conclusions and suggestions are enumerated in
Section 6.

2. Prospects for Small-Scale Wind Turbines

A small-scale wind turbine typically produces power of less than 20,000 kWh annually.
Such wind turbines include rotors that are installed on rooftops or free-standing towers
and have swept-area diameters ranging from 1 to 9 m, as shown in Figure 2. Small-scale
wind turbines are sub-grouped into (a) micro wind turbines, (b) mini wind turbines, and
(c) domestic scale wind turbines [16].
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Figure 2. Small wind turbine classification.

(a) Micro wind turbines produce roughly 1000 kWh annually at locations with an aver-
age wind speed of 5.5 m/s and have very small swept-area rotor diameters of around
1.5 m or less. In distant locations, they are frequently utilised for low-power purposes
such as fence charging, simple illumination, powering sailboats, battery charging, and
remote devices such as traffic warning signs.

(b) Mini wind turbines typically produce 1000–2000 kWh per year at sites with wind
speeds of around 5.5 m/s and have swept-area rotor diameters of 1.5–2.6 m.

(c) Domestic-scale wind turbines are used for a variety of applications, including residen-
tial households, telecommunications, farms, ranches, and small businesses. Domestic-
scale wind turbines include swept-area rotors with diameters between 2.7 and 9.0 m
and speeds of 5.5 m/s and can produce power between 2000 and 20,000 kWh annually.

In general, there are two types of wind turbines: horizontal-axis wind turbines
(HAWTs) and vertical-axis wind turbines (VAWTs), as shown in Figure 3a,b. The vertical-
axis wind turbine (VAWTs) is considered to be better suited in built-up areas than the
horizontal-axis wind turbine (HAWT) as VAWTs are relatively quieter than HAWT since
they have fewer moving parts and a lower tip-speed ratio. As opposed to HAWTs, which
must constantly ‘yaw’ (rotate about the vertical axis) towards the constantly shifting wind
direction, VAWTs are less sensitive to shifting wind directions and, consequently, to tur-
bulence. This is a key benefit for the application of VAWTs in urban and constructed
environments [6]. However, the efficiency of VAWTs is generally lower than that of HAWTs.
Most HAWTs are mast-mounted and mainly situated in rural and unobstructed areas. The
other drawbacks of VAWTs are, however, their low efficiency, self-starting abilities, and
inability to produce consistently positive torque. Computational and experimental research
on various augmentation techniques to enhance the VAWT performance has been reported
in the public domain. For the application in built-up areas, various small scale wind tur-
bines are used as shown in Figure 3c–e. A summary of various performance-augmented
devices and reported power coefficients for micro-vertical axis wind turbines that can be
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used in built-up areas is shown in Table 1. Almost all studies on micro-VAWTs are based
on computational modelling and/or wind tunnel experimentation in smooth flow. There
is scant study of in situ performance for micro-VAWTs in built-up areas for a prolonged
duration (one year and over) reported in the open literature. More field studies are needed
to understand the effectiveness of various micro-VAWTs with performance-augmented
devices for their sustained utilisation in built-up and urban areas.
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Table 1. Coefficient of performance of various augmented micro-VAWTs, adapted from [18].

Augmentation Type Augmentation Methods Maximum Power
Coefficient

Unidirectional
Inlet Flow

• Guide vane row [19]
• Straight deflector [20–22]
• Curved deflector [23]
• Porous deflector [24]
• Rhombus deflector [25]
• Diffuser (wind lens) [26]
• Diffuser (external) [27–29]
• Straight plate [30,31]
• Convergent nozzle [32]
• Curtain plate [33,34]
• Guide plate [35]
• Guide-box tunnel [36]

0.21
0.45
0.21
0.27
0.28
1.37
0.90
0.25
0.39
0.38
0.52
0.26
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Table 1. Cont.

Augmentation Type Augmentation Methods Maximum Power
Coefficient

Omni Directional
Inlet Flow

• Omni-directional guide vanes [37,38]
• Stator [39]
• Wind-gathering device [40,41]
• Zephyr stator vanes [42,43]
• Guide blades [44]
• Shield [45]

0.42
0.80
0.23
0.12
0.28
0.28

Contemporary Style

• Tower cowling [46]
• Shroud [47]
• Hybrid [48]
• Hybrid Bach-type [49]
• Cross-axis wind turbine [50,51]

0.48
0.18
0.34
0.41
0.08

Blade Customisation

• Slatted blade [52]
• Slatted air foil [53]
• Opening near trailing edge [54]
• Blade cavities [55]
• Inner blades [56,57]
• Twisted blades [58]

0.02
0.30
0.41
0.27
0.19
0.26

Building Integrated
Wind Turbines

• Diffuser-shaped shroud [59]
• Building diffuser [60]

0.34
1.56

In addition to micro-VAWTs with augmenting devices, some studies have shown that
the power coefficient of small-scale HAWTs can also be enhanced by using various aug-
menting devices [61]. As mentioned earlier, the efficacy of such turbines with augmentation
devices needs to be evaluated through in situ performance measurement over a prolonged
period of time in built-up areas.

The complicated wind characteristics caused by the presence of buildings and struc-
tures are one of the challenges for the deployment of small-scale wind turbines in urban
and suburban areas. The atmospheric wind is very turbulent in built-up areas near the
ground, and this is especially intense close to structures and buildings. Significant ampli-
tude variations and considerable directional unpredictability are both characteristics of
turbulent flow.

Reports that are publicly available in the open literature indicate that small-scale wind
turbines, regardless of their type (HAWTs or VAWTs), do not perform well in built-up areas
due to complex wind conditions and proximity to the ground. Furthermore, most small-
scale wind turbines are developed by wind energy enthusiasts and small businesses, who
typically lack the financial and technological resources to conduct comprehensive research
(computational, laboratory, experimental, and in situ measurements) for customised wind
turbine design to achieve better efficiency in built-up and urban areas [1]. According to a
study undertaken by the Alternative Technology Association of Australia (ATAA), there is
a significant difference between actual power generation and predicted power generation
capacity in situ for domestic-scale HAWTs [1,6,62,63]. This is thought to be primarily
because local wind characteristics in urban environments are overestimated, according to
the study. Figure 3c–e display some widely used VAWTs and HAWTs in built-up areas.

At present, the power curves of small-scale wind turbines are far from matching the
wind’s potential power. While subsequent advancements in wind turbine technology may
boost efficiency and close this gap, they will never bring it above the theoretical number
(59.3%) predicted by German physicist Albert Betz in 1919. The turbine diameter and the
available wind regime in built-up areas are the factors that determine the power-generating
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capacity. The power-generating capacity increases cubically with an increase in turbine
diameter, as shown in Equation (1).

P = CP A
ρv3

2
(1)

Here, P—aerodynamic power, CP—power coefficient (maximum value is 0.593 by Betz
limit), A—turbine swipe area, ρ—air density, and v—wind speed.

Figure 4 indicates the maximum theoretical wind power generation possibility using
small-scale wind turbines, with diameters ranging from 1 m to 5 m for wind speeds from
3 m/s to 27 m/s. The figure also shows hourly (Figure 4a), yearly (Figure 4b), and yearly
with 30% load factor (Figure 4c) theoretical power generation capability, although the load
factor in built-up areas mostly ranges from 10% to 30%. The load factor or power coefficient
for small wind turbines ranges from 0.1 to 0.3 at wind speeds between 10 m/s and 12 m/s.
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Figure 4. Wind power extraction by turbines as a function of wind speeds and rotor diameters:
(a) Maximum hourly power output by Betz Law, (b) Maximum yearly power output by Betz Law,
(c) Maximum yearly power output with 30% load factor.

The wind turbine’s output depends on a variety of factors (including wind quantity at
hub height), such as wind speed, distribution frequency, wind quality (which includes the
turbulence created by various obstructions that lowers wind quality significantly), swept-
area of blade (especially the rotor diameter), power losses due to crosswind effects (frequent
wind direction-change allows less power generation), the efficiency of the generator, power
conversion efficiency, atmospheric stability, and other factors, as shown in Figure 5 [64].
There are other factors that also significantly affect the turbine efficiency and overall power
output, some of which are highlighted in Section 3.
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3. Small-Scale Wind Turbines: Contributing Factors
3.1. Urban Wind Characteristics

The geographic location, time of day, season, height above the Earth’s surface, weather,
and local landforms all affect wind. Understanding wind characteristics will aid in de-
veloping wind measuring tools, choosing turbine installation sites, and optimising wind
turbine design [65,66]. One of the most important factors in the production of wind power
is wind speed. Due to variables like geomorphology and weather, wind speed fluctuates
throughout both time and space. Since wind speed is a random characteristic, statistical ap-
proaches are typically used to handle measured wind speed data [67,68]. A representative
of the complex atmospheric boundary layer is shown in Figure 6.
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The Weibull distribution function, which shows the likelihood of various mean wind
speeds occurring at the site over time, can be used to characterise the variance in wind
speed at a specific location. Another crucial factor that significantly affects the power
output fluctuations of wind turbines is wind turbulence. The expected turbine life may
be shortened, or the turbine may break because of high turbulence producing significant
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dynamic fatigue loads operating on the turbine. The turbulence intensity is the ratio of the
standard deviation of fluctuating wind speeds to the mean wind speed. Wind blasts with
a sharp rise in wind speed over a brief period of time are referred to as wind gustiness.
Wind gusts generate dynamic loads on the tower and the turbines, which may result in
vibration and resonance in some turbine parts. Predictions of wind gusts are particularly
desirable to enable the secure operation of wind turbines. In addition to wind speed, wind
direction is a crucial factor. The location and configuration of turbines heavily rely on
statistical data on wind directions over a lengthy period. The wind rose diagram is a useful
tool for examining wind statistics that are related to wind directions at a specific location
over a specific time period (year, season, month, week, day, etc.). The circular wind rose
diagram (developed based on wind statistical data) illustrates the relative frequency of the
eight or sixteen main directions of the wind. Wind speed information may be included in
some wind rose graphics [65]. When wind speed rises with height above the earth, wind
shear occurs. The Hellmann power equation, which compares wind speeds at two distinct
heights, can be used to quantify the effect of height on wind speed, which is mostly caused
by roughness on the earth’s surface. The wind speed at the hub height has a significant
impact on the power output of wind turbines. In order to capture more wind energy and
reduce the cost per unit of power generation, commercial wind turbines are constructed at
heights greater than 80 m.

As mentioned earlier, compared to rural and unobstructed settings, the wind char-
acteristics in urban (built-up) areas differ dramatically. Given how diverse and dynamic
urban environments are, there is currently no forecast model for the wind characteristics
of built-up areas that can be used to accurately anticipate the wind profile (wind velocity,
wind direction, wind gustiness, turbulence intensities, etc.) [66,69,70]. Most of the wind
data that are currently available lack the necessary resolution and are essentially useless for
heights below 10 m. For instance, the wind data derived from modelling for Melbourne,
Australia, are available at an elevation of 25 m, which is an unfeasible height for many ur-
ban buildings because a mast that high would make it difficult to obtain planning clearance.
In addition, most Australian urban areas—aside from the city centre—are being developed
horizontally (as opposed to vertically, as in Hong Kong, Singapore, mainland China, Russia,
and other fast-growing metropolises), with houses that are no taller than 10 m [71,72]. As a
result, urban wind characteristics are not sufficiently represented in current wind maps.

The wind flow around a typical house or building, both individually and within a
cluster of buildings with various designs, needs to be understood in order to maximise the
use of wind resources in urban environments. It is possible to choose a potential location for
wind turbine installation once the wind behaviour has been fully mapped and understood.
The results of using intricate computational models to represent the urban environment
are constrained in a number of ways and can only be considered oversimplified [4,6,73].
Despite the restrictions, the computational modelling results provide an idea of predicted
yields in the constructed environment. For the proper site selection of a wind turbine, an
understanding of micro wind conditions is necessary. Software-based simulations cannot
accurately forecast each site’s choice for the best power generation. The most accurate
data with the lowest costs are provided by on-site observations and measurements of wind
parameters [1,4,6,73].

For example, according to the Australian State of Victoria’s Wind Atlas, the mean wind
speed across metropolitan Melbourne is 6.3 m/s. The Australian government research
organisation “Commonwealth Scientific, Industrial, and Research Organisation (CSIRO)”
Land and Water’s WindScape wind resource mapping program is used to predict yearly
average wind speeds for the wind atlas. This software models the wind resource at
65 m above ground level to a resolution of 3000 m (3 km) using regional topography and
atmospheric data. Since it misses any landscape effects within that 3000 m, where there are
residential homes, buildings, trees, structures, tiny hills, ridges, etc., such a large resolution
cannot include the microenvironment that is vital for wind turbine site selection. One of
the best approaches to locating viable sites and maximising the power generation capacity
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of home-scale wind turbines is to conduct on-site measurements of the wind conditions for
at least one year [1,4,6,73].

Figure 7 shows how to use a balloon, tag line, and tether line to check for smooth,
undisturbed air in order to determine a potential turbine tower installation location. Once
the potential location is determined, the wind characteristics at different heights in the
installation location must be measured for at least one year to determine the installation
location’s suitability. The optimum locations for wind power generation are generally on
elevated, open territory where winds are unrestricted by trees and structures. Obstacle-
induced turbulence in the wind is not ideal. An adequately tall tower is essential if wind
systems cannot be sited far enough away from obstructions.
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3.2. Permits for Planning, Insurance, and Grid Connectivity

The laws governing the installation of wind turbines differ between different nations,
states, counties, and municipalities. The setback distance between the turbine and close-by
homes, the noise limit, and the drop shadow are examples of regulating standards. Small
wind turbines up to 10 m tall and with a diameter under 7 m are exempt from some
regulations in several countries. Before installing a tiny wind turbine, inspection by local
authorities may still be necessary in some nations or regions.

There are no common criteria that apply to all of the European Union’s member states.
Some nations just follow legally permissible advice, while others have strict regulations
that must be followed. Local governments in the UK, Ireland, Spain, Italy, and Sweden
only have legal recommendations for setback distance, noise limit, and drop shadow; there
are no restrictions in these countries. The municipal governments in Portugal and the
Netherlands have non-binding guidelines and laws governing noise restrictions only. It
is necessary to abide by the setback distance, noise restriction, and drop shadow rules
established by the municipal governments in France and Denmark. In Germany, most
of the states—apart from Berlin, Bremen, Hamburg, Lower Saxony, Rheinland-Pfalz, and
Schleswig-Holstein—exempt small-scale wind turbines from building requirements.

In Australia, the use of small-scale wind turbines in urban settings is still in its infancy.
Therefore, no firm government laws and guidelines for the issuance of planning permits, the
installation of tiny wind turbines in urban areas, insurance, or grid connectivity have been
developed. However, some Australian local governments and municipalities have created
policies and guidelines for the deployment of small-scale wind turbines, especially in rural
settings. For most Australian councils and municipalities, planning approval is needed
if the turbine is: (a) built in a heritage overlay or other overlay area; (b) has a sweeping
blade area of more than 5 m2; and (c) is located in residential zone 1 [6]. In Australia,
although most small-scale wind turbines are not grid-connected, for grid connection, the
inverter must comply with Australian standards AS3100 and AS4777, in addition to a
written contract with the power retailer [1,75].
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Small-scale wind turbines mostly lack universally accepted standards. The Interna-
tional Electrotechnical Commission (IEC) developed the IEC 61400 standard in 2001 for
wind turbines’ structural design, including site conditions prior to construction and the
testing, assembly, and operation of turbine components to ensure the turbine is structurally
sound over its designed life. The IEC 61400 describes the minimal design specifications
that must be met by wind turbines; it is not meant to be used as a comprehensive design
specification or instruction. For turbines with swept areas smaller than 200 m2, the IEC
61400-1 standard can be applied. Standards in the United States are expected to be con-
sistent with IEC standards. The United States National Renewable Energy Laboratory
(NREL) collaborated with IEC throughout the development of the IEC 61400 standard and
tests turbines above ground in accordance with this standard. Several other standards,
including ISO 19900: General requirements for offshore structures; ISO 19902: Fixed steel
offshore structures; ISO 19903: Fixed concrete offshore structures; ISO 19904-1: Floating
offshore structures—mono-hulls, semisubmersibles, and spars; and ISO 19904-2: Floating
offshore structures—tension-leg platforms and API RP 2A-WSD: Recommended Practice
for Planning, Designing, and Constructing Fixed Offshore Structures, are also applied
to offshore wind turbines [76]. Many other countries, including Canada, are revising, or
formulating their national standards to harmonise with IEC 61400.

Sadly, very few standard grid connection and feed-in tariff policies have been devel-
oped and implemented for small-scale wind turbine power generation in built-up areas. In
contrast, the majority of nations have not put into place well-developed standards for grid
connection, laws, and the feed-in tariff system for rooftop solar power in built-up regions.

3.3. Turbine Tower

The wind turbine should be located above and away from any obstructions. Buildings,
trees, and hills block the wind, slowing it down and causing turbulence. A wind turbine
should be placed at least 9 m above everything within 150 m horizontally. The rotor must
be mounted far above any obstacles. The blade’s lowest point should be measured from tip
to base to determine its nine-metre (9 m) vertical clearance length. The tower must bear the
weight of the turbine and endure the loads that the wind places on it [77].

The minimum tower height is expressed in Equation (2).

Hmin = Ht + Hbuffer + Lblade (2)

Here:

Hmin is the minimum tower height (m);
Ht is the height of tallest obstacle within 150 m;
Hbuffer is the 10 m gap between the tallest obstacle and tip of the blade;
Lblade is length of the turbine blade (m).

The wind power increases with the height of the turbine hub, as shown in Figure 8.
Typically, a tower hub should be between 24 and 37 m high. A wind turbine should be
installed high enough on a tower so that the tips of the rotor blades are at least 9 m above
any obstructions within a horizontal distance of 90 m [78]. Towers with heights of 24 m,
30 m, or 36 m are commonly used for small wind turbine systems. In situations where there
are a few taller barriers, like trees, a height of 42 m might be required [74]. In some cases,
the higher hub height is required [79,80].

There are three basic types of towers: (a) tilt-up, (b) fixed-guy, and (c) freestanding,
which are widely used for small-scale wind turbines. Tilt-up towers make repair and
maintenance easy, as no climbing is required. A fixed-guy tower is the most common
climbable tower, while a freestanding tower with no guy wires is costly but attractive and
climbable [77].
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Figure 8. Increase in wind power as a function of tower height and wind speeds, adapted from [81]. 
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The installation of a wind turbine on the roof of a house or other structure necessi-
tates careful consideration of a range of factors, such as the need for building and works
approval, noise levels, mounting and structural integrity of the house, and house insurance
underwriting. Similar to solar PV or solar hot water panels, the mass of a typical household
wind turbine can range from 10 kg to 80 kg. The turbine, in contrast to solar panels, can
provide torque and bending moment to the mounting framework. For placing turbines on
buildings, the national standards on minimum design loads on structures must be met. For
example, in Australia, the Australian standard AS1170 needs to be adhered to. Similarly,
for the UK, the British Wind Energy Association (BWEA) Small Wind Turbine Performance
and Safety Standard BWEA 2008 is mandatory for manufacturers and installers to adhere
to [1,4,6,74,82].

3.4. Turbine Control and Maintenance

With the increase in wind speeds, the wind generator spins faster and generates more
power at a higher voltage. The generator would ultimately be damaged or worn out before
its designed lifetime if wind speed increased over a particular point. As a result, most
wind generators have a “cut-out” speed over which the generator either stops producing
electricity or regulates rotational speed to maintain a consistent output. Mechanical braking
and feathering are the two commonly used overspeed control techniques. In mechanical
braking, centrifugal forces develop when the turbine approaches the cut-out speed and
triggers a brake, similar to motor vehicle brakes. If operating at an average speed close
to the cut-out speed, the turbine’s braking might be employed frequently, and the brakes
would be worn out quickly. Two terms, ‘feathering’ and ‘furling,’ are widely used in turbine
control. Feathering is the process by which a turbine turns each individual blade to change
the angle of the rotor in the wind. Furling is the process through which a wind turbine
turns completely against the wind [74].

In the event that the batteries are fully charged, any extra power is sent to a dummy
load, which is generally an electrical heating element. The dummy load should be placed at
a location where it would not be accidentally touched, or it would pose a fire or explosion
risk due to excessive heating [74].

Regular maintenance is required for wind turbines, ideally twice a year but at least
once. An average turbine spins for around 7000 h a year. The expected lifespan of well-
designed wind turbines is 20 to 30 years. A routine maintenance schedule must be adhered
to in order to guarantee system performance. Most maintenance entails careful exami-
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nations of the turbine and tower. The tower needs to be designed and built such that
mechanical parts, including bearings, can be inspected and serviced with ease [74].

3.5. Small Wind Turbine Global Market

In built-up areas, people are encouraged through financial and economic incentives,
including feed-in tariffs (FiT), production tax credits (PTC), and investment tax credits
(ITC), to harness renewable energy (solar and wind) for power generation in order to
reduce the dependency on grid-connected fossil-fuel-based power. According to a recent
study, the size of the worldwide small wind turbine market is anticipated to reach USD
2.54 billion by 2030, growing at a compound annual growth rate (CAGR) of 9.2% during
the projection period [83]. The small-scale wind turbine industry is expanding due to rising
public awareness of renewable power generation by wind and government requirements
to reduce the growing carbon footprint. The rising energy shortages, energy prices, and
global population are also facilitating initiatives for wind power generation in built-up
areas. Additionally, the gradual decline in wind turbine installation costs is expected to
support business growth.

Given the simplicity of installation and low cost, both small-scale HAWTs and VAWTs
are expected to gain popularity in the global built-up area wind market. The market for
small-scale wind turbines is expected to rise by more than 9% between 2022 and 2030 as
people become more conscious about greenhouse gas emissions and climate effects. Europe
is anticipated to hold onto its leading position for small-scale wind turbine utilisation
due to shifting attitudes about the use of renewable energy. By 2030, it is anticipated that
significant expenditures and strong consumer awareness will boost the small-scale wind
turbine industry. The expansion of the regional market is being aided by the abundance of
onshore and offshore regions that are available for the installation of wind turbines.

3.6. Cost Analysis

An average Australian house consumes power amounting to 6570 kWh per year [84],
while OECD nations’ typical residential house consumption yearly is around 11,000 kWh.
A wind turbine rated between 5 and 15 kW is required for individual residential power
needs [74]. The cost of a wind turbine depends on its size, tower type, and associated
equipment. The turbine cost rises notably with the increase in size and tower height. For a
residential main source of power, a turbine with 5 to 15 kW of capacity may cost between
USD 15,000 and USD 75,000.

Typical small wind turbine installation costs include (a) tilt-up tower kit (38.7 m)—USD
5100, (b) inverter and power panel—USD 3439, (c) wind turbine, 3.7 m diameter rotor,
controller, dump load—USD 2500, (d) 8 batteries, 6V, 415 Ah—USD 1500, (e) miscellaneous
wire, conduit, etc.—USD 1200, (f) tower engineering (optional)—USD 1200, (g) concrete
and rebar for footings—USD 800, (h) trenching and footings—USD 700, and (i) Watt-hour
meter—USD 220 [77,83].

Along with the capital cost (price of the turbine, tower, electrical cable, inverter, data
logger, controller, power meter, installation, and provision for grid connectivity), there is
an ongoing maintenance or running cost. The task of maintenance often entails replacing
worn-out parts, bearings, leading-edge blade tape, grease, oil, etc.

The payback period is calculated based on the price of power generated by a home
wind turbine, the cost of using grid power in place of the turbine, and the annual return
on investment from lower power expenses. The wind load factor, turbine type, and
efficiency have a significant impact on the payback period. Larger turbines typically have
quicker payback times. In general, a small-scale wind turbine has a longer payback period.
However, the payback period for most small-scale wind turbines can be greatly reduced
to less than 15 years if the wind load factor can be achieved close to 30%, the turbine
manufacturing and retail prices are reduced, and the retail price of fossil fuel-based power
is increased.
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3.7. Wind Turbine Noise

Wind turbines are a source of environmentally friendly renewable energy, but they
may also be visually intimidating and a source of infrasound. When wind turbines are
built close to residential areas, the noise they produce has the potential to interrupt nearby
residents’ sleep or wakefulness, which can lead to negative emotions like irritability and
negativity as well as cognitive problems. Infrasound and audible sound, including possible
effects on the inner ear’s non-auditory function, may have consequences for health and
wellbeing [85].

Aerodynamic noise from moving blades and mechanical vibration noise from gear-
boxes and generators make up wind turbine noise. The blades’ aerodynamic noise is
thought to be the main source of noise for large commercial wind turbines. Aerodynamic
noise has two parts: (1) airfoil self-noise, which is the noise created by the blade in a
smooth inflow and is brought on by the interaction of the blade’s trailing edge with the
boundary layer, and (2) inflow turbulence noise, which is brought on by the interaction of
the upstream atmospheric turbulence with the blades and is dependent on the atmospheric
conditions. Inflow turbulence noise as well as airfoil self-noise are both influenced by a
variety of variables, including wind speed, angle of attack, radiation direction, and airfoil
form. There are several ways to lessen the aerodynamic noise made by wind turbine blades.
One of them is the use of blades with serrated edges on the backs. It can lessen the noise
produced by the von Karman vortex and enhance blade aerodynamic properties. Another
strategy for reducing noise is to use turbulence-generating devices that are mounted on the
blade’s outer section and leeward surface side [65].

Although noise limits differ greatly from nation to nation, the average nighttime noise
level in most of Europe, Australia, Canada, and North America is between 35 and 40 dB
(A) [85–87]. Furthermore, the wind turbine noise should not exceed 10% of the population’s
irritation when exposed to it in Australia. Annoyance is the primary measurement criterion
used to define wind turbine noise limits. This criterion ranges from 34 to 40 dB LAeq
(10 min) outside the home, with a mean value of 37 dB LAeq (10 min) [85]. In Australia,
it is mandatory to measure and monitor the commercial wind turbine noise generated by
the wind turbine power generators [86,87]. The turbine power generators are required to
submit an annual report to the regulatory authorities, where they must report on wind
turbine noise monitoring details and any complaints they receive from the locality about
the turbine wind noise. Currently, there are no such policies for small-scale wind turbine
noise regulation in built-up areas. The general noise limit rules that are applicable for any
fixed-machinery noise are shown in Table 2.

Table 2. Fixed-machinery noise restrictions in various states in Australia for residential areas.

States Time Not to Exceed Noise Level

Australian Capital Territory (ACT) 07:00–22:00 45 dB (A)
22:00–07:00 35 dB (A)

South Australia (SA)
07:00–22:00 52 dB (A)
22:00–07:00 45 dB (A)

Queensland (QLD) - 40 dB (A)

4. In Situ Performance Measurement Case Studies

Due to some discrepancies between in situ power generation and manufacturers or
installers’ stated power generation capacities, a series of studies on the performance of
installed small-scale wind turbines has been undertaken in different countries, mainly
the UK, USA, and Netherlands. These studies are supported by the respective country’s
government and/or organisations that subsidise and promote the use of small wind tur-
bines in built-up areas. The main findings of these studies are summarised in Table 3. The
performance of building-mounted and roof-mounted wind turbines is found to be poor due
to limited and turbulent wind. Most small wind turbines’ performance in built-up areas is
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noted to be significantly less than that of their manufacturers’ rated power generation. The
average wind speed is 50% or lower than the national wind speed databases. Generally,
most installers overrate the available wind resources at the installation sites. As the power
in the wind goes with the cube of the wind speed, doubling the wind speed makes the
power eight times greater. This is why accurate measurement or prediction of wind speeds
at installation sites is paramount.

Table 3. Small wind turbine in situ performance case studies.

Number of Turbines
and Locations

Turbine
Diameter (m)

Cut-in Speed and
Rated Speed (m/s) Major Findings

Case study 1
(British Energy
Saving Trust)

[88]

Studied 57 turbines
(building mounted and

free-standing pole
mounted) for 1 year, urban

and suburban areas in
the UK

1.1–5.6
2.5–4.5

&
11.0–15.5

• The maximum load factor
for building mounting was
around 7% of the rated
power output.

• The maximum load factor
for free-standing
pole-mounted turbines was
approximately 30% of the
rated power.

• Most manufacturers’ power
curves were found to be
inaccurate or incorrect.

Case study 2
(Cadmus Group)

[89]

Studied 21 free-standing
pole mounted (40 m–140 m)

small wind turbines for
1.5 years, in suburban areas

in Massachusetts, USA

Up to 8 -

• The average load factor was
found to be approximately
5% of the rated
power output.

• The average actual power
output was less than 29% of
the installers or manufacturers’
declared output.

• Manufacturers reported
turbine performance curves
were found to be inaccurate.

Case study 3
(Warwick

Wind Trials)
[81]

Studied 26 building
mounted (including 45 m

tall, exposed flats in
isolated settings on hilltops
and 5 m above the roofline)

small wind turbines for
1.5 years in suburban and

rural areas in the UK

- -

• The average capacity factor
was determined as 4%, with
the minimum and
maximum of 0.3% and
17%, respectively.

• The average wind speed at
installation sites was
measured at 40% less than
the UK National Wind
Speed Database, known as
the Numerical Objective
Analysis Boundary Layer
(NOABL).

Case study 4
(Zeeland small
wind turbine)

[90]

Studied 11 small wind
turbines for over 4 years in

one area with the same
heights of 12 and 17 m in

the Netherlands

1–5 -
• Most turbines generated less

than 50% of their nominal
power generation capacity.

There are three terms (cut-in speed, rated wind speed, and cut-out wind speed) in
wind turbine applications. The cut-in speed is the wind speed at which the turbine starts to
generate any measurable power or the rotor just starts to rotate. In most cases, it ranges
from 2.5 m/s to 3.5 m/s. The rated power is a measurement of the maximum amount
of power that a turbine may safely produce while maintaining structural integrity and
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threshold vibration. A turbine’s rated power is merely a best-case scenario. For small-scale
wind turbines, the window of rated wind speed varies from 10 to 14 m/s (see Figure 9).
The turbine employs braking mechanisms to prevent structural damage at the speed that is
called the “cut-out wind speed” or “shutdown wind speed”. The average cut-out speed
is only a few m per second more than the rated wind speed. The other parameter for
turbines is widely used and is called the turbine capacity factor. The turbine capacity factor
is usually obtained by dividing the measured power output by the theoretical maximum
power of a certain time period, often one year, and expressing it as a percentage (%). The
rated output of the turbine is expressed as the product of the theoretical maximum power
production and the number of hours included in the specified period (usually one year).
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Figure 9. Typical 1 kW turbine rated power curve.

5. Discussion

Small-scale wind turbine manufacturers reveal the rated power at certain wind speeds
(often 10 to 12 m/s) along with the cut-in speed of around 3 m/s. The usual speed in
built-up areas is between 3 and 6 m/s at a height of 10 m. The rated wind speed, at which
the power of the turbine is benchmarked, cannot thus be at the height mentioned above.
On a rooftop or adjacent to a building in a city or urban environment, however, neither of
those scenarios is likely to occur [91]. A turbine’s rated power is its highest possible output.
As mentioned earlier, it measures the amount of electric power the turbine can produce at
the strongest wind speed that the turbine can withstand.

To estimate, one should use the turbine’s power curve. Figure 9 displays a typical
power curve for a 1 kW turbine [92]. The graph shows that the turbine starts to generate
power at a cut-in speed of around 3 m/s (10.8 km/h). Slower winds do not have enough
kinetic energy to start the rotor rotating [92]. As wind speed climbs, power output increases
quickly, but it does not reach the 1 kW rated output until the wind speed is around 11 m/s
(about 40 km/h). In built-up areas, an average speed of 40 km/h is relatively uncommon.
Additionally, a 1 kW turbine frequently produces less than one-tenth of its rated value
because the average wind speed is more likely to be in the 3 to 5 m/s range.

The power generation range for most small-scale wind turbines with 1 to 5 m rotor
diameters is shown in Figure 10. The theoretical hourly, yearly, and yearly loads with 50%
load factor power are shown in Figures 10a, 10b and 10c respectively. In each of these
graphs, a typical wind speed zone in built-up areas (3 m/s to 6 m/s) and a turbine-rated
power zone are illustrated with a dotted square box. Although in Figure 10c, the load factor
is shown at 50%, generally, the load factor is lower than 30% in built-up areas, as evident
by the case studies of in situ measurements. Thus, yearly power generation is expected to
be much lower than that shown in the graph. The figure also indicates that turbines with
less than 3 m diameter will not produce more than 2000 kWh of power even at an average
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6 m/s wind speed in built-up areas with a load factor of 50%. It is important to note that
the load factor can even be less than 20% in some complex built-up areas.
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Figure 10. Power generation range for most small-scale wind turbines (1–5 m rotor diameter): (a) 
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Maximum yearly power output with load factor 30%. 
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Costs range from USD 6000 to USD 10,000 for a solar PV system that can generate 6000
to 10,000 kWh annually [92]. In contrast, the price of a wind turbine system of similar power
generation capacity can reach USD 30,000, depending on the height, diameter, complex
installation, and equipment used. The ability of a wind turbine to produce electric power
in built-up areas depends on the turbine’s efficiency as well as the average annual wind
speed, direction, and gustiness in the area of installation. Nevertheless, it is anticipated
that the price of small-scale wind systems, including installation, will decrease due to
ongoing technological advancements and an increase in localisation, as has been achieved
for solar photovoltaic systems [35]. Therefore, a hybrid system that combines wind and
solar energy seems more ideal for maximising the benefits of renewable power generation
in built-up regions.

Operating wind turbines can make a variety of unwanted sounds, including a mechan-
ical hum created by the generator and a whooshing sound produced by the blades moving
through the air. The presence of wind turbine sound can be affected by atmospheric factors,
such as air flow patterns and turbulence, as well as a person’s ability to perceive the sound,
which varies depending on the topography (the shape of the terrain) specific to the site
and the presence of other nearby sound sources, whether they are man-made or natu-
ral [93]. A wind turbine’s various components emit various sounds, including broadband
sound, infrasonic sound, impulsive sound, and tonal sound. Most contemporary small-
to medium-sized wind turbines produce a sound that is just somewhat louder than back-
ground wind noise (less than 6 dB). A small wind turbine generally does not make much
noise in most wind conditions. When heard from 300 m away (the closest point a wind
turbine is normally positioned to a house or building), the noise produced by land-based,
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utility-scale (big) wind turbines typically ranges from 35 to 45 dB. They produce much less
noise pollution than typical city car traffic (70 dB), being just slightly louder than a typical
refrigerator (50 dB). Underwater noise from different offshore wind turbines is at least
10–20 dB lower than ship noise in the same frequency range when it comes to offshore wind
energy. Furthermore, although offshore wind farms are normally located close enough to
the coast to be audible, they are unlikely to disturb nearby residents [93].

6. Conclusions

The potential for producing power from wind in urban areas with small-scale wind
turbines is enormous. However, due to the lack of accurate local wind data measurements,
it is challenging to generate any substantial power with the currently available small-scale
wind turbines.

Site-specific wind data measurements are vital for the selection of suitable installation
locations, hub heights, and turbine types and sizes. The choice of the site cannot be made
only based on simulated or modelled data.

The design of the current small-scale wind turbines needs to be changed in order to
take aerodynamic advantage of the local wind profile in built-up areas. Most wind turbines
that are currently on the market are tuned for perfect or near perfect wind conditions that
are scarce in built-up areas; thus, onsite performance data (at least over one year) must be
used to improve the wind turbine design aimed at built-up areas.

Unlike commercial wind turbines, research and development work on small-scale
wind turbines is extremely limited. As wind conditions in built-up areas are more complex,
in-depth research on small-scale wind turbines ranging from turbine design, data bank
compilation of urban wind characteristics measurements, selection of installation sites, and
turbines is vital for harnessing urban and built-up areas’ wind energy for power generation.
More importantly, substantial research and development are needed to increase the power
generation capacity and efficiency of small-scale wind turbines.

Government incentives for installing small-scale wind turbines in urban areas are
either scarce or non-existent. Incentives similar to those for PV panel installation should be
used to encourage consumers to install turbines in built-up areas.

Government legislation and regulations for small-scale wind turbines are not well
formulated in most countries. Such legislation and regulations should be created to improve
the use of small-scale wind turbines and remove any uncertainty in this regard.

Since most small wind turbine manufacturers are hobbyists or small businesses,
public and large enterprises’ financial involvement in this crucial industry is required
and incentivised.

Apart from the power generation efficiency, the wind turbine noise can be an issue for
the mass utilisation of turbines in built-up areas, especially in residential areas. Although
many countries currently do not have the required regulations and policies on small-scale
wind turbine noise restrictions, the enactment of such regulations and policies is warranted.
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