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Highlights
What are the main findings?

o BIWTs are still a technological challenge due to their low efficiency in urban environ-
ments, their low capacity factor and their high investment and maintenance costs

e The use of new technologies such as computational fluid dynamics (CFD), 3D printing,
artificial intelligence, and advanced materials is accelerating the development of more
efficient BIWT.

What is the implication of the main finding?

o BIWTs will remain a niche technology in the coming years.
o Technological advances and regulatory incentives could promote their wider application,
especially in coastal areas with favorable wind conditions.

Abstract: There is a trend towards urbanization and thus higher energy consumption
in buildings, while decarburization and renewable energy sources (RESs) are becoming
top priorities. Building-integrated wind turbines (BIWTs) represent a potential solution,
especially in urban areas where space is limited. The aim of this article is to examine
the technical, economic, and environmental aspects of the application of BIWTs based
on the scientific literature, considering innovations and challenges related to their wider
application. The analysis shows that BIWTs have a high capital cost (CapEx) and levelized
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has the potential to make an important contribution to sustainable urban development and
the energy transition.
Copyright: ©2025 by the authors. Keywords: building-integrated wind turbine; urban wind energy; capacity factor;

Licensee MDP], Basel, Switzerland. . .
efficiency; LCOE
This article is an open access article

distributed under the terms and

conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

Smart Cities 2025, 8, 55 https:/ /doi.org/10.3390/smartcities8020055


https://doi.org/10.3390/smartcities8020055
https://doi.org/10.3390/smartcities8020055
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/smartcities
https://www.mdpi.com
https://orcid.org/0000-0001-9882-585X
https://doi.org/10.3390/smartcities8020055
https://www.mdpi.com/article/10.3390/smartcities8020055?type=check_update&version=1

Smart Cities 2025, 8, 55

20f27

1. Introduction

There is a trend towards urbanization and thus higher energy consumption in build-
ings, while decarbonization and sustainable energy sources are becoming top priority.
BIWTs are wind turbines that are integrated into the design and structure of buildings,
enabling on-site power generation. Unlike conventional wind turbines, BIWTs are installed
on roofs, facades, or other architectural elements, transforming urban structures into active
energy generators while maintaining esthetic and functional integrity.

With cities accounting for more than 70% of global energy consumption, BIWTs are
an answer to the critical challenges of urban energy demand and space constraints. By
generating electricity directly at the point of consumption, BIWTs reduce power transmis-
sion losses and dependence on the grid, supporting decarbonization goals. Their role is
particularly important in densely populated urban areas where rooftop PV systems do not
meet the entire energy demand and provide a complementary renewable source.

BIWT systems primarily use vertical-axis wind turbines (VAWTs), which are compact
and operate efficiently in turbulent urban wind conditions. These are usually different
types of Darrius and Savonius wind turbines, but other types of turbines can also be used.
Horizontal-axis wind turbines (HAWTSs) are less common due to space constraints, but
can be integrated into buildings in special cases, such as the iconic World Trade Center in
Bahrain, which has large HAWTs between its towers. Newer designs include microturbines
and bladeless designs that blend in well with the architecture.

Ecological, economic, and social reasons speak in favor of the development and
application of BIWT. The environmental reasons are the reduction in dependence on
fossil fuels, the reduction of CO, emissions and cleaner air in cities with less particulate
emissions [1]. By generating their own electricity, buildings can reduce the operating costs
associated with energy consumption [1]. Many regions offer incentives for the installation
of renewable energy systems, including tax breaks, grants, and subsidies to promote green
technologies. In addition to the above economic reasons, there is also the possibility of
employing labor in jobs related to BIWT. Resilience and energy independence is another
reason aimed at providing backup energy sources in regions with unstable energy flows.
To a certain extent, esthetic reasons can also be cited, in the sense that BIWTs can improve
the attractiveness of modern architecture and promote the commitment of companies or
municipalities to “clean energy”.

Governments and institutions are increasingly promoting BIWT through measures
such as the US Investment Tax Credit (ITC), feed-in tariffs and net metering. Green building
certifications such as LEED award points for the integration of renewable energy sources,
while EU directives (Renewable Energy Directives and Energy Performance of Buildings
Directives) require the inclusion of renewable energy sources in urban planning. Local
spatial planning laws and grants further promote the application of BIWT and position
BIWT as one of the essential components of global efforts to reduce climate change. We can
say that BIWT is a combination of modern architecture and renewable energy technology
that leads the way to transforming cities into self-sufficient, low-carbon ecosystems. The
integration of wind turbines into buildings has been developing for decades, driven by
energy crises, environmental awareness, and technological innovations. Inspired by the
oil crisis in the 1970s, architects and engineers began experimenting with BIWTs, with
vertical-axis wind turbines (VAWTs) attracting attention due to their compact design. The
World Trade Center in New York City (1970s) briefly tested roof-mounted wind turbines,
with the built-in wind turbines proving ineffective in urban wind conditions.

The green building initiatives in the 1990s revived interest in BIWTs. In projects such
as the Enercon building (Germany, 1990s), small BIWTs were installed on the roofs. A
pioneering project was the installation of a BIWT on the Energy Research Unit (ERU) in
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the UK in 1999 as part of an EU-funded initiative led by Imperial College. This project
aimed to evaluate optimal designs for the integration of small vertical- and horizontal-axis
wind turbines into buildings. The Bahrain World Trade Center (2008) (Figure 1) became a
landmark as three HAWTs with a rotor diameter of 29 m and a total capacity of 225 kW
were installed between the towers. They generate ~15% of the building’s energy needs and
produce between 1100 MWh and 1300 MWh per year. The total cost of the wind turbines
amounted to approximately 3.5% of the total cost of the project [2,3].

Advances in materials (e.g., lightweight composites) and aerodynamic modeling have
improved the efficiency of turbines in turbulent urban environments. As a result, interest
in BIWT has increased since 2010. Projects such as London’s Strata Tower (2010) (Figure 2)
with three 19 kW roof turbines and the 309 m high Pearl River Tower in China (opened in
2013) have become one of the most energy-efficient skyscrapers in the world [4].

This skyscraper has four wind turbines of the Windside type with a vertical axis and a
height of 5 m. The wind turbines are installed in air tunnels at heights of 100 and 200 m
and produce about 5% of the building’s total annual energy requirements. The design also
incorporates a variety of energy-efficient technologies, including solar panels and advanced
ventilation systems. The Canton Tower, the tallest building in China (Guangzhou, 602 m)
and the fourth tallest in the world, was commissioned in 2010 and has two WS-4B turbines
at a height of 200 m. The Viikki Environment House office building in Helsinki, Finland
(Figure 3), was completed in 2011 and is known for its energy efficiency. It has four WS-030B
turbines mounted on the edge of the roof.

The Shanghai Tower (2015) has 270 vertically aligned wind turbines integrated along
its spiral-shaped parapet. These smaller turbines harness the turbulent winds of the
urban environment at different heights, contributing to the building’s sustainability goals.
Although the electricity generation is modest compared to large turbines, this project has
demonstrated the feasibility of using wind turbines in skyscrapers [2].

Recently, BIWT systems have been combined with other renewable energy and energy
storage technologies in nZEB concepts [6]. Examples include bladeless turbines (e.g., Vortex
Bladeless) [7]) embedded in building facades.

In general, it can be said that BIWTs are used in different types of buildings, as can be
seen in Table 1.

Figure 1. The Bahrain World Trade Center [5].
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Figure 3. Viikki Environment House. (https:/ /windside.com/gallery/, accessed on 15 January 2025).

Table 1. Types of buildings where BIWTs are installed.

Building Type

Description

Tall Skyscrapers

BIWTs are often integrated into tall buildings, e.g., skyscrapers several hundred meters high,
in order to make efficient use of wind energy, which increases with height.

Commercial Complexes

Large commercial buildings use BIWT to reduce energy costs and increase sustainability.
The turbines can be placed on the roof or integrated into the building envelope.

Educational Institutions

Universities and other schools are increasingly using BIWT for educational purposes and to
demonstrate their commitment to renewable energy. The Viikki Environment House in
Finland is one such example.

Mixed-Use buildings

BIWTs can be integrated into mixed-use complexes that combine residential, commercial
and public spaces. This approach not only increases energy efficiency but also promotes the
use of renewable energy.

Rooftop Installations

BIWTs of smaller capacity and size can be installed on the roofs of various buildings,
including warehouses and factories, to generate electricity on site without the need to
acquire and occupy additional land.

Local government buildings

Local government buildings can incorporate BIWT as part of their sustainability initiatives
to provide renewable energy for local needs and activities while exploring “green energy”.

The general progress in the development and application of BIWT, especially in the
last 15 years, has been significantly supported and enabled by numerous scientific studies
dedicated to this topic. By searching and analyzing the available literature on BIWT, the
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authors have identified the most important scientific papers, focusing on those published

in the last 5 years. The main findings and contributions of these papers are summarized in

Table 2 to provide a better overview and comparison.

Table 2. Significant scientific papers related to BIWT.

Author(s) Aim Main Results Ref.
In terms of CFD modeling, the standard k—e
Christian V. Rodriguez This article critically examines and turbulence model has been most commonly
Alberto Rios, Jaime E. Luyo analyzes recent advances in the field of ~ used. Simulation of BIWT has evolved from [8]
(2020) CFD design of BIWTs. 2D to 3D analyzes that include more details
on modeling BIWT and urban environments.
The aim of the research is to estimate The wind angle has a COHSlderable mﬂueme
.. . - on the power output of a Savonious turbine.
the efficiency of a Savonius wind The average Cp value of the turbine at a
Mao et al. (2021) turbine installed on the edges of a tall . §e~p o o o [9]
1 . . wind angle of 360° is 0.4256, which is 92.5%
building using transient 2D CFD . . .
higher than that of a turbine with a steady
methods.
flow.
The research objective is to assess the
status, challenges and limitations of The authors emphasize how important it is
Calautit, K BIWT and micro or small wind to take advantage of the acceleration of wind [10]
(2023) vibration technologies in order to speed caused by the shape of the building
improve their performance, efficiency,  roof when using wind energy technologies.
reliability and cost-effectiveness.
The aim is to evaluate methods for Development of methods to optimize the
Huang, C; et al. (2024) determining the location of wind placement of turbines in port and city [11]
turbines and assessing resources. scenarios.
The main ob!ecjave? of this st.udy 15 to The design of current small wind turbines
analyze the limitations of using wind .
. . needs to be modified to take advantage of the
Alam, F et al. (2023) energy through small wind turbines to . . . [12]
s . aerodynamic benefits of the local wind
generate electricity in built-up areas for o .
- . . profile in built-up areas.
residential and commercial purposes.
The aim of this study was to determine It has been shown that the planning of small
whether the wind zone that wind turbines in urban areas requires data on
Zagubien, A. et al. (2022) characterizes a particular area in open the annual measurement of wind [13]
space is reflected in the built-up area characteristics at the location and height of
that lies within the zone each planned turbine.
Thls article an.alyzes tl}e fea51b1h.ty of It has been shown that small wind turbines
using small wind turbines for private for households have considerable potential
Zhang et al. (2023) households in New Zealand cities with . . oep . [14]
. . for generating electricity and bring economic
regard to their construction and .
. benefits in the long term.
operation.
This article analyzes a perspective for An overview of current developments in
Kwok, KCS . . . .
(2023) wind energy research based on the wind energy systems in the built [15]
aerodynamics of buildings and cities. environment is given.
This overview aims to capture the fact This study provides readers with e
. L knowledge platform to explore possible
Ding, TJ that recent advances in wind energy e . )
. . . methods of utilizing urban wind profiles [16]
(2022) systems can bring tangible benefits to . .. . . .
) . with minimal vibration, noise and space
the entire renewable energy industry. .
requirements.
In this study, the effects of novel The analysis has shown that the existing
cylindrical deflector systems on the natural obstacle shapes can be effectively
Anh Dinh Lee et al. (2025) aerodynamic performance of the used as deflectors to improve the [17]

Savonius turbine are investigated
numerically.

aerodynamic performance of the Savonius
wind turbine.
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Table 2. Cont.
Author(s) Aim Main Results Ref.
The aim of the wqu 1s to Investigate A CFD analysis of the dimensions of the
. . . the aerodynamic advantages of L - . .
Ruiz, Claudio Alanis et al. o . . G openings in the building was carried out in
ventilation openings in buildings and [18]

(2021)

order to make the best possible use of wind

the possibilities of their use for wind
energy.

energy utilization.

Dongxu Li et al. (2021)

The results show that diffusers have a major
influence on the aerodynamic performance

of the BA-VAWT. The trapezoidal diffuser is [19]

the most efficient with a power coefficient of

1.56 and an optimum tip speed ratio of 4.62.

The aim of the work is to investigate
the aerodynamic performance of the
BA-VAWT with different diffuser
parameters by numerical simulation.

Shuaibin Zhang
(2022)

The aim of the study is to understand
the wind resources of a neighborhood,
the operation of small rooftop turbines
and their impact on wind conditions in

the neighborhood.

We note that the flow over the urban area
shows a clear acceleration due to the
displacement effect of the urban area and the
turbulence intensity increases drastically.

Garcia, O et al. (2019)

According to the results, an increase in wind
speed by a factor of three would lead to an
increase in working hours at rated power due [21]
to the edge effect and concentration plumes,
which means more than 2000 h per year.

The study examines ROSEO-BIWT, a
new building-integrated wind turbine
(BIWT) intended for installation on the

edge of buildings.

This paper analyzes the development and application of BIWTs with a particular focus
on their role in sustainable development and the transition to decentralized energy sources.
It examines the technical, economic, environmental and safety aspects of the application of
BIWTs, as well as the factors affecting their competitiveness in the market and the barriers
to their wider application. It also identifies possible directions for the further development
of this technology as well as short- and long-term opportunities for the use of BIWTs.

There is a lot of literature on BIWT, but most of it only deals with certain aspects of
the subject. There are very few scientific studies that provide a comprehensive picture
of BIWT, and there are virtually no forecasts of short- and long-term BIWT installations.
This research aims to fill this gap. So, this study can serve as an excellent basis for young
scientists to continue their research in this field and contribute to the scientific community.

2. Materials and Methods

The aim of this study is to investigate the status of the application of BIWT and the
prospects for further application of wind turbines in urban areas based on the latest avail-
able data (last 5 years) from the literature. The introductory section discusses the context of
the topicality of the issue and then examines the historical application of the BIWT. Then,
the specifics related to wind energy in urban areas were analyzed and explained, resulting
in certain limitations for the use of wind turbines. In this context, an overview is given of
the possible locations of wind turbines on the buildings and the potential types of wind
turbines that could be used. Based on these facts and the factors arising from the current
economic, environmental (climate change) and political situation in the world, factors
influencing the further application of BIWT can be identified and considered. Economic
viability is the most important factor influencing the application of BIWT, followed by
safety of application. Therefore, these elements were analyzed in more detail. The potential
impacts on humans, animals and the environment were also analyzed. As the maintenance
of BIWT in urban areas has some specificities, a brief overview of this topic is given, as well
as the question “What is at the end of life of BIWT"?
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The main barriers to a wider application of BIWT have been analyzed and identified,
as well as encouraging factors for their wider application. New technologies that can
promote and contribute to a wider application of BIWT are also analyzed.

Key words were defined for each of the content units mentioned, on the basis of which
a search was carried out in various scientific document databases in order to obtain answers
to the questions posed. First, scientific databases such as Web of Science and Scopus were
searched. Part of the information came from articles published in journals of academic
publishers such as Elsevier, MDPI, Taylor and Francis, articles from IEEE, articles from
international conferences, and specialized literature. A range of information was found in
reports and studies from the International Renewable Energy Agency and NREL. Some of
the references were found based on references from other works used in this study. The
relevant articles are selected on the basis of the abstract and their relevance to the topic of
the study. The next step is to review the selected articles. The data found in the literature
sources were sorted and analyzed, and on their basis, through the method of synthesis and
deduction, appropriate conclusions were drawn regarding the evaluation of the perspective
of the application of BIWT in the short and long term.

3. Results

The analysis of local wind conditions is a crucial first step in the planning of building-
integrated wind turbines, as it has a direct impact on their cost efficiency, application safety
and environmental impact. Wind conditions in cities vary greatly, especially at lower
elevations, due to the “urban canyon effect” where buildings create turbulence and reduce
wind speed (Figure 4). Detailed annual wind mapping helps to identify locations with
frequent and stronger winds, which is crucial for sustainable energy production [11,13].

urban
canyon
effect

(\ airflow turbulence
\_‘

incoming wind
direction

-

incoming wind
a) f b)

direction

W~ _ airflow turbulence
airflow A
turbulence

y - incoming wind

direction

—

incoming
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c) tall building d)

Figure 4. Direction and shape of the airflow in an urban environment depending on the incoming
wind direction a) cross-flow of wind on buildings b) longitudinal flow of wind on buildings c) flow
of wind at an angle on a building d) cross-flow on tall buildings).

Accurate wind data enables the calculation of annual energy production (AEP) and an-
nual capacity utilization, important indicators for assessing return on investment (ROI) [21].
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Annual wind data are also important for forecasting extreme weather conditions (e.g., wind
gusts, storms) to ensure the structural integrity of the BIWT during planning. It should
also be borne in mind that higher wind speeds and strong turbulence can increase the noise
generated by the rotor blades, which must not exceed the city’s noise regulations. Finally,
the visual impact of the BIWT on the cityscape has an impact on public acceptance, which
is crucial for the approval of the project [22].

To determine the distribution of wind speeds around and on tall buildings and to find
the optimum position of the BIWT, it makes sense to use computational fluid dynamics
(CFD) [8].

The optimum position of the wind turbine depends on the prevailing direction and
the average wind speed at the site [9]. For existing buildings with an architecture that is
not planned for the integration of wind turbines (e.g., asymmetrical design, sharp edges),
determining the optimum position can be complex.

However, by carefully planning the site and designing the building with rounded
edges close to the space intended for the wind turbine, favorable airflow conditions around
the turbine can be achieved. The sloped edges at right angles to the top of tall buildings
obstruct the airflow and result in zones of turbulent flow. Although sloping edges can
cause local acceleration of the wind due to the large velocity gradient along the vertical axis,
they are not suitable for the installation of larger wind turbines with large blade diameters.

3.1. Distribution and Placement of BIWT Depending on the Installed Capacity

The installed capacity of a BIWP system depends on several factors, including the size
and height of the building, the wind conditions in the city and the chosen system design
(horizontal axis—HAWT or vertical axis—VAWT). Considering the different classifications
of wind turbines according to their installed power that can be found in the literature, the
authors present in Table 3 their own classification adapted to the latest trends in increasing
the power of wind turbines. This classification is based on the work of Zhiguo Zhang
et al. [14] and refers to the installed capacity of a single turbine.

Table 3. Classification of wind turbines according to power rating.

Class Subclass Rotor Diameter (m) Swept Area (m?) Power Rating (kW)
From To From To From To

Micro 0.50 1.25 0.2 1.2 0.01 0.40

Small-scale Mini 1.25 3 12 7.1 0.40 25
Medium 3 16 7 200 2.5 50

Small 16 25 200 490 50 100

Commercial Medium 25 50 490 1962 100 1000

Large 50 310 1962 75,400 1000 20,000

However, the definition according to the standard of the International Electrotechnical
Commission (IEC) 61400-2 [23] was taken into account, according to which small-scale
wind turbines are defined as turbines with a rotor swept area of less than 200 m? and a
rated power is below 50 kW.

Micro systems: They are ideal for use in residential buildings or smaller commercial
premises with low energy requirements. These systems require little space and can be
easily integrated into urban environments.

Mini systems: They are suitable for residential buildings, schools, or smaller commer-
cial facilities. They make a significant contribution to covering energy requirements with
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simple installation and maintenance. They can also significantly reduce energy costs for
small consumers.

Medium systems: These are used in taller buildings or industrial facilities with good
wind orientation. These systems can supply larger amounts of energy and are, therefore,
suitable for buildings with higher energy requirements.

Commercial turbines: Rare but feasible in megastructures with optimized aerodynamic
design, such as the Bahrain World Trade Center (3 x 225 kW). It is important to note that
there are no BIWTs in the large commercial wind farm category, but this category includes
offshore or onshore wind farms that are part of large wind farms.

For small-scale wind turbines (up to 10 m in height and less than 7 m in diameter),
there are no specific regulations for the installation and use of BIWTs in most countries.
For example, local authorities in the UK, Ireland, Spain, Italy, and Sweden only have
legal recommendations for distances, noise levels, and shadow flicker. In Portugal and
the Netherlands, there are non-binding guidelines that only regulate noise levels. In
Australia, the regulation of BIWT applications is still in its infancy. There are still no
laws and guidelines for planning permission, the installation of BIWT, insurance, or grid
connection [12].

There are three ways to integrate wind turbines into the urban environment:

(@) Retrofitting wind turbines on existing buildings. The term building-mounted wind
turbines (BMWTSs) is also used in the literature.

(b) The complete integration of wind turbines into new buildings together with the
architectural form.

(¢) The installation of free-standing wind turbines on vacant urban land.

Categories (a) and (b) are commonly referred to as building integrated wind tur-
bines (BIWT). Category (c) is not considered further in this paper, as the installation of
a free-standing wind turbine on a vacant urban site is not a form of building-integrated
wind turbine. The geometry of the building plays an important role in choosing the
optimal location for building-integrated wind turbines (BIWTs). Buildings can be aero-
dynamically designed to increase wind speed at certain locations. Placing turbines in
these locations makes them more efficient, and such systems are sometimes referred to as
building-augmented wind turbines (BAWTs). Figure 5 illustrates typical BIWT placement
options. Relatively large (commercial) BIWTs can be placed on a roof, between two adjacent
buildings, or in a larger opening in a building (Figure 5a). Small BIWTs can be installed as
a row of turbines on the roof or along the height of the building (Figure 5b).

(@) (b)

Figure 5. Common locations of BIWTs: (a) locations of commercial turbines and (b) locations of
small-scale wind turbines.

The performance of small Savonius wind turbines attached to the vertical edge of a tall
building (Figure 5b) was analyzed by Mao et al. using the computational fluid dynamics
(CFD) method [2]. It was found that the edge-mounted Savonius turbine achieved a higher
power coefficient than the turbine operating in steady flows. The average power coefficient
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(Cp) of the turbine at a wind angle of 360 degrees was 92.5% higher than that of the turbine
operating in steady flows. They also found that the average power of the turbine decreases
as the distance between the turbine and the building increases.

This research shows how important the correct positioning of wind turbines is to
maximize their efficiency. Optimizing the building design, such as aerodynamically shaped
edges, can also further improve the airflow conditions around the turbine, increasing its
efficiency and energy production.

3.2. Economic Profitability

Analyzing the local wind conditions in an urban environment is crucial for determin-
ing the optimal location of the BIWT, which has a direct impact on the efficiency of the
system and its viability. In the case of a planned new building, the shape of the building
can be designed to optimize the location of the turbine and the wind flow conditions on it.
The height of the building has a significant impact on the profitability of the BIWT system.
Tall buildings offer an advantage due to the higher wind speed at greater heights where
the impact of urban obstructions such as other buildings and trees is less. Research shows
that wind speed increases with height according to the logarithmic law, which increases
the energy potential of the wind. For example, at a height of 100 m, the wind speed can be
20-30% higher than at a height of 10 m, which significantly improves the performance of
the turbine [24].

Tall buildings can reduce the negative effects of turbulence, especially if they are
aerodynamically shaped. For example, some skyscrapers use a special design of the facade
to direct the wind towards the turbines, as is the case with the Pearl River Tower in
China. However, the lack of aerodynamic optimization can lead to excessive vibration and
noise, which shortens the lifespan of BIWTs, which is already shorter compared to large
commercial wind turbines.

Increased building height allows for greater potential for energy generation but also
increases initial costs due to the need for additional structural reinforcements and the
difficulty of installation in hard-to-reach parts of the building. Studies on the integration of
wind turbines in high-rise buildings show that the economic benefits only materialize if the
wind resources are good and the system is properly designed. If these conditions are not
met, high maintenance costs, low efficiency, a low capacity factor (5-30%), and a shorter
lifetime (15-30 years) make such projects economically unviable. Incentive or subsidy
programs for investment costs can play an important role in improving economic viability.
Table 4, which is based on National Renewable Energy Laboratory (NREL) research results
from 2024 [25], shows that CapEex and LCOE for BIWT are much higher compared to
large commercial wind turbines, while the capacity factor and specific annual energy
production (MWh/MW) are lower. The OpEx (operating costs) are roughly the same as for
onshore wind turbines. OpEx are expenses incurred by a company in the normal course of
business and include rent, maintenance and repairs, inventory costs, property management,
insurance, etc. Capital expenditures (CapEx) are funds that a company uses to acquire,
modernize and maintain physical assets such as land, facilities, buildings, technology or
equipment. In addition to the cost of the asset itself, CapEx also includes Balance of System
(BOS) costs. BOS includes items such as support structures, converters, cables, substations,
monitoring and control systems, and the like. BOS costs for BIWTs are significant as they
deal with site-specific engineering, regulatory hurdles and infrastructure integration unique
to urban environments. BIWTs require a customized infrastructure to be integrated into
buildings, including special foundations and structural reinforcements. Special electrical
components such as converters and transformers are often required for connection to the
building’s energy system or to the power grid. BOS investment costs also include the cost
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of permits, metering equipment and compliance with municipal grid standards, as well as
noise, vibration, and building esthetics requirements. Unlike turbines, which benefit from
economies of scale and innovation, the cost of BOS is less flexible and often dominates the
budget of a BIWT project. Balance of System (BOS) costs can account for 41.2-54.6% of total
capital costs, depending on project size, with turbine costs making up the remainder.

Table 4. Comparison of the LCOE for different categories of wind turbines [25].

Land-Based Offshore Distributed (Single Turbine)
Parameter Units Utility Scale  Fixed Bottom Floating Residential Commercial Large
Wind turbine rating MW 3.3 12 12 0.020 0.10 15
Capital expenditures $/kW 1968 5411 7349 8665 6800 3362
(CapEx)
Operational $/KW/yr 43 135 108 41 41 41
expenditures (OpEx) y
Netannual energy —\yyop v e 4104 4295 3346 2580 2846 3326
production
Levelized cost of $/MWh 4 117 181 240 174 80

energy (LCOE)

From the above, it is clear that BIWTs have a longer payback period compared to
larger commercial turbines (LCOE and payback are correlated due to the same influencing
factors).

The biggest influence on high LCOE is a low capacity factor, followed by a shorter
lifetime of the wind turbine. Locations where the capacity factor is good (coastal areas and
islands with good wind) have significantly lower LCOE.

The economic viability of BIWT systems depends on a number of complex factors
that vary by country and region. In addition to local wind conditions, LCOE is influenced
by labor costs, equipment costs, and energy market conditions. The application of new
technologies such as artificial intelligence (AI) with machine learning, deep learning and
neural networks, as well as computational fluid dynamics (CFD) enables the precise
mapping of urban wind flows. These methods are used to identify locations with optimal
potential for deployment, which forms the basis for wider commercialization of these
systems [26]. Increased commercial deployment, together with a range of development
innovations, can lead to lower capital expenditure (CapEx) and system costs (BOS), further
reducing LCOE. Financial incentives play a key role in accelerating the uptake of BIWT,
including the following:

e  Feed-in tariffs (FiTs) to encourage the sale of energy to the grid;
e  Production Tax Credits (PTCs) to reduce operating costs;
e Investment Tax Credits (ITCs) to support initial investment.

According to a study by Alam and Jin [12], the market for small wind turbines is
expected to grow by over 9% annually between 2022 and 2030, indicating a growing
interest in this technology. However, further development depends on the synergy between
technological advances, regulatory incentives, and the reduction in production costs.

3.3. Security of Application

An important aspect of any energy system is the safety of its application. Below is
analysis of the security of the BIWT system. General safety measures and strategies to
protect the environment are defined in the EHS Guidelines [27]. The EHS Guidelines for
wind energy contain information on environmental, health and safety aspects of onshore
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and offshore wind turbines. They should be applied to wind turbines from the initial
feasibility studies and environmental impact assessment and continue to apply throughout
the construction and operational phases. The applicability of the EHS Guidelines should
be tailored to the hazards and risks identified for each project, based on the results of an
environmental assessment that takes into account site-specific variables such as the host
country context, urban area, and other project factors.

3.3.1. Structural Integrity

Every building must meet all legal planning and construction requirements in order
to obtain planning permission. The integration of BIWT into a building requires additional
testing, including an analysis of the impact on structural integrity, environmental safety
and compliance with local noise and vibration regulations. European standards (e.g., EN
1991: Eurocode 1), for example, define the maximum permissible vibrations for buildings,
which may require adjustments to the design of BIWTs.

The safety of BIWTs is an important priority due to their close interaction with people
and the surrounding infrastructure. Turbines must withstand dynamic loads (turbulence
and gusts of wind) and extreme conditions such as earthquakes. The interaction between
the turbine and the building vortices can lead to harmonic resonances between the turbine
and the building vortices, which increases the load on lightweight building materials (e.g.,
steel beams or glass facades) and affects structural stability over time. The use of vibration
isolators and dampers can help to reduce the transmission of vibrations from the turbine to
the building structure. This includes the use of specially designed supports that absorb
vibrations before they are transmitted to the building [5,28]. Poorly designed turbines
run the risk of mechanical fatigue or even component detachment, posing a danger to
occupants and pedestrians below the building. If the turbines are exposed to turbulent
winds over a longer period of time, the load on the turbine components (e.g., rotor blades,
bearings) can increase, which increases the probability of mechanical failures [5].

Regular inspections and preventive maintenance are key to detecting wear, loose
connections, or cracks at an early stage. The use of IoT sensors to continuously monitor vi-
bration, temperature and noise enables a quick response to anomalies. Implementing BIWT
requires a multidisciplinary approach—from building code compliance to advanced engi-
neering solutions for vibration management. Without systematic support, these systems
can become a critical point of risk in urban environments.

3.3.2. Fracture and Detachment of the Blade

One of the main safety issues associated with BIWT is the risk of blade fracture. While
cases of flying blades are more common in large, free-standing HAWTs, they have not yet
been reported in urban areas. The consequences in urban areas can be severe due to the
proximity of people and property. VAWT blades are subjected to alternating tensile and
compressive loads during rotation, especially in turbulent, windy urban environments. This
cyclic loading accelerates material fatigue, especially at the blade joints. Rapid changes in
the angle of attack of the wind during rotation cause unstable aerodynamic loads that lead
to torsional oscillations and stress concentrations. Straight or curved VAWT blades (e.g.,
Darrieus or H-rotor designs) are subject to uneven centrifugal forces and bending moments
during rotation, which increases the risk of fracture at the support struts. Prolonged
exposure to turbulent wind (e.g., wind shear, gusts) leads to material fatigue, especially in
light turbine structures with higher power [29-31]. Blade fractures may be primarily due
to fatigue damage, stress concentration and complex operating conditions.

The failure of bolts in hubs of HAWT blades, for example, is related to the alternating
loads caused by the rotation of the blades and the stress concentration at the root of
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the thread [19]. Composite blades often suffer structural collapse due to a combination
of bending and torsion, exacerbated by failure of bonded joints and delamination [18].
Blades made of composite materials (common in VAWTSs) are susceptible to ultraviolet
(UV) radiation, moisture penetration and cracking of the resin matrix, weakening structural
integrity over time. Therefore, they face degradation issues such as trailing edge cracking
and shear-induced delamination [18,32]. For this reason, there are methods that can
detect and warn of possible blade and/or other turbine component failure at an early
stage. These methods include acoustic emission (AE) signal detection, dynamic vibration
analysis, changes in aerodynamic noise patterns [18,21,22], and blade-embedded fiber
Bragg grating (FBG) sensors to detect local stress anomalies and early cracks. Machine
learning algorithms increase the classification accuracy for damage types. Changes in
aerodynamic noise patterns correlate with damage to the blade surface [21]. By using
drone-based inspection: in combination with deep learning, surface defects such as erosion
or cracks can be detected, which improves the efficiency of the inspection [23] and makes
the use of BIWT safe.

3.3.3. Lightning Strikes

When wind turbines are mounted on the roofs of taller buildings, they are exposed
to an increased risk of lightning strikes, which can cause damage to the turbine itself as
well as potential hazards to the building and its occupants. To reduce the risk of lightning
strikes, it is necessary to design and implement surge protection systems and high-quality
earthing that ensure a safe path for the dissipation of lightning energy into the ground.

3.3.4. Dangers During Installation and Maintenance

The integration of wind turbines into tall buildings presents unique logistical and
safety challenges, particularly during installation and maintenance. These challenges
stem from the vertical complexity of skyscrapers, the turbulent wind conditions in urban
environments, and the need for specialized equipment to access elevated structures.

The installation of BIWTs on tall buildings often requires the use of specialized ma-
chinery, including cranes that can reach extreme heights. The Bahrain World Trade Center
(2008), for example, required large cranes to place three HAWTs between its twin towers.
The logistical complexity of such installations is due to the limited space in cities, where
narrow streets and adjacent buildings restrict the maneuverability of the cranes. In densely
populated cities such as Shanghai, modular cranes or helicopter elevators may be required,
significantly increasing capital expenditure (CapEx).

However, it should be noted that tall buildings create turbulent airflow due to the
“urban canyon effect”, which increases dynamic loads during lifting, which can destabilize
the cranes or temporarily stress the building frames. The installation teams must also take
this into account.

BIWTs must be inspected regularly to ensure their mechanical integrity, especially in
corrosive urban environments where pollution (or salinity) accelerates wear. Maintenance
work such as lubricating bearings, replacing rotor blades, or repairing generators often
requires technicians to work at heights of more than 100 m. The 270 vertical-axis turbines
of the Shanghai Tower, for example, which are installed along the spiral-shaped parapet,
require access to the platform by lowering or hanging.

When maintaining BIWTs, components such as bolts, blade parts, or tools pose a
significant risk to pedestrians and the infrastructure below. Therefore, BIWTs require safety
measures (e.g., a safety net around the building) to catch debris during repairs [33].
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3.4. Impact on People and the Environment
3.4.1. Noise

Turbines can generate low-frequency noise and vibrations that can spread through
the building structure. This is particularly problematic in residential or office spaces,
where noise pollution can affect people’s concentration, comfort and health. The noise
generated by BIWTs can pose a health risk to occupants, especially if it disrupts sleep
or contributes to stress. Prolonged exposure to noise has been linked to various health
problems [34]. Vertical-axis wind turbines (VAWTs) are often preferred for BIWT due to
lower noise levels, but uncertified models can still exceed permissible noise levels. De
Santoli et al. [35] qualitatively assessed the noise impact from a 3.7 kW micro wind turbine.
The noise emissions were estimated at 45-50 dB(A).

3.4.2. Flickering Shadow Effect from Turbine Blades

BIWTs can have a flickering shadow effect, although much smaller compared to larger
wind turbines due to their smaller blade size, casting a moving shadow on nearby buildings.
Shadow flicker is most pronounced when the turbine blades are directly between the sun
and the windows of nearby buildings. The frequency and intensity of flickering depends on
the position of the sun, which varies during the day and through the seasons. The potential
for shadow flicker decreases with increasing distance from the turbine, typically within
a radius of about ten rotor diameters. To address the problems associated with shadow
flicker, various mitigation strategies are implemented such as an automatic shutdown
system when shadow flicker is likely to disturb nearby residents [36].

3.4.3. Impact on Biodiversity and Birds

BIWTs and commercial large-scale onshore and offshore wind farms contribute to
meeting renewable energy targets, but BIWTs have much lower negative impacts on
biodiversity and habitat fragmentation, as well as less noise and vibration, due to their
design and integration into existing urban landscapes. Compared to large wind farms,
BIWTs have a lower collision risk for bird and bat populations as the blades are smaller
(lower blade speeds) and the urban area is not on the bird migration routes [26]. Urban bats
and birds (e.g., jays, house sparrows) may be at risk of collision with the turbine blades if
the turbines are located near green spaces or bird habitats.

3.5. Maintenance of BIWT

The maintenance of building-integrated wind turbines (BIWTs) is associated with
various challenges and costs that can affect their overall economic viability.

One of the biggest challenges is accessing the turbines for routine maintenance and
inspection, especially when they are installed at high altitudes or in hard-to-reach loca-
tions. This requires specialized equipment and safety measures, which increases logistical
complexity and costs.

BIWTs are often custom-built, which complicates standardized maintenance protocols
that require specially trained technicians, and consequently leads to higher operating
costs [37]. Maintenance schedules vary depending on turbine design and environmental
conditions as follows:

e  Routine inspections are carried out every 6-12 months to check lubrication, tightening
of screws and wear of parts;

e  Predictive maintenance is based on built-in IoT devices (e.g., acoustic sensors), which
enables real-time condition monitoring;

e  Major overhauls are usually performed every 10-15 years to replace components for
moving parts like gearboxes.
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Maintenance costs include the cost of regular maintenance, the cost of spare parts, the
cost of logistical support, and downtime costs [38].

Depending on the size and complexity of the system, the cost of routine maintenance
can vary widely, ranging from a few thousand to tens of thousands of dollars per year. The
cost of replacement parts for repairs can be significant, especially for large components such
as turbine blades and reducers (15-20% of the cost of a new turbine) [39]. Downtime costs
refer to maintenance or repair periods during which the BIWT is not producing electricity,
resulting in loss of revenue. BIWTs typically have annual maintenance costs of 1.5% to 3%
of the original turbine investment, depending on age and design [40].

3.6. The End of Lifetime

The discrepancy between the lifespan of BIWT systems (typically 20-25 years) and
buildings (50-100+ years) raises critical questions about sustainability, maintenance and
circular economy. The options available at the end of life of BIWTs are discussed below.

3.6.1. Lifetime Extension

In fact, there are no direct studies on BIWT life extension, so research for onshore
and offshore turbines can be used to some extent as a basis for the methodology. In some
cases, it is possible to extend the life of BIWTs through thorough inspections and regular
maintenance. This includes assessing the structural integrity and performance of turbine
components to ensure that BIWTs can continue to operate safely for several more years [26].

3.6.2. Repowering

Electricity refurbishment involves replacing old turbines with newer, more efficient
models. This approach enables higher energy production without taking up additional
space and is considered a sustainable solution. End-of-life turbines are often replaced with
new generation turbines (e.g., bladeless designs, Al-optimized VAWTs) that perform better
in turbulent urban wind conditions.

3.6.3. Dismantling and Recycling

If neither an extension of the useful life nor repowering is possible, the BIWT should
be decommissioned and dismantled. During dismantling, the turbine and its components
must be safely removed from the building. Many parts, such as metals, can be easily
recycled or reused, reducing the amount of waste and promoting a circular economy.
Dismantling requires careful planning in accordance with local regulations and safety
measures.

The decision whether to expand, revitalize or dismantle the BIWT also depends
on economic factors. When maintenance costs begin to exceed the financial gains from
electricity generation, the options of decommissioning or repowering should be considered.
The availability of incentives or support for such projects has an impact on the decision [26].

4. Discussion
4.1. Barriers to Greater Implementation of BINT

The main obstacle for a wider application of BIWT is the complicated installation of
the turbines, the low energy efficiency due to the unpredictable and turbulent wind in
urban environments and the low capacity factor, i.e., the low annual electricity production.
Insurance premiums for buildings equipped with BIWTs are 15-20% higher than for con-
ventional buildings due to the risks associated with operation and debris liability which
also increases the LCOE.
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4.1.1. Unpredictable Wind Patterns and Turbulence

Buildings disrupt the laminar flow of the wind and generate turbulent winds that
differ significantly from outdoor conditions. The main problems include “dead zones”
where wind speeds drop sharply due to vortices or air currents, variations in wind speeds
and directions that fluctuate greatly near buildings (which reduces turbine efficiency), and
interference from wind shear: the natural increase in wind speed with height is hindered
by buildings, reducing the perceived benefit of tall buildings [41].

4.1.2. The Specific Annual Energy Yield in Urban Environments

The specific annual energy yield, expressed in kWh/m? rotor area, depends on a
number of factors that together strongly influence the efficiency and cost-effectiveness of
BIWT applications. Wind speed is the most important factor influencing the energy yield
of BIWT installations. Studies show large differences in specific annual yield for individual
sites as follows [42]:

e  Atlocations with an average annual wind speed of around 3.7 m/s, the specific annual
energy yield reaches up to 118 kWh/m? rotor area;

e  Atlocations with an average wind speed of around 2.4 m/s, the specific annual energy
yield is significantly lower and amounts to 14 to 20 kWh/m?.

This large difference clearly shows how decisive the choice of location is for BIWT
systems.

The frequency of wind direction changes has a considerable influence on the turbine’s
energy yield. While horizontal-axis turbines with a tilt system can follow the prevailing
wind direction, their efficiency, like that of diffuser turbines, decreases in conditions where
the wind changes direction frequently and turbulence is present. In such conditions,
especially in urban areas, VAWTs (Savonius and Darrieus type) have an advantage because
their energy production depends primarily on the speed and not the direction of the wind.
The height at which the turbine is installed has a significant impact on energy production.
For example, at the same site in a suburb, a slight increase in the height of the turbine
installation from 9.2 m to 11.3 m resulted in a more than two-fold increase in specific annual
energy production from 8.9 to 20 kWh/m? [42].

The shape of the building can significantly influence the wind speed at the installation
site of the wind turbine and thus the specific annual energy production. When planning
new buildings, this can be significantly influenced by the planner. When renovating existing
buildings, however, the shape of the building can only be influenced to a very limited
extent.

Economic profitability is closely related to the average annual energy yield and usually
requires at least 2000 operating hours per year at rated capacity, which can rarely be
achieved in urban environments with lower average wind speeds [8]. A good energy yield
can be achieved in coastal areas with more constant and stronger winds, where conditions
are more favorable for power generation.

4.1.3. Structural Barriers

Building-integrated wind turbines (BIWTs) face significant structural barriers that
prevent widespread adoption in urban environments. These challenges arise from technical,
material and regulatory complexities. Integration into buildings requires careful consid-
eration of load-bearing capacity, particularly for older buildings that were not originally
designed for the installation of wind turbines [43]. The aerodynamic forces generated by
turbulent urban wind patterns result in dynamic loads that require reinforced structures to
prevent structural fatigue. The operation of turbines generates low-frequency vibrations
that can propagate through the building structures. Sustained vibrations from wind tur-
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bines can lead to fatigue damage in building structural components and requires advanced
damping systems [43,44]. Modern materials must have a balance of strength, weight and
durability to withstand cyclic loading from wind gusts and vibrations. Innovations in
composite materials and modular designs are critical to reduce weight while maintaining
structural integrity.

Existing building codes often lack BIWT-specific guidelines, forcing engineers to
adapt standards developed for traditional rooftop solar or free-standing wind turbines [45].
For example, electrical safety protocols for ground-mounted systems do not align with
BIWT requirements, making compliance difficult. Certification procedures for mechanical
strength require adapted criteria to take into account the dual function of construction
material and energy generators.

These structural barriers highlight the need for interdisciplinary research in aerody-
namics, materials science and regulatory frameworks to enable safe and efficient BIWT
deployments.

4.2. Opportunities for Greater Application of BINT

The deployment of BIWTs can be accelerated by taking advantage of technological,
economic, political and market opportunities. Below is an analysis of key opportunities,
supported by historical context and future trends.

4.2.1. Progress and Innovation in Technologies

Innovations such as the Power Augment Guiding Vanes (PAGV) multiply wind speed
by improving turbine efficiency, making BIWTs viable even in urban areas with little wind.
The ROSEO BIWT system, for example, uses curved blades to concentrate horizontal
and vertical wind flows at the edges of buildings. Experimental tests in the wind tunnel
have shown that the wind speed at the entrance of the turbine quadruples when PAGV
is combined with the effect of edge acceleration of buildings [21,46]. This enabled the
Savonius rotor to achieve a capacity factor of 25-30% even in urban areas with an average
wind speed of only 3 m/s [30].

At an average wind speed of 3 m/s, the PAGVs enabled 2000 annual operating hours
at rated power (17.9 m/s), making the BIWT economically viable.

Advances in the design of VAWTs reduce noise and vibration emissions, which are a
major obstacle in densely populated urban environments. The use of rubber silencers and
low-speed designs has reduced operating noise to <45 dB [46].

The integration of BIWT with solar panels and energy storage (hybrid energy systems)
increases reliability and reduces dependence on the electricity grid (one example is the
double fagade system).

4.2.2. Possibilities to Reduce Costs

The application of BIWT in urban environments requires a cost reduction strategy, with
research highlighting simplified assessment tools and economies of scale as key factors.

In a study by Gonzalez-Arceo et al. [30], reanalysis data were calibrated with anemome-
ter measurements using quantile mapping to predict wind speed and direction over a
10-year period. This method reduced the reliance on expensive CFD simulations while
maintaining the accuracy of energy yield estimates. The calibrated data improved pre-
dictions of annual energy production by matching wind speeds from the reanalysis with
site-specific measurements, providing a cost-effective alternative to complex modeling.
Methods such as laser radar wind towers and Weibull probability models for estimating
wind resources were also investigated. These approaches have provided reliable turbulence
and wind speed profiles even without high-resolution CFD, especially in complex urban
environments [47].
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Economies of scale are another element influencing costs. Mass production of modular
turbines (e.g., rooftop VAWTs) can reduce unit costs, especially when retrofitting existing
buildings. The use of IoT sensors and condition monitoring can reduce maintenance costs
but also increase the reliability of the system.

4.2.3. Policy and Legal Support

National carbon neutrality targets (e.g., the EU 2050 target [48]) will promote the ap-
plication of BIWT as an essential element for the decarbonization of the urban environment.
Some governments (e.g., China and the EU) are introducing green building laws, setting the
stage for increased use of BIWT in new construction projects, especially public facilities. Tax
breaks, subsidies or incentive prices for the integration of renewable energy in buildings
should also encourage investors to use BIWT. Dynamic zoning laws and subsidies for
hybrid renewable systems (e.g., EU Horizon 2020 grants) accelerate the adoption of BIWT.
Investments in green bonds and ESG (Environmental, Social, Governance) favor buildings
equipped with BIWT.

4.2.4. Urbanization and Smart City Trends

In the coming period, the trend will be towards further global urbanization with the
construction of tall skyscrapers to save space. Skyscrapers with aerodynamic design (e.g.,
the World Trade Center in Bahrain) make use of the effects of wind tunnels and show the
potential of BIWTs in urban centers. BIWTs could fit well into decentralized microgrids
and contribute to the goals of a smart city in terms of energy resilience [49,50].

4.2.5. Market Demand and Achievement of Green Transition Goals

Building companies are increasingly turning to BIWT to achieve the environmental
and social goals of decarbonizing the economy and attracting environmentally conscious
tenants. Growing consumer awareness and demand for sustainable infrastructure is in-
creasing the attractiveness of the BIWT market [51].

4.2.6. Esthetic and Architectural Integration

Innovative designs such as turbines embedded in facades, parapets or cavities (e.g., the
Pearl River Tower) combine functionality with esthetics, which can be a marketing advan-
tage for projects aiming for sustainability [52]. When designed as part of the architecture,
they can be visually appealing and contribute to the esthetics of the surroundings.

4.2.7. Energy Independence for Rural Areas

In conjunction with other renewable energy sources and energy storage systems,
BIWTs can power remote regions that are not connected to the grid by providing decen-
tralized access to energy. In certain windy coastal regions, such as Kutubdia Island in
Bangladesh, BIWTs are more cost-effective than rooftop PV systems. In such locations, the
systems typically include micro wind turbines and battery storage, which could be part of
a decentralized energy solution in combination with other renewable energy sources [53].
In summary, BIWTs could evolve from a niche application to a mainstream program if
the current limitations are addressed through research, development, and collaboration,
especially in larger cities and climate-sensitive regions with sufficient wind energy potential.
At the same time, the application of artificial intelligence and CFD simulations can optimize
turbine placement and operation to increase energy yield.

4.3. Emerging Technologies with the Potential to Encourage Greater Use of BIWT

The field of BIWT is developing rapidly with innovations that address key challenges
such as low turbine efficiency in turbulent urban winds, noise and lack of space. Several
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technologies under development or already implemented are expected to significantly
improve the performance and application of BIWT. Some of them are provided below.

4.3.1. Bladeless Vibration Turbines and Vortex Turbines (Vortex Bladeless)

Bladeless vibration turbines use vortex-induced vibrations (VIVs) to generate electric-
ity without rotating blades. This technology utilizes aerodynamic phenomena and material
innovations for energy conversion. When the wind flows around a vertical, cylindrical
mast, it generates alternating vortices (von-Karman vortex street) [54]. These vortices
induce resonant vibrations in the mast at frequencies corresponding to its natural structural
resonance (1-2 Hz). The vibrations drive a linear generator at the base of the mast, which
uses neodymium magnets and copper coils to convert mechanical movements into electrical
energy [55]. In laboratory tests, early prototypes achieved an efficiency of 30-40% when
converting mechanical energy into electrical energy [7]. The turbine operates efficiently at
wind speeds as low as 1.8—4 m/s, compared to 4.5+ m/s for conventional turbines [7,55].

These turbines have no moving parts such as gears and reduce maintenance costs by
~50% compared to conventional systems. The 3 m high prototypes produce 100-150 W
at a noise level <40 dB [56]. The minimal risk of collisions with birds and a 70% smaller
footprint than turbines with comparable blades ensure urban compatibility [57].

Power density in field trials is 0.5-1.2 W/m? (compared to 3-5 W/m? for small
HAWTs), but scalability studies suggest a threefold improvement with optimized coil
configurations (e.g., 3000 coils per set) [7]. Extreme wind resistance maintains structural
integrity at wind speeds of 30-35 m/s (=108-126 km/h) [55]. Current energy production is
30-50% below that of turbines with blades of the same size [57]. Turbine spacing <5 mast
diameters hinder vortex shedding in large turbines and reduce performance by 15-25% [57].

This technology has potential for decentralized urban energy systems, but requires
material optimizations (e.g., graphene-reinforced composites) to close the efficiency gap to
conventional wind solutions [7,57]. Another new technology is piezoelectric wind turbines.
These are flexible materials that convert wind-induced vibrations into electrical energy.
They can be easily integrated into building fagades.

4.3.2. Aerodynamic Optimization Guided by Artificial Intelligence

With the help of machine learning algorithms, artificial intelligence can analyze wind
patterns near buildings and suggest the optimal placement of turbines. It can also analyze
and suggest the optimal design of the blades and the shape of the building. A “wind-
adapted” architecture, for example, increases the wind speed at the turbine locations. One
example of this is the Birmingham Blade, a turbine specially developed for urban wind
turbines. The turbine has curved blades that rotate around a vertical axis and, according
to the developers, is up to seven times more efficient than previous turbine designs in the
city [58,59].

4.3.3. Advanced Materials and Nanotechnology

Lightweight composite materials improve the performance of building-integrated
wind turbines by optimizing structural efficiency and operational safety. Scientific progress
focuses on carbon fiber-reinforced polymers (CFRP) and graphene-reinforced composites
that address critical challenges in urban wind energy systems. CFRP reduce blade mass
by 30-50% compared to conventional glass fiber composites, while maintaining the same
strength [60,61]. Hybrid constructions (carbon fiber core + glass fiber outer surfaces) offer a
good balance between cost (—50%) and weight (—30%) [60,62].

The addition of 0.01-0.5% by weight of graphene to epoxy resins improves tensile
strength by 30%, strength by up to 50%, and temperature resistance by +30 °C [63,64].
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Lightweight composites allow turbines to operate at wind speeds of 2 to 4 m/s using
permanent magnet generators, doubling the potential of urban power generation. Aerody-
namic optimization of thinner graphene-reinforced rotor blades increases the coefficient of
performance (Cp) by 15-20% due to lower drag and mass-related inertia [61,64].

CFRP/fiberglass hybrid blades save 80% weight compared to pure carbon fiber con-
structions while retaining 90% strength, enabling larger rotors for low-wind urban lo-
cations [60,61]. Epoxy resin composites modified with graphene show 1500% increased
durability under cyclic loading compared to unmodified resins. Nano-reinforced interfaces
between carbon fibers and matrix material reduce delamination by 60% [64].

It should be noted that the impermeability of graphene reduces salt water corrosion
in coastal installations by 70% [63]. UV-resistant thermoplastic coatings with graphene
additives retain 95% of their original mechanical properties after 10 years of simulated
wear [65].

BIWTs, using these composites, achieve the following;:

e A 20-30% lower LCOE compared to conventional systems due to lower maintenance
and longer lifetime [63,65]

e A 1.5-2-time higher energy density per covered area in urban wind conditions [62,66]

e  Compatibility with circular economy goals through thermoplastic, recyclable compos-
ites [65,67].

4.3.4. Small and Modular Turbines

Rows of vertical axis microturbines installed in facades or roofs, such as Aeroma’s
stationary wind catchers, amplify the air flow by exploiting the aerodynamics of the
building.

4.3.5. Magnetic Levitation Bearings

MagLev improves vertical-axis wind turbines (VAWTs) by replacing mechanical bear-
ings with non-contact magnetic systems. These bearings eliminate physical contact between
the rotating components and reduce friction in VAWTs by 35% compared to conventional
ball bearings [68,69]. As a result, 95-100% of wind energy can be converted into rotational
motion instead of heat [70,71].

MagLev VAWTs allow a lower switch-on speed of 1.5-1.8 m/s compared to 4.5 m/s
for conventional systems. The next advantage of using MagLev technology is the higher
output power of the turbine. At a wind speed of 6.8 m/s, MagLev turbines generate
9.6-20% more power due to the lower rotational resistance26 and because the magnetic
levitation technology enables 64% faster turbine rotation at low wind speeds (1.8 m/s) [68].

Eliminating mechanical contact reduces wear, i.e., prevents bearing degradation and
extends service life by ~40% in accelerated aging tests [72,73]. MagLev systems do not
require lubrication and are corrosion resistant, which reduces maintenance costs by 50%.

Neodymium permanent magnets generate repulsive forces (N-N or S-S polarity) that
cause the turbine rotor to levitate. With this setup, axial friction coefficients close to zero
are achieved, while structural stability is maintained [72,74]. Field tests have shown that
MaglLev VAWTs maintain rotation 2-3x longer after the wind stops blowing compared to
conventional designs [75]. These improvements make MagLev bearings a key advantage
for urban and low-wind environments where conventional turbines underperform due to
frictional losses.

4.3.6. Hybrid Systems Consisting of Wind Farms and Building-Integrated PV Systems

Hybrid energy systems combine PV systems on roofs with small wind turbines and
realize the synergy of electricity generation from PV systems (during the day) and wind
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farms (at night/when the wind blows) [76]. SolarMill® is one such energy device optimized
for generating green energy in an urban environment [77]. Wind energy is harnessed with
a vertical axis Savonius turbine and solar energy is captured by a PV system. The system
is designed to be easily integrated into any type of roof, both grid-connected and off-grid.
The most obvious advantage of the hybrid system is the increase in available power per
square meter of roof area by combining both energy sources.

4.3.7. Energy Storage in Structural Components

New technologies for integrating energy storage into building materials for wind
energy storage focus on innovative electrochemical systems that combine structural func-
tionality with energy storage capabilities. These improvements aim to transform building
components into active energy storage units, increasing sustainability and efficiency [69].

For example, the use of modified concrete as a building material and energy storage
system has recently been researched. This idea involves the integration of electrodes into
concrete: concrete composites are enriched with carbon, polymers, or metals to create
conductive matrices for supercapacitors and batteries. Concrete electrodes enriched with
carbon, for example, have an improved charge storage capacity while retaining their
structural integrity.

Another example is the use of electrolytes in a solid state. Ionically conductive
concrete replaces conventional liquid electrolytes and enables the safe transport of ions
through its matrix. Additives such as metal salts or conductive polymers improve the ionic
conductivity (up to 1073 S/cm in prototypes). These systems fulfill a dual function: they
provide mechanical support while storing 5-15 Wh/m? of energy in early prototypes that
are scalable for large buildings [69].

Although they are not electrochemical, walls and floors reinforced with phase change
materials (PCM) (e.g., kerosene or salt hydrate composites) store thermal energy from
wind-generated electricity via heat pumps [78].

An emerging concept such as thermal-electrochemical hybrid systems combines
concrete batteries with PCM layers and enables the simultaneous storage of electricity
and heat. Initial simulations indicate a 20-30% increase in efficiency compared to single
systems.

Current limitations include life (<5000 cycles for concrete batteries vs. 10,000+ for com-
mercial Li-ion batteries) and higher acquisition costs (=USD 150/kWh vs.USD $100/kWh
for grid batteries) [69]. However, life cycle analyses show the potential to reduce costs by
2030 through material optimization and mass production

4.3.8. Integration of Smart Grid and Internet of Things

Predictive maintenance sensors and IoT networks monitor turbine performance in real
time and adjust wind angles to increase turbine efficiency.

4.3.9. Three-Dimensional Printed and Customizable Turbines

Additive manufacturing enables cost-efficient turbine designs that are adapted to
specific building geometries or wind profiles. For example, a horizontally oriented wind
turbine with an Archimedean conical-spiral design 3D printed using fused filament fabri-
cation achieved a 28.11% higher coefficient of performance (Cp) when combined with a
protective shroud that improved efficiency in turbulent urban airflows [79].

This technology enables the production of complex blade shapes with improved
strength that cannot be easily realized with conventional methods, which can improve the
aerodynamic efficiency of turbines [80].
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By using 3D printing to produce parts of complex shapes or entire structures, produc-
tion and assembly costs can be reduced, making the integration of turbines into buildings a
more economical option.

4.4. Perspectives for BIWTs

It is expected that the application of BIWT will increase as the demands for urban
sustainability increase. Based on current research and industry trends, it appears as
described below.

4.4.1. Short-Term Perspectives (2025-2030)

Based on the issues identified and explained above, the authors estimate that BIWTs
are likely to remain niche products in the short term, i.e., in five years’ time, used mainly
as demonstration installations or as part of special projects that combine esthetics and
functionality with energy efficiency. However, as technology advances, the efficiency of
BIWTs will increase and turbine noise and costs will decrease. Combining BIWTs with solar
panels or other renewable energy sources can ensure a more constant flow of energy, which
is highly desirable. The renovation of the building stock promoted by the EU directives
and the mandatory use of renewable energy sources in nZEB and ZEB systems should
encourage the increased use of BIWTs. However, it is clear that PV technology will take
priority in the renovation of buildings, while some investment in BIWT can be expected
in new buildings, especially in areas with good wind characteristics. The authors note
that, given the complex political and economic situation in the world and the positions of
individual presidents, other issues may have a higher priority in the short term than the
green transition, which will slow down the implementation of the BIWT.

4.4.2. Long-Term Perspectives (Beyond 2030)

In line with the listed and explained obstacles and opportunities for the development
of BIWTs, the long-term perspective of wind turbines in buildings (BIWTs) until 2050 can
be assessed as potentially positive, but with several key factors that will influence their
development and diffusion:

e Increased demand for renewable energy sources: As part of the global transition to a
low-carbon economy, BIWTs can play a role in increasing the share of RES, especially
in urban areas where space is limited.

e  Technological progress: Technological progress is expected to improve the efficiency
and economic justification of BIWT, which would make it more competitive with other
renewable energy sources.

e Integration with other technologies: The combination of BIWT with solar energy and
energy storage can ensure a more constant flow of electricity and improve the energy
security of buildings.

e  Economic factors: The high initial installation costs could prevent faster growth in the
use of this technology.

e  Regulatory framework: The development of clear regulations that support the integra-
tion of BIWTs into existing energy systems will be crucial for their diffusion.

5. Conclusions

Global population growth and urbanization are leading to increasing electricity con-
sumption in urban areas, and the need to decarbonize society to mitigate climate change
is an incentive to explore the potential of renewable energy sources in cities. In this con-
text, building-integrated wind turbines (BIWTs) represent a complementary technology to
rooftop photovoltaic systems and offer the possibility of on-site energy generation with
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a minimal spatial footprint. The aim of this study is to comprehensively evaluate the
technical, economic and environmental aspects of the application of BIWTs and to analyze
their short- and long-term potential, thus closing a gap in the literature.

The main findings of the study show that BIWTs are still a technological challenge due
to their low efficiency in urban environments with turbulent wind flows, their low capacity
factor (5-30%) and their high investment and maintenance costs. The complexity of inte-
grating turbines into existing or new buildings is particularly emphasized, as architectural
adaptations, structural reinforcements and esthetic acceptability requirements are needed.
Analysis has shown that the levelized cost of electricity (LCOE) of BIWT is significantly
higher than that of large onshore wind farms and photovoltaic systems. However, the use
of new technologies such as computational fluid dynamics (CFD), 3D printing, artificial
intelligence and advanced materials (e.g., graphene-reinforced composites) is accelerating
the development of more efficient turbines that are adapted to the turbulent conditions in
cities and help to reduce costs and improve energy efficiency. For example, lightweight
composites allow turbines to operate at wind speeds of 2 to 4 m/s using permanent magnet
generators, doubling the potential of urban power generation.

BIWT systems are environmentally friendly as they reduce greenhouse gas emissions
and local dependence on fossil fuels, but they have issues with public acceptance due to
noise, visual impact and potential safety risks. It is important to note that their competitive-
ness in the market depends on “incentive policies” such as tax incentives, feed-in tariffs and
regulatory support that encourage the integration of renewable energy sources into urban
planning. The renovation of the building stock promoted by the EU directives and the
mandatory use of renewable energy sources in nZEB and ZEB systems should encourage
the increased use of BIWTs.

In summary, while BIWTs will remain a niche technology in the coming years, growing
technological advances and regulatory incentives could promote their wider application,
especially in coastal areas with favorable wind conditions. The future development of
BIWTs should focus on addressing their main shortcomings and creating synergies with
other renewable energy technologies, such as hybrid systems (solar cells + BIWTs). In
the long term, BIWTs have the potential to transform buildings into energy-sustainable
facilities, contributing to the global goals of emission reduction and energy independence.
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Abbreviations

The following abbreviations are used in this manuscript:

Abbreviation  Full Meaning

3D Three-Dimensional

AE Acoustic emission

AEP Annual Energy Production

Al Artificial Intelligence

BAWT Building-Augmented Wind Turbine
BIWT Building-Integrated Wind Turbine
BMWT Building-Mounted Wind Turbine

BOS Balance of System
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CapEx Capital Expenditure

CFD Computational Fluid Dynamics
CFRP Carbon fiber reinforced polymers
CO, Carbon Dioxide

Cp Coefficient of performance

EU European Union

FBG Blade-embedded fiber Bragg grating
HAWT Horizontal-Axis Wind Turbine

IoT Internet of Things

ITC Investment Tax Credit

LCOE Levelized Cost of Electricity

LEED Leadership in Energy and Environmental Design
NREL National Renewable Energy Laboratory
nZEB nearly Zero Energy Building

PAGV Power Augment Guiding Vanes
PCM Phase change materials

PV Photovoltaic

RES Renewable Energy Sources

ROI Return on Investment

VAWT Vertical-Axis Wind Turbine

ZEB Zero Emmision Building
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