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ABSTRACT

Transitioning to renewable energy resources is necessary to address the energy and climate
crisis and to be in accordance with UN Sustainable Development Goals (SDGs) 7, 11 and 13.
Urban wind energy harvesting is still emerging mainly with the use of small wind turbines.
Given their implementation challenges, positive and negative effects need to be weighed
to make informed policy decisions and regulations. This systematic review evaluates the
macro- and micro-scale environmental effects related to implementing small urban wind
turbines (SUWTs). Although publications exist on diverse aspects of SUWTs, a review that
addresses the broad range of identified environmental effects of SUWT implementations has
been lacking until now. This review shows that while the study of the SUWTs’ environmental
effects can build on the effects associated with large wind turbines, there are also
significant differences. Given the heterogeneity of urban conditions, the implementation
of SUWTs requires detailed local environmental assessment to characterise accurately
most environmental effects, notably the net life-cycle primary energy performance and
associated GHG emissions, raw materials depletion, recycling, safety, noise, visual and light
pollution, and effects on urban wildlife. Effects that require further investigation and which
possibly raise regulatory or social acceptance issues are identified and discussed.

POLICY RELEVANCE

Harvesting urban wind energy can yield multiple environmental, efficiency and resilience
benefits. However, several research and policy gaps remain to be addressed before
deploying small wind turbines in urban contexts. These include: the need to quantify the
net environmental gains of SUWTs based on their performance and life-cycle assessment;
the structural implications of deploying SUWTs on existing buildings; the effect of SUWTs
on local air quality and microclimates; the potential health and safety risks to those who
may pass by; the effects of SUWTs on ecosystems; and the combined effects of SUWTs
on people (e.g. noise or light annoyance). Further research and regulation can help to
minimise the negative impacts and ensure social acceptability.
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1. INTRODUCTION
1.1 PROBLEM STATEMENT

The energy sector is one of the largest emitters of greenhouse gas (GHG) emissions (Mello et
al. 2020; Wang et al. 2019), driving climate change. In addition, energy demand is projected to
rise (US EIA 2021), posing a critical concern as known reserves of oil are anticipated to become
depleted by 2055, of natural gas by 2057 and of coal by 2130 (Tasneem et al. 2020). Furthermore,
driven by recent geopolitical developments, the cost of energy is expected to increase.

In this context, renewable energy resources (RERs) are required. Among RERs, wind energy
harvesting, using wind turbines (WTs), is considered one of the most efficient and cost-effective.
Prior literature has reported that the environmental footprint of wind energy is low (Mokarram et
al. 2022), and its economic viability has been proven theoretically and in practice (Guo et al. 2021).
Between 2010 and 2020 there was a significant rise in investment in wind energy and the use of
wind energy for electricity generation (Gil-Garcia et al. 2022). In 2020 only, in the European Union
(EU), the use of wind power avoided the emission of 333 million tonnes of CO,e—29% of the GHG
reduction target of the EU (Joshi et al. 2021).

While WTs are generally installed offshore, or onshore at rural locations where wind is most
intense, consistent and unperturbed (Kumar et al. 2018), recent attention has been drawn to the
prospect of installing small wind turbines (SWTs) within urban areas. Small urban wind turbines
(SUWTs) can offer several advantages such as clean energy and fewer grid requirements. However,
their environmental effects have only recently started to be examined. In prior literature, the term
impact has been widely used (and sometimes interchangeably with effect) (European Commission
2020). In this review, the term effect will be used, given that the focus is not only on addressing
the immediate environmental impact driven by SUWT installations but also on their less direct
consequences.

In order to identify urban areas where the installation of SUWTs would be most beneficial to
maximise wind energy harvesting, while minimising negative effects on the local environment, as
well as to assist their regulation and social acceptance, their positive and negative environmental
effects must be assessed (Westerlund 2020). This is particularly important given that SUWT
investments often depend on urban policymakers who, besides the cost advantages associated
with the implementation of RERs (IEA 2022), require the support of citizens. Citizen support is
considered a major barrier for the deployment of SUWTs today (Duarte et al. 2022).

1.2 AIMS, SCOPE AND STRUCTURE

The aim of this systematic review is to identify, characterise and discuss the environmental effects
associated with the implementation of SUWTs for urban wind energy harvesting to assist informed
policy decisions and regulations. To date, existing and planned onshore wind farms, located away
from cities, have been the subject of in-depth research. In contrast, research on urban wind energy
harvesting is more recent. As depicted in Figure 1, research on wind energy has increased by 103%
between 2012 and 2022. The research on urban wind energy has increased by 130% in the same
period, but still represents a small portion (2%) of wind energy research (Klaeboe & Sundfor 2016;
Zhang et al. 2021b). Furthermore, prior literature on urban wind energy harvesting has mainly
focused on the study of urban wind energy potential and WT technologies (Aravindhan et al. 2022),
rather than on the formulation of a more comprehensive understanding of the environmental
effects of SUWTs.

This paper includes a review and outlook of the environmental effects of installing SUWTs at both
macro- and micro-scales. The European Commission has issued guidance documents for onshore
(suburban and rural) wind energy developments as part of the EU’s nature legislation (European
Commission 2020), which enable the environmental impact assessment of non-urban wind
farms, but not for SUWT installations. However, while some non-urban WT effects bear similarities
to those in an urban context, this is not the case across all environmental effects. As such, it is
important to study SUWTs to develop relevant guidelines for their deployment.
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This paper defines effects at the:

* macro-scale as those taking place at a planetary scale, e.g. global warming and climate
change; and at the

* micro-scale as those taking place at the local scale around a particular turbine, e.g. vibrations
of a turbine on a building’s structure, or noise around the turbine.

The paper is structured as follows. Section 2 presents the environmental effects of large wind
turbines (LWTs), which may relate to those of SUWTs. Section 3 presents the review methodology.
Section 4 introduces urban wind harvesting, focusing particularly on SUWT technologies and their
potential for implementation in urban environments. Section 5 presents the literature review
findings. Sections 6 and 7 examine the macro- and micro-scale environmental effects of SUWT
implementations, respectively. Section 8 discusses the noteworthy macro- and micro-effects and
research directions. Section 9 concludes.

2. LARGE WIND TURBINE (LWT) EFFECTS

Research on LWTs can offer insights into the possible environmental effects of SUWTs. The LWTs
exist in large numbers in on- and offshore wind farms and have been studied more extensively. As
a result, regulations exist for the LWTs at national and international levels.

The construction, operation and extraction of raw materials produce macro-scale effects. The
towers of LWTs are often constructed of concrete, and comprise up to 98% of the total material
volume of an LWT (Morini et al. 2022). But the materials of the LWTs themselves are generally
steel, copper, aluminium, fiberglass and plastic (Crawford 2009; Fleck & Huot 2009; Mello et al.
2020), similar to those of SUWTs. The blades are mostly made out of composite materials such as
fiberglass or carbon fibre and are not fully recyclable (Jensen & Skelton 2018; Mishnaevesky et al.
2017; Xiong et al. 2022). The mining of rare-earth materials and the production of neodymium used
in some types of generators for LWTs can be responsible for the irradiation of exposed populations
in countries of excavation (Bittner et al. 2023). Studies on the life-cycle assessment (LCA) of LWTs
have reported that the net energy balance would be significantly improved through enhanced
lifespan, performance, flexibility for replacement of parts and planned waste management
(Teffera et al. 2021; Troullaki et al. 2019). As such, WT design strategies that consider the second
or subsequent life-cycles and repurposing of WT materials/parts are needed (Lichtenegger et al.
2020).
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Figure 1: Research publications
by year on wind energy (top
line) and urban wind energy
(bottom line) based on Scopus.



Large-scale wind farms affect local atmospheric conditions by taking up kinetic energy from the
wind field and creating turbulent fluxes and vertical mixing (Boettcher et al. 2015). Wind farms
have been reported to reduce the wind speed, mean temperature and specific humidity inside a
wind farm and in nearby areas in studies at the meso-scale (Bodini et al. 2021; Boettcher et al.
2015; Zhu et al. 2018). As such, wind farms might affect the local climate.

The effect of LWTs on local wildlife has been examined, especially regarding bird and bat
fatalities, ground animal ecosystem disruption, and habitat loss (Dorrell & Lee 2020). Several
studies report large birds (Smeraldo et al. 2020; Tikkanen et al. 2018) and bat (Newson et
al. 2017) collisions and deaths. There are precedents such as in Norway, where given the
numerous bird fatalities, local communities opposed the implementation of LWTs and proposed
an alternative renewable energy system (RES) using hydraulic energy (Rygg 2012). In the case
of rural and suburban settings, some limited prior literature has also highlighted potential
hazards on urban bird species and bats (Haaren & Fthenakis 2011). The rate of mortality by
small horizontal-axis wind turbines (HAWTSs) in non-urban locations has been estimated using
animal carcass findings (as reported by questionnaires), and lies between 0.079 and 0.278
birds per turbine per year, and between 0.008 and 0.169 bats per turbine per year (Minderman
et al. 2014).

Safety issues arise during the construction, operation and decommissioning of LWTs, which is
mostly a concern for construction and maintenance crews (Simos et al. 2019). Ice formation and
projection is a safety issue for LWTs in cold climates (Vanwijck et al. 2021). To mitigate this risk,
turbines are blocked at high wind speeds and their production is removed from the grid (Jahromi
etal 2022).

Noise produced from WTs has been studied mostly in nearby urban areas. It is perceived as more
disturbing in areas where background noise is low (Simos et al. 2019). Intermittency and rhythm
are reported to be the components of LWT noise that cause most annoyance (Johansson et al.
2019; Simos et al. 2019). Such noise levels have been reported to be of little or no consequence for
health. However, studies have shown that ‘noise annoyance’ depends strongly on non-acoustic
factors (Klaeboe & Sundfor 2016). The subjective noise annoyance arises when a sound source
is perceived as annoying, irritating or unwanted (Van Renterghem et al. 2013). ‘WT syndrome’ is
associated with symptoms such as irritableness, fatigue, headaches and decreased performance
(Mucci et al. 2020; Simos et al. 2019). Due to noise, there have been reports of dizziness, migraines,
fainting, insomnia and poor sleep quality when living or working in proximity to LWTs (Nakagawa
& Singh 2020; Tabrizi et al. 2014; Yen & Ahmed 2012). LWT noise may affect self-reported quality
of life or health (Mucci et al. 2020). Conflicting evidence arises for sleep disturbance, although
most of the existing literature agrees that no direct relation exists with LWT noise exposure
(Poulsen et al. 2018; Qu 2018; Qu & Tsuchiya 2021; Simos et al. 2019). Interestingly, the effect
of LWT noise on citizen health has been associated with citizens’ attitude towards wind energy
(Simos et al. 2019).

The visual effect has been associated with visual and light pollution and has been studied for
rural and nearby urban areas. It has been reported that WT visibility seems to be more important
for residents than proximity (Langer et al. 2018). The light pollution is related to the flickering
effects of light projected over the WT blades (Pohl et al. 2012). To date there has been insufficient
evidence to prove a link between moving shadows produced by WTs and an effect on citizens’
health, besides annoyance (Simos et al. 2019).

The visual and auditory dimensions of WTs are closely related, and thus both are often
simultaneously tested (Simos et al. 2019). Residents who can see a WT installation from their
dwelling are known to report higher and more frequent noise levels from that WT (Taylor et al.
2013).

While the environmental effects of LWTs have been studied across different scales, findings are
not directly transposable to SUWTs due to significant differences in size, technology and context.
As such, a comprehensive review of the environmental effects of SUWTs is needed, capitalising on
the existing knowledge about LWTs.
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3. METHODS

For this systematic review, the 2020 version of the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) method was followed (Moher et al. 2010). The databases
selected for the search were Scopus, Web of Science, PubMed and Google Scholar.

Figure 2 provides an overview of the keywords used to search for papers. The search focused on
three thematic areas that characterise the scope. The first thematic area is related to wind energy
and WT technologies. The second is related to the geographical area of interest, i.e. the urban area.
The third is related to the environmental effects associated with urban wind energy harvesting.
Three keyword groups were used for the search, one group per thematic area. The keywords, and
notably the keywords about the effects, were compiled following an initial exploratory search,
which included LWTs to enrich the results. For the first thematic group, the composite keywords
wind energy OR small AND ‘wind turbin* OR vertical AND ‘wind turbin*" OR urban AND ‘wind turbin®
were used, where the keyword turbin* is used to capture both turbine and turbines. For the second
thematic group, the keywords urban OR cit* were used, the second keyword to capture both city
and cities. The third group included the general terms effect and impact without the specification
of the word environmental to capture papers that do not specify an environmental effect/impact
as such. Also, specific effects identified by an indicative literature search were included as they
might have not used the general keywords above. The keywords were: effect OR impact OR
‘carbon footprint’ OR ‘Life Cycle Analysis’ OR comfort, OR ‘well-being’, OR noise, OR sound, OR ‘visual
pollution’, OR visibility, OR climate, OR wildlife, OR vibration, OR bird, OR bat, OR safety. Given that
research on urban wind energy harvesting is generally recent, the search was constrained to the
period 2012-23.

LOCATION keywords

urban
cit* OR

WIND ENERGY keywords

wind energy

small — OR
wind turbin* — AND
urban __|
wind turbin* —J AND Resulting
AND literature
2,752
papers
vertical — AND

wind turbin*

ENVIRONMENTAL EFFECTS keywords

effect

impact* | | |
carbon footprint OR

Life Cycle Analysis
comfort
well-being
noise

sound

visual pollution
visibility
climate
vibration
wildlife

bird

bat

safety
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Figure 2: Summary of the
search query used to identify
the relevant literature.
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Figure 3 depicts the review process. The combined search of all thematic areas in all databases
returned a total of 2752 papers. Of these, 643 were duplicates and removed. The exclusion criteria
were defined following the PRISMA 2020 (Moher et al. 2010) guidelines and applied as follows:

»  Exclusion criterion 1: Papers not focused on wind energy were considered outside the scope
of the review. These papers focused on topics such as urban planning, medical issues, urban
noise or visual pollution, addressing concerns not directly related to the implementation of
SUWTs.

* Exclusion criterion 2: Papers solely focused on WT technologies, such as blade aerodynamic
design, blade construction materials, etc., were also excluded.

* Exclusion criterion 3: Papers solely focused on the study of wind energy resource mostly
through computational fluid dynamic (CFD) simulations, to assess aspects such as the
criteria and methods for optimal selection of installation locations, were also excluded.

* Exclusion criterion 4: Papers focused on LWTs, such as wind farms, suburban installation of
LWTs and offshore installations of WTs, were also excluded.

The exclusion criteria were initially applied through screening by title and abstract, resulting in
the exclusion of 2041 papers. The same criteria were applied to a full-text screening stage for the
remaining 56 papers. This process yielded 13 papers. With a snowballing technique, three more
papers were located, so the final number of papers selected for the review was 16 (Figure 3). This
corroborates with the fact that the field under review is indeed a nascent field. Nevertheless, to
offer a comprehensive description of all potential environmental effects, data from papers that
mostly refer to LWTs and not included in the final literature list are commented on throughout the
review.
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Figure 3: Review process
followed in accordance with
PRISMA 2020.



4. URBAN WIND ENERGY HARVESTING

Cities host most of the global population, a plethora of activities and land uses (Kammen 2016),
and are major hubs of energy use. To aim for local energy generation in the city, local wind energy
harvesting can be used. It can have several advantages, including reduced local emissions,
reduced grid load and fewer energy losses (Gagliano et al. 2013; Gil-Garcia et al. 2022; Heagle et
al. 2011; Kumar et al. 2018).

The WTs to be installed in cities must be specifically designed for cities. LWTs installed in non-urban
areas are generally unsuitable for urban areas. SUWTs are most suitable for urban areas given
their reduced size, adaptability to turbulent wind flow conditions and less demanding structural
implementation requirements (Kumar et al. 2018).

Theimplementation of SUWTs must consider the heterogeneous wind flow conditions foundinurban
environments. The urban morphology and thermal gradients affect the wind flow characteristics
within the urban canopy layer where wind flow is highly turbulent and wind speed generally low
(Anup et al. 2018; Fields et al. 2016; Kumar et al. 2018; Mead 2017; Tasneem et al. 2020). Sudden
changes in urban morphology can also produce wind gusts, unusual wind shear and changes in
atmospheric stability. To ensure performance and durability, SUWTs must be installed in locations
where high wind speeds are consistently present and safety can be guaranteed (Karadag & Yuksek
2020). The height and orientation of buildings, their facades and/or roof geometries affect how
the wind can be exploited (Gagliano et al. 2013; Yang et al. 2016). For example, in the case of roof
geometry, gabled roofs usually result in more wind power than flat ones under the same weather
conditions (Llaguno 2016; Oliveira et al. 2020: 5). Above buildings, areas of high wind velocity
may form, but also areas with low wind speed and high turbulence. Furthermore, aside from the
geometric characteristics of individual buildings, urban design characteristics can modify urban air
flow, creating stagnant air areas, and some locations where wind gusts are recurrent (Zhang et
al. 2022). Thus, within an urban area, neighbouring locations can exhibit very different mean wind
speeds and turbulence. Overall, SUWTs were found to perform better over tall buildings (Balduzzi
et al. 2012), but wind flow characteristics cannot be generalised. All the aforementioned makes it
evident that there are suitable locations in cities where the wind potential and SUWT efficiency are
aligned to generate enough energy to recover the environmental or financial investment, alongside
other unsuitable locations. It is possible that suitable and unsuitable sites may be located in close
proximity to one another. An efficient and precise estimation of the wind resources is required
for this purpose. Prior literature generally agrees that tall building rooftops are the most suitable
urban sites for SUWT implementation. However, precise locations must still be determined, as
significant variations in wind potential can exist even within a single rooftop. In the cases where
the resulting energy yield is expected to be low, buildings or even entire urban areas could be
considered as unsuitable locations for SUWT installations. SUWTs can be installed freestanding,
on existing buildings or integrated into the design of buildings (Anup et al. 2018; Gil-Garcia et al.
2022). The first choice occupies public urban space, the second can take advantage of existing
buildings, while in the third, SUWTs are designed and integrated within the overall architectural
form (Karadag & Yuksek 2020).

Few tall buildings have been built to date with project-designed SUWTs at the upper end or beyond
the SUWT dimensions. These include the Strata tower in London, Bahrain World Center and Pearl
River Tower in Guangzhou, China (Karadag & Yuksek 2020). Strata is equipped with three 18-m
HAWTs embedded in the building, rated at 19 kW each. They were anticipated to produce 50
MWh/year; however, despite the favourable location of the WTs at an unobstructed height of 147
m, and optimal orientation relative to wind inflow, the actual performance remains unknown
(Skvorc & Kozmar 2021). The turbines remain non-operational, likely due to the failure to account
for noise and vibration effects. The two 240-m-high towers of the Bahrain World Center support
three HAWTs with a diameter of 29 m each. Design errors related to positioning and orientation
concerning air flow are believed to have resulted in inefficient energy harvesting and eventual
non-operation (TU/e 2014). The Pearl River Tower is another very tall building (309 m) with four
8-m-high vertical-axis wind turbines (VAWTSs) rated at 8 kW each and operating at a speed of 25
m/s. Although their performance has fallen short of expectations, primarily due to lower-than-
anticipated wind resources, they remain operational.
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When choosing between wind or solar energy harvesting, the preference for one of the two
technologies may depend on local climate conditions, as these can vary significantly by location.
However, there are synergies and complementarities between the two technologies as their
performance may follow distinct time frames. Solar energy harvesting performs in daylight and
sunny conditions, whereas wind energy harvesting requires wind, which can occur in cloudy
settings or at night. The seasonality of wind and solar energy could also be alternating. Solar
energy harvesting does not involve moving parts, thus avoiding potential negative effects
(e.g. noise, safety) and probably requiring less maintenance. However, it is more demanding on
raw materials and their processing.

SUWT
Classification Rotor diameter
Domestic 3.0-10.0m
Mini 1.25/1.5-3.0m
Micro 0.25/0.5-1.25/1.4m
0.8-5m
Rotation axis 03-3m

Airfoil blades
(Darrieus)

S-type blades ~

(Savonius)

Brakes

0.8-5m

Dumper

Wires
Mast

Generator ‘L’_CL‘
~ [t

Foundation

3-15m

WTs are mainly divided into two categories based on their axis of rotation: horizontal-axis wind
turbines (HAWTs) and vertical-axis wind turbines (VAWT). Most LWTs are HAWTs and most SUWTs
are VAWTs.

Figure 4 represents the main types of VAWTs, which are typically deployed in urban settings. These
differ from LWTs mainly in terms of size and axis of rotation. SUWTs are considerably smaller.
An LWT can be up to 120 m tall with a rotor diameter of 90 m (Hoen et al. 2023; Kumar et al.
2018). Although there is no universally accepted classification, SUWTs are often grouped based
on their rotor diameter size: (1) micro-SUWTs for diameters larger than 1.4 m; (2) mini-SUWTs
for diameters between 1.4 and 3.0 m; and (3) domestic SUWTs for diameters between 3 and
10 m (Figure 3). Based on the study of commercially available SUWTs (see the Supplementary
Information on Figshare), rotor diameters generally range between 0.35 and 8.30 m, with a
median of about 1.40 m. These have a power capacity of about 16-20 kW (Aravindhan et al. 2022;
Tummala et al. 2016). HAWTs have a higher energy harvesting potential compared to other wind
energy technologies; however, their performance is strongly influenced by wind gusts, turbulence
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Figure 4: Hybrid (Darrieus and
Savonius) vertical-axis wind
turbine (VAWT) components
with indicative dimensions and
their classification by size.

Source: Authors’ elaboration.



and significant variations in mean wind speeds and directions (Goudarzi et al. 2020). A major
advantage of VAWTs is that they can exploit wind coming from any direction without the need
for a yaw system (for horizontal rotation). Furthermore, VAWTs have a low cut-in wind speed (the
speed at which they start to operate) and lower noise levels than HAWTs. Also, VAWTs require less
urban space for their installation (Clark et al. 2020; Kumar et al. 2018).

Depending on whether the rotation is induced by lift or drag forces, VAWTs are divided into lift-
based (Savonius), drag-based (Darrieus) and drag-lift-based (Gil-Garcia et al. 2022; Kumar et al.
2018). The Savonius has the advantage of being simple to design and it performs better at low
speeds (Shende et al. 2022). On the downside, it usually suffers from negative torques (Tummala
et al. 2016). The Darrieus type is also suitable for urban environments (Shende et al. 2022) and has
better aerodynamic performance. A major disadvantage is that it requires an external power source
to start spinning. Hybrid SUWTs that incorporate elements from both designs are also starting to
be implemented in urban environments (Kumar et al. 2018) (Figure 4). There are also other less
common designs, such as wind duct turbines which do not require any external moving parts
(Grant et al. 2008; Nardecchia et al. 2021). Furthermore, new urban wind-harvesting technologies
include solid-state apparatuses with no moving parts. An example is the solid-state wind energy
transformer that creates negative air ions and produces electrical power by harnessing the wind-
induced currents and voltages (Richard 2019).

Having introduced the general technology around SUWTs and their differences with LWTs, the
following section details the findings of the literature review.

5. LITERATURE REVIEW FINDINGS

A total of 16 papers that focus on SUWT environmental effects were reviewed in depth. The
identified environmental effects were categorised into two groups: macro-scale effects (including
effects on climate change and raw material depletion) and micro-environmental effects (including
effects on urban built structures, air quality and microclimate, urban wildlife, urban health and
safety, urban noise pollution, and urban visual and light pollution). Figure 5 summarises all the
identified environmental effects of SUWTs. The location of SUWTs is indicative. The tallest building
is potentially one of the optimal locations due to its height and unobstructed air flow. The two
lower buildings shown with SUWTSs on their roofs can benefit from SUWTs depending on their local
conditions.

Environmental effect
VAWT Micro climate
i <
Noise [ X
Safety e
g 11111177 Visual effect

WT Building- d Built structures

integrated ’
g

Urban wildlife
=

Air quality

Heritage building

Power factory

Climate change

Raw material depletion

Tsionas et al.
Buildings and Cities
DOI: 10.5334/bc.491

Figure 5: Small urban wind
turbines (SUWTs) and their
effects at the macro- and
micro-scales.



As shown in Figure 6, eight of the selected papers examine VAWTs (50%) and five HAWTs (31.25%),
possibly indicating the trend for VAWT installation in urban areas, while three papers (31.25%)
do not mention the SUWT technology regarding the axis of rotation. VAWTs are examined for
all effects except safety. HAWTs are examined for safety, noise and visual effects, as well as for
macro-scale effects. Noise is the most examined effect, followed by visual pollution. The other
effects are reviewed in two to three papers, except for the urban wildlife effect which is addressed
by one paper only.
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All selected papers and the effects reviewed are listed in Appendix A in the supplemental data
online. Some papers examine more than one effect (e.g. noise with visual effects, built structure
and noise, air quality and microclimate, urban wildlife with visual effects).

6. EFFECTS AT THE MACRO-SCALE

SUWTs utilise circular motion to convert wind energy into electricity, thereby playing a significant
role in mitigating GHG emissions resulting from fossil fuel combustion and the resultant global
warming and climate change. Simultaneously, SUWTs require a range of finite resources for their
manufacturing, contributing to resource depletion. Climate change mitigation and resource
depletion are considered macro-scale effects of SUWTSs.

Of the 16 papers reviewed, only two report on the macro-scale effects of SUWTs (see Table S2
in Appendix B in the supplemental data online). LCA, which is a method used to assess overall
environmental effects, considering the entire life-cycle from production to disposal (cradle to end-
of-life), was used for an H-rotor 5 kW Darrieus VAWT in Poland using actual generation data. In this
study, the life-cycle inventory was based on primary data (Kouloumpis et al. 2020). Two scenarios
were examined: one with recycling and the other with incineration as the end-of-life treatment.
The review found that most of the environmental effects were linked to the supporting structure—
especially the mast and foundations rather than the turbine itself. Also, the environmental
performance was very sensitive to fluctuations in the capacity factor, i.e. the average power
output divided by the maximum power output (Kouloumpis et al. 2020). Aziz & Elmassah (2012)
compared the effect of LWTs and SUWTs in terms of material needs and associated resource
depletion and reported that SUWTs have better environmental performance than LWTs as they
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need fewer materials for manufacturing, construction and the grid per output power. Additionally,
they noted a reduced environmental impact as these turbines are installed within urban areas,
eliminating the need for additional land usage (Aziz & Elmassah 2012).

7. EFFECTS AT THE MICRO-SCALE

The urban environment can host multiple activities in a small area, and the deployment of SUWTs
constitutes an addition to that usually dense environment. SUWTs need to be installed in urban
locations where urban wind energy can be harvested effectively. Consequently, the choice of
location for the installation of an SUWT is dictated by performance considerations. However, there
are micro-scale environmental effects to be considered when planning SUWT installations. SUWTs
affect the local environment as they add dead loads on buildings, induce vibrations, potentially
contribute to visual and sound pollution, and can cause bird fatalities (Mokarram et al. 2022).
Some of these effects are immediate, and others long term. Furthermore, the implementation
of SUWTs may be particularly challenging when in proximity to heritage buildings. These effects
influence the social acceptance of SUWTs, which is a complex (Petrova 2013) and crucial
factor for the success of their deployment. Environmental costs can be internalised and affect
the final cost of SUWTs through material needs, installation specifications, the introduction of
additional equipment such as dampers or sound insulators, or requests of relocation leading to
implementations at suboptimal sites (Ehyaei & Bahadori 2022). As such, the local environmental
effects of SUWTs need to be addressed and justified economically (Rygg 2012).

To assess the environmental effects of implementing SUWTSs, local wind resource estimations must
be performed. These can be costly for small-scale implementations such as those associated with
SUWT projects (Anup et al. 2018; Lu et al. 2011). Formulating assessment guidelines for SUWTs
requires the identification of their micro-environmental effects (city to neighborhood level), which
are described in the following subsections.

7.1. URBAN BUILT STRUCTURES

When operating under highly turbulent winds, as is the case in urban environments, SUWT
structures need to be strong enough to withstand instantaneous and long-term wind fatigue
loads and wind gusts (Anup et al. 2018). Due to the wind torque effect, SUWTs can also add
intermittent loads to the structure. VAWTs are expected to have less of an effect on the load-
bearing structure than HAWTs since the torque is non-directional (Kwok & Hu 2023; Pollino &
Huckelbridge 2011), while SUWTs installed in public spaces result in minor structural challenges
(Kwok & Hu 2023).

Three of the 16 papers deal with urban built structure effects (see Table S3 in Appendix B in the
supplemental data online). To provide solutions for the safe and reliable operation of SUWTSs,
Peppoloni et al. (2018a) recorded oscillations in direct proximity to the generators of two different
SUWTs (one HAWT and one VAWT) by using accelerometers. The amplitudes of the oscillation-
acceleration and oscillation velocity were measured by sensors. The researchers concluded that
the analysis must consider both the SUWT as, and its combination with, the supporting structure.
It was deemed unfeasible to assess and compare the oscillation of different SUWT types installed
on different supporting structures because each supporting structure, such as a mast or a building,
has a particular rigidity and range of natural frequencies which will influence the oscillation
spectrum.

In another study, three different roof-mounted SUWT technologies (Savonius, Darrieus-Helix and
three-blade horizontal rotor) were examined in CFD simulation environments and also under real-
life conditions using three-dimensional (3D) ultrasonic anemometers (Peppoloni et al. 2018b).
This study concluded that there are many aspects concerning the SUWT type, building height
and shape, oscillation modes and resonances, wind inflow conditions, and others that have an
influence on the quality of life of nearby inhabitants.
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In the third paper, a commercial Darrieus, three-bladed helical shape SUWT, was tested with
accelerometers to analyse the vibrations transmitted to the structure. Results confirmed the
usefulness of dampers to decrease vibration and increase comfort in the building. The authors
found that with the addition of dampers, up to 90% of the vibration frequencies can be absorbed
(Castellani et al. 2019). In the case of SUWTs integrated within new buildings, the vibration effects
are less challenging given that the structural design and dimensioning of the project consider
SUWTs from the onset.

7.2. URBAN AIR QUALITY AND MICROCLIMATE

SUWTs can contribute to the improvement of air quality or mitigation of heat exhaust by replacing
existing local energy sources such as those using burning coal, oil or gas on a small scale, e.g.
boilers (Staudt 2008). SUWTs are not expected to contribute to higher air pollution concentrations,
aside from potential construction dust release during the retrofitting works performed on existing
buildings (Ali et al. 2019; Krasnigi et al. 2022). However, they may affect wind flow, and therefore
the microclimate, just as LWTs (Boettcher et al. 2015).

In this review, three papers dealt with urban air quality and microclimate effects (see Table S4
in Appendix B in the supplemental data online). Through a study using CFD with the large edgy
simulation (LES) method, it was found that roof-implemented SUWTs have no effect on pedestrian-
level wind, but they may have a significant effect on wind speed and turbulence over rooftops
(Zhang et al. 2022). Another study using CFD with the Reynolds-averaged Navier-Stokes (RANS)
method, showed that rooftop SUWTs weakened the downwash movement of the building and the
turbulent kinetic energy behind the rooftop WT was significantly increased, which led to a stronger
vertical pollutant dispersion (Zhang et al. 2021a). In the third paper, Peppoloni et al. (2018b),
by using anemometer measurements, found that roof shape influences wind flow velocity and
turbulence intensity. It seems that SUWT deployments may affect local wind patterns, thus having
a secondary effect on microclimate and pollutant dispersion, but the scale at which this may occur
requires further examination.

7.3. URBAN WILDLIFE

Urban wildlife, which is already affected by many human activities, is very likely also to be affected
by SUWTs. The extent of this effect may differ depending on the species, as species have different
sensitivities. For example, effects due to noise can range from physical damage to the ears to
stress responses, changes in foraging, avoidance of noisy areas and subsequent habitat migration,
changes in reproductive success, and changes in vocal communication, as have been observed in
the case of LWTs (Li et al. 2022; Ortega 2012; Zhu et al. 2018).

Two papers dealt with the importance of the effect of SUWTs on urban wildlife (see Table S5 in
Appendix B in the supplemental data online). However, these mostly report on the significance
of the effect rather than studying the disturbance of wildlife per se. Through public opinion
polls conducted in California to examine public receptiveness of SUWTs, it was found that the
potential risk of SUWTSs to kill birds strongly affects their social acceptance (Hui et al. 2018). In an
examination of four urban sites in Ecuador as implementation possibilities for SUWT installations
with multicriteria decision analysis (MCDA), Morocho et al. (2020) proposed to include the collision
risk of birds and the potential change in animal behaviour along with other technical, economic,
environmental and social criteria. As such, the coverage of the effects of SUWTs on urban wildlife
seems to be understudied and potentially significant at the same time.

7.4. URBAN HEALTH AND SAFETY

SUWTs are often installed in proximity to pedestrians, therefore safety concerns are critical. LWTs
are known to have been designed for safety, durability and performance according to international
standards (Anup et al. 2018), but these standards have not been adapted to urban conditions
(Anup et al. 2020: 87; Aravindhan et al. 2022).
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Only one paper out of the 16 dealt directly with health and safety effects (see Table S6 in Appendix
B in the supplemental data online). Drapalik et al. (2021) investigated the hazards posed by ice
formation on SUWTs in cold climates, as ice can be ejected significant distances by the rotation
of the turbine. The size, mass and geometry of thrown ice fragments were evaluated from
observations. These data were used to create a representative set of artificial ice specimens which
were repeatedly thrown in experiments to approximate real ice throw. It was concluded that the
safety concerns associated with falling ice fragments from SUWTs are not negligible (Drapalik et
al. 2021) and that appropriate safety measures should be deployed.

7.5. URBAN NOISE POLLUTION

Noise as an environmental stressor can lead to increases in heart rate and blood pressure, and
changes in blood viscosity, amongst others (Mucci et al. 2020). A prolonged exposure to noise,
notably for susceptible individuals, can lead to irritability, aggressiveness, decreased cognitive
performance and permanent health damage such as hypertension, heart and blood circulatory
system diseases, and even stroke (Mucci et al. 2020). WTs have moving parts and therefore
generate noise issued from mechanical and aerodynamic components (Manyoky et al. 2014;
Simos et al. 2019).

Noise is the most studied effect with eight of the 16 papers covering it (see Table S7 in Appendix
B in the supplemental data online). One study performed a bibliographic research on the effects
of deploying RESs in the city, including SUWTs, and reported that VAWTs are virtually silent (Aziz
& Elmassah 2012). Another study combined findings from interdisciplinary research linking
noise measurements from SUWT installations with an investigation into the effect of individual
personality traits and noise perception. This study combined a survey of households living close
to one of 12 micro- or small turbine sites, with environmental noise measurements. The results
showed that the individual’s level of positive and negative affectivity best explained the variance
in attitude to WTs and noise perception. It was recommended to capture survey data before
and after installing SUWTs to provide a more detailed understanding of the perception of noise
(Taylor et al. 2013). A third study investigated noise from the vibrations of the SUWT tower using
accelerometers placed on the tower of a HAWT, across different frequencies. The noise pollution
from the tower was also simulated computationally (Mollasalehi et al. 2013). Noise was detected
only when the SUWT operated. Close to the turbine, the computed overall noise level did not
exceed 30 dB, a level close to typical urban background noise. The sound pressure level due to the
tower vibration was negligible at distances of more than about seven times the tower’s height
(Mollasalehi et al. 2013). Another study examined the relationships between morphological
attributes and building facade exposures through regression analyses (Qu & Kang 2018). It
concluded that in an urban environment, the sound attenuation over a 400-1000-m range is
equivalent to the sound attenuation within 600-1600 m in a free field. This study also found that
the shape of buildings can greatly reduce noise exposure, creating a quiet facade that is up to 13
dBA quieter than the most exposed (Qu & Kang 2018). Another study conducted metrological
evaluation on the repercussions of roof-mounted SUWTs to residents and the direct environment,
among other parameters, also in terms of noise (Peppoloni et al. 2018b) in two buildings in the
‘Lichtenegg’ energy research park in Austria. The study concluded that noise is affected by many
factors, such as SUWT type, and building characteristics, such as the type of SUWT, height and
shape of the building, oscillation modes and resonances, and inflow conditions. Also in Austria, a
commercial Darrieus VAWT was tested to analyse the noise it transmitted to a small, experimental
building using sound recording equipment. It was concluded that the noise generated might not
be negligible (Castellani et al. 2019). In a case study of a tall mixed-use building, the environmental
noise distribution due to an HAWT located on the rooftop was simulated. The propagation of SUWT
noise was found to be dependent on its location, the distance to it and the built environment
arrangement. This study proposed that special acoustic improvement would be necessary for
facades and WT-integrated structures (Karadag & Kurucay 2021). SUWTs were also studied by a
systematic experimental test campaign for different wind speeds in an anechoic wind tunnel (Li
et al. 2022). Noise production was mainly within the low-frequency region, below 1000 Hz. The
windward side of the VAWTs was identified as an important source of noise. The vortex shedding
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noise from the laminar boundary layer was identified as the main noise source. The ratio of the
shaft diameter to the rotor diameter of VAWTs was found to be a major factor as the shaft noise
was considered of importance (Li et al. 2022).

7.6. URBAN VISUAL AND LIGHT POLLUTION

WT installations can produce visual obstructions, visual annoyances or light pollution in urban
environments (Gagliano et al. 2013; Pohl et al. 2021).

Four papers of the 16 dealt with visual effects (see Table S8 in Appendix B in the supplemental data
online). One study performed bibliographic research on the effects of the RES deployment, including
SUWTs, in the city. It is reported that VAWTs are much less visually intrusive than HAWTs (Aziz &
Elmassah 2012). MCDA based on sets of technical, economic, environmental and social criteria was
used to classify four sites in Cuenca, Ecuador, for their suitability for micro-SUWT installations. The
visual effect that reflects on the aesthetic alteration to the urban environment was proposed as a
social criterion (Morocho et al. 2020). An online survey conducted in 2015 in Finland to assess the
social acceptability of SUWTs found that proximity to heritage sites led to decreased acceptance
of SUWTs, likely influenced by the sense of ‘place identity’ of individuals (Westerlund 2020). A
public opinion poll in California to examine public receptiveness was conducted by registering and
analysing responses to an experimental design presented to them in pictures in order to assess
the willingness to accept VAWT in certain urban settings. Visual differences between the VAWTs
and HAWTs were not considered significant (Hui et al. 2018).

8. DISCUSSION
8.1 CONTRIBUTION OF THIS REVIEW

The present review examines the nascent field of the environmental effects of SUWTs. It reports
and discusses the effects found through a systematic literature review following the PRISMA
2020 method. Prior literature reviews on SUWTs have focused mainly on technology, technical
characteristics, performance issues and methods for a more accurate estimation of the wind
resource.

Regarding the environmental effects of LWTs, many publications focusing on specific effects that
may relate to SUWTs were identified (e.g. Micallef & van Bussel 2018; Mucci et al. 2020; Ortega
2012; Reja et al. 2022; Shende et al. 2022; Simos et al. 2019), but no prior review that addresses
the effects of SUWTs at both the global and local scales was found. This review identifies and
discusses an unprecedented range of environmental effects, identifies associated research gaps
and proposes areas of further investigation.

8.2 ENVIRONMENTAL EFFECTS OF SUWTS BASED ON A REVIEW OF THE
LITERATURE

The macro-effects of SUWTs in terms of resource depletion, embodied energy and GHG emissions
are associated with various life-cycle stages, from raw materials extraction to transport,
manufacturing, construction, maintenance and end-of-life (Aziz & Elmassah 2012; Kouloumpis
et al. 2020). The embodied energy used for these stages typically results in GHG emissions,
depending on the energy mix. Each life-cycle stage might occur at different locations and even
different countries, so the energy mix used may differ significantly. At this macro-level, it has
been suggested that SUWTs have better environmental performance than LWTs (Aziz & Elmassah
2012), as their local energy harvesting reduces grid load and transmission losses. Yet, SUWTs, as
LWTs, require rare-earth materials, which are a finite resource (Bittner et al. 2023). Also, SUWT
blades, as for LWTs, are often made of composite materials, which cannot be efficiently reused or
recycled (Tzen 2020).
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The much more varied micro-effects of SUWTs tend to be interrelated with many other aspects
of the urban environment, such as background noise, urban configuration and perception of the
population (Taylor et al. 2013).

As SUWTs are generally installed on buildings, the structure of these buildings must be able to
support them. The vibrations transmitted to the buildings can cause annoyance and discomfort.
These vibrations often are unique to the SUWTs-building system and, as such, accurately
predicting these vibrations can be difficult and requires advanced modelling (Peppoloni et al.
2018b). Nevertheless, mechanical solutions such as dampers seem largely to compensate this
effect (Castellani et al. 2019) with additional material requirements, embodied environmental
flows and financial cost.

Also at the micro-scale, deploying SUWTs is expected to improve air quality when substituting
fossil-fuel-based systems. Effects on wind velocity and turbulence have been observed above
rooftops (Peppoloni et al. 2018b), which may also affect pollutant dispersion by resulting in
stronger vertical pollutant dispersion (Zhang et al. 2022). While this dispersion depends on the
roof type, wind patterns at street level seem unaffected (Zhang et al. 2021a). Any potential effects
to the microclimate due to changes in wind patterns have not been determined.

In addition, SUWTs might have potential effects on urban wildlife. Protecting birds and bats has
been identified as important for urbanites and for the social acceptance of SUWTs (Hui et al. 2018;
Morocho et al. 2020), but the extent to which SUWTs affect birds and bats has not been studied as
compared with the existing body of knowledge for LWTs.

Safety risks associated with SUWTs do exist. These have been studied regarding the formation
of ice on blades, which may thereafter be projected over long distances at high speed and pose
a significant danger (Drapalik et al. 2021). To mitigate this risk, SUWTs may be forced to stop
operating beyond certain speeds (cut-out).

SUWTs usually result in a small amount of noise pollution. While SUWTs rotate much faster than
LWTs and generate noise at higher frequencies, existing research on SUWTs has consistently found
very low noise levels (around 30 dBA) in direct proximity of the revolving turbine. The perception
of the noise of SUWTs is further attenuated by the ambient noise pollution in urban environments,
notably during daytime. It is important to consider the specific urban form around SUWTs as it
either attenuates noise levels or amplifies them.

SUWTs are visible objects in the urban environment and their positioning in the city, e.g. in terms
of proximity to heritage sites (Westerlund 2020), needs to be carefully considered, on top of the
purely performative criteria. VAWTs tend to occupy less volume than HAWTs when regarding visual
intrusion (Aziz & Elmassah 2012), but this is also disputed (Hui et al. 2018). Importantly, both the
physics and the perception of the visual and noise effects tend to be intertwined.

8.3 RESEARCH GAPS AND SUGGESTED RESEARCH DIRECTIONS

The environmental effects of SUWTs identified above and their varying depth of investigation,
combined with the very few papers specifically focusing on SUWTs, demonstrate that this research
field is still nascent. This is corroborated by existing studies in the field (e.g. Gagliano et al. 2013,
Gil-Garcia et al. 2022). As such, there are several research opportunities to fill existing knowledge

gaps.

First, itis critical to quantify clearly the net environmental gain of SUWTs based on their performance
and LCA, including their potential reuse/remanufacturing after their end-of-life (Jensen & Skelton
2018). Only when an LCA of SUWTs is conducted can their environmental performance be
determined, enabling policy decisions. Research into novel materials that are reusable/recyclable
is needed to move away from the current reliance on composite materials such as fiberglass which
are not usually recyclable (Arwood et al. 2023). More standardisation in the design of SUWTs would
enable the reuse of parts from one SUWT to another, and across manufacturers. Many lessons
could be learned from the aviation (Wu et al. 2023) or motor vehicle (Matuszewska & Owczuk
2020) industries in this regard. This is important notably for components with significant value,
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such as the generator, gearbox and wires. From a methodological perspective, it is important
that the embodied environmental flows of SUWTs are quantified using comprehensive life-cycle
inventory approaches, such as hybrid analysis (Crawford et al. 2018). Most existing studies rely
on process analysis, which is known to underestimate embodied flows significantly by omitting
parts of the supply chain from the analysis (Jensen & Skelton 2018; Majeau-Bettez et al. 2011;
Pomponi & Moncaster 2018). Crawford et al. (2022) have compared the coverage of process data
for a range of construction materials. For materials currently used in SUWTs, e.g. metals, plastics
and fiberglass, they found that process data represented, on average, 52.8%, 48.1% and 80.0% of
the embodied energy obtained using hybrid analysis, respectively. This is similar to the findings of
Wiedmann et al. (2011) who found that the embodied energy of LWTs in the UK was twice as high
using a hybrid approach as compared with process data. More research on this aspect is needed
to establish more comprehensive life-cycle environmental performance benchmarks for SUWTs,
including their material compositions and net mitigation of climate change.

Second, the structural implications of SUWT installations need to be clearly established to enable
their deployment on existing buildings. Their high number of rotation cycles necessitates attention
on fatigue (Tummala et al. 2016) in turbine design, as well as the propagation of vibrations into
the structures to which they are attached (e.g. cores of high-rise buildings, slabs, masts) (Hunaidi
2000; Rainer 1982; Turner 1993), or even blade failures that may pose a danger. The latter has
been studied from an engineering point of view (Anup et al. 2020), but the effect on urban areas
remains insufficiently addressed. Studies focused on SUWT safety risks can provide local-level
guidelines for structural engineering and the design of SUWTs. This aspect is critical to enable their
deployment at scale.

Third, more research is needed to better qualify better the effect of SUWTs on local air quality and
microclimate, as their installation on low- or medium-rise buildings might affect wind flow and
dispersion of pollutants (Zhang et al. 2021a). This effect is likely compounded when arrays of SUWTs
are installed. The examination of the effects induced by SUWTs in the local micrometeorology at
fine granularity is yet to be developed. Advanced CFD simulations will be needed to evaluate the
effect of the installation of SUWTs near to industrial complexes, incinerators, power plants and
similar infrastructure that emit gases and pollutants. This would result in zoning and placement
guidelines for SUWTs.

Fourth, SUWTs present a health and safety risk for passersby. SUWTs are unique moving structures,
as opposed to more typical static structures deployed in urban settings (e.g. antennas, masts,
lighting poles), thus urban safety is a critical aspect to consider. During their operation, SUWTs
can fail and endanger people, by falling parts, for example (Anup et al. 2018). Additionally, in cold
climates, ice may accumulate on the blades and be detached at high speeds while in operation,
and then reach as far as pedestrians or vehicles (Drapalik et al. 2021). Research on safety, and
mostly concerning the ice threat in cold climates, is required to enable a safer deployment in
urban conditions. Certain WT technologies might need to be prescribed as suitable for urban areas
with high levels of affluence.

Fifth, the effects of SUWTs on ecosystems still suffer from several research gaps. While the existing
literature on LWTs and non-urban SWTs has reported collisions with birds and bats (Haaren &
Fthenakis 2011), and behavioural changes of animals due to the noise of WTs (Dorrell & Lee 2020:
3; Li et al. 2022; Ortega 2012), such research has been proposed (Hui et al. 2018; Morocho et al.
2020), but has not been conducted for SUWTSs. It is critical to understand better the effects of
SUWT on local urban ecosystems that are already made more fragile by human activities.

Finally, it is important to understand better the individual and combined visual and noise effects
of SUWTs on people. Life-threatening or severe effects on human health do not seem to be
substantiated; however, non-severe health conditions such as sleep disturbance, driven mostly by
annoyance, from noise needs further addressing. The visual effect also needs to be investigated
regarding light and the flickering effect. Besides the possible health issues, there is also the aspect
of aesthetic intrusion, especially when heritage buildings are involved. The noise effect also
requires further studies to evaluate how the propagation of the sound level and its frequencies
may affect not only humans but also the urban fauna.
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In summary, several research gaps remain to be addressed for deploying SUWTs in urban settings
with minimal negative environmental effects, notably regarding the safety of people and other
living beings. Importantly, their net life-cycle environmental performance, which is a prerequisite
for their deployment, is highly location specific as the wind resource can vary significantly on a
local scale. Regulations can benefit from this research by implementing measures such as licensing
SUWTs with a minimum energy return on investment (e.g. 1.2), or a maximum noise level (e.g. 45
dB).

The complex interplay of different effects and performance metrics might result in guidelines
that prescribe the deployment of SUWTs to certain urban areas, might limit the use of certain
technologies and might prohibit the installation of SUWTs due to structural safety reasons.

8.4 LIMITATIONS

As with any scientific endeavour, this review suffers from certain limitations. The literature search
was conducted using only four databases, i.e., Scopus, Web of Science, PubMed and Google
Scholar in English. Relevant papers that might appear in other databases or in other languages
could have been missed. Furthermore, effects that have not been used as keywords might have
been missed in the literature search, especially if they were not discoverable by the general terms
impact or effect and the combination with keywords from the other thematic areas. This appears
to be the case with recycling or recovering crucial materials from SUWTs, such as their blades,
given that their recycling or recovery methods can probably be identified in the literature based
on constituting materials rather than SUWTs. Additionally, specific effects were found by prior
research and indicative search for LWTs and used to choose the additional keywords to augment
the generic keywords effect and impact. While indicative search is helpful in locating research, it
may add bias.

Despite these limitations, it is estimated that the field of urban wind energy harvesting has been
covered in a way that identifies the most examined effects and that relevant research pathways
have been established.

9. CONCLUSIONS

Harvesting urban wind energy using small wind turbines (SWTs) can yield multiple benefits,
including: from an environmental performance, a more efficient electricity grid with lower
transmission losses, and an enhanced protection from potential power plant failures. This can
also result in a higher resilience in the power supply, as when installing rooftop solar photovoltaic
panels and a combination of the two technologies. The benefits from introducing small urban
wind turbines (SUWTs) can contribute to United Nations’ Sustainable Development Goals (SDGs)
7,11 and 13.

However, deploying SUWTs has also been subject to criticism in terms of social acceptance.
Environmental assessment guidelines and urban policies are necessary to weight the pros and
cons of implementing an SUWT in a specific location, and to avoid situations where SUWTs are
underperforming, inducing environmental stressors or health problems, or provoking citizen
opposition.

This paper aimed to establish the basis for the formulation of SUWT installation guidelines using
a comprehensive systematic review based on four citation databases and in line with the PRISMA
2020 method, focusing on the identification of the environmental effects associated with urban
wind energy harvesting. This review has highlighted the global (macro-scale) and local (micro-
scale) effects that are most frequently addressed in the existing literature focusing on SUWT
installations. Also, lessons from large wind turbines (LWTs) that might need to be examined for
SUWTs have been drawn from the relevant literature.

Several environmental effects and research gaps have been identified. At the macro-scale, there
is a need to quantify the life-cycle environmental performance of SUWTs, including their potential
reuse and remanufacturing, and to tackle resource depletion and end-of-life material recovery.
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At the micro-scale, the structural implications of SUWT implementations on existing buildings
need to be further assessed, primarily to address potential vibrations. A positive effect is expected
on local air quality, but this might be counterbalanced by the increased dispersion of pollutants.
The effect on air quality and the local micrometeorology requires further study as the SUWTs
seem to affect local wind patterns by altering the wind velocity and inducing turbulence. Urban
health and safety concerns are also to be further assessed based on the technologies and climate
zones, since the failure of SUWTs may endanger people by falling parts and, in cold climates,
by ice shards. The effects of SUWTs on local ecosystems need to be further studied, given the
lack of research focused on urban environments, and the stressors to which urban biodiversity
and wildlife are already subject. It is critical to understand better the individual and combined
visual and noise effects of SUWTs on people. How visual and noise effects may affect non-severe
health conditions, such as annoyance or sleep disturbance, is to be further studied. The visual
effects of SUWTs are also related to light and the flickering effect, which, besides aesthetics, may
compromise pedestrian safety or create discomfort. On historical and cultural sites, the aesthetic
concerns can be more crucial than elsewhere.

Social acceptance remains an important barrier related to the aforementioned environmental
effects and mostly noise, visual perception and potential danger to urban wildlife. The local
acceptance of SUWTs cannot be guaranteed, despite the climate emergency, and might suffer
from not-in-my-backyard (NIMBY)-ism. Thus, analysing the macro- and micro-scale environmental
effects associated with implementing SUWTs is necessary for the formulation of guidelines
for SUWT deployment, along with community participation strategies which reduce possible
uninformed negative perceptions and resistance.
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	Langer et al. 2018
	Pohl et al. 2012
	Simos et al. 2019

	The visual and auditory dimensions of WTs are closely related, and thus both are often simultaneously tested (). Residents who can see a WT installation from their dwelling are known to report higher and more frequent noise levels from that WT (). 
	Simos et al. 2019
	Taylor et al. 
	2013

	While the environmental effects of LWTs have been studied across different scales, findings are not directly transposable to SUWTs due to significant differences in size, technology and context. As such, a comprehensive review of the environmental effects of SUWTs is needed, capitalising on the existing knowledge about LWTs.
	3. METHODS
	For this systematic review, the 2020 version of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) method was followed (). The databases selected for the search were Scopus, Web of Science, PubMed and Google Scholar.
	Moher et al. 2010

	 provides an overview of the keywords used to search for papers. The search focused on three thematic areas that characterise the scope. The first thematic area is related to wind energy and WT technologies. The second is related to the geographical area of interest, i.e. the urban area. The third is related to the environmental effects associated with urban wind energy harvesting. Three keyword groups were used for the search, one group per thematic area. The keywords, and notably the keywords about the ef
	Figure 2

	 depicts the review process. The combined search of all thematic areas in all databases returned a total of 2752 papers. Of these, 643 were duplicates and removed. The exclusion criteria were defined following the PRISMA 2020 () guidelines and applied as follows:
	Figure 3
	Moher et al. 2010

	•.Exclusion criterion 1: Papers not focused on wind energy were considered outside the scope of the review. These papers focused on topics such as urban planning, medical issues, urban noise or visual pollution, addressing concerns not directly related to the implementation of SUWTs.
	•.Exclusion criterion 2: Papers solely focused on WT technologies, such as blade aerodynamic design, blade construction materials, etc., were also excluded.
	•.Exclusion criterion 3: Papers solely focused on the study of wind energy resource mostly through computational fluid dynamic (CFD) simulations, to assess aspects such as the criteria and methods for optimal selection of installation locations, were also excluded.
	•.Exclusion criterion 4: Papers focused on LWTs, such as wind farms, suburban installation of LWTs and offshore installations of WTs, were also excluded. 
	The exclusion criteria were initially applied through screening by title and abstract, resulting in the exclusion of 2041 papers. The same criteria were applied to a full-text screening stage for the remaining 56 papers. This process yielded 13 papers. With a snowballing technique, three more papers were located, so the final number of papers selected for the review was 16 (). This corroborates with the fact that the field under review is indeed a nascent field. Nevertheless, to offer a comprehensive descri
	Figure 3

	4. URBAN WIND ENERGY HARVESTING
	Cities host most of the global population, a plethora of activities and land uses (), and are major hubs of energy use. To aim for local energy generation in the city, local wind energy harvesting can be used. It can have several advantages, including reduced local emissions, reduced grid load and fewer energy losses (; ; ; ). 
	Kammen 2016
	Gagliano et al. 2013
	Gil-García et al. 2022
	Heagle et 
	al. 2011
	Kumar et al. 2018

	The WTs to be installed in cities must be specifically designed for cities. LWTs installed in non-urban areas are generally unsuitable for urban areas. SUWTs are most suitable for urban areas given their reduced size, adaptability to turbulent wind flow conditions and less demanding structural implementation requirements (). 
	Kumar et al. 2018

	The implementation of SUWTs must consider the heterogeneous wind flow conditions found in urban environments. The urban morphology and thermal gradients affect the wind flow characteristics within the urban canopy layer where wind flow is highly turbulent and wind speed generally low (; ; ; ; ). Sudden changes in urban morphology can also produce wind gusts, unusual wind shear and changes in atmospheric stability. To ensure performance and durability, SUWTs must be installed in locations where high wind spe
	Anup et al. 2018
	Fields et al. 2016
	Kumar et al. 2018
	Mead 2017
	Tasneem et al. 2020
	Karadag & Yuksek 
	2020
	Gagliano et al. 2013
	Yang et al. 2016
	Llaguno 2016
	Oliveira et al. 2020
	Zhang et 
	al. 2022
	Balduzzi 
	et al. 2012
	Anup et al. 2018
	Gil-García et al. 
	2022
	Karadag & Yuksek 2020

	Few tall buildings have been built to date with project-designed SUWTs at the upper end or beyond the SUWT dimensions. These include the Strata tower in London, Bahrain World Center and Pearl River Tower in Guangzhou, China (). Strata is equipped with three 18-m HAWTs embedded in the building, rated at 19 kW each. They were anticipated to produce 50 MWh/year; however, despite the favourable location of the WTs at an unobstructed height of 147 m, and optimal orientation relative to wind inflow, the actual pe
	Karadag & Yuksek 2020
	Škvorc & Kozmar 2021
	TU/e 2014

	When choosing between wind or solar energy harvesting, the preference for one of the two technologies may depend on local climate conditions, as these can vary significantly by location. However, there are synergies and complementarities between the two technologies as their performance may follow distinct time frames. Solar energy harvesting performs in daylight and sunny conditions, whereas wind energy harvesting requires wind, which can occur in cloudy settings or at night. The seasonality of wind and so
	WTs are mainly divided into two categories based on their axis of rotation: horizontal-axis wind turbines (HAWTs) and vertical-axis wind turbines (VAWT). Most LWTs are HAWTs and most SUWTs are VAWTs. 
	 represents the main types of VAWTs, which are typically deployed in urban settings. These differ from LWTs mainly in terms of size and axis of rotation. SUWTs are considerably smaller. An LWT can be up to 120 m tall with a rotor diameter of 90 m (; ). Although there is no universally accepted classification, SUWTs are often grouped based on their rotor diameter size: (1) micro-SUWTs for diameters larger than 1.4 m; (2) mini-SUWTs for diameters between 1.4 and 3.0 m; and (3) domestic SUWTs for diameters bet
	Figure 4
	Hoen et al. 2023
	Kumar et al. 
	2018
	Figure 3
	Aravindhan et al. 2022
	Tummala et al. 2016
	Goudarzi et al. 2020
	Clark et al. 2020
	Kumar et al. 2018

	Depending on whether the rotation is induced by lift or drag forces, VAWTs are divided into lift-based (Savonius), drag-based (Darrieus) and drag–lift-based (; ). The Savonius has the advantage of being simple to design and it performs better at low speeds (). On the downside, it usually suffers from negative torques (). The Darrieus type is also suitable for urban environments () and has better aerodynamic performance. A major disadvantage is that it requires an external power source to start spinning. Hyb
	Gil-García et al. 2022
	Kumar et al. 
	2018
	Shende et al. 2022
	Tummala 
	et al. 2016
	Shende et al. 2022
	Kumar et al. 2018
	Figure 4
	Grant et al. 2008
	Nardecchia et al. 2021
	Richard 2019

	Having introduced the general technology around SUWTs and their differences with LWTs, the following section details the findings of the literature review.
	5. LITERATURE REVIEW FINDINGS
	A total of 16 papers that focus on SUWT environmental effects were reviewed in depth. The identified environmental effects were categorised into two groups: macro-scale effects (including effects on climate change and raw material depletion) and micro-environmental effects (including effects on urban built structures, air quality and microclimate, urban wildlife, urban health and safety, urban noise pollution, and urban visual and light pollution).  summarises all the identified environmental effects of SUW
	Figure 5

	As shown in , eight of the selected papers examine VAWTs (50%) and five HAWTs (31.25%), possibly indicating the trend for VAWT installation in urban areas, while three papers (31.25%) do not mention the SUWT technology regarding the axis of rotation. VAWTs are examined for all effects except safety. HAWTs are examined for safety, noise and visual effects, as well as for macro-scale effects. Noise is the most examined effect, followed by visual pollution. The other effects are reviewed in two to three papers
	Figure 6

	All selected papers and the effects reviewed are listed in Appendix A in the supplemental data online. Some papers examine more than one effect (e.g. noise with visual effects, built structure and noise, air quality and microclimate, urban wildlife with visual effects).
	6. EFFECTS AT THE MACRO-SCALE
	SUWTs utilise circular motion to convert wind energy into electricity, thereby playing a significant role in mitigating GHG emissions resulting from fossil fuel combustion and the resultant global warming and climate change. Simultaneously, SUWTs require a range of finite resources for their manufacturing, contributing to resource depletion. Climate change mitigation and resource depletion are considered macro-scale effects of SUWTs.
	Of the 16 papers reviewed, only two report on the macro-scale effects of SUWTs (see Table S2 in Appendix B in the supplemental data online). LCA, which is a method used to assess overall environmental effects, considering the entire life-cycle from production to disposal (cradle to end-of-life), was used for an H-rotor 5 kW Darrieus VAWT in Poland using actual generation data. In this study, the life-cycle inventory was based on primary data (). Two scenarios were examined: one with recycling and the other 
	Kouloumpis et al. 2020
	Kouloumpis et al. 2020
	2012
	Aziz & Elmassah 2012

	7. EFFECTS AT THE MICRO-SCALE
	The urban environment can host multiple activities in a small area, and the deployment of SUWTs constitutes an addition to that usually dense environment. SUWTs need to be installed in urban locations where urban wind energy can be harvested effectively. Consequently, the choice of location for the installation of an SUWT is dictated by performance considerations. However, there are micro-scale environmental effects to be considered when planning SUWT installations. SUWTs affect the local environment as the
	Mokarram et al. 2022
	Petrova 2013
	Ehyaei & Bahadori 2022
	Rygg 2012

	To assess the environmental effects of implementing SUWTs, local wind resource estimations must be performed. These can be costly for small-scale implementations such as those associated with SUWT projects (; ). Formulating assessment guidelines for SUWTs requires the identification of their micro-environmental effects (city to neighborhood level), which are described in the following subsections. 
	Anup et al. 2018
	Lu et al. 2011

	7.1. URBAN BUILT STRUCTURES 
	When operating under highly turbulent winds, as is the case in urban environments, SUWT structures need to be strong enough to withstand instantaneous and long-term wind fatigue loads and wind gusts (). Due to the wind torque effect, SUWTs can also add intermittent loads to the structure. VAWTs are expected to have less of an effect on the load-bearing structure than HAWTs since the torque is non-directional (; ), while SUWTs installed in public spaces result in minor structural challenges ().
	Anup et al. 2018
	Kwok & Hu 2023
	Pollino & 
	Huckelbridge 2011
	Kwok & Hu 2023

	Three of the 16 papers deal with urban built structure effects (see Table S3 in Appendix B in the supplemental data online). To provide solutions for the safe and reliable operation of SUWTs, Peppoloni et al. () recorded oscillations in direct proximity to the generators of two different SUWTs (one HAWT and one VAWT) by using accelerometers. The amplitudes of the oscillation–acceleration and oscillation velocity were measured by sensors. The researchers concluded that the analysis must consider both the SUW
	2018a

	In another study, three different roof-mounted SUWT technologies (Savonius, Darrieus-Helix and three-blade horizontal rotor) were examined in CFD simulation environments and also under real-life conditions using three-dimensional (3D) ultrasonic anemometers (). This study concluded that there are many aspects concerning the SUWT type, building height and shape, oscillation modes and resonances, wind inflow conditions, and others that have an influence on the quality of life of nearby inhabitants.
	Peppoloni et al. 2018b

	In the third paper, a commercial Darrieus, three-bladed helical shape SUWT, was tested with accelerometers to analyse the vibrations transmitted to the structure. Results confirmed the usefulness of dampers to decrease vibration and increase comfort in the building. The authors found that with the addition of dampers, up to 90% of the vibration frequencies can be absorbed (). In the case of SUWTs integrated within new buildings, the vibration effects are less challenging given that the structural design and
	Castellani et al. 2019

	7.2. URBAN AIR QUALITY AND MICROCLIMATE
	SUWTs can contribute to the improvement of air quality or mitigation of heat exhaust by replacing existing local energy sources such as those using burning coal, oil or gas on a small scale, e.g. boilers (). SUWTs are not expected to contribute to higher air pollution concentrations, aside from potential construction dust release during the retrofitting works performed on existing buildings (; ). However, they may affect wind flow, and therefore the microclimate, just as LWTs (). 
	Staudt 2008
	Ali et al. 2019
	Krasniqi et al. 2022
	Boettcher et al. 2015

	In this review, three papers dealt with urban air quality and microclimate effects (see Table S4 in Appendix B in the supplemental data online). Through a study using CFD with the large edgy simulation (LES) method, it was found that roof-implemented SUWTs have no effect on pedestrian-level wind, but they may have a significant effect on wind speed and turbulence over rooftops (). Another study using CFD with the Reynolds-averaged Navier–Stokes (RANS) method, showed that rooftop SUWTs weakened the downwash 
	Zhang et al. 2022
	Zhang et al. 2021a
	2018b

	7.3. URBAN WILDLIFE
	Urban wildlife, which is already affected by many human activities, is very likely also to be affected by SUWTs. The extent of this effect may differ depending on the species, as species have different sensitivities. For example, effects due to noise can range from physical damage to the ears to stress responses, changes in foraging, avoidance of noisy areas and subsequent habitat migration, changes in reproductive success, and changes in vocal communication, as have been observed in the case of LWTs (; ; )
	Li et al. 2022
	Ortega 2012
	Zhu et al. 2018

	Two papers dealt with the importance of the effect of SUWTs on urban wildlife (see Table S5 in Appendix B in the supplemental data online). However, these mostly report on the significance of the effect rather than studying the disturbance of wildlife per se. Through public opinion polls conducted in California to examine public receptiveness of SUWTs, it was found that the potential risk of SUWTs to kill birds strongly affects their social acceptance (). In an examination of four urban sites in Ecuador as 
	Hui et al. 2018
	2020

	7.4. URBAN HEALTH AND SAFETY
	SUWTs are often installed in proximity to pedestrians, therefore safety concerns are critical. LWTs are known to have been designed for safety, durability and performance according to international standards (), but these standards have not been adapted to urban conditions (; ). 
	Anup et al. 2018
	Anup et al. 2020: 87
	Aravindhan et al. 2022

	Only one paper out of the 16 dealt directly with health and safety effects (see Table S6 in Appendix B in the supplemental data online). Drapalik et al. () investigated the hazards posed by ice formation on SUWTs in cold climates, as ice can be ejected significant distances by the rotation of the turbine. The size, mass and geometry of thrown ice fragments were evaluated from observations. These data were used to create a representative set of artificial ice specimens which were repeatedly thrown in experim
	2021
	Drapalik et 
	al. 2021

	7.5. URBAN NOISE POLLUTION
	Noise as an environmental stressor can lead to increases in heart rate and blood pressure, and changes in blood viscosity, amongst others (). A prolonged exposure to noise, notably for susceptible individuals, can lead to irritability, aggressiveness, decreased cognitive performance and permanent health damage such as hypertension, heart and blood circulatory system diseases, and even stroke (). WTs have moving parts and therefore generate noise issued from mechanical and aerodynamic components (; ). 
	Mucci et al. 2020
	Mucci et al. 2020
	Manyoky et al. 2014
	Simos et al. 2019

	Noise is the most studied effect with eight of the 16 papers covering it (see Table S7 in Appendix B in the supplemental data online). One study performed a bibliographic research on the effects of deploying RESs in the city, including SUWTs, and reported that VAWTs are virtually silent (). Another study combined findings from interdisciplinary research linking noise measurements from SUWT installations with an investigation into the effect of individual personality traits and noise perception. This study c
	Aziz 
	& Elmassah 2012
	Taylor et al. 2013
	Mollasalehi et al. 2013
	Mollasalehi et al. 2013
	Qu & Kang 2018
	Qu & Kang 2018
	Peppoloni et al. 2018b
	Castellani et al. 2019
	Karadag & Kurucay 2021
	Li 
	et al. 2022
	Li et al. 2022

	7.6. URBAN VISUAL AND LIGHT POLLUTION
	WT installations can produce visual obstructions, visual annoyances or light pollution in urban environments (; ). 
	Gagliano et al. 2013
	Pohl et al. 2021

	Four papers of the 16 dealt with visual effects (see Table S8 in Appendix B in the supplemental data online). One study performed bibliographic research on the effects of the RES deployment, including SUWTs, in the city. It is reported that VAWTs are much less visually intrusive than HAWTs (). MCDA based on sets of technical, economic, environmental and social criteria was used to classify four sites in Cuenca, Ecuador, for their suitability for micro-SUWT installations. The visual effect that reflects on t
	Aziz & 
	Elmassah 2012
	Morocho et al. 2020
	Westerlund 2020
	Hui et al. 2018

	8. DISCUSSION
	8.1 CONTRIBUTION OF THIS REVIEW
	The present review examines the nascent field of the environmental effects of SUWTs. It reports and discusses the effects found through a systematic literature review following the PRISMA 2020 method. Prior literature reviews on SUWTs have focused mainly on technology, technical characteristics, performance issues and methods for a more accurate estimation of the wind resource. 
	Regarding the environmental effects of LWTs, many publications focusing on specific effects that may relate to SUWTs were identified (e.g. ; ; ; ; ; ), but no prior review that addresses the effects of SUWTs at both the global and local scales was found. This review identifies and discusses an unprecedented range of environmental effects, identifies associated research gaps and proposes areas of further investigation.
	Micallef & van Bussel 2018
	Mucci et al. 2020
	Ortega 
	2012
	Reja et al. 2022
	Shende et al. 2022
	Simos et al. 2019

	8.2 ENVIRONMENTAL EFFECTS OF SUWTS BASED ON A REVIEW OF THE LITERATURE
	The macro-effects of SUWTs in terms of resource depletion, embodied energy and GHG emissions are associated with various life-cycle stages, from raw materials extraction to transport, manufacturing, construction, maintenance and end-of-life (; ). The embodied energy used for these stages typically results in GHG emissions, depending on the energy mix. Each life-cycle stage might occur at different locations and even different countries, so the energy mix used may differ significantly. At this macro-level, i
	Aziz & Elmassah 2012
	Kouloumpis 
	et al. 2020
	Aziz & Elmassah 
	2012
	Bittner et al. 2023
	Tzen 2020

	The much more varied micro-effects of SUWTs tend to be interrelated with many other aspects of the urban environment, such as background noise, urban configuration and perception of the population (). 
	Taylor et al. 2013

	As SUWTs are generally installed on buildings, the structure of these buildings must be able to support them. The vibrations transmitted to the buildings can cause annoyance and discomfort. These vibrations often are unique to the SUWTs–building system and, as such, accurately predicting these vibrations can be difficult and requires advanced modelling (). Nevertheless, mechanical solutions such as dampers seem largely to compensate this effect () with additional material requirements, embodied environmenta
	Peppoloni et al. 
	2018b
	Castellani et al. 2019

	Also at the micro-scale, deploying SUWTs is expected to improve air quality when substituting fossil-fuel-based systems. Effects on wind velocity and turbulence have been observed above rooftops (), which may also affect pollutant dispersion by resulting in stronger vertical pollutant dispersion (). While this dispersion depends on the roof type, wind patterns at street level seem unaffected (). Any potential effects to the microclimate due to changes in wind patterns have not been determined.
	Peppoloni et al. 2018b
	Zhang et al. 2022
	Zhang et al. 2021a

	In addition, SUWTs might have potential effects on urban wildlife. Protecting birds and bats has been identified as important for urbanites and for the social acceptance of SUWTs (; ), but the extent to which SUWTs affect birds and bats has not been studied as compared with the existing body of knowledge for LWTs. 
	Hui et al. 2018
	Morocho et al. 2020

	Safety risks associated with SUWTs do exist. These have been studied regarding the formation of ice on blades, which may thereafter be projected over long distances at high speed and pose a significant danger (). To mitigate this risk, SUWTs may be forced to stop operating beyond certain speeds (cut-out).
	Drapalik et al. 2021

	SUWTs usually result in a small amount of noise pollution. While SUWTs rotate much faster than LWTs and generate noise at higher frequencies, existing research on SUWTs has consistently found very low noise levels (around 30 dBA) in direct proximity of the revolving turbine. The perception of the noise of SUWTs is further attenuated by the ambient noise pollution in urban environments, notably during daytime. It is important to consider the specific urban form around SUWTs as it either attenuates noise leve
	SUWTs are visible objects in the urban environment and their positioning in the city, e.g. in terms of proximity to heritage sites (), needs to be carefully considered, on top of the purely performative criteria. VAWTs tend to occupy less volume than HAWTs when regarding visual intrusion (), but this is also disputed (). Importantly, both the physics and the perception of the visual and noise effects tend to be intertwined.
	Westerlund 2020
	Aziz & Elmassah 2012
	Hui et al. 2018

	8.3 RESEARCH GAPS AND SUGGESTED RESEARCH DIRECTIONS
	The environmental effects of SUWTs identified above and their varying depth of investigation, combined with the very few papers specifically focusing on SUWTs, demonstrate that this research field is still nascent. This is corroborated by existing studies in the field (e.g. ; ). As such, there are several research opportunities to fill existing knowledge gaps.
	Gagliano et al. 2013
	Gil-García et al. 2022

	First, it is critical to quantify clearly the net environmental gain of SUWTs based on their performance and LCA, including their potential reuse/remanufacturing after their end-of-life (). Only when an LCA of SUWTs is conducted can their environmental performance be determined, enabling policy decisions. Research into novel materials that are reusable/recyclable is needed to move away from the current reliance on composite materials such as fiberglass which are not usually recyclable (). More standardisati
	Jensen & Skelton 
	2018
	Arwood et al. 2023
	Wu et al. 2023
	Matuszewska & Owczuk 
	2020
	Crawford et al. 2018
	Jensen & Skelton 2018
	Majeau-Bettez et al. 2011
	Pomponi & Moncaster 2018
	2022
	2011

	Second, the structural implications of SUWT installations need to be clearly established to enable their deployment on existing buildings. Their high number of rotation cycles necessitates attention on fatigue () in turbine design, as well as the propagation of vibrations into the structures to which they are attached (e.g. cores of high-rise buildings, slabs, masts) (; ; ), or even blade failures that may pose a danger. The latter has been studied from an engineering point of view (), but the effect on urb
	Tummala et al. 2016
	Hunaidi 
	2000
	Rainer 1982
	Turner 1993
	Anup et al. 2020

	Third, more research is needed to better qualify better the effect of SUWTs on local air quality and microclimate, as their installation on low- or medium-rise buildings might affect wind flow and dispersion of pollutants (). This effect is likely compounded when arrays of SUWTs are installed. The examination of the effects induced by SUWTs in the local micrometeorology at fine granularity is yet to be developed. Advanced CFD simulations will be needed to evaluate the effect of the installation of SUWTs nea
	Zhang et al. 2021a

	Fourth, SUWTs present a health and safety risk for passersby. SUWTs are unique moving structures, as opposed to more typical static structures deployed in urban settings (e.g. antennas, masts, lighting poles), thus urban safety is a critical aspect to consider. During their operation, SUWTs can fail and endanger people, by falling parts, for example (). Additionally, in cold climates, ice may accumulate on the blades and be detached at high speeds while in operation, and then reach as far as pedestrians or 
	Anup et al. 2018
	Drapalik et al. 2021

	Fifth, the effects of SUWTs on ecosystems still suffer from several research gaps. While the existing literature on LWTs and non-urban SWTs has reported collisions with birds and bats (), and behavioural changes of animals due to the noise of WTs (: 3; ; ), such research has been proposed (; ), but has not been conducted for SUWTs. It is critical to understand better the effects of SUWT on local urban ecosystems that are already made more fragile by human activities. 
	Haaren & 
	Fthenakis 2011
	Dorrell & Lee 2020
	Li et al. 2022
	Ortega 2012
	Hui et al. 2018
	Morocho et al. 
	2020

	Finally, it is important to understand better the individual and combined visual and noise effects of SUWTs on people. Life-threatening or severe effects on human health do not seem to be substantiated; however, non-severe health conditions such as sleep disturbance, driven mostly by annoyance, from noise needs further addressing. The visual effect also needs to be investigated regarding light and the flickering effect. Besides the possible health issues, there is also the aspect of aesthetic intrusion, esp
	In summary, several research gaps remain to be addressed for deploying SUWTs in urban settings with minimal negative environmental effects, notably regarding the safety of people and other living beings. Importantly, their net life-cycle environmental performance, which is a prerequisite for their deployment, is highly location specific as the wind resource can vary significantly on a local scale. Regulations can benefit from this research by implementing measures such as licensing SUWTs with a minimum ener
	The complex interplay of different effects and performance metrics might result in guidelines that prescribe the deployment of SUWTs to certain urban areas, might limit the use of certain technologies and might prohibit the installation of SUWTs due to structural safety reasons.
	8.4 LIMITATIONS
	As with any scientific endeavour, this review suffers from certain limitations. The literature search was conducted using only four databases, i.e., Scopus, Web of Science, PubMed and Google Scholar in English. Relevant papers that might appear in other databases or in other languages could have been missed. Furthermore, effects that have not been used as keywords might have been missed in the literature search, especially if they were not discoverable by the general terms impact or effect and the combinati
	Despite these limitations, it is estimated that the field of urban wind energy harvesting has been covered in a way that identifies the most examined effects and that relevant research pathways have been established.
	9. CONCLUSIONS
	Harvesting urban wind energy using small wind turbines (SWTs) can yield multiple benefits, including: from an environmental performance, a more efficient electricity grid with lower transmission losses, and an enhanced protection from potential power plant failures. This can also result in a higher resilience in the power supply, as when installing rooftop solar photovoltaic panels and a combination of the two technologies. The benefits from introducing small urban wind turbines (SUWTs) can contribute to Un
	However, deploying SUWTs has also been subject to criticism in terms of social acceptance. Environmental assessment guidelines and urban policies are necessary to weight the pros and cons of implementing an SUWT in a specific location, and to avoid situations where SUWTs are underperforming, inducing environmental stressors or health problems, or provoking citizen opposition. 
	This paper aimed to establish the basis for the formulation of SUWT installation guidelines using a comprehensive systematic review based on four citation databases and in line with the PRISMA 2020 method, focusing on the identification of the environmental effects associated with urban wind energy harvesting. This review has highlighted the global (macro-scale) and local (micro-scale) effects that are most frequently addressed in the existing literature focusing on SUWT installations. Also, lessons from la
	Several environmental effects and research gaps have been identified. At the macro-scale, there is a need to quantify the life-cycle environmental performance of SUWTs, including their potential reuse and remanufacturing, and to tackle resource depletion and end-of-life material recovery. At the micro-scale, the structural implications of SUWT implementations on existing buildings need to be further assessed, primarily to address potential vibrations. A positive effect is expected on local air quality, but 
	Social acceptance remains an important barrier related to the aforementioned environmental effects and mostly noise, visual perception and potential danger to urban wildlife. The local acceptance of SUWTs cannot be guaranteed, despite the climate emergency, and might suffer from not-in-my-backyard (NIMBY)-ism. Thus, analysing the macro- and micro-scale environmental effects associated with implementing SUWTs is necessary for the formulation of guidelines for SUWT deployment, along with community participati
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