
 

A framework for preliminary large-scale urban wind energy
potential assessment: Roof-mounted wind turbines
Citation for published version (APA):
Rezaeiha, A., Montazeri, H., & Blocken, B. (2020). A framework for preliminary large-scale urban wind energy
potential assessment: Roof-mounted wind turbines. Energy Conversion and Management, 214, [112770].
https://doi.org/10.1016/j.enconman.2020.112770

Document license:
TAVERNE

DOI:
10.1016/j.enconman.2020.112770

Document status and date:
Published: 15/06/2020

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 27. May. 2023

https://doi.org/10.1016/j.enconman.2020.112770
https://doi.org/10.1016/j.enconman.2020.112770
https://research.tue.nl/en/publications/314bdc92-f706-4aa7-9b9d-d000aea599f3


Contents lists available at ScienceDirect

Energy Conversion and Management

journal homepage: www.elsevier.com/locate/enconman

A framework for preliminary large-scale urban wind energy potential
assessment: Roof-mounted wind turbines
Abdolrahim Rezaeihaa,b,⁎, Hamid Montazeria, Bert Blockena,b

a Department of the Built Environment, Eindhoven University of Technology, Eindhoven, The Netherlands
b Department of Civil Engineering, KU Leuven, Leuven, Belgium

A R T I C L E I N F O

Keywords:
Wind resource assessment
Building-integrated wind energy harvesting
Vertical axis wind turbine (VAWT)
Horizontal axis wind turbine (HAWT)
Wind engineering
CFD

A B S T R A C T

Urban wind energy can provide a decentralized local source of energy for residential areas and reduce the cost of energy
by avoiding the losses/costs of long-distance energy transmission. In this perspective, a preliminary assessment of urban
wind energy is highly desired by turbine developers, investors and policy makers. However, given the large number of
parameters involved, predictions of the wind energy potential in urban areas are very challenging. The present paper,
therefore, intends to present a straightforward framework to provide a preliminary and large-scale assessment of the
urban wind energy potential, i.e. at city or country scales, for roof-mounted turbines. The framework is based on four
main steps: (i) collecting the building data, i.e. the number of potential candidate high-rise buildings and their height
and rooftop surface area; (ii) obtaining the annual mean wind speed statistics at the height of these buildings and
sorting the building data based on these statistics; (iii) obtaining the turbine characteristics and determining the average
number of turbines per building roof; (iv) calculating the annual energy production (AEP). The application of the
framework is then illustrated at the country scale for the Netherlands. In this case, the urban wind energy potential is
assessed by considering the installation of 18,156 small wind turbines on the roofs of 1513 existing high-rise buildings
in 12 major cities in the Netherlands, yielding an annual energy production of 150.1 GWh.

1. Introduction

Renewable energy is considered the best alternative towards aban-
doning fossil fuels mainly because it is sustainable, abundant, environ-
mental-friendly, free and versatile. In this perspective, it can significantly
reduce greenhouse gas emissions, which makes it an effective remedy to
slow down climate change. EU’s climate goals for 2030 require a minimum
32% share of renewables by all the member states as well as 40% cuts in
greenhouse gas emissions from the 1990 levels [1]. To realize these climate
goals, renewable resources need to be intensively exploited [2,3].

Wind energy is currently the largest contributor among renewable
energy sources [2,4]. The share of wind energy among the renewables
in Europe is currently 44.2% [4]. In addition, the current trend shows
that wind energy will continue to play the most important role among
the renewables in the foreseeable future as it continues to receive the
largest investments and has the highest number of new installations [4].

The energy market predictions show that by 2030, onshore and
offshore wind will have an almost equal contribution to the total wind
energy production [4]. Having installed many wind turbines onshore,
far from residential areas, shallow water offshore was the next choice
[5]. While shallow-water offshore wind farms are still expanding, the

un-exploited potential locations for further wind energy harvesting are
deep-water offshore [6–9] and urban (and sub-urban) areas [10–17].

Urban wind energy can be harvested by installing wind turbines on
the roof of existing buildings [10,13,18] or as stand-alone units in the
urban setting [19,20]. In addition, wind turbines can also be fully in-
tegrated into the architectural design of buildings, e.g. within/on the
corners of the building façades or between the building blocks. Fig. 1 is
a schematic representation of the three main different types of urban
wind energy harvesting systems. Among the presented three categories,
the focus of this paper is on the rooftop wind energy harvesting systems.

The most often mentioned disadvantages of urban wind energy are that
small wind turbines are less efficient, less economically viable and that
within the urban environment mean wind speed is generally lower and
turbulence is higher than outside these areas, whether offshore or onshore.
In addition, due to the presence of the buildings, the wind direction changes
more frequently and with larger amplitudes, which can negatively influence
the wind energy production in case the turbine efficiency is directional, i.e.
for horizontal axis wind turbines (HAWTs). Urban wind energy also raises
concerns regarding noise, safety, vibrations, aesthetics, bird/bat safety and
public acceptance. The potentials, challenges and concerns regarding urban
wind energy have been extensively reviewed by Micallef and van Bussel
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[21], Anup et al. [20], Toja-Silva et al. [22], Walker [23], Stathopoulos et al.
[24] and Fields et al. [25].

On the other hand, the integration of the wind energy systems in the
urban environment has often been advocated because it represents a yet
unexploited potential, and because then wind energy would be produced
close to where it is needed, hence offering a decentralized local source of
energy. This can significantly reduce the energy costs associated with the
long-distance electricity transmission from power plants.

A preliminary assessment of the annual energy production (AEP) asso-
ciated with urban wind energy is of high interest for turbine developers,
investors and policy makers as it reveals the potential that could be

exploited. Based on the outcome of such an assessment, investments could
potentially be encouraged for the next-phase detailed and extensive ana-
lysis. Nevertheless, a realistic assessment of the AEP for building rooftop
wind energy harvesting systems is a very challenging task as it typically
involves the large spatial scale of a city or a country and requires detailed
information regarding the potential installation locations (high-rise build-
ings), the corresponding wind speed characteristics and the turbine char-
acteristics and arrangement.

Several studies in the literature have assessed the wind energy potential
on building rooftops for different spatial scales, i.e. one or a few buildings, a
village or a small region of a city or a whole city, see Table 1. Most of these

Nomenclature

A Weibull distribution function scale parameter
AT Turbine swept area, h d [m2]
c Blade chord length [m]
CP Power coefficient, P qA U/( )T [–]
d Turbine diameter [m]
h Rotor height [m]
h U( ) Probability density function of annual mean wind speed
hr U( ) Annual number of hours as a function of wind speed [h]
H Building height [m]
Hmin Minimum building height [m]
HR Representative height [m]
k Weibull distribution function shape parameter
n Number of blades
N Number of buildings

NT Average number of turbines per building roof
P Turbine power [W]
q Dynamic pressure [Pa]
R Turbine radius [m]
TI Annual turbulence intensity [%]
U Annual mean wind speed [m/s]
U∞ Freestream velocity [m/s]
z Vertical coordinate [m]
λ Tip speed ratio, R /U [–]
σ Solidity, nc d/ [–]

2 Variance of wind speed [m2/s2]
Gamma function

Ω Turbine rotational speed [rad/s]
AEP Annual energy production [MWh]
URANS Unsteady Reynolds-Averaged Navier Stokes

Fig. 1. Categories of urban wind energy harvesting systems.

Table 1
List of the literature on building rooftop wind energy harvesting. The scale of the study is grouped into 3 classes: (I) Building scale: one
or a few buildings; (II) Neighborhood scale: a village or a small region of a city; (III) City scale: whole city.

Author (year) Scale AEP calculations Method

Simões et al. (2009) [26] III Mesoscale model
Al-Quraan et al. (2016) [27] I On-site measurement
Li et al. (2013) [28] I X
Al-Quraan et al. (2016) [27] II Wind-tunnel

experimentKuspa (2014) [29] II X
Dilimulati et al. (2018) [40] II CFD
Wang et al. (2017) [39] II
Yang et al. (2016) [38] II
Simões et al. (2016) [37] II
Wang et al. (2015) [36] I
Toja-Silva et al. (2015) [35] I
Romanic et al. (2015) [34] II X
Hsieh and Fu (2013) [33] III
Gangliano et al. (2013) [32] II X
Balduzzi et al. (2012) [31] I
Kalmikov et al. (2010) [30] II
Mertens (2003) [41] I X
Millward-Hopkins et al. (2013) [42,43] III Analytical
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studies only reported the mean wind speed and/or power density on the
building roofs. The table also shows that in a few studies, an estimation has
been made of the AEP for building rooftop wind energy harvesting for one
or a few buildings within the domain of interest. The literature study also
reveals that different methods are employed to estimate the wind speed
characteristics, namely mesoscale models, on-site measurements, wind-
tunnel measurements, computational fluid dynamics (CFD) simulations and
analytical methods.

A mesoscale model has been used in Ref. [26] for building rooftop
wind resource assessment. Although the model provides information for
a large spatial domain, the resolution of the provided data by such
models is typically not sufficient for this application. On-site measure-
ments have been used on a few occasions in the past (e.g. Ref. [27,28])
where the focus was mainly on a single building or a few buildings.
However, high costs and practical difficulties associated with high-
quality on-site measurements generally, prohibit it from being the most
suitable method for a first estimate of the urban wind energy potential,
certainly at large spatial scales encompassing hundreds to thousands of
potential buildings. Wind-tunnel measurements have been employed in
a few studies (e.g. Ref. [27,29]). However, due to the size limitations of
the wind-tunnel test section, the urban model is typically substantially
down-scaled, potentially raising flow dynamic similarity concerns.
Compared to the other approaches, computational fluid dynamics
(CFD) has been more widely used (e.g. Ref. [30–41]) for wind resource
assessment for building rooftop wind energy harvesting, where due to
the computational cost of high-fidelity CFD simulations, the studied
domains have typically been limited to small areas of a few km2 or less.

Apart from the four aforementioned methods, an alternative method
has been also proposed by Millward-Hopkins et al. [42,43] that consists
of an analytical methodology to map the high-resolution wind speed
data from numerous masts or LiDAR (light detection and ranging) to
building roof height so that the data can be used for wind energy po-
tential calculations. However, the application of this methodology is
limited to regions where such high-resolution data are available, which
is typically not the case for the large spatial scales of a city or a country.

The objective of the present work is to propose a framework that
enables estimation of urban wind energy potential at the large spatial
scales of a city or a country for roof-mounted wind turbines. To the best
of our knowledge, such a framework is currently not available in the
scientific literature. The present work extends the existing knowledge
for small-scale wind power potential assessment, e.g. [17,41]. It pre-
sents a framework that considers building data, wind speed character-
istics and turbine characteristics. The framework provides a pre-
liminary assessment of the urban wind energy potential for the large
spatial scales of a city or a country for building rooftop wind energy
harvesting. Such a framework can be a valuable addition to the lit-
erature and an important contribution to the discipline because it can
provide the first estimation of large-scale AEP for policymakers, in-
vestors and turbine manufacturers. Such a first estimation is needed for
the decision on the necessity of a next-phase detailed investigation
using more complex methods.

The proposed framework is illustrated using a country-scale case
study to estimate the urban wind energy potential for the Netherlands.

The outline of the paper is as follows. The description of the pro-
posed framework is presented in detail in Section 2. The case study for
the Netherlands is illustrated in Section 3. Discussion, summary and
conclusions are provided in Sections 4 and 5.

2. Description of the framework

The proposed framework consists of four main steps, as illustrated
in Fig. 2:

• Step1 – building data: as the first step, the potential buildings for
wind energy harvesting need to be identified and their corre-
sponding data (the number of high-rise buildings and their height)

Fig. 2. Schematic illustration of the steps of the proposed framework.
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need to be collected and sorted (Section 2.1).
• Step 2 – wind speed characteristics: as the second step, the annual

mean wind speed distribution at the respective height of the po-
tential buildings needs to be obtained and the building data need to
be sorted based on the annual mean wind speed distribution
(Section 2.2).

• Step 3 – turbine characteristics: as the third step, an urban wind tur-
bine needs to be selected and its power curve needs to be obtained.
In addition, the average number of turbines per building roof needs
to be chosen (Section 2.3).

• Step 4 – urban wind energy potential: as the last step, the AEP needs to
be calculated (Section 2.4).

2.1. Step 1: building data

In the first step, the data regarding the potential buildings for wind
energy harvesting need to be collected. Firstly, the domain of study is
divided into several smaller sub-domains. For example, if the focus is on
a whole country, it can be divided into provinces, cities or city-divi-
sions. This can be useful to better categorize the building data. In
general, the smaller the sub-division is selected, the more accurate the
overall large-scale urban wind energy potential prediction can be.
However, the selection of the sub-domain is dependent on the avail-
ability of the wind speed characteristics across the domain. For ex-
ample, in a country, if the wind speed characteristics are available for
each city, then the sub-divisions can be cities, while if the wind speed
characteristics are available for city-divisions as well (consider a
megacity where distinctive wind speed characteristics are available for
different regions of the city), then the city-divisions can be selected as
the sub-domain. For Step 1, the following points, see Sec. 2.1.1–2.1.4,
need to be considered:

2.1.1. What are the potential buildings for wind energy harvesting?
In general, potential buildings for wind energy harvesting need to

benefit from good wind conditions, i.e. high mean wind speed and low
turbulence intensity, implying that they – among other things – should
not be surrounded by other buildings that are taller. However, due to
the complexity of the urban flows, it is very challenging to identify such
buildings as it normally demands detailed numerical and/or experi-
mental analyses. For a preliminary evaluation, which is the purpose of
the present framework, the building height is set as the criterion to
select the potential buildings where the buildings higher than a
minimum building height (H > Hmin) are included in the analysis. Note
that generally Hmin could be selected locally in each sub-domain, for
example in relation to the average building height.

2.1.2. What building data are needed?
For the analysis, the number of high-rise buildings in each sub-do-

main and their corresponding roof height are needed. In order to de-
termine the average number of turbines per building roof, which is
needed for the calculation of AEP in step 4 in Section 2.4, the average
rooftop surface area is needed. The available rooftop surface area for a
specific building can typically be estimated using available GIS data,
e.g. Google Maps. However, for the large scale of a city or a whole
country, such an assessment is not trivial or may not even be feasible
depending on the scale. Therefore, for a preliminary large-scale ana-
lysis, which is the focus of the present study, an assumption can be
made regarding the average number of turbines per building roof.

2.1.3. How can the required data be obtained?
The required data regarding the high-rise buildings can be collected

from different sources such as GIS databases (e.g. Google Earth), online
free-access websites (e.g. www.skyscraperpage.com, www.
skyscrapercenter.com, and www.emporis.com/buildings) or local
maps.

2.1.4. How to proceed with the collected data?
The obtained building data need to be categorized based on the

building roof height into several sub-groups, termed here as “height-
group”, with steps of ΔH. For each height-group, a representative
height, HR, is selected, which will later be employed to obtain the wind
speed characteristics in Step 2. The representative height can simply be
the average of the limits of a height-group or the maximum value. For
instance, for a height-group ranging within 30 – 40 m, HR can be se-
lected as 40 m. A reasonable choice for ΔH can be made based on the
diversity of building heights in each sub-domain. Selecting a very small
ΔH, e.g. 2 m, might result in having height-groups with no buildings.
On the other hand, if large values of ΔH are considered, e.g. 30 m, the
wind speed characteristics at HR might not properly represent all
buildings within the height-group. For example, in the presented case
study for the Netherlands in Section 3, ΔH of 10 m is selected as a
reasonable choice. This categorization will later help to identify the
respective annual mean wind speed data for each height-group. Table 2
presents a sample table for categorization of building data for a domain
consisting of i sub-domains, e.g. cities, and j height-groups, where nij
denotes the number of buildings in ith sub-domain and jth height-group
and = + ×H H j H( )j min .

2.2. Step 2: Wind speed characteristics

In the second step, the annual mean wind speed statistics for each
sub-domain at the representative height of each height-group are ob-
tained. In order to do that, the following points, see Sec. 2.2.1–2.2.3,
need to be considered:

2.2.1. What wind speed characteristics are needed?
For the analysis, the annual mean wind speed distribution and the

average annual number of hours corresponding to each specific wind
speed for each height-group in all sub-domains are required. Note that
in order to present the annual wind speed distribution and the average
annual number of hours, typically the wind speed range between the
turbine cut-in velocity, at which the turbine starts rotating, and cut-out
velocity, at which the turbine is stopped, is simply divided into several
wind speed bins [44]. For example, the range between 2 and 24 m/s can
be divided into 11 bins of 2 m/s. Therefore, the annual wind speed
probability and the corresponding annual number of hours can be
discretely presented for each bin.

2.2.2. How can the required data be obtained?
The annual wind speed distribution function and the average annual

number of hours as a function of annual mean wind speed are typically
obtained by fitting a Weibull distribution function to wind data col-
lected with 10-minute or hourly intervals and averaged over a long
period, e.g. 10 to 30 years [45,46]. The Weibull distribution function
[45,47] is given in Eq. (1), whereU and h U( ) are the annual mean wind
speed and its probability distribution function, respectively, and A and
k denote scale and shape parameters.

Table 2
A sample table of categorization of building data based on the height-group for
different sub-domains.

Height-group Sub-domain

Height range, with H
intervals

Representative Height,HR 1 2 … i

1 H Hmin 1 HR,1 N11 N21 … Ni1
2 H H1 2 HR,2 N12 N22 … Ni2
… … … … … … …
j H Hj j1 HR j, N j1 N j2 Nij
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The annual number of hours as a function of annual mean wind
speed is calculated using Eq. (2), where the multiplier ‘8760’ represents
the total hours per year.

= ×hr U h U( ) 8760 ( ) (2)

Note that for urban areas, long-term measured wind data are gen-
erally rather limited and not available at many different locations. In
case of the unavailability of such data, h U( ) and hr U( ) can still be
obtained using less detailed information about the wind speed char-
acteristics, such as the annual mean wind speed and the annual mean
turbulence intensity TI . For a given U and TI , the variance of wind
speed, 2, can be calculated using Eq. (3):

= TI U( . )2 2 (3)

On the other hand, the mean and the variance of the wind speed
based on the Weibull distribution function can be expressed using Eqs.
(4) and (5), where is the Gamma function.

= +{ }U A
k

1 1
(4)

= + +{ } { }A
k k

1 2 1 12 2
2

(5)

Eq. (4) can be rearranged in terms of A, see Eq. (6), and substituted
in Eq. (5) in order to have an equation to calculate k only based on U
and 2. For a given U and 2, k is calculated by solving Eq. (7). Then, A
is calculated using Eq. (6). A Matlab script is provided in Appendix A to
simply perform these calculations.

= +{ }A U
k

/ 1 1
(6)

+

+
+ =

( )
{ }
{ }U

1

1
1 0k

k

2

2

2

1 2

(7)

When A and k are known, h U( ) and hr U( ) can calculated using Eq.
(1) and (2), respectively.

For many urban locations, the available wind speed characteristics
might be limited to only the annual mean wind speed at different
heights, corresponding to different values of HR (the representative
height of each height-group). In this case, an assumption needs to be
made for the shape parameter k. This assumption could be based on the
data presented in the literature for similar wind conditions. For

example, for a location in an urban environment with reasonably fa-
vorable wind conditions, e.g. on the roof of a high-rise building, a shape
parameter of k = 1.75 might be a reasonable choice [47]. When k is
known, the scale parameter A can be calculated using Eq. (6). Then,
h U( ) and hr U( ) can calculated using Eq. (1) and (2), respectively. Fig. 3
illustrates an example of the annual distribution of hours per wind
speed corresponding to =A 5.61 and =k 1.75 within the wind speed
range of 2 – 24 m/s with 11 bins of 2 m/s.

2.2.3. How to proceed with the collected data?
The obtained wind speed characteristics in all the sub-domains are

categorized into distinctive wind-groups, where each wind-group has
unique A and k, thus a unique annual wind speed distribution. Then,
the building data in all the sub-domains are sorted based on the wind-
group, regardless of the sub-domain and the height-group. For example,
for urban areas where the annual mean wind speed and turbulence
intensity as a function of height are available, the buildings with
identical annual mean wind speed and turbulence intensity at their roof
heights will also have identical A and k, thus they are included in the
same wind-group. As another example, for urban areas where only the
annual mean wind speed as a function of height is available (no in-
formation on turbulence intensity), the buildings with identical annual
mean wind speed at their roof heights will have identical A, and by
assuming a fixed value of k, they are included in the same wind-group.
Table 3 presents a sample table for categorization of the building data
based on the wind-group for a domain consisting of j wind-groups,
where Aj, kj, Nj denote the scale and shape parameters and number of
buildings corresponding to jth wind-group. The sorting based on the
wind-group, i.e. unique annual wind speed distribution, will be useful
in the calculation of the annual energy production for a given turbine
power curve, as will be explained in Sections 2.3 and 2.4.

2.3. Step 3: Turbine characteristics

2.3.1. What is the estimated size of roof-mounted wind turbines?
The size of the wind turbines is typically defined based on the rated

capacity in kW. For small wind turbines, different definitions are
available (see Table 4). Within the small wind turbines, roof-mounted
turbines can be considered as mini- or micro-turbines with an approx-
imate rotor height and rotor diameter < 5 – 10 m and a rated capacity
of < 5 kW.

2.3.2. What type of wind turbines is suitable for roof-mounted applications?
Both horizontal-axis wind turbines (HAWTs) and vertical-axis wind

turbines (VAWTs) are commercially available as small wind turbines.
Currently, small HAWTs, backed up by decades of research on large-
scale HAWTs, are the dominant type in the small wind turbine market
with about 74% of the total share [3,20,48]. However, focusing on
wind energy harvesting on the buildings roofs, which intrinsically in-
volves frequent changes in wind direction and vertical velocity com-
ponents, VAWTs will be highly advantageous over HAWTs mainly due
to their omni-directionality and their potential power gain in (verti-
cally) skewed flow [5,14,19,49–51]. Note that the power performance
of HAWTs is significantly dependent on the incoming flow direction
[52–58] and every time the flow direction changes they need to yaw

Fig. 3. An example of the annual distribution of hours per wind speed:
A = 5.61, k = 1.75, wind speed range 2–24 m/s with bins of 2 m/s.

Table 3
A sample table of categorization of building data based on the wind-group.

Wind-group

A k Number of buildings, N

1 A1 k1 N1
2 A2 k2 N2
… … … …
j Aj kj Nj
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towards the wind (for a yaw-controlled turbine) while within the
yawing period their power performance is sub-optimal. Therefore, for
cases where the flow direction changes frequently, e.g. flow over the
roof of a building in an urban setting, HAWTs would need to frequently
yaw and thus would work sub-optimally in most operating conditions,
which is undesirable. Therefore, the omni-directionality of VAWTs is a
highly advantageous feature for such an environment.

In addition to the omni-directionality and their potential higher
power performance in (vertically) skewed flow, VAWTs offer several
other advantages over HAWTs such as low noise (due to their lower
blade tip speed), low manufacturing costs (due to having no yaw/pitch
control system), low installation and maintenance costs (due to having
the generator installed on the ground), scalability, low bird and bat
hazard, less visual disturbance, and low shadow flickering
[5,19,49–51]. These characteristics make VAWTs very promising
choices for building rooftop wind energy harvesting. Within the group
of VAWTs, high preference is given to the lift-based (Darrieus) VAWT as
opposed to the drag-based (Savonius) type (Fig. 4), as the latter is
generally characterized by very low power coefficients [19,59]. Note
that because of the unsteady complex aerodynamics of Darrieus VAWTs
and the comparatively small amount of research they have received,
their aerodynamic performance is still incomparable to HAWTs.
Nevertheless, the topic of improvement of power performance of
VAWTs is currently an active research topic [60–63].

Based on the blade shape, the Darrieus VAWTs are categorized as H-
type (Fig. 4b), helical (Fig. 4c) and Φ-type (Fig. 4d), where the latter is
known to have fatigue problems due to a non-uniform distribution of
the turbine radius along the span causing a non-uniform loading [64].
Therefore, the lift-based (Darrieus) H-type/helical VAWTs are the pre-
ferred choices for building rooftop wind energy harvesting.

In the present study, Darrieus VAWTs are selected for the analysis.
Note that this is a choice made due to several advantages of VAWTs
over HAWTs for wind energy harvesting in urban environments (e.g.
omnidirectionality, low noise, scalability, higher safety and lower
costs). However, this selection does not mean that HAWTs cannot be
considered for future studies and a dedicated analysis is needed to so-
lidify this choice.

2.3.3. What turbine characteristics are needed?
For the analysis, the turbine power curve, describing the turbine

output power versus wind speed, is required. In addition, the average
number of turbines per building roof also needs to be determined.

2.3.4. How can the required data be obtained?
For a commercial turbine, the power curve is typically provided by

the developer. Otherwise, in case of the unavailability of the power
curve for a given turbine, it can be obtained using numerical methods,
e.g. computational fluid dynamics (CFD), or wind-tunnel experiments,
where the turbine is simulated/tested for a range of wind speeds from
cut-in to cut-out velocity.

Due to the large scale of the analysis of the urban wind energy
potential assessment, the number of the turbines per building roof and
their potential arrangement are not intended to be customized for each
building roof, while basically possible. Instead, an average number of
turbines per building roof can be considered where the potential ar-
rangement can be set based on the available literature for the ar-
rangement of Darrieus VAWTs in close proximity [51,65–69]. Fig. 5
shows a potential arrangement of 12 Darrieus VAWTs per building roof
where the turbines are in the roof corners. Each turbine pair is counter-
rotating as the research on VAWTs arrangement has proposed that this
could be beneficial for the overall power production of the array
[51,65]. Although it is possible to account for the mutual influence of
the turbines on each others’ power performance through detailed CFD
or wind-tunnel investigations, as the objective of the study is a pre-
liminary evaluation, such an influence is neglected at this stage. Thus,
the overall power production of the array of turbines can be assumed as
the sum of all turbines. Note that this assumption, for simplicity, ig-
nores the fact that for some wind directions the turbines might operate
in the wake of one another and this will negatively influence their
power performance.

2.3.5. How to proceed with the collected data?
When the turbine power curve, the average number of turbines per

roof and the arrangement is known, one can proceed to calculate wind
energy potential as presented in Section 2.4.

Table 4
Different definitions for small wind turbines (SWTs).

Source Turbine classification Rated capacity (kW) Additional remarks

International International Electrotechnical Commission (IEC) Small ≤ 50 Rotor swept area ≤ 200 m2

Canada Natural Resources Canada (NRCan) Canadian Wind Energy Association (CanWEA) Mini 0.3 – 1.0 –
Small 1 – 30

China Renewable Energy & Energy Efficiency Partnership (REEEP) Small < 75 –
Germany Bundesverband WindEnergie (BWE) Small < 100 –
UK RenewableUK Micro 0 – 1.5 Height 0.5 – 5 m

Small 1.5 – 15 Height 2 – 50 m
Small-medium 15 – 100 Height 50 – 250 m

USA American Wind Energy Association (AWEA) Small < 100 –

Fig. 4. Different types of wind turbines: (a) HAWT, (b) Darrieus H-type VAWT, (c) helical VAWT, (d) Φ-type VAWT, (e) Savonius VAWT.

A. Rezaeiha, et al. Energy Conversion and Management 214 (2020) 112770

6



2.4. Step 4: Urban wind energy potential

2.4.1. How to calculate the annual energy production (AEP)?
The following data, obtained through the previous steps, are used to

calculate the annual energy production (AEP):

• The total number of buildings in all the sub-domains for each wind-
group (Section 2.1 and 2.2)

• The annual mean wind speed distribution at the height of the po-
tential buildings in each sub-domain categorized as wind-groups
(Section 2.2)

• The turbine power curve and the average number of turbines per
building roof (Section 2.3)

Having these data available, the total urban AEP (AEPtotal) for the
whole domain is calculated using Eq. (8), where AEPtotal j, is the total
AEP for the jth wind-group calculated using Eq. (9) and M is the number
of wind-groups. In Eq. (9), AEPj is the AEP for a single turbine at the jth

wind-group calculated using Eq. (10), Nj is the total number of build-
ings for the respective wind-group, and NT is the average number of
turbines per building roof. Pi denotes the turbine output power at the ith

wind speed bin extracted from the turbine power curve, Ui is the cor-
responding average wind speed, Aj and kj are the scale and shape
parameters describing the annual wind speed distribution for the jth

wind-group, N is the number of wind speed bins, and 8760 is the total
number of hours per year.

Note that a coefficient, CW = 0.88, is introduced in the AEP cal-
culations in Eq. (8), to account for the mutual influence of VAWTs in an
array on the overall performance of the array in an average manner for
all wind directions. The coefficient is estimated based on an extensive
number of high-fidelity CFD simulations for a dual array of turbines
with various relative spacing (distance within 1.25d to 10d [d: turbine

diameter], angles within −90° to 90°) and different relative rotational
directions (co- and counter-rotating), see Ref [70].

Note that the coefficient is included to make the AEP calculations
more realistic by estimating the mutual influence of the turbines on the
overall power performance of the group of turbines. However, this is
only an approximation based on CFD simulations of a dual rotor array
of turbines. Future studies should include more accurate estimates
based on the exact number and arrangement of the group of turbines.

=
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2.5. Summary of the framework

Table 5 presents a summary of the framework extensively explained
in Sections 2.1–2.4.

3. Case study for the Netherlands

In order to illustrate the proposed framework for the preliminary
estimation of urban wind energy potential, a country-scale case study is
presented for the Netherlands.

The Netherlands is selected for the case study because since 2012,
the energy policy in the Netherlands has been focused on specific
technologies. These include wind energy, where the focus up to now
has been on offshore wind. Note however that urban wind energy in the

Fig. 5. Schematic of 12 Darrieus helical VAWTs installed in a staggered arrangement on a rooftop. Each pair of adjacent turbines is counter-rotating.

Table 5
Summary of the steps of the proposed framework.

Steps Description

1 Building data ‐ Dividing the whole domain (e.g. a country) into several sub-domains (e.g. cities);
‐ Setting the minimum height, Hmin, to choose the potential buildings;
‐ Collecting the height and the number of buildings with H > Hmin in each sub-domain;
‐ Categorizing the building data into several height-groups with steps of ΔH using Table 2;

2 Wind speed characteristics ‐ Obtaining the statistical annual wind speed distribution and determining the Weibull distribution function scale and shape parameters (A
and k) for different height-groups at each sub-domain using Eqs. (1)–(7).

‐ Categorizing the annual wind speed distributions for all the height-groups and sub-domains into distinct wind-groups with unique A and k ;
‐ Sorting the building data only based on the wind-group, regardless of the height-group and sub-domain, using Table 3;

3 Turbine characteristics ‐ Selecting an urban-scale wind turbine;
‐ Obtaining the turbine power curve, i.e. output power versus wind speed;
‐ Determining the average number of turbines per building roof;

4 Urban wind energy potential ‐ Calculating the annual energy production (AEP) using Eqs. (8)–(10);
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Netherlands also holds potential mainly because of the high annual
mean wind speed in the urban areas [71,72]. The country also holds a
rather favorable public acceptance for wind energy due to a long his-
tory of the presence of wind mills in residential areas [73]. Despite this
potential, urban wind energy potential in the Netherlands has not yet
been evaluated and the corresponding AEP is not well known [71,74].

3.1. Step 1: Building data

In this case study, buildings with heights ≥30 m are considered as
potential buildings for wind energy harvesting. The building data are
collected from the free international building database ‘www.
skyscraperpage.com’. Table 6 presents the categorization of the
building data based on the height-group, prepared based on Table 2
with ΔH = 10 m, across 85 cities in the Netherlands, where a bar chart
is also presented in Fig. 6.

As the intention is only to illustrate how to use the framework, only
the 12 major cities with the largest number of high-rise buildings are
selected to proceed with the next steps of the analysis. These cities are
Rotterdam, Amsterdam, The Hague, Utrecht, Eindhoven, Groningen,
Delft, Amstelveen, Zoetermeer, Rijswijk, Tilburg, and Nijmegen. The
total number of buildings for all the 12 cities is 1513. Note that these 12
cities altogether include 60.5% of the total number of high-rise build-
ings in the Netherlands. Table 7 presents the categorization of building
data based on the height-group for these cities. Note that considering
the large number of buildings included in the analysis obtaining the
average roof surface area, is not practical. Therefore, an average
number of 12 turbines per building roof is assumed, see Section 3.3.

3.2. Step 2: wind speed characteristics

The annual mean wind speed values as a function of height are
obtained from the ‘Windviewer SDE + at https://windviewer.rvo.nl’
from ‘Rijksdienst voor Ondernemend Nederland – RVO (Netherlands
Enterprise Agency)’. The values are calculated based on data collected
at 10-minute intervals (one measurement every 10 min) and averaged
over 10 years.

Fig. 7 illustrates the annual mean wind speed distribution across the
Netherlands at 100 m height obtained from Ref. [72]. Based on this
wind map, the Netherlands is divided into the following 4 wind zones:

• Zone 1: very high wind speed region, where the annual mean wind

Table 6
Categorization of building data based on the height-group for the whole
Netherlands, prepared based on Table 2 where ΔH = 10 m.

Height-group Domain

Height range [m] HR[m] The Netherlands

1 30–40 40 752
2 40–50 50 988
3 50–60 60 378
4 60–70 70 150
5 70–80 80 111
6 80–90 90 43
7 90–100 100 27
8 100–110 110 26
9 110–120 120 3
10 120–130 130 6
11 130–140 140 4
12 140–150 150 7
13 150–160 160 5
14 160–170 170 2
15 170–180 180 0
16 180–190 190 1

Fig. 6. Bar plot illustrating the distribution of building height in the
Netherlands.

Table 7
Categorization of building data based on the height-group for 12 major cities in the Netherlands, prepared based on Table 2 where ΔH = 10 m. The total number of
buildings for all the 12 cities is 1,513.

Sub-domain

Height-group 1 2 3 4 5 6 7 8 9 10 11 12
Height range [m] HR[m] Rotterdam Amsterdam The Hague Utrecht Eindhoven Groningen Delft Amstelveen Zoetermeer Rijswijk Tilburg Nijmegen

1 30–40 40 98 75 38 17 25 11 19 14 6 21 11 21
2 40–50 50 122 163 87 36 30 30 20 33 27 17 21 18
3 50–60 60 50 60 40 27 18 12 11 6 6 5 11 5
4 60–70 70 41 32 10 6 5 2 0 0 10 3 2 0
5 70–80 80 26 11 19 11 5 6 1 0 2 1 1 1
6 80–90 90 9 10 4 4 1 1 2 0 0 3 0 2
7 90–100 100 11 7 1 1 2 1 1 0 0 0 1 0
8 100–110 110 10 6 3 1 2 0 0 0 0 1 1 0
9 110–120 120 1 0 0 0 0 0 0 0 0 0 0 0
10 120–130 130 4 1 0 0 0 0 0 0 0 0 0 0
11 130–140 140 1 1 2 0 0 0 0 0 0 0 0 0
12 140–150 150 2 0 4 0 0 0 0 0 0 0 1 0
13 150–160 160 5 0 0 0 0 0 0 0 0 0 0 0
14 160–170 170 2 0 0 0 0 0 0 0 0 0 0 0
15 170–180 180 0 0 0 0 0 0 0 0 0 0 0 0
16 180–190 190 1 0 0 0 0 0 0 0 0 0 0 0
Sum 380 366 208 103 88 63 54 53 51 51 49 47
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speed at 100 m is higher than 8 m/s.
• Zone 2: high wind speed region, where the annual mean wind speed

at 100 m is between 7.5 m/s and 8 m/s.
• Zone 3: medium wind speed region, where the annual mean wind

speed at 100 m is between 7 m/s and 7.5 m/s.
• Zone 4: low wind speed, where the annual mean wind speed at

100 m is lower than 7 m/s.

The aforementioned cities in the Netherlands are marked as black
full circles on the wind map in Fig. 7. They are mainly distributed in
zones 3 and 4. Table 8 and Fig. 8 present the annual mean wind speed
at the representative heights of the different height-groups for these
cities [72].

Since for this case study only the annual mean wind speed as a
function of height is available, the annual wind speed distribution is
calculated assuming a value for the Weibull distribution shape factor k.
For the present case study, k is assumed to be equal to 1.75, corre-
sponding to a reasonably favorable wind conditions, e.g. on the roof of
a high-rise building, in urban areas based on Ref. [47]. Therefore, the
Weibull distribution scale factor is calculated using Eq. (7), where the
exact annual mean wind speed values presented in Table 8 are rounded
to the nearest half integer to reduce the total number of wind-groups.
Subsequently, ten wind-groups are created with the annual mean wind
speed values from 5.0 to 9.5 m/s with intervals of 0.5 m/s and the
Weibull distribution parameters for each wind-group are presented in
Table 9. Then, for each wind-group, the annual number of hours versus
wind speed is calculated using Eq. (2) with 11 wind speed bins between
2 and 24 m/s and plotted in Fig. 9. Note that the range for the wind
speed bins is selected with respect to the turbine operational char-
acteristics, see Section 3.3, i.e. a cut-in wind speed of 2 m/s and a cut-
out wind speed of 24 m/s.

At this point, the building data are sorted based on the wind-groups

Fig. 7. Mean wind speed (U) distribution at 100 m height averaged over
10 years (2004–2013) across the Netherlands modified from [72] (black full
circles indicate the location of the 12 major cities included in the analysis).

Table 8
Undisturbed mean wind speed at different heights for 12 major cities in the Netherlands.

Mean wind speed [m/s]

Height [m] Rotterdam Amsterdam The Hague Utrecht Eindhoven Groningen Delft Amstelveen Zoetermeer Rijswijk Tilburg Nijmegen

40 7.86 6.15 6.43 5.15 4.62 5.53 5.60 5.69 5.73 5.51 4.82 4.67
50 8.08 6.39 6.79 5.49 4.96 5.92 5.98 6.03 6.08 5.89 5.20 5.10
60 8.26 6.59 7.08 5.77 5.24 6.24 6.29 6.31 6.37 6.19 5.52 5.46
70 8.40 6.78 7.31 6.02 5.49 6.54 6.54 6.54 6.60 6.46 5.78 5.77
80 8.53 6.94 7.51 6.24 5.71 6.80 6.76 6.75 6.81 6.69 6.02 6.03
90 8.66 7.11 7.73 6.48 5.94 7.07 7.00 6.97 7.02 6.94 6.26 6.32
100 8.78 7.27 7.92 6.69 6.15 7.32 7.21 7.16 7.22 7.16 6.49 6.58
110 8.87 7.40 8.06 6.86 6.33 7.51 7.37 7.31 7.37 7.33 6.66 6.77
120 8.95 7.52 8.20 7.01 6.49 7.68 7.52 7.45 7.50 7.49 6.82 6.95
130 9.04 7.66 8.35 7.19 6.67 7.88 7.69 7.61 7.66 7.67 7.00 7.16
140 9.13 7.78 8.49 7.36 6.84 8.07 7.84 7.76 7.80 7.84 7.17 7.35
150 9.20 7.90 8.61 7.52 7.00 8.24 7.99 7.90 7.93 7.99 7.33 7.53
160 9.28 8.02 8.73 7.66 7.15 8.40 8.12 8.03 8.06 8.14 7.48 7.70
170 9.36 8.13 8.85 7.81 7.31 8.56 8.25 8.16 8.18 8.28 7.63 7.86
180 9.42 8.24 8.96 7.99 7.45 8.71 8.38 8.24 8.30 8.42 7.76 8.01
190 9.47 8.34 9.06 8.10 7.58 8.84 8.49 8.39 8.40 8.53 7.89 8.15

Fig. 8. Undisturbed mean wind speed profiles versus height for 12 major cities
in the Netherlands.
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to facilitate the AEP calculations that will be presented in Section 3.4.
Table 9 presents the building data for the 12 major cities in the Neth-
erlands sorted based on the wind-groups.

3.3. Step 3: Turbine characteristics

The selected turbine for the case study is a 2-bladed Darrieus H-type
VAWT with the geometrical and operational characteristics presented
in Table 10. Fig. 10 shows a schematic of the turbine. The turbine is a
variable-speed small-scale (urban) turbine with a rotor diameter of 1 m,
a rotor height of 5 m, and a rotor swept area of 5 m2. The blade cross-
section is the symmetric NACA0018 airfoil with a chord-length of
0.15 m. The turbine has a solidity of 0.3. The solidity represents the
area obstructed by the turbine blades over the turbine swept area and it
is defined as nc d/ , where n, c and d are turbine number of blades, blade
chord length and turbine diameter, respectively. The geometrical and
operational characteristics of the turbine are selected with respect to
the study by Rezaeiha et al. [75,76] on the optimal geometrical design
of VAWTs. As such the presently selected VAWT presents a turbine with
relatively high performance, as opposed to many existing commercially
available wind turbines that did not undergo a complete optimization
procedure.

The variable-speed operation of the turbine allows the turbine to
maintain an optimal tip speed ratio of 2.5 by adjusting the turbine
rotational velocity as a function of the freestream velocity within the
cut-in to cut-out wind speeds of 2–24 m/s, see Fig. 11a. This is to

Table 9
Weibull distribution parameters for different mean wind speeds and categor-
ization of the building data based on the wind-group, prepared based on
Table 3.

Wind-group

U [m/s] A k Number of buildings, N

1 5.0 5.61 1.75 144
2 5.5 6.18 1.75 106
3 6.0 6.74 1.75 239
4 6.5 7.30 1.75 473
5 7.0 7.86 1.75 110
6 7.5 8.42 1.75 45
7 8.0 8.98 1.75 230
8 8.5 9.54 1.75 123
9 9.0 10.10 1.75 35
10 9.5 10.67 1.75 8

Sum 1513

Fig. 9. Annual number of hours with a given wind speed for different wind-groups, each having unique A and the same (assumed) value of k.
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maximize the turbine power coefficient versus the whole range of op-
eration. Tip speed ratio represents the turbine blade tip speed over the
freestream wind speed and is defined as R U/ , where R, andU are
turbine radius, turbine rotational velocity and freestream velocity, re-
spectively. The operational characteristics of the turbine are selected
based on the optimal operation of VAWTs as presented in Ref. [75]. The
noise level of the turbine is estimated based on an existing commercial
urban-scale VAWTs, i.e. Darrieus H-type ‘Royall Power’ turbine [77].

High-fidelity computational fluid dynamics (CFD) unsteady
Reynolds-averaged Navier-Stokes (URANS) simulations, extensively
validated with experiments, are employed to calculate the turbine
power coefficient and to generate the turbine power curve for the se-
lected turbine (with characteristics given in Table 10 and a schematic
shown in Fig. 10) at eight wind speeds within the cut-in and cut-out
velocities where the calculated data are extended for the whole range
by curve fitting. The computational settings for the CFD simulations are

set based on the best-practice guidelines in Ref. [78–80], where de-
tailed solution verification and validation studies is also presented. The
results are shown in Fig. 11b and c. Note that it is assumed that the
selected turbine employs a high-efficiency (>97%) direct-drive
brushless permanent magnet generator (PMG) where due to the very
limited generator losses [81], the generator efficiency is not taken into

Table 10
Geometrical and operational characteristics of the selected turbine.

Parameter Value

Type Vertical axis wind turbine (VAWT); Darrieus H-
type (lift-based)

Operation Variable-speed
Number of blades,n 2
Diameter, d [m] 1
Height, h [m] 5
Swept area, AT [m2] 5
Turbine aspect ratio,h d/ 5
Airfoil NACA0018
Airfoil chord, c [m] 0.15
Solidity, 0.30
Blade aspect ratio,h c/ 33.33
Shaft diameter [m] 0.04
Tip speed ratio, 2.5 (fixed)
Rotational speed, [rad/s] 12.5–125
Cut-in wind speed [m/s] 2
Cut-out wind speed [m/s] 24
Noise level [dBA] 20–40
Lifetime 25 years
Generator type Direct-drive brushless permanent magnet

generator (PMG)
Estimated generator efficiency > 97%

Fig. 10. Schematic of the selected turbine (not-to-scale).

Fig. 11. (a) Turbine rotational velocity, (b) power coefficient and (c) power
curve (in log-scale) versus free-stream wind speed. Note that as the turbine is
operated as variable-speed, the tip speed ratio is kept constant at 2.5.
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account in these figures.
Note that the presented 2D CFD predictions of the turbine perfor-

mance, see Fig. 11, do not consider the 3D losses near the blade tips as
well as the losses associated with the less aerodynamic connecting
struts. This is due to the geometrical simplifications, which are typically
introduced to avoid the high computational costs of full 3D simulations
of the turbine. Table 11 compares the presented power performance of
the selected VAWT (shown in Fig. 11) with two commercial models
[82]. Note that the design of the two turbines dates back more than
10 years while recent research on improvement of aerodynamic per-
formance of VAWTs has shown that significant improvements in the
turbine power coefficient can be achieved using smart mechanisms,
such as dynamic blade pitching [83] and active flow control [63].

An arrangement of 12 counter-rotating VAWTs per building roof is
considered for the present case study. The arrangement is the same as
that shown in Fig. 5 (Section 2.3), where the mutual impact of the
turbines on each other’s performance in considered using a constant
coefficient CW. Note that this is an approximation as further discussed
in Section 4.

3.4. Step 4: Urban wind energy potential

The total urban AEP corresponding is calculated using Eq. (8) (see
Tables 12–15).

Table 12 presents the turbine power P distributed over the wind
speed bins. Table 13 presents the annual number of hours hr U( ) for
different wind-groups versus wind speed bins. Note that the values in
Table 13 are rounded to the nearest integer number while the actual
non-rounded real values are used for the AEP calculations. Table 14
presents the AEP of a single turbine at individual wind speed bins,
P hr U. ( ) [Wh], for each wind-group. where the sum of the values of all
the wind speed bins in each wind-group calculated using Eq. (8), AEPj,
is presented in Table 15. As the last step, the total AEP for all the
buildings in each wind-group, AEPtotal j, , and the total urban AEP,
AEPtotal, for all 12 major cities in the Netherlands are calculated using
Eqs. (8)–(10). The results are presented in Table 16. Based on the cal-
culations, an estimated total AEP of 150.1 GWh can be generated an-
nually by installing 18,156 small-wind turbines on the roof of 1513
existing high-rise buildings (on average 12 turbines per building roof)
across the 12 major cities in the Netherlands.

4. Discussion

The present framework can be extended to further increase the ac-
curacy of the AEP prediction by considering the effect of building roof
shape on local wind conditions on the roof, positioning of the turbines
with respect to the roof corners, the vertical distance of the turbines

from the roof surface, etc. However, considering the scope of this study,
which is helping the target audience (researchers, engineers, policy-
makers and investors) to provide a preliminary quick estimation of the
available urban wind energy potential for roof-mounted wind turbines
at a large scale of a city or a whole country, such considerations are not
feasible. Note that in case such a preliminary assessment identifies, for
instance, a city as promising for building rooftop wind energy har-
vesting, a more detailed next-step analysis using CFD or several on-site
measurement points can be considered to make the AEP predictions
more accurate.

In this work, the following assumptions are made for the estimation
of the AEP:

• In the analysis, it is assumed that the turbine masts are high enough
to place the turbines in favorable wind conditions and not inside the
recirculation regions on the building roof.

• In the analysis, the proposed turbine arrangement on the building
roof is based on an equal probability for all wind directions.
However, if one wind direction is predominant for a given site, it of
course makes sense to install the turbines on the windward side of
the roof.

• The obtained annual mean wind speed at the height of the building
is assumed to be a representative value of the mean wind speed on
the building roof at the turbine tower height as experienced on
average by each of the 12 wind turbines. This assumes that any local
impact of the surrounding objects on the wind speed is neglected,
e.g. the mutual impact of the turbines on each other’s performance
and the impact of the local flow signature of the building itself and
the surrounding buildings. Note that this entails several assumptions
that in reality will act either negatively or positively. On the positive
side, some turbines on the roof will undoubtedly be in the increased
wind speed area above the windward roof corners. On the negative
side, the turbines placed near leeward roof corners will be in the
decreased wind speed area over the roof. In addition, the mutual
impact of the turbines on each other’s performance is considered
using a constant coefficient CW, where the coefficient is averaged
over all wind directions assuming an equal probability of each wind
direction. In practice, this might not be the case and a range of
dominant wind directions might exist. Furthermore, the coefficient
is determined based on a large number of CFD simulations for
VAWTs in double rotor arrangement with different relative spacing
from 1.25 to 10 times the turbine diameter and for different flow
directions from −90° to 90°. However, in practice, roof-mounted
sets of wind turbines typically include more than two turbines. By
making these assumptions, it is implicitly assumed that they com-
pensate each other and cancel out. While this can be a justifiable
approach for a preliminary assessment study as in this paper, for
more detailed assessments, a more accurate and detailed approach
will be required.

Once the annual wind energy potential for an urban area is assessed,
the values can be employed to estimate the levelized cost of energy
(LCOE) using a breakdown of total costs into different categories, such
as costs associated with the turbines, fixing the turbines on the building
roofs, grid connection, operation and maintenance (O&M), project
management, etc. Established cost breakdown schemes are already

Table 11
Comparison of the selected optimal turbine with two commercial turbines [82].

Turbine Turby Quiet Revolution Employed turbine

Rotor diameter [m] 2 3.1 1
Rotor swept area [m2] 5.3 15.5 5
Nominal wind speed [m/s] 12 12.5 12
Nominal power [kW] 1.9 6 2.4
Nominal CP 0.35 0.33 0.47

Table 12
Turbine power curve distributed over the wind speed bins.

Wind speed bins [m/s]

2–4 4–6 6–8 8–10 10–12 12–14 14–16 16–18 18–20 20–22 22–24

CP 0.314 0.386 0.424 0.447 0.462 0.473 0.482 0.489 0.497 0.405 0.513
P[W] 26 148 446 997 1,880 3,181 4,977 7,357 10,436 14,312 19,095
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available for land-based and fixed-bottom offshore wind energy, as
developed through extensive projects by e.g. the National Renewable
Energy Laboratory (NREL) [84]. For roof-mounted urban wind energy
cost assessment, noticeable uncertainties are present regarding the cost
estimation of small-scale turbines, the grid connection in urban areas,
the mounting costs on building roofs and potential vibration dampers,
etc., which demands a dedicated cost-breakdown scheme. Although a
few studies have used different approaches to provide an estimation of

the associated LCOE for a case study, e.g. Sunderland et al. [85], cur-
rently, to the best of our knowledge, there exists no established cost-
breakdown scheme for an accurate cost prediction of building rooftop
wind energy harvesting systems. Therefore, in the present study, no
estimation of the cost of energy is provided.

Table 13
Annual number of hours hr U( )for different wind-groups versus wind speed bins.

Wind-group Wind speed bins [m/s]

U [m/s] 2–4 4–6 6–8 8–10 10–12 12–14 14–16 16–18 18–20 20–22 22–24 Sum

1 5.0 2422 2727 1939 1032 435 150 42.78 10.28 2.10 0.37 0.05 8760
2 5.5 2088 2517 1983 1205 597 248 87.66 26.73 7.08 1.64 0.33 8760
3 6.0 1823 2315 1972 1326 743 356 148.19 54.18 17.52 5.04 1.30 8760
4 6.5 1606 2125 1926 1404 867 466 220.78 93.26 35.36 12.10 3.75 8760
5 7.0 1426 1952 1860 1447 968 570 300.01 142.43 61.40 24.16 8.71 8760
6 7.5 1276 1795 1783 1464 1044 664 380.72 198.96 95.33 42.08 17.17 8760
7 8.0 1150 1655 1701 1460 1100 744 458.82 259.74 135.89 66.00 29.86 8760
8 8.5 1042 1530 1619 1443 1137 812 531.57 321.88 181.34 95.46 47.12 8760
9 9.0 951 1419 1539 1416 1161 867 597.37 383.06 229.84 129.58 68.86 8760
10 9.5 871 1319 1461 1383 1172 911 656.57 442.60 280.57 167.93 95.19 8760

Table 14
AEP of a single turbine at individual wind speed bins, P hr U. ( ) [Wh], for each wind-group.

Wind-group Wind speed bins [m/s]

U [m/s] 2–4 4–6 6–8 8–10 10–12 12–14 14–16 16–18 18–20 20–22 22–24

1 5 62,979 403,544 864,855 1,028,572 817,836 476,141 212,930 75,650 21,885 5,231 1,045
2 5.5 54,293 372,462 884,230 1,201,001 1,121,904 788,155 436,290 196,634 73,893 23,475 6,377
3 6 47,402 342,572 879,321 1,321,766 1,396,301 1,132,153 737,552 398,592 182,888 72,197 24,790
4 6.5 41,757 314,541 859,095 1,399,786 1,630,652 1,481,859 1,098,847 686,087 368,969 173,119 71,619
5 7 37,084 288,863 829,630 1,442,929 1,819,385 1,813,225 1,493,155 1,047,857 640,803 345,782 166,336
6 7.5 33,179 265,665 795,177 1,459,193 1,963,559 2,111,095 1,894,827 1,463,775 994,857 602,193 327,902
7 8 29,890 244,887 758,628 1,455,686 2,067,857 2,368,139 2,283,571 1,910,929 1,418,131 944,572 570,239
8 8.5 27,103 226,378 721,896 1,438,280 2,138,483 2,582,781 2,645,607 2,368,103 1,892,481 1,366,274 899,707
9 9 24,726 209,947 686,202 1,411,604 2,181,867 2,757,134 2,973,110 2,818,163 2,398,591 1,854,504 1,314,920
10 9.5 22,656 195,147 651,691 1,378,559 2,204,180 2,897,491 3,267,745 3,256,226 2,928,053 2,403,392 1,817,670

Table 15
Sum of AEP of a single turbine on all wind speed bins for each wind-group, AEPj.

Wind-group 1 2 3 4 5 6 7 8 9 10
U [m/s] 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5

AEPj[MWh] 3.97 5.16 6.54 8.13 9.93 11.91 14.05 16.31 18.63 21.02

Table 16
Total AEP generated by urban wind turbine in 12 major cities across the Netherlands.

Wind-group

U [m/s] Nj NT ×N NTj AEPj[Wh] AEPtotal j, [MWh]

1 5 144 12 1,728 3,970,668 6,861
2 5.5 106 12 1,272 5,158,715 6,562
3 6 239 12 2,868 6,535,534 18,744
4 6.5 473 12 5,676 8,126,330 46,125
5 7 110 12 1,320 9,925,048 13,101
6 7.5 45 12 540 11,911,421 6,432
7 8 230 12 2,760 14,052,528 38,785
8 8.5 123 12 1,476 16,307,092 24,069
9 9 35 12 420 18,630,768 7,825
10 9.5 8 12 96 21,022,809 2,019

Total number of buildings 1,513 Total number of turbines 18,156
= AEPj

M
total j1 , [MWh] 170,523

AEPtotal[MWh]= =C AEPW j
M

total j1 , 150,060
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5. Summary

A simple framework is presented to provide a preliminary assess-
ment of the urban wind energy potential for large spatial scales, such as
multiple cities, a region or a whole country. The assessment is based on
the collection of a set of data from available sources and consists of the
following steps:

• Step 1: building data
‐ The domain of study, e.g. a country, is divided into several sub-
domains, e.g. provinces, cities or city-divisions, based on the
availability of wind speed characteristics;

‐ A criterion is set to choose the potential buildings, e.g. building
height > 35 m;

‐ The number of potential buildings and their corresponding height
in each sub-domain are collected;

‐ The building data are categorized into several height-groups.
• Step 2: wind speed characteristics

‐ The annual wind speed distribution is obtained for each height-
group for different sub-domains using Eqs. (1)–(7).

‐ The obtained annual wind speed distributions are categorized into
distinctive wind-groups;

‐ The building data are sorted based on the wind-groups.
• Step 3: turbine characteristics

‐ A small-scale wind turbine, i.e. typical rotor diameter < 5–10 m,
is selected for the building roof installation, where the Darrieus H-
type or helical VAWTs are the turbine type of choice mainly due to
their omni-directionality, low noise and costs;

‐ The turbine power curve, i.e. output power versus wind speed, is
obtained either from the turbine developer or using numerical
simulations;

‐ An average number of turbines per building roof is selected.
• Step 4: urban wind energy potential

‐ Having obtained the building data, the wind speed characteristics
and the turbine characteristics, the urban annual energy produc-
tion (AEP) is calculated using Eqs. (8)–(10);

The framework can be easily implemented to provide a preliminary
assessment of the urban wind energy potential on large spatial scales of
multiple cities, a region or a whole country. Within the framework, an
approach is presented to estimate the annual mean wind speed dis-
tribution so that this framework can also be employed for urban areas
where only the annual mean wind speed and turbulence intensity or
only the annual mean speed data are available. Straightforward cal-
culations and sample tables are presented to facilitate the application of
the framework.

The framework is further illustrated by application for a country-

scale case study for the Netherlands where the urban wind energy po-
tential is estimated for the case where 18,156 urban wind turbines are
installed on the roof of 1513 existing high-rise buildings, with an
average number of 12 turbines per building roof in 12 major cities in
the Netherlands.

It is believed that the proposed framework can facilitate a pre-
liminary assessment of the viability of urban wind energy in different
cities and countries so that investors can be informed on whether or not
to finance the next-step detailed analysis. This will support more wide-
spread urban wind energy harvesting under the right conditions.
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Appendix A Matlab script to calculate the Weibull distribution function parameters

A Matlab script is given below to calculate the Weibull distribution function scale and shape parameters for given annual mean wind speed and
turbulence intensity:

%% The script to calculate the Weibull distribution function scale and shape parameters (A and k) based on annual
%% mean wind speed (U) and turbulence intensity (TI) at a specific height (z)
% The script is modified from the code given in the following link:
% https://math.stackexchange.com/questions/1769765/weibull-distribution-from-mean-and-variance-to-shape-and-scale-factor
clear all; clc; close all; format compact

%% inputs (un-comment the U and TI variables and include your inputs)
%U = …; % define the annual mean wind speed
%TI = …; % define turbulence intensity

%% definitions
mu = U; % mean
sig2 = (TI.*U).^2; % std
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%% calculations
f = @(k)sig2/mu^2-gamma(1 + 2./k)./gamma(1 + 1./k).^2 + 1; % defining a function for Eq. (7)
k0 = 1; % Initial guess for k
k = fzero(f,k0) % Solving for k
A = mu/gamma(1 + 1/k) % Substituting k in Eq. (6) to find A

%% to double-check whether the calculated A and k give the input values of U and TI
rng(1); % Set seed to make repeatable
n = 1e7;
r = wblrnd(A,k,[n 1]);
mu_r = mean(r);
sig2_r = var(r);

U_r = mu_r
TI_r = sqrt(sig2_r)./U_r
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