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Abstract: In light of the global effort to limit the temperature rise, many cities have undertaken
initiatives to become climate-neutral, making decentralized urban energy production more relevant.
This paper addresses the potential of urban wind energy production with small wind turbines,
using Berlin as an example. A complete framework from data selection to economic feasibility is
constructed to enable the empirical assessment of wind energy for individual buildings and Berlin as
a whole. Based on a detailed dataset of all buildings and hourly wind speed on a 1 km2 grid, the
results show that multiple turbines on suitable buildings can significantly contribute to households’
energy consumption but fall short of covering the full demand. For individual households, our
economic evaluation strongly recommends the self-consumption of the produced electricity. The
findings suggest that while the use of small wind turbines should be continuously encouraged,
exploring other renewable resources or combination of wind and photovoltaic energy in the urban
environment remains important.

Keywords: renewable energy; urban wind energy; energy transition; wind potential assessment

1. Introduction

The COVID-19 pandemic caused global energy demand to hit a historic decrease of 4%
in 2020, the largest decrease since World War II [1]. Despite this, it is predicted to surpass
pre-COVID-19 levels in 2021, maintaining its continuous growth path of the previous
years [1]. Emerging markets, such as the People’s Republic of China, are contributing to
this increase [1]. Electricity demand has even experienced its fastest growth of the past 10
years in 2021 [1]. Growing energy consumption increases the amount of greenhouse gas
emissions since most of the global energy supply is still derived through burning fossil
fuels [2]. Oil made up 30.9% of global primary energy supply in 2019, followed by coal
with 26.8%. Renewable energy consumption on the other hand decreases CO2 emission
levels [3,4] and the replacement of fossil energy by renewable energy is key to reaching
the ambitious objectives to tackle global warming. There have been numerous defini-
tions of objectives of governments and international organizations to increase renewables
consumption and therewith decrease CO2 emissions to tackle climate warming. In the
Paris Agreement, 195 State Parties committed to increase the global efforts to limit the
temperature rise below two degrees Celsius above the preindustrial level [5]. The member
states of the European Union even legally committed to reduce greenhouse gas emissions
by 55% by 2030 (as compared to 1990 levels) through the European Green Deal [6].

Wind and solar power are the renewables that for now contribute most to the energy
transition, showing the largest growth rate since the 1980s, followed by biofuels [1]. Yet,
small wind energy makes up such a small part of the global renewable energy mix, that
its share is normally not even considered in reports on global renewable energy. To
strongly decrease CO2 emissions in the near future, all potential installation sites should be
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used for renewable energy production. There could still be scope to increase renewable
energy supply by discovering urban production sites, especially since urbanization and
population growth positively affect CO2 emission levels [3,7], making cities emission
hotspots. Regional energy production also decreases the transmission losses that electricity
(through which renewable energy is most commonly carried out) suffers from long-distance
transportation [8,9]. Increasing regional efforts to produce renewable energies could
nudge the process of Schumpeterian creative destruction in energy markets. Inefficient,
oligopolistic energy markets might decrease since many regions will be able to produce a
large part of their energy demand themselves [9].

Small wind turbines (SWT) pose a promising opportunity to take renewable energy
to a regional level and to benefit from existing high building structures, such as towers
or high-rise buildings. However, SWT are still considered less efficient than large wind
turbines [8,10,11]; on the one hand this is due to the state of their technical development,
on the other hand it is due to insufficient investigation of wind conditions at suitable
installation locations, such as the built environment [12]. Still, growing research on the tech-
nical design of SWT [13–15], as well as on wind conditions in the urban environment [16],
indicates potential for a more extensive application of SWT. They can often be installed
without a building permit, produce low noise emissions, and have also a high degree of
technical reliability [17–20].

This paper sheds light on the potential of urban wind energy production by simulating
the installation of SWT on each building above 10 m of height in the city of Berlin. This is
done by combining narrow wind grid data, 3-D building data and the power curve of an
exemplary, roof-mounted turbine. Additionally, we assess the economic feasibility of the
turbine installation for an individual investor.

The following research questions will be addressed:

1. How much energy could be produced in Berlin through the installation of roof-mounted
turbines?

2. By how much could CO2 emissions be reduced in Berlin?
3. By how much would the installation of a single roof-mounted SWT result in a profit or loss in

Berlin?

Hence, the contribution of this paper is threefold: Firstly, it provides a solid framework
to assess the potential of wind energy in the urban environment. The approach could
also be applied to other cities. Secondly, it analyzes the economic feasibility of wind
turbine installation on the household level. Thirdly, it provides a dataset of all buildings in
Berlin, including their coordinates, roof-surface, building height and a unique ID, which
is available upon request from the corresponding author. The dataset was derived from
the processing and expansion of the initial building dataset. We consider the wake effect
of surrounding buildings or nearby installed turbines through a sensitivity analysis. The
urban wind energy potential of Berlin is compared with other energy sources such as large
wind turbines onshore and offshore or photovoltaic.

Whereas the focus of the paper is narrowed to the use of SWT, it does not claim that
this is the only or the best option. Using the building rooftops for photovoltaic (maybe in
combination with SWT) or producing energy with large turbines outside of Berlin might
be more feasible.

The remainder of the paper is organized as follows: Section 2 presents the methodol-
ogy, particularly the derivation of the wind energy potential per building and the back-
ground for the economic evaluation; Section 3 provides details about study region and
data (wind speeds, buildings, and reference turbine); Section 4 presents the results at the
city- and household-level; in Section 5 the results are discussed; and Section 6 concludes.

2. Methods
2.1. Derivation of Wind Energy Potential

For the assessment of potential energy production with a rooftop installed SWT, it
is necessary to work with three datasets, namely wind data, building height data, and
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a turbine power curve. Figure 1 shows the flow diagram of the applied methodology.
Datasets are displayed in a rhombus shape, with blue rhombuses representing the initial
datasets and grey rhombuses representing datasets that result from the analysis. White
rectangles distinguish processes.
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Due to the unique characteristics of urban wind flows, the most accurate wind data
is obtained when directly measured at the point of interest, i.e., at the hub height of the
roof-mounted turbine. This, however, would be extremely time-consuming and costly,
especially at a larger scale. The alternative of taking measurements at a few buildings
and interpolating these measurements to surrounding buildings would not yield reliable
results either since microclimates inside cities vary widely due to turbulences and the off
flow of air [21,22].

A convenient solution is the usage of reanalysis wind data provided in a grid format.
Wind measurements for grid datasets are taken at meteorological stations at a standardized
height, which are typically located at an open field with few obstacles. The provider of
the grid dataset performs a horizontal interpolation of the station data to the grid points.
To obtain wind measurements at the hub height of a roof-mounted turbine, the grid data
must further be horizontally interpolated to the building’s exact location and vertically
extrapolated to the hub height of the turbine. If wind data is provided in a very narrow
grid, further interpolation can be avoided since it would be prone to errors and imprecision,
especially if it is not performed by specialists. As an approximation, buildings can be
assigned to their closest grid point before the wind speed is vertically extrapolated to the
hub height of the roof-mounted turbine.
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In the literature, vertical extrapolation of wind speed is typically performed with
either of two mathematical approaches, namely the power law and the logarithmic law.
The power law is defined as:

vi = vr ∗
(

zi
zr

)α

, (1)

with wind speed vi at turbine height zi, reference wind speed vr at reference height zr, and
wind shear coefficient (WSC) α. The power law yields an “accurate and better representation
of wind speed profiles” (Gualtieri and Secci 2012, p. 183) [23] than the logarithmic model, at
least under unstable and neutral conditions [24,25]. It is valid for heights up to 150–200 m
above ground level [23]. Furthermore, it requires only one unknown coefficient, namely
WSC α.

The WSC α assesses the vertical wind shear profile, which describes changes in
wind velocities with respect to height [26]. If wind measurements at only one height
are available, the WSC can be approximated as 1/7 according to the power law “rule
of thumb” [23,27]. However, the WSC was found to strongly depend on variation in
turbulence intensities [24,25,28]. Since turbulence is greatly affected by surface roughness,
the “rule of thumb” might be an imprecise approximation, especially in cities. It is, however,
possible to derive a reliable general WSC when surface roughness is considered [24]. The
roughness length reflects land features that cause turbulence [24,25,29]. This analysis deals
with wind patterns in the relatively closed urban climate Therefore, a general value for
the roughness length is determined and a general WSC will be derived for the whole
study region.

Gualtieri and Secci (2011) [24] find that the combination of vertical extrapolation using
the power law together with the WSC calculation proposed by Smedman-Högström and
Höström (1978) [30] yields the overall best performance and provides a “definitely reliable
method” for calculating “initial estimates of wind potential at hub height” (Gualtieri and Secci
2011, p. 2203f). Therefore, we apply formula and parameters proposed for unstable and
slightly unstable conditions by Smedman-Högström and Höström (1978) [30] as displayed
in Equation (2).

α = 0.18 + 0.13 ln(z0) + 0.03[ln(z0)]
2 (2)

Here, z0 denotes the roughness length, which reflects the degree of wind-breaking
obstacles [8,21,22] and is defined as approximately one-tenth of the average height of
surface roughness elements (buildings, trees, etc.). The WMO (2017) [31] published a list
of roughness length parameters for different terrains, specifying that z0 is equal to 1 m in
suburban terrains and larger or equal to two meters in city centers with high- and low-rise
buildings. Counihan (1975) [25] concludes that roughness lengths of two to three meters
are typical for urban areas. Manwell et al. (2009) [26] provide a list of roughness lengths
according to the type of terrain, defining z0 equal to approximately three meters in city
centers with tall buildings and 1.5 m in suburbs. Following the literature, in this analysis
an approximate roughness length of two meters will be used for our main calculation since
the focus lies in cities that consist of both city centers and suburban areas. This yields a
WSC of approximately 0.28, which lies in the range of typical WSCs for urban and rough
terrains, 0.21–0.40, found by Counihan (1975) [25]. To explore the sensitivity of our results
to the roughness length, we additionally derive the expected annual electricity production
throughout Berlin assuming z0 = 1.5 or z0 = 3.

After vertically extrapolating wind speeds to the hub heights of the rooftop-installed
turbines, the conversion to energy output is conducted via the power curve, which is
typically provided by the turbine manufacturer.

2.2. Economic Evaluation

In addition to the power production capacity evaluation, we want to create insights
into the economic trade-offs of the installation of a single VAWT on an average building
in Berlin. The levelized costs of electricity (LCOE), which are commonly used to compare
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investments in renewable energy projects [32–34], are applied in this analysis. The LCOE
measure the net present costs of electricity production over a turbine’s lifetime. Breaking
down to one specific unit of energy it can be regarded as the minimum price at which
this unit of electricity must be sold in order to not make losses over the lifetime of the
turbine [35]. The LCOE are calculated based on Equation (3),

LCOE =
C0 + ∑N

t=1
ot

(1+rd)
t

∑N
t=1

Et
(1+rd)

t

, (3)

where: C0 is the initial investment required for the installation of the reference turbine,
i.e., purchase costs and installation costs (15% of the purchase price, following MWEA
(2005) [36]); ot are the cash outflows in period t; and rd is the discount rate. N is the amount
of years with guaranteed feed-in tariffs under the EEG regime, namely 20 years, following
the approach of Grieser et al. (2015) [10]. Operative outflows are assumed to consist
of annual operation costs, maintenance costs, and debt service. The costs for the initial
investment C0 can be debt-financed, equity-financed, or a mixture of both. In this analysis,
we consider the first two possibilities, while including a sensitivity analysis for the costs of
equity (CoE).

This results in four different LCOE-scenarios: debt-financing, equity-financing with
low CoE, equity-financing with medium CoE, and equity-financing with high CoE.

3. Study Region and Data

This chapter provides an overview of the study region Berlin, including the legal
framework for the SWT installation and insights on wind conditions in the city. Further-
more, the applied data is introduced, namely the wind dataset, the building dataset, and
the power curve of the reference turbine.

3.1. Study Region Berlin

Berlin lies in the northeast of Germany at 52◦31′ N, 13◦24′ E. The city state of Berlin
has the highest population density among German municipalities, and 55.3% of its area
are settled with buildings [37]. Besides a high surface roughness due to the density of
buildings, Berlin is mainly flat topographically. The highest elevation, Großer Müggelberg,
is just 115 m above ground-level [21]. Natural ground roughness is negligible, so the focus
of this study can be laid on human-shaped surface roughness, especially buildings.

The legal basis for all kinds of construction projects, in our case small, roof-mounted
turbines below 30 m in height, is the Federal State Building Order of Berlin [38]. It exempts
nearly all construction below this height from the requirement of a legal building permit
(§62, BauO Bln); however, this exemption does not mean that SWT can be constructed
everywhere without having to comply with other regulations. If SWT are classified as
an ancillary facility (Nebenanlage), they can be built in any construction area, but they
must comply with specific requirements regarding the consumption of the produced
electricity and visual disturbance to the supporting building. Noise emission, vibration,
and shadowing that could affect the neighborhood must also be considered [18].

3.2. Wind Data

The representative Test Reference Year (TRY), which was constructed by the German
Meteorological Service (Deutscher Wetterdienst, DWD) and the German Federal Office
for Building and Regional Planning (Bundesamt für Bauwesen und Raumordnung, BBR) in
2017 [39] is used to assess wind conditions in Berlin. It provides wind speed and direction
in a 1 km2 grid resolution throughout Germany and includes hourly wind measurements
from 1995 to 2012, measured at 10 m above the ground [40]. For this study, the mean
climate scenario for 2015 will be used (hereafter, TRY 2015).

Figure 2 shows the average hourly wind speeds per grid cell in the TRY 2015 for Berlin.
As expected, we observe low wind speeds in the city center where the density of high
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buildings does not allow for the wind to pick up much speed. The highest wind speeds are
observed in the outskirts of the city, namely in the southwest, southeast, and the northern
areas of Berlin. These areas lie inside large stretches of water or moor, so the wind can blow
undisturbed and reach higher velocities.
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The average wind speed over all grid cells in the TRY 2015 is 3.7 m/s. Figure 3 displays
the distribution of wind speeds in TRY 2015 with a fitted Weibull distribution, as well as
the corresponding wind rose. The maximum wind speed in the distribution is 22.6 m/s;
however, for the sake of a clear visual presentation, extreme and rare wind speeds above
15 m/s are excluded from the shown histogram.
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Lun and Lam (2000) [41] found that the long-term shape parameter of the Weibull
distribution varies from 1.63 in an urban area to 2.03 in an offshore environment. The
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Weibull distribution of TRY 2015 has a shape parameter of 2.00, which is close to that
at an offshore environment and indicates relatively few turbulences. This can mostly be
explained by the fact that the TRY 2015 includes average data over 17 years. The main wind
directions in Berlin are west and southwest, whereas north and northeast are least frequent.

The DWD also provides historic wind speed measurements for many meteorological
stations in Germany. This allows us to perform a validity check of the grid dataset by
comparing the data of the 1 km2 square of TRY 2015 with hourly wind speed measure-
ments from the meteorological station Berlin-Tempelhof in 2015 [42]. Figure 4 shows the
histograms of historic wind records for Berlin-Tempelhof in 2015 (left) and the TRY 2015
data in the Tempelhof grid cell (right). The distributions of wind speed are very similar,
but the TRY 2015 shows more outliers around its mean, which indicates more turbulent
wind flows. In addition, the shape parameter of the TRY 2015 at the Tempelhof grid cell
is slightly lower than that of the real observations from 2015, which is a further signal
for more turbulent wind flows. Although there are more turbulences in our dataset than
measured in 2015, the results of the direct comparison increase the confidence in the TRY
2015 dataset.
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3.3. Building Data

The building dataset is provided by the Berlin Senate Administration for Urban
Development and Housing (Senatsverwaltung für Stadtentwicklung und Wohnen) through a
3D Building Model in Level of Detail 1 (LoD1), i.e., all buildings are modelled as blocks
without details about their roofs [43]. The applied dataset reflects the situation on the 28th
of March 2018.

Each building is assigned a unique coordinate. The raw building dataset consists of
632,821 data points. Buildings below 10 m in height are omitted in this analysis since wind
in the urban environment reduces sharply with decreasing height above ground due to
obstructions. Hence, buildings below 10 m located in an urban area like Berlin are unlikely
to yield profitable outcomes. A height of 10 m also corresponds to the height usually used
for wind measurements at weather stations and for the TRY 2015. Additionally, buildings
with a roof surface area below 2 m2 are ignored because most roof-installed turbines need
at least this area for their base structure. The remaining building dataset entering the
analysis contains 94,992 data points.

Figure 5 depicts the distribution of the buildings over the grid cells in Berlin. As
expected, the number of buildings is higher in the densely populated areas of Berlin, such
as the center, west, and south. Blank cells indicate that there is no suitable building, often
because of lakes or forests. The strikingly red cell with over 1000 buildings contains the
Horseshoe Estate (Hufeisensiedlung), which consists of 679 family homes that are slightly
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higher than 10 m. For further information on the characteristics of the building dataset
and the transformation process that was performed to prepare dataset for this analysis, see
Appendix A. To structure the analysis and generalize the results, we divide the buildings
into four categories according to their height (see Table 1). The vast majority of buildings
in our dataset have a height between 10 and 30 m. Very few buildings reach a height above
40 m.
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Table 1. Building categories (BCs) and corresponding number of buildings.

Building Category Building Height Number of Buildings Share

BC 1 10 m–20 m 76,109 80.12%
BC 2 20 m–30 m 17,025 17.92%
BC 3 30 m–40 m 1546 1.63%
BC 4 >40 m 312 0.32%
Total 94,992 100.00%

Source: Own representation of Senatsverwaltung für Stadtentwicklung und Wohnen Berlin, 2015 [43].

3.4. Reference Turbine

There are two types of wind turbines that are commonly used in the urban environ-
ment: horizontal axis wind turbines (HAWT) have a rotor shaft that lies horizontally to
the wind and must be pointed at it; vertical axis wind turbines (VAWT) have a rotor shaft
that is situated perpendicular to the wind [17,18]. VAWT are especially suitable in urban
environments because—in contrast to HAWT—they rotate independently of the wind
direction, so they do not have to point directly at the wind to work effectively. They might
even benefit from turbulences, which are typical in urban areas. In addition, VAWT can be
installed closer to the ground due to their low noise emissions. Finally, VAWT have a low
impact on birds and the generator and gearbox can be installed at the ground level, which
lowers the average maintenance cost [17–19].

For our case study, we use the Skyline SL-30 turbine from the Italian manufacturer
En-Eco with an H-Darrieus rotor (see product sheet [44]). The same turbine was also used
in the performance analysis by Bortolini et al. [11] from where we took the purchasing
price of EUR 3,840. The turbine is technically suitable for rooftop installation and does
not require a building permit. However, in practice, when a turbine is installed, effects on
neighbors and a structural analysis of the building should be considered.
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The technical data of the Skyline SL-30 turbine and its power curve are depicted in
Table 2 and Figure 6. The rated power is the production capacity of the turbine at the
rated wind speed. The maximum power indicates the power output that can be maximally
reached without breaking the turbine. If the wind speed further increases, the turbine
switches off. The cut-off speed indicates the speed at which this happens. The hub height
indicates the height from the bottom of the turbine to the rotor, without the blades.

Table 2. Technical data of reference turbine Skyline SL-30.

Skyline SL-30

Manufacturer En-Eco
Rated wind speed (m/s) 12
Rated power (kW) 3
Maximum power (kW) 3.6
Cut-in speed (m/s) 3
Cut-off speed (m/s) 16
Hub height (m) 8
Total weight (kg) 258

Source: Own representation of data from the manufacturer En-Eco [44].
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Considering the mean wind speed of TRY 2015, the typical wind speed in Berlin
amounts to 3.5 m/s with a mean variation of 1.88 m/s at 10 m height. With the turbine’s
cut-in wind speed of 3 m/s lying below this mean wind speed and turbines being installed
only on buildings with a minimum height of 10 m, the average wind speed at the hub
height clearly outreaches the cut-in wind speed. The maximum wind speed in the TRY
2015 was approximately 22 m/s at 10 m height; however, wind speeds above the cut-off
speed of 16 m/s were reached for just 0.014% of the total hours in the TRY 2015 dataset.
The turbine should therefore also deal well with the range of wind speeds in Berlin.

4. Results
4.1. City-Level
4.1.1. Scenarios—Varying the Number of Turbines per Building

Scenario 1 refers to our base scenario, namely the installation of one turbine of each
eligible building. Table 3 displays the accumulated annual energy production and mean
wind speeds at the hub height for Scenario 1.

Throughout Berlin, 207,281 MWh of energy could be produced per year if one chosen
reference turbine was installed on all buildings that are at least 10 m in height with a
minimum roof surface of 2 m2, corresponding to 94,992 turbines in total.

Distinguishing the results for the different building categories shows that the largest
share (75%) is contributed by small buildings with a height between 10 m and 20 m, which
is caused by the fact that most buildings in the dataset belong to that height range. Only
312 buildings are higher than 40 m, but there are 76,109 buildings between 10 m and 20 m.
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Table 3. Number of potentially installed turbines, average wind speed at hub height, average annual
energy production per turbine, and accumulated annual energy production for Berlin by building
categories (BCs).

Number of
Turbines

Average
Wind Speed,
Extrapolated

(m/s)

Average Energy
Production Per

Turbine
(MWh)

Sum of
Energy

Production
(MWh)

Share of
Total Energy
Production

BC 1
(10–20 m) 76,109 4.4 2.05 156,232 75.37%

BC 2
(20–30 m) 17,025 4.8 2.62 44,642 21.54%

BC 3
(30–40 m) 1546 5.2 3.26 5047 2.43%

BC 4
(40–50 m) 312 5.8 4.36 1360 0.66%

Total 94,992 2.18 207,281 100.00%
Source: Own calculation.

Figure 7 depicts the expected annual production for all grid cells in Berlin.
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The basis for these calculations is the average wind speed in each grid cell extrapolated
to the hub height of a turbine installed on a building, but the main driver for the results
is the number of buildings per cell (Figure 5). Hence, it is not surprising that annual
production is rather low in the outskirts of Berlin. High values are achieved in the center of
Berlin, its southern districts, and in the west (Spandau) where there are more buildings.
Two cells show an expected annual production of over 1500 MWh. This is due to the
unusual high number of buildings in these cells. The aforementioned grid cell with the
highest number of buildings (Horseshoe Estate) does not lead to maximal production
because of the low height of most of the buildings.

Through an installation of one turbine on each building in Berlin that is at least 10 m
high and has a roof surface of at least 2 m2, only about 5% of the electricity consumption by
households in Berlin could be covered. To get an impression of the related CO2 reduction,
we compare it with the primary energy consumption by lignite, which is the energy source
with the highest CO2 emissions. In 2017, 1680 GWh of the primary energy consumption
were produced by lignite, leading to CO2 emissions of 653,000 tons [45]. With 207 GWh of
energy produced from the SWT, 12.34% of the energy drawn from lignite production could
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be replaced. This reduction of lignite consumption would be replaced by CO2-neutral wind
energy, hence saving 80,568 tons of CO2 emissions, which corresponds to 80,568 allowances
from the EU Emission Trading Scheme. To put the expected yearly energy production
of 207 GWh in Scenario 1 further into context, it can be compared with the expected
production of large wind turbines and photovoltaic. The value 207 GWh corresponds to
the expected annual energy production of a wind farm with 45 turbines of type Enercon
E-82 (rated capacity of 2300 kW) or a wind farm with 27 turbines of type Vestas V112 (rated
capacity of 3000 kW), located near Berlin. If this energy were produced offshore, it would
require about 4 to 5 of the currently most powerful offshore turbines, GE 12X with a rated
capacity of 12 MW.

Although the installation of one turbine on more than 90,000 buildings in Berlin seems
like a large effort, the resulting energy production and CO2 emission reduction are rather
modest. However, this corresponds to only about 15% of the buildings in Berlin and,
compared to the city’s 3.7 million inhabitants, to one turbine every 40 people.

The buildings used in the analysis have an average roof area of 218 m2 and a mean
perimeter of 68 m. Hence, it would also be possible to install more than one turbine on
many buildings. To allow the number of turbines per building depend on the roof area, in
Scenario 2 we hypothetically install multiple turbines on a roof, based on the building’s
perimeter.

Whereas in Scenario 1 one turbine is assumed to be installed at the best position on the
roof (marked in light red in Figure 8), in Scenario 2 the two edges with the most favorable
wind conditions are used (marked in dark blue in Figure 8). Assuming a rectangular
building with perimeter P = 2a + 2b, this means that a length of a + b could be used for
every building, which corresponds to half of the perimeter. Moreover, we consider a safety
distance of 5 m between the turbines. With these conditions, we can calculate the potential
of multiple turbines per building (Scenario 2).
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Scenario 2 would lead to an installation of 697,596 turbines in Berlin and to an energy
production of 1,535 GWh, which covers almost 37% of households’ electricity consumption
in 2017 (see Table 4, Scenario 2) [45]. In addition, 91% of the lignite used for primary
energy consumption in 2017 could be replaced, thereby reducing CO2 emissions by 596,758
tons [45].

Table 4 compares the energy output of both scenarios with total electricity consump-
tion by households in Berlin in 2017 (4184 GWh) [45].
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Table 4. Comparison of expected annual energy production with electricity consumption by house-
holds, lignite consumption, and CO2 emissions in 2017.

Scenario 1
(One Turbine Per Building)

Scenario 2
(Multiple Turbines Per Building)

Number of turbines 94,992 697,596
Annual energy production (MWh) 207,281 1,535,051
Share of covered electricity
consumption by households 4.95% 36.69%

Reduction of lignite-related CO2
emissions (tons) 80,581 596,758

Reduction of lignite-related CO2
emissions (percentage) 12.34% 91.39%

Source: Own calculation and AfS (2019) [45].

4.1.2. Sensitivity Analysis

Potential wake effects, coming from higher buildings and nearby turbines, add uncer-
tainty when estimating the wind energy potential [46,47]. To obtain an impression of the
severeness, we account for wake effects of buildings and turbines in the following way:
for each of the 94,992 turbines from Scenario 1, a building wake effect is expected if at
least one building stands within 100 m in direction west-southwest (the most common
wind directions from Figure 3) that is higher than the turbine location. This applies to only
4.5% of the turbine since there are not many high buildings in Berlin and their sizes do
not differ much. For these turbines, we reduce the expected annual production by 90%
(building wake effect). Moreover, we expect a wake effect if at least one turbine is installed
within 30 m (corresponding to about 10 diameters of our exemplary turbine) in direction
west-southwest at the same height, including variations of 5 m above or below (turbine
wake effect). This turbine wake effect applies to 25.51% of the turbines from Scenario 1.

The literature on turbine wake effects is scarce for small wind turbines. For small
horizontal wind turbines, Kenny et al. (2013) [48] observe a 25% reduction of the power
output 5.7 diameters downwind. For off-shore turbines, Barthelmie et al. (2009) [49] find
a reduction of 40% if turbines are exactly aligned towards the wind direction seven rotor
diameters downwind. For VAWTs, Razaeiha et al. (2020) [50] apply a reduction of 12%,
which is derived from a large number of simulations with varying distances between
1.25 and 10 turbine diameters. The work of Razaeiha et al. (2020) [50] is closest to our
application, such that we also opt for a reduction of the expected yearly production by
12% (turbine wake effect). Considering the wake effects of both buildings and turbines, the
total annual energy production in Scenario 1 reduces by 7% to 193 GWh (see Table 5). We
continue the sensitivity analysis by assuming a more conservative reduction through the
turbine wake effect, namely 50%, while keeping the building wake effect at a 90% reduction.
The total annual energy production in Scenario 1 would then amount to 174 GWh (−16%).

Table 5. Sensitivity analysis of the results with respect to wake effects.

Scenario 1 (One Turbine
Per Building)

Scenario 2 (Multiple
Turbines Per Building)

Annual energy production (MWh) 207,281 1,535,051

- with wake effect of buildings
(−90%) and turbines (−12%)

193,317 (−7%) 1,059,825 (−31%)

- with wake effect of buildings
(−90%) and turbines (−50%)

173,792 (–16%) 436,085 (−72%)

Source: Own calculation.

The turbine wake effect becomes more severe in Scenario 2 with multiple turbines
per building. Although we do not specify the exact location of the turbines on the roof,
we assume that they are optimally aligned according to the main wind directions. From
Figure 8, which illustrates the turbine alignment exemplarily for a rectangular roof, we
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can derive an assessment of the wake effect: The first turbine (in red) is not affected by
the other turbines on the building, the two turbines in the next row are affected by one
turbine, the two turbines behind are affected by two turbines and so on. This allows a
calculation of the reduction in dependence of the number of turbines. Assuming again a
reduction by one turbine of 12% or 50%, the total annual energy production reduces to
1060 GWh (−31%) or 436 GWh (−72%), respectively. This illustrates the importance of
correctly capturing the turbine wake effect coefficient.

As mentioned in Section 2.1, we considered the roughness length z0 to be 2 since Berlin
consists of suburban areas (corresponding to z0 = 1.5) and city center areas (corresponding
to z0 = 3). To explore the sensitivity of our results to this parameter, we rerun the analysis
from Scenario 1 assuming z0 = 1.5 or z0 = 3. It turns out that the expected yearly
energy production of 207 GWh would change to 184 GWh (−11%) and 248 GWh (+20%),
respectively.

4.2. Household-Level

Besides the overall energy production of reference turbines at the city-level, it is espe-
cially interesting to break down the simulation results at the household- and resident-level.

Each inhabitant in Berlin consumed an annual average of 1.1 MWh of electricity in
2017 [45]. Figure 9 compares this per capita consumption to the average annual production
outcome of one turbine under the TRY 2015 in the different building categories. It can be
observed that one turbine on a building of average height exceeds the annual electricity
demand of one resident in each BC. In fact, it provides enough energy to meet the average
private electricity demand of almost four residents for buildings above 40 m in height
(BC 4). However, since one building, especially one of greater height, is very likely to
accommodate more than four people, the production of a single turbine is presumably not
enough to meet the electricity demand of a whole apartment building. Still, the installation
of one turbine on a building with 10 m–20 m height could supply approximately the annual
electricity consumption of two people.
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4.3. Economic Evaluation

The LCOE of the rooftop installation of a single turbine is assessed for an average
building in each BC. The specific input values for the LCOE calculation according to
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Equation (3) are summarized in Table 6. For further information on the input values, see
Appendix B.

Table 6. Input data to the LCOE calculation.

Inputs to LCOE Calculation Value

Initial investment C0 EUR 4416
Purchase costs CP EUR 3840
Installation costs CI EUR 576

Annual Outflows ot
Maintenance costs oM,t EUR 77
Debt service oD,t varies with t
Interest rate for debt 1.44%

Discount rate rd
100% loan financed, rd, debt 1.43%
100% equity financed, rd, equity /

Low CoE 4%
Medium CoE 5.5%
High CoE 7%

Source: Own representation; details are provided in Appendix B.

From the LCOE calculation in Figure 10 it can be observed that debt-financing yields
lower LCOE than equity-financing in all BC, even though debt-financing involves higher
annual outflows through debt service. In this example, the relatively higher discount
rates of equity as compared to the discount rate of debt were a more important driver
for the LCOE than the higher annual out-flows in case of debt-financing. As expected,
equity-financing with high CoE, yields higher LCOE. However, the CoE do not make a
difference regarding the general profitability of the investment. The latter can be derived
by comparing the LCOE to the sales price of electricity, i.e., the feed-in tariff, or to the
opportunity costs of self-consumption, i.e., the current electricity price (see dotted lines
in Figure 10). For the investment to be profitable, the tariff must be at least as high as
the LCOE.
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The feed-in tariff that is granted under the German Renewable Energy Act (EEG),
namely 8.03 ct/kWh, does barely cover the LCOE in BC 4 when debt-financing is ap-
plied [51]. In all other cases, selling the self-produced electricity to the grid provider under
this subsidized tariff will lead to losses. If the produced electricity is self-consumed, how-
ever, the “prosumer” saves the electricity retail price which she pays if she buys electricity
from the grid provider. Self-consumption does not only cover the LCOE but generates
profits with each generated kWh in all BCs.
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5. Discussion

While the potential of approximately 95,000 SWT seems rather modest (Scenario 1),
it involves a substantial potential from a household perspective, even at lower building
heights, as we show in the economic evaluation. We find self-consumption of electricity
to be the financially better choice compared to selling the electricity to the grid provider,
which is in line with research results from other authors [52–54]. It might especially be
interesting for owners of apartment buildings with large rooftops to construct several
turbines and self-consume the produced electricity. Other authors find SWT only to be
profitable if the area has a low building density and therefore has less obstacles to steady
wind flows [10,55]. We agree that SWT, at least at their current state of efficiency, are
unlikely to yield a profitable investment under the current feed-in tariff in the German
Renewable Energy Act (EEG), especially urban areas [10,11]. The current subsidized feed-in
tariff is unlikely to increase any time soon. The last amendment of the EEG focused on the
opening of the market for self-produced (wind-) energy towards less subsidies and more
competition [51]. It appears to be more likely that subsidized feed-in tariffs for SWT will
be removed in future amendments of the EEG [56]. Our economic evaluation serves as
an illustration of simple investment scenarios. Its results are sensitive to changes of the
financing structure, the initial investment, the discount rate, or other assumptions made
during its calculation, such as the consideration of taxes.

The installation of (several) SWT on suitable buildings could be profitable for many
building owners, and therefore contribute to the energy transition of cities. Whereas it
is beneficial for individuals, doing this at a large scale would require a more detailed
analysis about the consequences, for instance, aesthetic perception, shadowing, or costs for
maintaining the grid. In general, exploring the community and political acceptance of SWT
and/or photovoltaic would be important (see Mamkhezri et al., 2020 [57] and Harold et al.,
2021 [58]).

Regional electricity price volatility could increase if a large part of electricity is sup-
plied by renewables [59–63]. While spot price volatility might increase, the average elec-
tricity price is found to decrease with a high share of renewables in the energy mix [59–63].
The average decrease of spot prices might also lead to a substantial drop in market value
of renewables, decreasing research incentives for producers. Policy intervention might
therefore become even more important in the future [63]. The internalization of environ-
mental costs of fossil fuels and price caps that shield consumers from volatile electricity
prices could assure a long-run market equilibrium with a very high share of renewable
energies [63].

Estimates about the solar potential of Berlin assess the annual energy production by
photovoltaic between 2900 and 5900 GWh [64] and hence more than twice the estimated
energy production in Scenario 2. This highlights that the solar potential is much higher
and that SWT should rather be considered as a complement to photovoltaic in urban areas.

6. Conclusions

This paper presents a framework for a straightforward assessment of the potential
and profitability of urban wind energy production. An exemplary turbine was chosen to
simulate wind energy potential in Berlin based on a complete dataset of buildings in Berlin
and hourly wind speeds at a 1 km2 resolution for a test reference year. One of our output
datasets is publicly available upon request. It contains all buildings in Berlin, including
their coordinates, roof-surface, building height, and a unique ID.

Future research could address the effect of changing wind directions on energy pro-
duction, the exact locations of turbines and the specific extent of individual buildings. The
latter could be covered by using a more detailed building dataset, such as Level of Detail 2.
Another interesting extension of this work is the practical validation with real measure-
ments, such as a prototype SWT. Regarding the economic evaluation, a direct comparison
of the hourly produced energy with the hourly consumption would be interesting. For this
purpose, however, more detailed real wind speeds instead of average hourly wind speeds
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would be necessary, as well as detailed hourly consumption data. One might also consider
possibilities for the storage of self-produced electricity. Whereas we focused mainly on
SWT in this study, other renewable energy sources might be more beneficial to be used in
Berlin. Future studies might consider combining two sources, such as photovoltaic and
wind energy, and investigate on a deeper level how they can complement each other.

For policy makers, our analysis is a starting point in the search for the right energy mix.
It demonstrates the importance of carefully investigating the advantages and disadvantages
of each energy type with respect to the local climatic conditions. Policy makers should be
aware that the feed-in tariff for selling self-produced electricity of SWT to the grid provider
is crucial for the future role of SWT in the renewable energy mix. Not all the produced
electricity can be consumed on site and battery capacity might not be sufficient to balance
production variance. If there were higher subsidies on feed-in tariffs, demand for SWT
would increase, which makes technology investments for manufacturers more attractive.
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Appendix A. Building Dataset—Transformation Process

This appendix provides more detail on the preparation and specifications of the
building dataset. Objects in the 3D-Building Model are divided into “Buildings” (B)
and “Building Parts” (BP), whereby the BP are subordinated to the B. In the graphical
representation, however, the B do not comprise the shape of the building entirely nor
do they necessarily represent a central point of the whole building. Rather, B seem to
constitute, at least in the graphical representation of the dataset, as BP themselves.

For each B-object, the “measured height” is specified, which is defined as the “height
of the building from the difference between the height of the roof and the ground level” [65]. This
altitude indication is used in the analysis to define the height of the building.

Due to the Level of Detail 1 (LoD1) representation, there might be parts of the buildings
that are actually higher than the average height of the building block, which is provided by
the LoD1 representation, and hence would provide better wind conditions for a turbine.
In addition, there might be buildings considered in this analysis that do not allow for the
installation of a turbine due to roof shapes or other obstacles. This simplified assessment
of buildings and their heights is nevertheless a good approximation to assess the overall
potential for wind energy production in Berlin.

To assign each building to its respective grid cell, it is necessary that each building
has a unique coordinate. For that purpose, a central point is computed for each B-object.
BP do not enter in this process because the “measured height” variable is only available
for the whole building, namely the B-object. Therefore, the computed central point does
not necessarily represent the center of the whole building, but instead the center of the

https://www.dwd.de/DE/leistungen/testreferenzjahre/testreferenzjahre.html
http://www.adv-online.de/AdV-Produkte/Weitere-Produkte/3D-Gebaeudemodelle-LoD/
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B-object. This slight imprecision, however, will be mostly offset during the analysis as each
building is assigned to grid cell-specific wind data from the TRY dataset. Figure A1 gives
an insight into the accuracy of the center points calculated for the B-objects related to the
actual position of the building. It shows the B- and BP-objects (white), together with the
calculated center points of the B-objects (red).
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Appendix B. Economic Evaluation

This appendix provides more detail on the input values for LCOE calculation. The
appendix provides more detail on the input values for LCOE calculation. The manufacturer
of the reference turbine Skyline SL-30 does not provide prices on their website, wherefore
it was drawn from Bortolini et al. (2014) [11]. Installation costs CI of the reference turbine
depend on purchase costs CP, as do annual maintenance costs oM,t. In other studies,
annual operation and maintenance costs are commonly considered to be 2% of the turbine
purchasing price, such that the maintenance costs oM account for the same amount in every
period.

Annual outflows ot and the discount rate rd depend on the selected financing method.
This work considers the possibilities of complete equity-financing and complete debt-
financing. If complete equity-financing is chosen, annual outflows consist of time indepen-
dent maintenance costs as a share of the purchase price. The annual costs of equity, which
serve as a discount factor for equity capital, are the expected returns to project sponsors [33].
Egli et al. (2018) [33] studied the cost of capital for renewable energy projects in Germany,
including cost of equity, of 78 wind onshore projects between 2000 and 2017. They found
the lower bound of cost of equity in 2017 to be approximately 4%, without taxes considered.
The average equity costs in 2017 were 5.4%, the upper bound lay at around 7%. This study
comprises a sensitivity analysis, considering three different discount rates of equity, namely
(a) 4%, (b) 5.5% and (c) 7%.

If complete debt-financing is chosen, annual outflows consist of time independent
maintenance costs, interest payments, and repayments of debt to the creditor. For the
cost of debt in 2017 Egli et al. (2018) [33] found the lower bound to be approximately 1%,
the average to be 1.6% and the upper bound of cost of debt to lay around 2% for wind
onshore projects. These limits correspond to the interest rate the German development
bank KfW offers in its current credit program for renewable energy investments [66]. The
annual interest rate for a good degree of creditworthiness (resulting in price category “B”,
which assumes an annual default probability between 0.4 to 1.2% and value of collateral
securities of at least 70% of the loan), 20 years of maturity, a fixed interest rate, and a 3-year
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grace period, is 1.43%, which corresponds to an effective interest rate of 1.44% [66,67]. This
exemplary effective interest rate of KfW will be used as the discount factor for debt capital.
The annual interest rate is used to calculate annual interest payments.

The cash inflows in BC j account for the same amount in each period t. The reason
for this is that electricity production is calculated through the TRY 2015 wind dataset,
which contains average wind observations over several years. LCOEs are compared to
potential sources of revenue from electricity generation to determine the profitability of the
investment. The potential sources of revenues, considered in this analysis are as follows:

1. The produced energy is sold to the grid provider:

In this case, the electricity price is defined as the feed-in tariff that is received when
the produced electricity is fed into the grid. This feed-in tariff is guaranteed under the
German EEG regime, a legislation that was introduced in 2000 and amended last in 2017.
Very small turbines with capacities at 50 kW and below receive a subsidy of 8.03 ct./kWh
during the whole remuneration period of 20 years [68,69].

2. The produced energy is self-consumed:

Here, the electricity price is defined as the electricity retail price. The average electricity
retail price for German households in the beginning of 2019 will be used for comparison,
which amounts to 30.43 ct./kWh [70].
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