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Abstract

The purpose of this thesis was to analyse the technical and economic potential of
onshore wind power in Europe. This was implemented by using turbine simulation
and spatial datasets of wind resource parameters and land use restrictions to model
land availability, installable capacity and annual generation. The economic poten-
tial was estimated by calculating the levelized cost of electricity for each site. It was
found that Europe has a technical potential of 7758 GW and 25309 TWh and an
economic potential of 3386.35 GW and 14871.38 TWh. Land use restrictions proved
to be the biggest limitation to onshore wind and especially Central Europe would
have very few sites left despite the good wind locations according to the results. In
contrast, the Nordic countries proved to have a good potential in both land availa-
bility and wind resources.
Keywords onshore, wind power, wind energy, potential, levelized cost of electricity,
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Tiivistelmä

Tämän lopputyön tarkoituksena oli analysoida Euroopan teknistä ja taloudellista
maatuulivoimapotentiaalia. Tämä toteutettiin käyttämällä turbiinisimulaatiota ja
paikkatietoaineistoa tuuliresursseista ja maankäyttörajoituksista maa-alueen käy-
tettävyyden, kapasiteetin ja vuotuisen tuotannon mallintamiseksi. Taloudellinen
potentiaali määriteltiin laskemalla tuulivoiman levelized cost of electricity (LCOE)
ja määrittelemällä tästä kustannuspotentiaalikäyrä. Tuloksena oli, että Euroopan
tuulivoiman tekninen potentiaali on 7758 GW ja 25309 TWh ja taloudellinen po-
tentiaali 3386.35 GW ja 14871.38 TWh. Maankäyttörajoitukset osoittautuivat suu-
rimmiksi rajoitteiksi maatuulivoimalle ja tulosten valossa etenkin Keski-Euroo-
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Symbols and abbreviations

Abbreviations

CAPEX  capital expenditures
CRS coordinate reference system
EEA European environment agency
EU European Union
FLH full load hours
GIS geographic information system
GWA global wind atlas
IRENA International Renewable Energy Agency
LCOE levelized cost of electricity
NEWA new European wind atlas
OECD Organisation for Economic Co-operation and Development
OPEX operational expenditures
OSM OpenStreetMap
RIX ruggedness index
UK United Kingdom

Symbols

ηCF𝜂𝐶𝐹 capacity factor

𝜌𝑎𝑖𝑟 air density

𝜌𝑃 power density

𝑎𝑤 Weibull a parameter

A swept area of rotor

𝐶𝑡 capital investment expenditures in year t

𝐶𝐴𝑃𝐸𝑋𝑑𝑛𝑝𝑣    net present value of depreciated capital expenditures

𝑑 degradation rate
𝐷 rotor diameter

𝐸0 rated electricity generation in the first year

𝐹𝑡 fuel expenditures in a year

𝐹𝐿𝐻𝑛𝑝𝑣 net present value of full load hours

𝑘𝑤 Weibull k parameter

𝑂𝑡 operational expenditures in year t
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𝑂𝑃𝐸𝑋𝑛𝑝𝑣 net present value of operational expenditures

P power

𝑅𝑑 nominal discount rate

𝑅𝑖 inflation rate

t lifetime in years

T taxes

𝑇𝑠 tax shield

𝑣𝑤 wind speed
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1 Introduction

The increasing global temperatures are creating a crucial need to reduce carbon emissions
in all actions that we do. European Union (EU) has set a target to reduce 80% - 95% green-
house gas emissions by 2050 compared to 1990 [1]. To reach this target, one of the key so-
lutions is to move from fossil fuels to renewable energy sources. This can be seen in the EU’s
future climate targets. One of the central objectives of a 2030 Energy strategy is to cover
32% of the energy consumption with renewable energy by 2030 in the EU [2]. In addition,
European parliament recently (October 2020) voted to increase the emission reduction tar-
get to 60% from the earlier target 40% by 2030. Thus, it is likely that renewable energy may
play even higher role in the climate change mitigation during the following years.

In order to achieve these targets in Europe it is sure that wind power will play a major role
as can be seen in the future projections such as E-Highway 2050 project [3]. Wind power
generation has developed significantly in Europe in recent years. In 2020 there is 205 GW
of installed wind power capacity in Europe in contrast to 77 GW in 2009 [4], which means
that the capacity has almost tripled in ten years. Wind power technology has developed sig-
nificantly and wind energy has become cost efficient source of energy to compete against
traditional fossil-based energy sources. Increased heights of the wind turbine towers and
larger blades have played an important role in this development and made it possible to
harvest wind energy in many new locations. In addition, the costs of wind turbines have
dropped significantly in recent years and this development is expected to continue. [5]

The future targets for emission reductions and the share of renewable energy make it inter-
esting to investigate how much potential there is in Europe. This study aims to explore how
much wind energy potential Europe has. The scope is limited to onshore wind turbines for
methodological reasons. The thesis aims to create a model to estimate the onshore wind
power potential taking into account technological, geographical and economic limitations of
the study area. The thesis aims to find the suitable areas for wind power by creating spatial
layers for geographical constraints based on the literature. In addition, wind energy gener-
ation for all the locations will be estimated from wind resource data. Also, the economic
potential will be examined by calculating the levelized cost of electricity of the potential on-
shore wind generation based on selected investment parameters.

The thesis is divided into following sections: introduction, background, data and methods,
results and summary. Background consists of literature review on wind power theory, tech-
nical development, economics, latest cost trends and recent studies on the wind power po-
tential. The used spatial datasets for modelling wind resources and land use restrictions and
the process of creating the spatial layers are introduced in detail in the chapter data and
methods. Results chapter covers the technical wind power potential including the available
land, installable capacity and annual generation for the whole study area and the technical
potential for selected countries. The results, model limitations and future development are
discussed in Summary chapter.

.
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2 Background

2.1 Wind energy basics

A typical onshore wind turbine consists of tower, generator and three horizontal axis blades.
Wind pushes the blades which spin the shaft that is connected to a generator and generates
alternating current. [6]

The theoretical power available in the wind can be calculated with an equation:

𝑃 = 1
2
𝜌 𝑥 𝐴 𝑥 𝑣𝑤𝑖𝑛𝑑3 (1)

Thus, the main factors that influence the energy output of the wind turbine are air density
(𝜌), swept area (A) and wind speed (𝑣𝑤𝑖𝑛𝑑). The swept area is the circle that the blades create
when spinning. It is thus defined by the length of the blades and the rotor diameter. As seen
in the equation, even small changes in wind speed result in high changes in the power out-
put. Wind speed also varies depending on the height from the ground and also on the surface
roughness. Generally, wind speed increases when going higher from the ground. This is why
the height of the rotor (hub height) has a great impact on the power output of the wind tur-
bine. [6]

In reality, not all kinetic energy of the wind can be converted to mechanical energy using a
wind turbine. The wind that flows through the rotor slows the more the more its kinetic
energy is harvested. If all the kinetic energy would be harvested, a static air mass would be
formed behind the turbine that would prevent more wind coming to the rotor. Betz’ law
states that only 16/27 (59%) at maximum of the energy of the wind can be converted. This
number can be thought as a theoretical efficiency of the wind turbine and it is valid for all
turbine types. [7]

Power curve is a graph that shows the electrical output of the wind turbine as a function of
wind speed. A power curve can be defined for all turbine types by measuring the electrical
power at different wind speeds with proper instruments. [8]. Power curves are important in
predicting the energy production of a wind turbine. Three important characteristic velocities
illustrated in power curve are: the cut in wind speed (the wind speed when turbine starts to
generate electricity), the rated wind speed (the wind speed when turbine reaches the rated
turbine power) and the cut-out wind speed (the wind speed when turbines are shut off to
prevent damage from too large loads). [9]
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Figure 1. Example of a wind turbine’s power curve. [8]

Capacity factor is a measure that can be used to measure the performance of a wind turbine.
It is defined as an average wind power generated divided by the rated peak power. The value
is always between 0 and 1 and can be expressed as a percentage. [10]. Thus, the capacity
factor measures a wind turbine’s actual generation compared to the maximum generation
that could be generated. In addition to capacity factor, a widely used measure is full load
hours (FLH). This measure explains how much time it would take from a wind turbine to
produce the annual generation if it was operating at the rated peak power. [11]

Power density tells how much capacity can be installed on a certain area. It depends on the
spacing of wind turbines. Power density can be approximated by taking seven times the rotor
diameter in the prevailing wind direction and five times spacing across it. Thus, the power
density can be calculated with a formula as used by Rinne et. al [12]:

𝜌𝑃 = 𝑃𝑟𝑎𝑡𝑒𝑑
7𝐷 𝑥 5𝐷

     (2)

2.2 Wind classes

Wind conditions of the world vary drastically depending on the location. Some places are
windier than others, which means that the premises for generating wind energy in different
locations are not identical. The energy content of the wind is proportional to the cube of the
wind speed. Thus, it is clear that it is not practical to use identical wind turbines on all wind
conditions since the load would change significantly. [13]

Wind classes are used to classify which wind turbines are suitable for the wind conditions of
a site. Factors that define a wind class are annual wind speed, extreme gust speed occurring
in 50 years and the amount of turbulence at the wind site. When selecting a proper wind
turbine for a site, all these specifications must be met. [14]. International Electrotechnical
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Commission (IEC) has set a standard IEC 61400 that includes three wind classes that cor-
respond to high, medium and low wind that can be seen in table 1.

Table 1. Wind classes. [13]

Wind class Annual average wind
speed (m/s)

Extreme 50-year gust
(m/s)

IEC I high wind 10 70

IEC II medium wind 8.5 59.5

IEC III low wind 7.5 52.5

Wind turbines are optimized for different wind classes in order to reach maximum perfor-
mance. The main difference is seen in the blade design of the turbines. A turbine at a low
wind site needs larger rotor diameter than a similar turbine in a high wind site in order to
capture as much energy. It is possible to have larger rotor diameters in lower wind condi-
tions thanks to lower loads that the turbine structure can carry. However, the cost of energy
will always be lower at high wind sites. [14]. Wind turbines aimed at low wind-sites have
usually higher specific capital cost (per rated power) than high wind turbines because of the
larger rotors and the higher hub height. However, the costs of low wind turbines are usually
compensated by smaller electric generators, power converters and gearboxes. [15]

In the range 2-3 MW there are significant number of wind turbine models with the same
rated power and varying rotor diameter. Specific power is defined as a ratio rated power to
swept area and can be used to compare different turbine types with the same rated power.
For example, for 3 MW turbine the rotor diameter can vary from 82 m (568 W/m2) to 131 m
(223 W/m2). Basically, wind turbines with lower specific power are designed for low wind
locations and similarly high specific powers are designed for high wind sites. [15]

The global trend in the market is towards more wind class III turbines in the low wind sites.
This is mainly due to the fact that there are not many wind classes I and II sites left. [14].
Particularly in Germany the market is dominated by the low wind turbines because of the
lack of high wind sites. For example, the market share of class 2 and 3 turbines was 77.4%
in Germany in 2014. However, in Europe the evolution of wind classes highly depends on
the wind conditions of the countries, but the major trend is towards low wind turbines and
smaller specific powers. [15]
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2.3 Weibull Distribution

As we know, wind speed varies in time on different sites. Understanding this variation is
very important when estimating the wind power potential of a site. In addition, turbine de-
signers need this information in order to optimize the design of the turbines.

The so-called Weibull distribution is often used to describe the variations of the wind. It is a
continuous probability density function having an area of 1. Thus, there is a 100% probability
that wind blows at some wind speed including zero, which makes sense. Geometrically the
median of the wind speeds is located in the centerline of the area. It is important to note that
this value is rarely the same as mean wind speed, since the wind speeds are not usually uni-
formly distributed. [16]

Weibull distribution is defined with two parameters: 𝑎𝑤 and 𝑘𝑤. Parameter 𝑎𝑤 is a scale
parameter that functions as a measure for the average wind speed. Parameter 𝑘𝑤 is a shape
parameter and functions as a measure for the wind speed distribution. If 𝑘𝑤 is high, there is
a small spread in wind speeds. [17]

The probability density function of Weibull distribution is [18]:

𝑓(𝑣𝑤𝑖𝑛𝑑, 𝑎𝑤 ,𝑘𝑤) = 𝑘𝑤
𝑎𝑤

(𝑣𝑤𝑖𝑛𝑑
𝑎𝑤

)𝑘−1𝑒−(
𝑣𝑤𝑖𝑛𝑑
𝑎𝑤

)𝑘𝑤 (2)

2.4 Wind power economics

Economics have a great role in wind power development. Wind power projects include mul-
tiple cost categories that this section will discuss. Understanding the economics is important
when creating the model for European wide wind power potential and LCOEs.

Capital costs of the wind power project refer to the cost of wind turbine components includ-
ing turbine itself, blades, tower, transportation to the site and the installation. In addition,
cost of grid connection (cables, sub-station), cost of civil work (foundation, road construc-
tion and buildings) and other costs (development, engineering, licensing, consultancy etc.)
are included in the capital costs. [19]

Wind energy is a rather capital-intensive technology. Thus, capital costs usually account for
the most outgoings, as much as around 80% at maximum. A 2009 study showed that the
capital costs are in the range of 1100 - 1400 €/kW. [19]. The high capital costs are mostly
explained by the complexity of sub-components in wind turbines. A typical wind turbine
consists of up to 8000 components. As an example, for a Repower MM92 5MW turbine the
main costs are for tower and rotor blades. The tower constitutes for 26.3% and rotor blades
for 22.2% of its total costs. The third biggest part is the gearbox that constitutes 12.91% of
the total costs. [20]
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Table 2. Example of wind turbine investment cost structure. [21]

Variable costs refer to the yearly costs of the wind turbine project. As their name suggest,
they are not constant and vary yearly. Variable costs mainly consist of costs for operation
and maintenance (O&M) of the turbines (repair, spare parts and maintenance of electric
installation). Also included in variable costs are land and substation rental, insurance and
taxes and management and administration (audits, management activities, forecasting ser-
vices and remote-control measures). Compared to conservative energy production, wind
power does not have fluctuating fuel costs. The 2009 survey showed that variable costs for
wind power are in the range of 1 - 2  €cent/kWh which is between 10% and 20% of the total
costs. [19]

A very widely used method to compare the cost-effectiveness of different energy sources is
the so-called Levelized cost of electricity (LCOE). It is seen as a viable metrics since it takes
account the whole lifetime of the project. It is defined by dividing the discounted lifetime
costs of the project by the discounted lifetime electricity produced. For calculating it one can
use IRENA’s recommended equation [22]:

𝐿𝐶𝑂𝐸 = ∑ (𝐶𝑡+𝑂𝑡+𝐹𝑡)/(1+𝑅𝑑)𝑡𝑇
𝑡=0

∑ 𝐸0(1−𝑑)𝑡

1+𝑅𝑑
𝑡

𝑇
𝑡=0

(3)

Where:

𝐶𝑡 = 𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑒𝑥𝑝𝑒𝑛𝑑𝑖𝑡𝑢𝑟𝑒𝑠 𝑖𝑛 𝑦𝑒𝑎𝑟 𝑡 (𝐶𝐴𝑃𝐸𝑋)

𝑂𝑡 = 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑑 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑒𝑥𝑝𝑒𝑛𝑑𝑖𝑡𝑢𝑟𝑒𝑠 𝑖𝑛 𝑦𝑒𝑎𝑟 𝑡 (𝑂𝑃𝐸𝑋)

𝐹𝑡 = 𝑓𝑢𝑒𝑙 𝑒𝑥𝑝𝑒𝑛𝑑𝑖𝑡𝑢𝑟𝑒𝑠 𝑖𝑛 𝑦𝑒𝑎𝑟 𝑡
𝐸0 = 𝑟𝑎𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑓𝑖𝑟𝑠𝑡 𝑦𝑒𝑎𝑟
𝑑 = 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
𝑟 = 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑒
𝑇 = 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚
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The global trend in wind power costs has been decreasing during last decades. In 2019 the
global weighted-average LCOE of onshore wind projects was 0.053 $/kWh which is 39%
lower than in 2010 when this value was 0.086 $/kWh [23]. This is largely due to the declin-
ing installed costs of onshore wind turbines. The total global installed costs decreased by an
average of 27% between 2010 and 2019 from 1949 $/kW to 1473 $/kW. The corresponding
change for Europe was from 2405 $/kW to 1800 $/kW [23]. This value is expected to de-
crease further and IRENA approximates it to be in the range of 800 $/kW to 1350 $/kW by
2030 and 650 $/kW to 1000 $/kW by 2050 [5].

The reduction in wind turbine costs is a result of many factors such as increasing economies
of scale, more competitive supply chains and improvements in technology and manufactur-
ing processes and regional manufacturing facilities all of which are putting downward pres-
sure on turbine prices [5]. There are many technical drivers that are expected to lower the
costs of wind power. Improved materials enable reduced components loading which encour-
ages cost effective turbine scaling when it comes to growth in hub heights, rotor diameters
and machine ratings. Enhanced real-time controls capabilities and increased reliability will
increase the operations costs and minimize turbine downtime. Other drivers include im-
provements in manufacturing efficiency (higher production volumes), O&M strategies, lo-
gistics challenges, resource assessment and power electronics. [24]

In addition to reduced turbine costs, a very important factor on the LCOE reduction of on-
shore wind are the increasing capacity factors. Larger rotor diameters and hub heights in-
crease the energy output of the turbines which minimizes the LCOE. The range of different
wind class turbines makes it possible to optimize LCOE better for any site depending on the
wind conditions. Furthermore, the price difference between different rotor diameters of the
same turbine type has narrowed. For example, in 2019 the price difference of the turbines
with rotor diameter above 100 m and those with less than 100 m was just 4%. [23]

Currently, onshore wind power is one of the most competitive sources of new power gener-
ation. The global average levelized cost of electricity from onshore wind was 0.06 $/kWh. It
is expected to decline further in the coming decades and it is estimated to be in the range of
0.03 $/kWh to 0.05 $/kWh by 2030 and 0.02 $/kWh to 0.03 $/kWh by 2050. By 2030, the
onshore wind would be fully competitive to any fossil fuel. [5]

2.5 Technological development

Onshore wind power technology has developed significantly over the past decade. The most
obvious change has been in the rotor diameter of new wind power installations. This trend
of longer blades is made possible thanks to advances in materials technology.  As the global
average diameter was 67.4 m in 2005 (a swept area of 3568 m2) in 2014 the global average
dimeter was 95.9 m (a swept area of 7223 m2).  Thus, during that time the swept area dou-
bled. [15]

Along with turbine diameter, also hub heights of the installed wind turbines have been in-
creasing significantly. The trend is motivated by the larger rotor diameters and the increas-
ing demand for low wind turbines. The increase of wind speed with height is generally more
pronounced in low wind sites, which makes it desirable to make the tower as high as
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possible. However, the higher the tower the higher the cost, which means that the tower
height must be optimized by taking into account the energy yield generated and the tower
cost. [15]

In addition, the rated power of wind turbines has been increasing rapidly. Globally the av-
erage rated power of the new installations grew from 1.38 MW in 2005 to 2.20 MW in 2014.
The increase has been biggest in Europe where the average installed power grew 74.8%
(from 1.42 MW to 2.47 MW). [15]. By 2025 the average rated power of the new installed
turbines is expected to be between 4 and 5 MW [5].

These improvements in rotor diameters, hub heights and rated capacity have also resulted
in higher capacity factors, which means that the modern turbines harvest more energy from
the available resources than the older turbines. Furthermore, not all the capacity factor im-
provements are affected by the turbine technology improvements. Wind resource character-
ization has developed thanks to remote sensing and computation improvements which has
enabled the selection of better wind sites for optimal energy output. The global weighted-
average capacity factor for onshore wind has increased from 27% in 2010 to 36% in 2019.
[23]. IRENA [5] also believes that this development will continue and approximates that the
weighted-average capacity factor for onshore wind power will be in the range of 36% to 58%
in 2030 and 43% to 60% in 2050.

Figure 2. Evolution of onshore wind turbines. [24]

2.6 Current status of onshore wind power in Europe

At the time of writing (2020) there is 205 GW of cumulative installed wind power capacity
in Europe of which 183 GW is onshore which accounts 89%. Germany is the country with
the largest installed capacity (61 GW in total, 54 GW of onshore). It is followed by Spain, the
UK, France and Italy. Remarkably, 67% of all installed capacity is in only 5 countries. The
installed capacities of the biggest countries can be seen from the figure 2. [4]
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Figure 3. Cumulative capacities per country. [4]

In 2019 the electricity produced with onshore wind power was 350 TWh and with offshore
67 TWh the total wind energy production being 417 TWh. In comparision, the electricity
consumption in EU was 2900 TWh. Thus, 15% of the EU’s electricity demand was generated
with wind power and the share of onshore wind in EU’s electricity demand was 12.2%. Den-
mark had the highest share of wind generation (48%) of the European countries. [4]

The average capacity factor for EU’s onshore wind turbines were 24% in 2019. However, the
number is relatively low since also very old wind farms are included which have small rotor
diameters. The weighted average power rating of new installed onshore turbines was 3.1
MW. Finland had the most powerful onshore wind turbines installed, on average 4.3 MW.
[4]

2.7 Future scenarios

European union has set future targets for the share of renewable energy. The target is to
increase the share of renewables to 32% of consumption by 2030 [2]. The recent decision to
increase the carbon emission cut to 60% is likely to result in even higher renewable energy
share target in the near future. For the year 2050, there are several scenarios. In the best
scenario the renewables would account for 59.6% of the consumption. In the worst scenario
the renewables would be only 19.9%. [1]
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European commission has also ambitions for wind power. The commission aims to have
33% of the electricity provided by wind power in 2030 and 50% in 2050. The annual energy
consumption is expected to be 4000 TWh in 2050. Thus, 2000 TWh would be needed to be
produced by wind power.  [25]

Europe’s wind energy association Wind Europe has designed three different scenarios for
the year 2030. These scenarios discuss the possible wind energy capacity installations in
Europe in 2030 based on the potential conditions that determine the wind power develop-
ment after 2020. The scenarios were released in September 2017. [26]

The central scenario denotes that 323 GW of cumulative wind energy capacity would be in-
stalled in the EU by 2030. Onshore wind capacity would be 253 GW as the onshore wind
generation would be 599 TWh. In this scenario the electricity demand met by onshore wind
energy would be 19.9%. In this scenario EU would achieve a 27% renewable energy target.
The scenario would require investments worth of 239000 M€. [26]

In the high scenario the cumulative capacity would be 397 GW by 2030. In this scenario the
onshore wind would be 299 GW and the onshore generation 706 TWh. The electricity de-
mand met by onshore wind would be 23.5%. This scenario assumes favorable market and
policy conditions and the 35% EU renewable energy target would be met. The scenario would
require investments worth of 147000 M€. [26]

In the low scenario the total cumulative capacity would be only 256 GW of which 207 GW
onshore. The onshore generation would be 453 TWh and the electricity demand met by on-
shore wind energy would be 15.1%. The scenario would require investments worth of 351000
M€. [26]

In addition to these scenarios, another often sited wind energy scenarios are IEA New Poli-
cies Scenarios and the European Commission’s most updated Trends to 250 Reference Sce-
nario. IEA scenarios state two possible cumulative wind power capacities in 2030: 271 GW
or more optimistically 292 GW. The EU reference scenario has more pessimistic estimate,
255.4 GW, which is in line with Wind Europe’s low scenario. [26]

The global wind energy council (GWEC) has represented their wind power capacity scenar-
ios up to year 2050. The scenarios are global and onshore and offshore shares have not been
divided. However, there are estimations for EU28 and OECD Europe areas for each scenario.

IEA new policies scenario (NPS) is based on the current energy and climate policies both
nationally and internationally. This scenario is at the center of IEA’s world energy outlook.
GWEC has extrapolated the results for 2050 for easier comparison. According to the sce-
nario, the cumulative wind power capacity would be 323.1 GW in 2030, 476.3 GW in 2040
and 607.1 MW in 2050 in OECD Europe. [27]

IEA 450 scenario is based on the goal of having 50% chance of limiting the global increase
in average temperature to 2 °C. This would require the portion of greenhouse gases in the
atmosphere to be limited to 450 parts per million, of which the scenario is named after. This
scenario expects the wind power capacity to be 355.8 GW in 2030, 549.2 GW in 2040 and
741.8 GW in 2050 in OECD Europe. [27]

GWEC moderate scenario is similar to NPS as it takes into account the policy measures to
support renewable energy around the world. It also assumes that the commitments to
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emission reductions of Governments at Paris climate conference 2015 will be implemented.
The scenario expects the wind power capacity to be 358.5 GW in 2030, 512 GW in 2040 and
641.9 GW in 2050 in OECD Europe. [27]

GWEC advanced scenario is the most optimistic scenario and assumes a very high commit-
ment to renewable energy. The governments would enact effective policies on emission re-
duction to meet the goal of keeping global mean temperature rise below 2 °C. In this scenario
wind power is seen as one of the most critical in meeting this goal. The scenario expects the
wind power capacity to be 398.7 GW in 2030, 567.9 GW in 2040 and 703.7 GW in 2050 in
OECD Europe. [27]

In addition, IRENA has made future projections for onshore wind capacities in different
areas. It states that the onshore installed capacity will be 215 GW in 2030 and 483 GW in
2050 in Europe. [5]

2.8 Definition of wind power potential

Hoogwijk et al. [28] divides wind power potential into four different categories: theoretical,
geographical, technical and economic potential. Each of the potentials narrows down the
previous one by adding more constraints and limitations.

Theoretical potential describes the total global energy content of the wind in the unit of kWh
per year. Energy of the wind originates from temperature differences that cause pressure
differences on earth. The speed and direction of wind is also affected by the rotation of the
earth. Total wind energy content is equivalent to circa 2% of the solar energy reaching the
earth which is 3.5x10^15 W/year. [28]

Geographical potential explains the total global amount of land area available for wind
power installations. It also takes into account the geographic constraints. Geographic poten-
tial is expressed in km2. In this thesis the geographical area is limited into onshore areas
only. However, in the future the offshore areas are likely to play a very big role in the wind
power generation development [28]. Hoogwijk et al. [28] divides geographical potential into
four constraints which are: wind regime, altitude, urban area and other land use function.

Technical potential explains the wind power that can be generated at the suitable geograph-
ical area. It takes into account the power density of the turbines and the process of generat-
ing electricity. It is expressed in kWh per year. Technical potential can be approximated from
wind speed data by extracting it to hub height and if the wind turbine specifications used are
known. [28]

Economic potential explains the technical potential that can be realized economically. It is
defined as the amount of wind electricity that can be generated with a cost that is competitive
to the other sources of electricity. [28]
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2.9 Wind power siting and restrictions

In order to understand the wind power potential, a great focus is needed in estimating where
wind power can be sited and what are the main land use restrictions. According to the liter-
ature [29] the restricting areas where wind power cannot be built can be categorized into
three main groups: buildings, infrastructure and the protected areas. In addition, wind tur-
bines should not be placed on mountains since the installation cost and breakdown risk are
high.

Compared to the categorization of Enevoldsen et al. [29], Ryberg et al. [30] have used a dif-
ferent constraint categorization. In this classification the constraints are divided into socio-
political, physical, conservation and economic motivational groups. Sociopolitical con-
straints refer to urban settlements, infrastructure, airports and other man-made areas.
Physical constraints refer to water areas, elevation, slopes and other physical phenomena.
Conservation motivational group refers to constraints on bird and habitat areas and other
valuable natural areas. Economic constraints include the access to the transportation, grid
connection and sufficient wind resources.

With building and infrastructure, it must be noted that countries have different suggestion
for different minimum setback distances between turbines and buildings and infrastructure.
The existing regulations for setback distances in Europe are based on the physical size of the
turbine or the noise level. In other words, the size (power) of the turbine defines the sug-
gested setback distance. The required setback distances are commonly divided to small and
large wind turbines because of this. [31]. Furthermore, the main reason that distance needs
to be kept from infrastructure is to avoid issues which may be caused by the structural failure
of the turbines, ice throws or other anomalous events. Roads, railroads and powerlines are
prone to these issues and a proper distance should be kept from wind turbines for safety
reasons. In addition to these, distance needs to be kept from airports in order to avoid tur-
bines and airplanes being affected by each other’s wake. [30]

Different values for setback distances for buildings and infrastructure has been used in the
previous studies. Enevoldsen et al. [29] used 1000 m distance from buildings and a general
200 m distance from infrastructure. Ryberg et al. [30] used 1200 m distance from urban
settlements, 800 m from settlements, 300 m from primary roadways, 200 m from secondary
roadways and 200 m from railroads and powerlines. Rinne et al. [12] used 300 m from pri-
mary roads and 200 m from railroads.

In addition to the built environment, there are also natural areas where wind power cannot
be built. Thus, there are restrictions that serve to protect flora and fauna and facade of the
land [30]. Natura 2000 is an EU-wide network of protected areas. It covers all the 27 EU
countries both on land and sea. [32]. The sites of the network are core breeding and resting
sites for rare and threatened species and for some rare natural habitat types. These areas are
designated under the Birds and the Habitats directives and they stretch over 18% of the EU’s
land and 6% of its marine territory. [33]. In addition to Natura 2000 network, there are
other national protected areas, such as natural parks, where wind power cannot be built.

Naturally, when dealing with onshore wind power, water areas need to be excluded. Ryberg
et al. [30] also states that distance needs to be kept from waterbodies and rivers in order to
avoid water contamination during turbine construction, to prevent the degradation of
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riparian zones and to avoid the water damage to the turbine in rainy periods. Also, areas
higher than 2000 meters should not be considered for wind power. Above this elevation air
density decreases and construction locations become increasingly inaccessible.

2.10  Recent studies

The wind power potential on different regions has been studied widely previously. In this
chapter several studies will be looked up in order to receive a better picture of the current
knowledge of the subject. Studies have been made both globally and for Europe and the main
findings will we discussed in this chapter.

European wide wind power potential has been studied in a few recent researches. One of
these was a research executed in 2019 by Enevoldsen et al. [29]. A socio-technical wind atlas
for all European countries was implemented to find how much wind power potential Europe
has when taking account infrastructure, built-up areas and protected areas. It was concluded
that these constraints restrict 54% of the European land area to be used for wind power. On
the land area left, there would be a total nameplate capacity of 52.5 TW of onshore potential
in Europe. In the study the power density potential (Potential in MW/km2 and capita per
potential) was calculated for all the European countries. One of the aims was also to see if it
is possible to meet the 2050 energy demand with existing technology and wind power po-
tential. The study shows that this would be sufficient with onshore wind only.

Ryberg et al. [34] created a highly technical analysis on the onshore potential of Europe for
the year 2050. This study used GLAES land eligibility model to estimate the available areas.
The result was 1.35 ∗ 106 km2 of eligible area. The study used an advanced turbine placement
algorithm and turbine type simulation to model the technical potential. The result was that
there is 13.4 TW of installable capacity and an average annual generation of 34.3 PWh/a in
Europe. LCOEs were also calculated for all the locations and it was found that all the Euro-
pean countries have potential to generate onshore wind electricity below 0.04 €/kWh and
onshore generation costs across Europe are not likely to exceed 0.06 €/kWh

McKenna et al. [35] studied the cost-potentials for large onshore wind turbines in Europe.
The geographic potential was based on the land cover suitability factors. The result was that
the eligible land area is 0.94 x 106 km2 and that there is 15 PWh/a annual generation poten-
tial in EU28 and 20 PWh/a in Europe. The installable capacity was estimated to be 8.4 TW.
The LCOE curve was also calculated for Europe and the values varied between 6 and 50
€/MWh.

European Environment Agency (EEA) [36] carried out a study on each EU27 countries and
their technical potential. The analysis was also based on the suitability factors of land cover
categories and electricity generation costs. The result was that there is a technical potential
of 45000 TWh/a in Europe. Two possible scenarios were also estimated: “most likely com-
petitive” (8919 TWh/a) and “competitive” (3330 TWh/a).

Global studies on onshore wind potential have also results for European area. Bosch et al.
[37] estimated the eligible land in Europe to be 1.23 x106 km2 and that there is installable
capacity of 12.4 TW. The annual generation was estimated to be 21. PWh. Eurek et al. [38]
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had a similar study with results for eligible land to be 1.99 x 106 km2, capacity of 10.0 TW
and annual generation of 21.1 PWh.
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3 Data and methods

3.1 Geographical and technical scope of the study

The geographic study area is EU27 countries and Norway, Switzerland and UK. The area was
delimited mainly by the data availability. Furthermore, many previous studies, such as the
one carried out by McKenna et al. [35], have had the same or nearly the same geographical
scope, which makes the validation of the results easier. The geographical area was divided
into 2500 m x 2500 m calculation cells to represent wind power potential areas. The size of
the study area is 4.91 x 106 km2. The analysis could have been made with a higher resolution,
but this would have caused computational problems. The total list of countries taken to the
study are the following: Albania, Austria, Belgium, Bosnia-Herzegovina, Bulgaria, Croatia,
Czech, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Ireland, Italy, Ko-
sovo, Latvia, Lithuania, Luxembourg, Macedonia, Montenegro, Northern Ireland, Nether-
lands, Norway, Poland, Romania, Serbia, Slovakia, Slovenia, Spain, Sweden, Switzerland
and UK.

For geographic data it was decided to use ETRS89-extended / LAEA Europe (EPSG:3035)
projected coordinate reference system (CRS). This CRS has units in meters and is meant to
be used for European area. It was found to be the best option for this study since it has a true
area representation. Thus, the areas are equal and realistic on all the latitudes. This is highly
important when approximating the land availability and its effect on the wind power poten-
tial.

Geographic information system ArcGIS pro by ESRI was used as a main tool in the pro-
cessing of the spatial datasets. Additionally, an open- source GIS software QGIS was also
used when necessary. Some of the spatial data was also processed with Python programming
language with the help of various libraries.

The technological scope of the study is limited to large onshore wind power. To model the
technology, Vestas V136 3.45MW wind turbine is used as a basis. This turbine type is a good
representation of a modern technology suitable for low wind conditions. It has a large rotor
with a diameter of 136 m and a swept area of 12527 m2 [39]. The power density of this turbine
type can be calculated with the equation 2:

𝜌𝑃 =
𝑃𝑟𝑎𝑡𝑒𝑑

7𝐷 𝑥 5𝐷 =
3.45 MW

7 ∗ 136 m ∗ 5 ∗ 136 m = 5.33 MW/km2

3.2 Restriction data

To represent areas where wind power cannot be built, different polygon layers were created
in ArcGIS pro. The chosen restrictions were based on literature and similar studies such as
the ones carried out by McKenna et al. [35], Enevoldsen et al. [29], Rinne et al. [12] and
Ryberg et al. [34]. The aim was to collect the most necessary restrictions from these studies
and combine different approaches into a meaningful set that was possible with the available
time and resources. Due to a large scope of the study, some simplifications needed to be
done and the procedure would have been different on a country-wide study. This chapter
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describes the data on which the restriction layers are based and the procedure from these
datasets to usable restriction layers.

Buildings

Building data was obtained from a German company Geofabrik [40]. The data had been
created from Open Street Map material and was offered in 17 shapefile layers. The data con-
sisted of all the registered buildings in Europe which were around 180 million in total. The
buildings were represented as polygons and the layers were in WGS84 coordinate reference
system.

Since a distance needs to be kept between wind turbines and buildings, buffer polygons were
created to model the restricted areas. Two buffer distances were chosen for two different
scenario models: 1000 m for a mild scenario and 2000 m for a conservative scenario. 1000
m was based on the suggested minimum distance in many countries such as Finland and
Sweden [31]. 2000 m distance was chosen to model more strict land use policy.

Since the 17 building shapefiles were heavy (2GB each), ArcGIS Pro software proved to be
computationally ineffective for calculating the buffers. Thus, a python script was used for
the purpose. First, the layers were projected to EPGS:3035 coordinate reference system.
Next, centroid points were calculated from the polygons to make the buffer computation
lighter. Finally, the buffers could be calculated and the results were dissolved into a single
polygon. The operation was done twice, first with 1000 m buffer distance and second with
2000 m buffer distance.

The buffer layers were uploaded to ArcGIS Pro in order to explore them visually. It was found
that the buffer areas covered the continental Europe almost entirely, as can be seen in the
figure 4.

Figure 4. Dissolved building buffers with buffer distance 1000 m. Blue areas mark the re-
stricted areas.

Thus, filtering of the building dataset was needed. The building types which were left in the
analysis were of the type: house, residential, apartments, hut, detached, civic, school, in-
dustrial, commercial, retail, church, terrace, office, transportation, university, public, kin-
dergarten, semidetached_house, hospital, dormitory, dwelling_house, hotel, chapel,
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train_station, semi, cabin, supermarket, college, bungalow, store, sports_centre,
sports_hall, shop, government, education, stable, terraced_house, block, flats, cathedral,
hall, row_house, duplex, castle, factory, stadium, apartment_building, offices, policlinic,
healthcare, fire_station, museum, utility, prison, synagogue, mosque, pub, public_build-
ing, moastery, allotment_house, mall, clubhouse, community_centre, religious, gymna-
sium, temple, embassy, stables, restaurant, clinic, club_house, recreation, shops, rid-
ing_hall, villa, library, recreational, theatre, palace, basilica, exhibition_hall, retail_out-
let, appartments, cinema, manufacture, chalet, semi-detached, construction, conservatory
and summer_house.

These building categories were chosen by their reference to daily human activities and with
assumption on the impact of the vicinity of wind power on them.

Roads

Road data was obtained from the data portal of MapCruzin [41]. The data had been created
from OpenStreetMap material and was freely available in a single shapefile layer. The data
consisted of all the European roads in polyline format. All the road lines had information
about the name and the reference number (if available) and the road type. As in the literature
[12], only main roads were chosen to be included in the study. Since none of the earlier stud-
ies named exact road types used, some assumptions needed to be made. The road types that
were chosen to be included in the analysis were motorway, primary, secondary, tertiary
and minor (unclassified) roads and their associated links (ramps etc.). It was assumed that
residential roads can be left out since residential area would be restricted anyway due to
building buffers.

The road shapefile layers were first projected to EPSG:3035 coordinate reference system.
Next, the forementioned road types were selected. For this selection 300 m buffer was cal-
culated. 300 m buffer represented the more conservative infrastructure buffer in the litera-
ture and was also used by Rinne [12]. The result was a polygon layer with the buffer areas
representing the restriction areas.

Railroads

Railroad data was also obtained from Geofabrik [42]. The data was offered in a single shape-
file and was based on OpenStreetMap material. The data represented European railroad
network including train, tram and subway rails. The data was in polyline format and had
information about the name and rail type.

The shapefile was projected to EPSG:3035 coordinate reference system and only train rails
were selected. It was assumed that trams and subways are located only in the built areas
where wind power cannot be built anyway. 250 m buffers were calculated from the selected
railroad lines. 250 m buffer distance was chosen as it had been used in the earlier study by
Rinne et al. [12] and was the more conservative one used in the literature. The result was a
buffer polygon layer similar to the one calculated from road data.

Existing wind turbines

Data about existing wind turbines were obtained from Geofabrik as part of a Power dataset
[43]. The dataset had information on wind turbines, substations and other objects related to
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power systems. The data was in point format and wind turbines were tagged as station_wind
in the attribute table.

The layer was projected to EPGS:3035 and the wind turbines were selected from the dataset.
700 m buffer was calculated to each point object. This buffer size was suggested by Enevold-
sen et al. [29] in order to minimize wake effects. As a result, there was a buffer polygon layer
to be used as a restriction layer.

Protected areas

Geographical data of Natura 2000 was obtained from the data portal of European Environ-
mental Agency (EEA) [45]. This data was in shapefile format and consisted of polygons rep-
resenting the Natura 2000 areas. The data also contained information about the site such as
the site name. The data was already in EPSG:3035 CRS so projection was not needed. Thus,
the layer was ready to be used as a restriction layer without any processing.

To supplement the Natura 2000 areas, CDDA (common database of designated areas) da-
taset was obtained from the same EEA data portal [46]. This dataset included information
of natural parks and other designated areas in Europe. The data was similar to Natura 2000
dataset with polygons representing the designated areas. The shapefile needed to be pro-
jected to a proper coordinate reference system and after that it is was ready to be used as
one of the restriction layers.

High altitude areas

World elevation dataset was also obtained from EEA data portal [47]. The data was in the
raster format and represented the height of the earth surface with a resolution of 1 km x 1
km. The coordinate reference system needed to be projected to EPSG:3035. As suggested in
the literature [30], only cells with value equal or greater than 2000 m were selected to rep-
resent areas too high for wind power projects. The raster dataset was converted to polygon
format to be used as a restriction layer.

Complex terrain areas

In addition to high elevation areas, areas with a great surface complexity wanted to be ex-
cluded. The RIX (Ruggedness Index) is a measure of terrain complexity. It is defined as a
percentage of the area within 10 km of the position that have slopes over 30-degrees. The
raster dataset for global RIX values was obtained from DTU global wind atlas data portal
[48]. The RIX dataset was a 250 m resolution global raster dataset. The data was projected
to EPSG:3035 coordinate reference system. Also, the raster was extracted with European
polygon mask representing the study area. No value was found in the literature that could
be used as a threshold value of RIX for building wind turbines. Thus, it was studied visually
by plotting the RIX values greater than different threshold values and comparing them to
the elevation data. It was found that the RIX value of 0.25 represented well the mountainous
areas of Europe and worked as a good addition to the elevation data. This filtered raster with
only values above 0.25 was converted to polygon format and was ready to be used as a re-
striction layer.

In addition to formerly mentioned datasets, Corine land cover - CLC 2018 [49] dataset was
used to model the rest of the restrictions. Corine land cover dataset was in raster format with
a resolution of 100 m x 100 m covering the EU27 countries and Norway, Switzerland, UK



28

and Turkey. The dataset was originally in coordinate reference system EPSG:3035 which
means that projection did not need to be done. In the data, the land cover was divided into
44 different categories based on satellite images. Based on a study by McKenna et al. [35],
some of these categories were chosen unsuitable for wind parks and needed to be excluded.

Categories Mineral extraction sites, Dump sites, Construction sites, Green urban areas,
Sport and leisure facilities, Water Courses and Estuaries were chosen to be used without a
buffer distance. These categories where extracted from the dataset and converted to polygon
format to be used as a restriction layer. In addition to these, category airports was extracted,
converted to polygon format and a buffer with distance 1000 m was calculated. Category
Port areas was extracted, converted to polygon format and a buffer with distance 400 m was
calculated. Category waterbodies was extracted, converted to polygon format and a buffer
with distance 400 m was calculated. The mentioned buffer distances were suggested by
McKenna et al. [35] except the distance for waterbodies which was suggested by Ryberg et
al. [30].

3.3 Aggregation of the restrictions

As all the restriction layers where in polygon format, these layers were merged into a single
huge feature layer. This procedure was done twice, both for 1000 m building buffers and for
2000 m buffers. Since the limit of 2 GB of a shapefile format was met, the result was saved
as a file geodatabase feature class. This layer had millions of features of which many were
overlapping. Thus, the features were dissolved together in order to decrease the complexity
of the layer. A dummy field in the attribute table with a value 0 was created, and the features
were dissolved according to this dummy field. The result was a single huge polygon layer
with a single feature for the whole area.

Since the wind parameter and capacity factor raster files used in this study were in the res-
olution of 2500 m x 2500 m, it was noted that filtering this data straight with a restriction
mask created would not be sufficient. This was due to the fact that some of the restrictions
were much smaller than the 2500 m raster cells in size. For example, a 500 m wide railway
buffer would eliminate the whole raster cell although only a small portion of the cell’s area
was covered in reality.

In order to solve this problem, a raster file with the cells denoting the available area for wind
power was created. To be able to use this raster with the wind resource raster, the extent and
the raster size needed to be the same. This was done by creating a “fishnet” polygon layer in
ArcGIS pro. The fishnet layer is a grid of squares where each square is a polygon feature. The
corner point coordinates were defined to be the same as in the wind resource files and the
cell size was chosen to be 2500 m x 2500 m. The result was saved as a file geodatabase fea-
ture class and it consisted of 4788441 square polygon features which had information about
the area of the features, in this case 625000 m2 for each.

The tool Pairwise intersect was used to calculate the intersection between the fishnet layer
and the dissolved restriction layer. This procedure was computationally very heavy and
caused the software to crash several times. However, the procedure was successful eventu-
ally and the result was a layer showing all the intersections of the overlapping fishnet cells
and the restriction layer. The attribute table also showed information about the correspond-
ing fishnet and restriction indexes of the intersection polygon features. There was also
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information about the area of the intersect polygons. Next, join field tool was used to transfer
the information of the area of the intersection polygons into the fishnet layer. In the tool, the
fishnet and intersection layer were joined by the corresponding indexes and the intersection
polygon shape area was chosen to be transferred to the result. As a result, the fishnet layer
had information about the actual size of the squares and the area of the restriction layer
overlapping on each cell. A new field free_area was added to the attribute table and was
calculated as a difference between the cell area and intersection area. Thus, this field would
represent the available area left for wind power projects. Obviously, a large portion of the
square features had a Null value for intersection area, meaning that there was no overlap on
these cells. Thus, the corresponding cells were given the full free area (625000m2). The up-
dated fishnet layer was now converted to a raster file with the tool Polygon to raster. In the
tool, the raster was given the value from the field free_area. The result was a huge rectan-
gular raster file. It was then extracted with the help of the wind resource layer to include the
same area as the other raster layers to be used in the study.

3.4 Wind resources

Weibull distribution parameters were obtained from DTU Global wind atlas [50]. The source
contained separate datasets for Weibull parameters 𝑎𝑤 and 𝑘𝑤 for different heights. The da-
tasets were 250 m x 250 m resolution raster files in .tif format and contained wind data for
the whole globe. The datasets selected for this project were 𝑎𝑤 and 𝑘𝑤 parameters for heights
100 m, 150 m and 200 m. Thus, six files in total were obtained. In these datasets every pixel
represents a value for either 𝑎𝑤 or 𝑘𝑤 parameter for the corresponding 250 m x 250 m area.
The files were originally in WGS84 coordinate reference system with angular units.

The six raster datasets were imported to ArcGIS Pro software for preprocessing. The goal
was to cut irrelevant areas off so that only European primary land areas were left of the wind
data. This was implemented with extract by mask function where the datafiles were clipped
with the help of European boundary shapefile. As a result, the areas outside European pri-
mary land were left with NoData value. The raster files were then projected to ETRS 1989
LAEA (EPSG:3035) coordinate reference system and resampled to a pixel size of 2500 m.
The result was six new raster files in a notably smaller file size (circa 20 MB each) suitable
for further processing.

In addition to global wind atlas data, alternative Weibull parameters were obtained privately
from New European wind atlas (NEWA). This data was only for European area with a higher
resolution of 50 m x 50 m. Only heights 100 m and 200 m were available. These raster da-
tasets were imported to ArcGIS Pro and resampled to 2500 m x 2500 m resolution and set
to have the same extent as the global wind atlas layers. The layers were originally in
EPSG:3035 coordinate reference system so no projection was needed. Since the height 150
m was missing, this layer was artificially created by calculating the differences between GWA
and NEWA layers of height 100 m and 200 m. The difference was set to be the average of
these differences and this was added to the GWA 150 m raster file. Thus, all the heights were
now ready be used as an alternative data for the further calculations.
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3.5 Capacity factor calculation

The next step was to convert the forementioned Weibull parameters into capacity factors. In
addition to the available Weibull parameters, information about the power curve was needed
in order to calculate the capacity factors. A sigmoid function was decided to be used to model
the power curve as it has a similar s-shape as a plotted power curve and with a proper pa-
rameter selection it makes a very close estimate for normalized power curve.

The fit was based on a Logistic function

𝑓(𝑥) = 1
(1+𝑒−(𝑥−𝑥0)/𝑘)

     (4)

An external term was added to model the cutoff speed and its effect on the power curve.

𝑃(𝑣𝑤𝑖𝑛𝑑) = 1

(1+𝑒− 𝑣𝑤𝑖𝑛𝑑−𝑜𝑓𝑓𝑠𝑒𝑡 /𝑠𝑡𝑒𝑒𝑝𝑛𝑒𝑠𝑠)∗(1+𝑒
𝑣𝑤𝑖𝑛𝑑−𝑣𝑐𝑢𝑡𝑜𝑓𝑓

0.01 )
           (5)

The numerical values for Vestas V136-3450 wind turbine’s power curve were obtained from
a wind power database [51]. The power output values were reported for wind speeds in the
range of 0 – 33 m/s in the frequency of 0.5 m/s. The steepness and offset parameters where
chosen visually by comparing the plotted normalized power curve (all values divided by the
rated power) and the sigmoid function. The cutoff speed used was 22 m/s as reported by the
turbine manufacturer. For the chosen wind turbine type, the estimated parameters for the
turbine resulted as offset value of 7.5 and steepness value of 1.2.

figure 5. Plotted normalized power curve and the fitted sigmoid curve.

Now that a continuous function for power curve was found, the capacity factors could be
calculated. The capacity factors corresponding to the given 𝑎𝑤 and 𝑘𝑤 parameters were now
possible to be calculated with a formula:
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𝜂𝐶𝐹 = ∫ 𝑓(𝑣𝑤𝑖𝑛𝑑 , 𝑎𝑤 ,𝑘𝑤) ∗ 𝑃(𝑣𝑤𝑖𝑛𝑑) 𝑑𝑣𝑤𝑖𝑛𝑑
∞
0      (6)

In addition, an availability factor of 0.95 was used. This represents the average wind tur-
bine’s yearly availability taking into account the maintenance breaks. Thus, the resulting
capacity factors were multiplied with 0.95 for more realistic results. The value for availability
factor was based on expert views of the cooperative company.

A python script was implemented for converting the Weibull parameter raster files into ca-
pacity factors. The function took two raster files as an input: a_weibull raster file and
k_weibull raster file. The function also used the parameters of the obtained sigmoid function
to model the power curve. The function read the raster files with the help of Rasterio Python
library and converted the files into NumPy arrays. Now for each cell the above integral was
calculated numerically with the help of SciPy library and the integrate function. The results
were saved in a new raster file with the same extent and properties as the input raster files.
As three different heights were used, the function needed to be run three times for each
height. Eventually there were three new raster files that had information about the capacity
factors for each 2500 m x 2500 m cell of the study area of Europe.

3.6 LCOE calculation

As the capacity factors for each site were known, the next step was to calculate the corre-
sponding LCOE values for each location. The LCOE calculation was based on the formula
presented in the previous chapter. Parameters needed for this calculation were nominal dis-
count rate (𝑅𝑑), inflation (𝑅𝑖), OPEX (O), years (lifetime, t), taxes, tax shield and CAPEX
(𝐶𝑡).

CAPEX was estimated according to the literature [23]. It was defined as a mean of 2019
global weighted average total installed costs (1800 $/kW) and the 5th percentile of the cal-
culated range (1071 $/kW). The result 1435.5 $/kW was then converted to euros and to per
megawatt (1232400 €/MW)

The value for OPEX was estimated to be 40 000 €/MW. This is based on the value presented
in Bloomberg NEF New Energy Outlook 2019 paper [52].

The nominal discount rate used was set to be 8%. The inflation was chosen to be 1%. The
lifetime of a turbine was estimated to be 25 years. Taxes were estimated to be zero for sim-
plicity. Thus, both taxes and tax shield were set to be zero. These values were based on expert
knowledge of the cooperative company.

In addition to the estimated CAPEX value, a location dependent grid connection fee was
estimated. This was done by calculating the distance of each capacity factor pixel to the near-
est 110 kV powerline. The process was implemented exceptionally with an open-source geo-
graphic information software QGIS because of more suitable tools for the purpose. Geo-
graphic data of European powerlines was obtained from SciGrid [44] which is an open-
source model of European energy networks. The data was based on open street map data
and was in polyline format. The data needed to be projected to EPSG:3035 coordinate ref-
erence system before further processing. The data included all the European powerlines with
information about the line type, voltage and such. As suggested by Ryberg et. al [30], 200 m
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buffer was calculated for all the lines. This resulted as a polygon layer similar to other re-
striction layers. Now the dataset was filtered to include only lines with voltage above 100 kV.
One of the capacity factor raster files was used as a template for the distance calculation.
First, each of the raster pixels were converted into points. A NNjoin tool was used to join
these points with the powerline features. The result had information of the shortest distance
between each object. This information was saved to a new raster file with same extent as the
original capacity factor raster file. The distance dependent cost for grid connection was
based on expert knowledge of the cooperative company and cannot be published. Thus, the
grid connection fee of each location could now be calculated and added to the initial capex
value.

A python script was implemented to calculate the LCOE values for each capacity factor pixel.
The raster files were again read with Rasterio library and converted into NumPy arrays. The
weighted average cost of capital (WACC) was calculated with a formula:

𝑊𝐴𝐶𝐶 = 1+𝑅𝑑
1+𝑅𝑖

− 1      (7)

Where 𝑅𝑑  is nominal discount rate and 𝑅𝑖  is inflation rate.

The net present value of the OPEX was calculated with a formula:

𝑂𝑃𝐸𝑋𝑛𝑝𝑣 = 𝑂𝑃𝐸𝑋∗(1−(1+𝑊𝐴𝐶𝐶)−𝑡)∗(1−𝑇∗𝑇𝑠)
𝑊𝐴𝐶𝐶

    (8)

Where T is taxes and 𝑇s is tax shield.

The net present value of the depreciated CAPEX was calculated with a formula:

𝐶𝐴𝑃𝐸𝑋𝑑𝑛𝑝𝑣 = 𝐶𝑡∗(1−(1+𝑊𝐴𝐶𝐶)−𝑡)∗(𝑇∗𝑇𝑠)
𝑊𝐴𝐶𝐶

        (9)

Now, each cell of the capacity factor raster was multiplied by 8760 in order to convert them
into full load hours. In this case, full load hours represent the annual production since
CAPEX and OPEX are in per capacity units. Next, the net present value of full load hours
was calculated for each cell with a formula:

𝐹𝐿𝐻𝑛𝑝𝑣 = 𝐹𝐿𝐻∗(1−(1+𝑊𝐴𝐶𝐶)−𝑡)
𝑊𝐴𝐶𝐶

     (10)

Finally, LCOE could be calculated for all the cells:

𝐿𝐶𝑂𝐸 = 𝐶𝑡+𝑂𝑃𝐸𝑋𝑛𝑝𝑣−𝐶𝐴𝑃𝐸𝑋𝑑𝑛𝑝𝑣
𝐹𝐿𝐻𝑛𝑝𝑣

    (11)

The result was saved to a new raster file with a same extent as the input capacity factor file.
The procedure wass done for all the three heights.

3.7 Cost-potential curve calculation

Now that there was information about the available area, capacity factor, power density and
the LCOE for each cell of the study area, cost-potential curves could be calculated for chosen
areas. A Python script was implemented for this purpose. The function took inputs of all the
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capacity factor and LCOE raster files calculated for different heights. Other input parameters
included a csv. file where it was stated which capacity factor file corresponds to each LCOE
file and which capacity and power density value correspond to these files.

The algorithm went through all the LCOE raster files and selected the minimum value for
each cell. The corresponding capacity factor value was also selected. For each cell, the avail-
able area was read from the area raster file. This value was multiplied by the corresponding
power density factor and the turbine capacity. The result was the installable capacity of each
cell. In addition, the annual generation for each cell was calculated by multiplying the in-
stallable capacity by number of hours in a year (8760h) and the capacity factor. The results
were scaled and eventually the installable capacities were in gigawatts and annual genera-
tions in terawatthours. The LCOE values were then ranked from smallest to largest. The
annual generations and capacities were then calculated to be cumulative in this order. Fi-
nally, the ranked LCOE values could be plotted against cumulative capacity and cumulative
annual generation.

The cost potential curves wanted to be able to be calculated for specific countries in addition
to the whole study area of Europe. Thus, the algorithm also took as an input a geojson file
containing geographic information about the European country boundaries. Another input
parameter was a csv. file containing the information about the country names and which of
them is selected for calculation. The selected countries were then used as a mask to filter the
input raster capacity factor and LCOE files. Now, the resulting ranked LCOE values and cu-
mulative capacity and generation only included those values on a selected geographical re-
gion.

3.8 Other methods

For the visualization of the results, capacity and annual generation wanted to be plotted on
maps. New raster files were needed for this. In the model, installable capacity only depends
on available area and the power density. Thus, a raster for installable capacity was created
by multiplying each cell of the area raster by the power density. The result was then con-
verted to gigawatts. This operation was done for both buffer distances.

The annual generation is dependent on the capacity factors and installable capacity. Thus,
capacity factor raster cells were multiplied by the number of hours in a year (8760) and con-
verted to full load hours. Next, each cell of this new raster was multiplied with a correspond-
ing cell of the installable capacity raster. The results were then converted to terawatthours.

The raster multiplications were implemented with ArcGis Pro’s times function. The new ras-
ter files were then summarized based on the European country boundary shapefile. A tool
zonal statistics as a table was used to calculate country specific sums of the raster values.
These values were then joined with the country boundary shapefile after which the values
could be visualized on the map.
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4 Results

4.1 Available land

With 1000 m building buffers the total available area on the whole study region is 1.46
x 106 km2. This accounts for 29.6% of the total area. With 2000 m building buffers the cor-
responding available area is 0.95 x 106 km2. This accounts for 19.3% of the total area. Thus,
increasing the buffer size from 1000 m to 2000 m decreases the total available land by
42.9%.

Figure 6. Available areas for wind power. White areas mark the free areas.

The spatial variation of available land is remarkable. Figure 7 shows the percentage of avail-
able area per country on the study area. It can be noted that Central Europe has very little
free area left compared to other parts of Europe. For example, Germany has only 3.76% and
France only 3.06% share of the available land when the building buffer is 1000 m. This is
mainly due to restrictions caused by buildings and infrastructure. The building data reveals
that Central Europe is very evenly built. This results in building buffers conquering most of
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the land area. In addition, there seems to be many protected areas located in Central Europe
and these restricted areas take significant amount of space. It is notable that when the build-
ing buffer is 2000 m, some countries such as Switzerland and Luxembourg have even zero
available area. Germany and France would have just 0.2% of available area in this scenario.

In the Nordic countries the situation is very different. With 1000 m building buffers Finland
has 48.6%, Sweden 51.99% and Norway 50.59% share of available area. Even with 2000 m
building buffers all the countries have over 30% share of available area. The building data
reveals much greater scatter compared to Central Europe. This is explained by relatively
small population of these countries and the most built areas being close to cities. The high
elevation and rough terrain of Norway has some negative impact on the availability of the
country’s land.

Surprisingly, Eastern Europe seems to have a lot of available area left. Countries such as
Macedonia, Romania and Bosnia-Herzegovina have more than 50% share of the available
area with 1000 m building buffers. However, it must be noted that for these countries some
of the data might not be the most accurate. Especially the Open Street Map based data might
be inadequate when it comes to buildings and other infrastructure.

Western Europe also seem to have much higher land availability compared to Central Eu-
rope. For Spain the share of available land is 42.17% with 1000 m building buffers and
25.96% with 2000 m building buffers. Southern Europe represents the moderate land avail-
ability. Italy has 11.71% share of available areas with 1000 m building buffers and 3.88%
with 2000 m building buffers.
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Figure 7. Share of available area per country with 1000 m building buffers.
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Figure 8. Share of available area per country with 2000 m building buffers.

4.2 Installable capacity

The installable capacity is only dependent on the available area and the power density of the
turbine type. Thus, the spatial variation between countries is similar as with the available
areas. It is important to note that the results do not include the existing wind power capacity
since existing wind turbines are excluded in the geographical restrictions. The total install-
able capacity of the study area is 7757.93 GW when the building buffer is set to 1000 m. With
2000 m building buffers the corresponding value is 5054.55 GW.

As with the available area, Central Europe has relatively little onshore capacity left. With
1000 m building buffers Germany has 71.72 GW and France 89.45 GW installable capacity
left. In addition, Netherlands has only 0.45 GW and Switzerland only 0.16 GW installable
capacity left. For example, Netherlands has already 3 GW installed capacity and it seems
that not much capacity is left to be installed onshore. If the building buffers are 2000 m the
situation is even more critical for Central Europe. In this scenario Germany would have only
3.98 GW, France 6.05 GW and Netherlands 0.002 GW left. Switzerland and Luxembourg
would have zero capacity left.

In the Nordics the situation is very promising in regards to the installable capacity. With
1000 m building buffers Finland would have 863.04 GW, Sweden 1237.29 GW and Norway
876.37 GW installable capacity left. These numbers are hundreds of times larger than the
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current installed capacity in these countries. Even with 2000 m building buffers the install-
able capacities are notably large. In this scenario Finland would have 683.29 GW, Sweden
995.60 GW and Norway 693.34 GW installable capacity left.

Eastern Europe also shows surprisingly good potential in installable capacity. With 1000 m
building buffers Bulgaria, Serbia and Greece have over 200 GW installable capacity left per
country. Romania would have even 711.90 GW potential. If the building buffers are 2000 m
Bulgaria and Serbia would still have slightly over 200 GW potential left. In addition, Roma-
nia would have 545.20 GW installable capacity left. Similarly as with the available areas, the
restriction data for these countries may not be the most accurate which might make the
country specific capacities higher than in reality.

For Western Europe the capacities are also high. With 1000 m building buffers Spain would
have as high as 1135.27 GW potential which is one of the highest in Europe. Even Portugal
would have 170 GW installable capacity left which is much more compared to Central Euro-
pean countries. With 2000 m building buffers the corresponding values would be 698.74
GW for Spain and 76.35 GW for Portugal. In addition, Italy would have a moderate capacity
of 188.17 GW with 1000 m building buffers and 62.29 GW with 2000 m building buffers.

Figure 9. Installable capacity per country with 1000 m building buffers.
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Figure 10. Installable capacity per country with 2000 m building buffers.

4.3 Capacity factors

As capacity factors were calculated from both Global wind atlas (GWA) data and New Euro-
pean wind atlas (NEWA) data, it makes sense to see the differences between them.

With GWA data, it is notable that in many areas the capacity factors are surprisingly high.
At 150 m height the whole UK, Denmark and northern parts of Germany and France have
many locations with values higher than 0.60. When looking at the country means, the spatial
variation between different locations is very clear. For example, Ireland has 0.63, UK 0.58,
Netherlands 0.59 and Denmark 0.62 mean capacity factor. In contrast, Italy has a mean
capacity factor of only 0.25. Also, many countries in Eastern Europe such as Greece, Albania,
Macedonia and Bosnia-Herzegovina have a mean capacity factor below 0.30.

With NEWA data the capacity factors appear to be slightly lower. The biggest difference is
seen in the northern part of Central Europe. On these areas the capacity factors are 4 -
8%unit smaller compared to GWA data. For example, a mean capacity factor for Ireland is
0.57, for UK 0.53, for Denmark 0.56 and for Netherlands 0.50. The difference is not so no-
table in Southern Europe as Italy has a mean capacity factor of 0.24 for example.  Also, East-
ern Europe doesn’t show a great difference. Thus, it was concluded that NEWA data provides
more realistic results for wind power generation since the data is reported to be more accu-
rate by more advanced metering and also lower capacity factors are closer to real situation
according to expert knowledge of the cooperative company.
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Figure 11. Capacity factors at 150 m height calculated from Global Wind Atlas data.
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Figure 12. Capacity factors at 150 m height calculated from New European Wind Atlas
data.
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Figure 13. Mean capacity factors per country at 150 m height (GWA data).
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Figure 14. Mean capacity factors per country at 150 m height (NEWA data).

4.4 Annual generation

The annual generation is dependent on the installable capacity and the wind conditions.
Wind parameters existed for three different heights and thus there are results in annual gen-
eration for all of these heights. For the 100 m height the total annual generation would be
17635.96 TWh with 1000 m building buffers and 11457.41 TWh with 2000 m building buff-
ers. For the 150 m height the total annual generation would be 25309.11 TWh with 1000 m
building buffers and 16511.30 TWh with 2000 m building buffers. For the 200 m height the
total annual generation would be 30023.30 TWh with 1000 m building buffers and 19648.95
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TWh with 2000 m building buffers. This tells a clear growth in annual generation when a
higher hub height is used.

When it comes to annual generation, the spatial variation is again significant. Despite the
good capacity factors, Central Europe has quite low annual generation because of low land
availability and installable capacity. With 1000 m building buffers Germany would have
282.46 TWh annual generation where as France would have 315.55 TWh at 150 m height.
Austria would have only 24.31 TWh and Switzerland just 0.45 TWh at 150 m height. It can
be supposed that because of the great number of restricted areas and especially the high
number of buildings in Central Europe, 100 m hub height might be the most optimal for
visibility reasons. Thus, the results with 100 m are likely the most realistic for these areas.
With 1000 m building buffers Germany would have 197.35 TWh and France 220.55 TWh at
100 m height.

The Nordic countries prove to have a very high potential also in annual generation. In these
countries with low population density even the 200 m high turbines are likely at least in the
future. Thus, at 200 m height Finland would have 4030.54 TWh, Sweden 5592.17 TWh and
Norway 3798.70 TWh with 1000 m building buffers. Even at 150 m height the annual gen-
eration would be 3324.13 TWh in Finland, 4632.57 in Sweden and 3275.79 in Norway with
1000 m building buffers. Even with 2000 m building buffers the annual generation would
be quite high. At 200 m height all of these countries would have over 3000 TWh of annual
generation.

Eastern Europe has also quite a good annual generation potential. However, due to the
smaller capacity factors of the area, the annual generation is not as good as what the install-
able capacity suggests. For example, at 150 m height Romania would have 1824.48 TWh,
Bulgaria 652.91 TWh and Serbia 745.93 TWh with 1000 m building buffers. Even with 2000
m building buffers these countries have over 460 TWh of annual generation. However, sim-
ilarly as with capacity, the restriction data for these countries may not be the most accurate
and the values might be unrealistically high for this reason.

Western Europe has again surprisingly good resources when it comes to annual generation.
At 150 m Spain would have 3058.37 TWh and Portugal 472.98 TWh of annual generation
with 1000 m building buffers. It is notable that the installable capacity of Spain was some-
what higher compared to the annual generation. This can be explained by the weaker capac-
ity factors of the area. However, even with 2000 m building buffers Spain would have
1897.32 TWh of annual potential at 150 m height. Italy has 422.48 TWh at 150 m with 1000
m building buffers. The value is quite small compared to Italy’s installable capacity which is
explained by the weak capacity factors. In contrast, UK has very high capacity factors and
this is seen in a high annual generation of 1139.92 TWh at 150 m height with 1000 m building
buffers. Even with 2000 m building buffers UK would have 469.02 TWh at 150 m height.
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Figure 15. Annual generation at 150 m height with 1000 m building buffers.
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4.5 Economic potential

Economic wind power potential can be evaluated by comparing the calculated LCOE curves
to the market prices of electricity. The electricity prices are heavily location dependent which
requires the assumptions to be different on different locations. As suggested by Ryberg et al.
[34], 40 €/MWh and 60 €/MWh can be used as a general reference values when determin-
ing the economic potential. In this sense, the whole study area would have 3386.35 GW and
14871.38 TWh below 40 €/MWh.

In Nordpool the average day-ahead price in Germany-Luxembourg area was 36.88 €/MWh
in 2019.  This value can be used as a threshold value for competitive wind power production
on that area. In Finland the average day-ahead price for electricity was 44.04 €/MWh in
2019. The higher price compared to Germany means a different potential for wind power
since the generation is not expected to be that cheap. In France the average day-ahead price
was 31.71 between October 2019 and September 2020. In addition, UK had an average day-
ahead price of 48.98 €/MWh in 2019. These countries and their LCOE curves will now be
taken a closer look. All the results are calculated for 1000 m and with a varying height de-
pending on a country.

Figure 16. LCOE curve for cumulative installed capacity in the whole study area.
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Figure 17. LCOE curve for cumulative annul yield in the whole study area.

As discussed before, in Germany it is likely that turbines higher than 100 m might be difficult
to build due to dense population. Thus, the economic potential Is estimated using 100 m
turbine height. The graph shows that Germany would have around 35 GW and 150 TWh
economical potential left if compared to the average day-ahead price of 36.88 €/MWh. The
very high tail of the curve is caused by very low capacity factor values found in southern
Germany. Those values might be biased by mountain areas and wind power price is not ex-
pected to be that high in reality.
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Figure 18. LCOE curve for cumulative installed capacity in Germany at 100 m.

Figure 19. LCOE curve for cumulative annual yield in Germany at 100 m.

As with Germany, in France the height 100 m is likely to be the most viable option due to
high population density. It can be seen that the curve is very similar to that of Germany’s. If
compared to the very low average day-ahead price of 31.71, France would have an economi-
cal potential of just 6 GW and 34 TWh.

Figure 20. LCOE curve for cumulative installed capacity in France at 100 m.
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Figure 21. LCOE curve for cumulative annual yield in France at 100 m.

In Finland one can think of having 200 m turbines since the population density is low and
there is a lot of available area for wind power. The graphs show that virtually all the potential
is economically viable if compared to the average day-ahead price of 44.04 €/MWh. Thus,
the economic potential of Finland would be 862.7 GW and 4030.6 TWh. It is notable how
flat the curve is for the whole country, basically ranking from 30€/MWh to 40€/MWh. This
is explained by the small variation in capacity factors across the whole country.

Figure 22. LCOE curve for cumulative installed capacity in Finland at 200 m.
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Figure 23. LCOE curve for cumulative annual yield in Finland at 200 m.

In UK the 150 m turbines are likely to be the most viable option due to moderate share of
available land. For this country the LCOE curve seems to be surprisingly low. The values
range mostly from well below 30 €/MWh to 35 €/MWh with the exception of the slight jump
in the right end due to certain locations with much lower capacity factors. Compared to the
average day-ahead price of 48.98 €/MWh, it is notable that virtually all the potential is eco-
nomically viable. Thus, UK has an economical potential of 239.66 GW and 1210 TWh.

Figure 24. LCOE curve for cumulative capacity in UK at 150 m.
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Figure 25. LCOE curve for cumulative annual yield in UK at 150 m.
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5 Summary

5.1 Summary of the results

Table 3 shows the share of available area, installable capacity and annual generation for each
country of the study area. The results are calculated with 1000 m building buffers and at 150
m height.

Table 3. Summary of the results.
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5.2 Discussion

The results show that despite the great total wind power potential in Europe the reliance on
onshore wind is very varying depending on the country and location. The biggest question
is the Central Europe and its future for onshore wind. The area’s remaining onshore poten-
tial is very limited despite the good wind resources. This suggest that with these assumptions
on land use restrictions the offshore wind is more likely to be the option for these countries.
It is clear that if the required setback distances from infrastructure develop towards any
stricter there will be virtually no potential at all, as the results with 2000 m building buffers
suggest. On the other hand, with milder setback distances these countries might have much
more potential. Thus, the future of onshore wind development on these areas is highly de-
pendent on the land use policies and the public acceptance of the wind farms.

The mismatch of wind resources and available space is significant in almost all the locations.
The Nordic countries are an exception to this, and the countries prove to have a very good
future for onshore wind power development in regards to available areas, resources and the
costs. In contrast to Central Europe, Southern and Eastern Europe have good land availa-
bility, but the wind resources are weaker and by this the levelized cost of electricity is signif-
icantly higher. Thus, in these areas the profitability of the turbines might be the biggest
handicap where as land use policy might not play that big role.

The results for total available area differ slightly from the result of earlier studies. On one
hand, the available land area is greater than what Mckenna et al. [35] (0.94 x 106 km2),
Ryberg et al. [34] (1.35 ∗ 106 km2)  and Bosch et al. [37] (1.23 x106 km2) have estimated. On
the other hand, the values are much lower compared to Enevoldsen et al.’s [29] estimation
of 46% of free area. The differences are explained by different use of restriction datasets. The
studies based on land suitability factors seem to give lower estimates for available land. In
addition, Ryberg et al. [34] used much more restriction layers compared to this study. On
the other hand, Enevoldsen et al.’s [29] study had less restriction data than this study.

The results for total installable capacity for the study area are roughly in the same class as
those by McKenna et al. [35] (8.4 TW), Ryberg et al. [34] (13.4 TW), Eurek et al. [38] (10
TW) and Bosch et al. [37] (12.4 tW). It must be noted that those studies did not exclude the
existing capacity, which might explain the difference. Similarly as with available area, the
result differs much from Enevoldsen et al. [29] (52.5 TW). Enevoldsen et al.’s [29] results is
even 477% bigger than this study’s result with 1000 m building buffers. This is most likely
because of Enevoldsen et al.’s [29] very optimistic land availability results.

The results for annual generation are roughly in line with Ryberg et al. [34] (34.3 PWh),
Bosch et al. [37] (21.3 PWH), Eurek et al. [38] (21.1 PWh) and McKenna et. al [35] (16.4
PWh). These studies used different turbine types and hub heights which make the results
slightly different. In addition, the wind resource data was different in many of these studies.
However, Enevoldsen et al. [29] estimated much greater total annual generation (138 PWh).
This great difference is possibly due to very high estimated capacity and expected average
capacity factor of 30% in all locations in Enevoldsen et al.’s [29] study.
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The reliability of the results is somewhat limited considering the assumptions needed to be
made due to large scope of the study. Assuming a constant power density over all the avail-
able areas may have resulted in overly estimated capacity potential while in this manner
technically literally every free space is occupied by turbines. In addition, having the same
land use restrictions for all the countries might have been “unfair” for some of the countries,
especially the highly built and populated ones. The future improvements for this study would
be to include more country specific parameters such as setback distances, CAPEX and OPEX
costs and other investment parameters. It would also be more realistic to use multiple tur-
bine types and varying investment parameters for each of them for all the different heights.

5.3 Conclusions

Onshore wind power is sure to play a major role in the future of electricity systems and in
attempts to reach the climate targets. The technological development with increasing rotor
diameters and higher towers has enabled higher capacity factors and lower levelized cost of
electricity. In addition, with the advanced technology, wind can be harvested also in low
wind sites, which increases the potential significantly. Furthermore, wind power costs have
fallen sharply due to improving technologies, economies of scale and competitive supply
chains. Economic competence to the conventional generation makes onshore wind power
one of the most attractive solutions when it comes to future of carbon free electricity gener-
ation.

This thesis has determined the technical and economic onshore wind power potential for
whole Europe (EU287and Switzerland, UK and Norway). The potential was modelled by de-
termining the suitable geographical areas for wind power based on land use restrictions
within a study area. Wind power generation was modelled from spatial wind resource pa-
rameters and by simulating the selected wind turbine type. Installable capacity was esti-
mated by the selected wind turbine’s power density. The economic potential was determined
by calculating the spatial levelized cost of electricity based on selected investment parame-
ters and by ranking these results in to cost-potential curves.

The main results of this thesis are that the study area has a technical potential of 7758 GW
and 25309 TWh and an economic potential of 3386.35 GW and 14871.38 TWh. These results
are mainly in line with the literature. There is a great variance between the countries in avail-
able area, installable capacity and annual generation. The greatest technical potential in re-
gards to capacity and annual generation is found in Sweden. When it comes to available land,
Central Europe has the worst situation of the area in contrast to the good wind resources of
the area. The Nordic countries have very good situation with available area and the wind
resources are moderate. Eastern, Southern and Western Europe have weaker wind resources
but good land availability.

Based on the results, buildings and infrastructure have the most impact on the onshore wind
power potential. Because of this, it is likely that offshore wind will play a major role in coun-
tries with high population density. However, very few countries have especially weak on-
shore potential and economically onshore wind seems a very viable option according to the
cost-potential curves.
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Following this work, a similar procedure could be applied for other continents or even with
a global scope. In addition, similar methodology could be used in estimation of other renew-
able energy potentials, such as photovoltaics, with variations to the land availability con-
straints. The model created here could also be improved by including more wind turbine
alternatives, country specific restrictions and more precise investment parameters.
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