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Executive Summary
The ambitious expansion targets for the use of renewable energies of the German federal government
also foster the further diffusion of wind farms throughout Germany. However, although this further
spread of wind turbines for the generation of renewable electricity is widely supported on the more
general level, it is nevertheless frequently confronted with low acceptance, and sometimes even
severe resistance and public protests, on the local level. This increasing gap between the social
acceptance on the more general and the more local level stems from various adverse effects on
landscape, noise level, and wildlife. As a matter of fact, however, the currently prevailing wind farm
siting assessments and processes do not adequately incorporate the social acceptance dimension of
this technology.
In this research project, a holistic multi-criteria spatial decision support system has been
developed which specifically emphasizes social acceptance-related issues. The analysis is subdivided
into two parts. The aim of the first part is to find the most suitable sites for wind farms on a macro
level, considering economic, socio-political, and environmental criteria. In order to achieve this
objective, a GIS-based Analytic Hierarchy Process (AHP) approach is used in which local experts from
wind energy-related fields are asked to pairwise compare the incorporated criteria in order to derive
the relative importance of each criterion. A comparison with the location of existing wind farms and a
sensitivity analysis validate the reliability and accuracy of the model results. The aim of the second
part of the analysis is to optimize the wind farm layout on the micro level in terms of maximizing the
technical efficiency and the profitability. Therefore, in the micro-siting model developed, the gradientbased optimization algorithm is applied which optimizes the number and arrangement of wind turbines
of a wind farm. The most important optimization criteria for the micro-siting model are the prevalent
wind direction and the wake effects among wind turbines. The best wind farm layout is, thereby,
determined by calculating the levelized cost of electricity (LCOE), which is the ratio between the total
discounted costs and the expected yearly energy yield of the entire wind farm. This micro-siting model
is applied to the most suitable areas, which are identified in the first part of this report.
The merit of the presented methodology is that a systematic, very comprehensive and consistent
siting assessment is developed, which combines the pre-assessment of potential wind farm sites on
the macro level with an algorithm-based optimization approach for the micro siting of wind turbines.
The successful application of the methodology to the Städteregion Aachen, a region in western
Germany, demonstrates the effectiveness of this approach and illustrates that an adaptation and
application to wind farm projects in other regions, and even the adaptation to other energy conversion
technologies, is both feasible and promising.
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1 Introduction
In the light of climate change, rising energy prices, and increasing concerns about the security of
energy supply, countries such as Germany foster the diffusion of renewable energy technologies. With
ambitious energy and climate policy targets, the German government aims at increasing the share of
renewable energies in gross energy consumption to 35% by 2020 and to 80% by 2050 in order to
reduce greenhouse gas emissions to 40% and 80-95%, respectively, compared to 1990 levels. The
key instrument to achieve this goal is the Act of Granting Priority to Renewable Energy Sources
(Erneuerbare-Energien-Gesetz, EEG), which was introduced in 2000 and amended in 2004, 2009,
2012, and 2014. By guaranteeing fixed feed-in tariffs over 20 years, as well as priority purchase and
supply of renewable energy, the EEG until 2014 has substantially fostered the market diffusion of
renewable energy technologies in Germany. Especially wind energy has experienced enormous
growth since 1990. In 2014, the installed capacity of wind energy increased by 3,356 MW to a total of
38,115 MW (BWE, 2014a). The share of wind power in the final energy consumption now accounts for
1
8.7%, which makes wind energy the largest contributor among all renewables in 2013 (BMWi, 2014).
The extensive diffusion of wind power in Germany also involves spatial implications. Before the
introduction of the EEG, the operation of wind turbines was only profitable in locations with very good
wind conditions, mostly in the northern coastal regions. However, with the technological development
of wind turbines and the decrease in electricity generation costs, wind energy also became profitable
in central and southern parts of the country. Consequently, the number of installed wind turbines has
increased from 16,543 to 24,867 within the last decade alone (BWE, 2014b). Figure 1.1 provides an
overview of the development of the wind energy sector in Germany in the period from 1990 to 2014.

FIGURE 1.1:
Development of the wind energy sector in Germany
Source: Own illustration based on BWE (2014a,b)

Accompanied by the extensive spatial diffusion of wind farm sites in Germany, one of the most
important associated issues is the social acceptance of this technology. Several surveys (e.g. Bell et
al., 2005; Devine-Wright and Howes, 2010; Huber and Horbaty, 2012; Kann, 2009; Wolsink, 2007)
show that there is a gap between global and local attitudes towards wind energy. While there is a
commonly positive attitude towards wind power in general, negative attitudes, such as the not-in-my1

Wind energy accounts for 35%, biomass for 31.4%, solar photovoltaics for 19.7%, and hydro power for 13.9% of
the electricity produced from renewables (BMWi, 2014).
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backyard syndrome (NIMBYism), are prevalent on the local level, where residents are directly
confronted with planned wind farm projects in their neighborhood (Burningham, 2000; Krohn and
Damborg, 1999; van der Horst, 2007; Wolsink, 2007). Local negative attitudes towards wind power
development most often stem from the visual and scenic intrusion of the turbines. Besides the general
visibility of wind farms in the landscape, shadow flickering effects, which are caused by rotating rotor
blades, and noise emitted by wind turbines, often result in annoyance and lead to rejection of wind
energy on the local level. Apart from these impacts on humans, wind farms can also have negative
effects on flora and fauna, particularly on birds and bats (Manwell et al., 2009).
The major challenge regarding the success of onshore wind farm project is the attainment of
compatibility between techno-economic feasibility and social acceptance. In order to improve local
attitudes towards wind farms while also guarantying a technically efficient and economically feasible
site selection, advances in the current site pre-assessment techniques and micrositing procedures are
required.

1.1

Goals of the project

Due to a changing policy framework, dynamic energy markets, and a variety of stakeholders,
particularly at the local level, energy utilities are confronted with increasing complexity and complexity
regarding investment decision-making. In the case of potential investments in onshore wind farm
projects, the profitability strongly depends on a thorough site assessment that aims at meeting
technical, economic, environmental, and social acceptance-related criteria. Current wind farm siting
procedures most often do not ground on model-based and systematic procedures, but rather on ad
hoc decisions and individual experiences of the decision maker or planner in charge.
This project seeks to enhance currently applied wind farm siting procedures by developing a
spatial decision support system (SDSS) that is based on state-of-the-art modeling approaches and
algorithms. To this end, we propose a two-step procedure for the optimization of onshore wind farm
siting problems:


Step 1: Site selection (section 2)
o



Selecting the best suitable sites by means of a spatial Analytic Hierarchy Process
(AHP) modeling approach

Step 2: Micrositing (section 3)
o Simulation of optimal wind farm layouts based on a gradient-based algorithm
approach.

Figure 1.2 provides a schematic illustration of the model structure. During the implementation of
the two-step optimization procedure in this project, the following research objectives were
accomplished:


Definition of a study area and comprehensive literature review



Data gathering



AHP model
o

Literature review and overview of modeling approaches

o

Development of model structure

o

Parametrization

o

Implementation / programming in ArcGIS
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Micrositing model
o

Literature review and overview of modeling approaches

o

Development of model algorithm

o

Parametrization

o

Implementation / programming in Matlab



Documentation of results



Completion of final report.

FIGURE 1.2:
Schematic illustration of the model structure

1.2

Positioning of the project within the E.ON ERC strategy

The comprehensive SDSS developed in this interdisciplinary research project provides a valuable
spatial planning tool for energy utilities and regional planners, while also meeting highest scientific
standards in terms of the methodologies and techniques applied. The developed tool improves
currently applied wind farm siting procedures as it incorporates multiple criteria, specifically
emphasizing social acceptance-related issues. This is a rather new and innovative approach since
current procedures most often only focus on a techno-economic siting optimization. The
methodological (particularly with respect to multi-criteria decision-making (MCDM) methods)
competence gained will also be a valuable asset for future research projects. Furthermore, finding
suitable sites for large-scale onshore wind farms is a topical and highly relevant issue particularly in
Germany. Thus, providing a systematic and model-based approach will foster the media presence of
the center and also the cooperation with energy utilities (e.g. E.ON New Build & Technology).
4

2 Wind Farm Siting Using a Spatial Analytic Hierarchy Process
Approach: A Case Study of the Städteregion Aachen2,3
2.1

Background

The site pre-selection procedure for wind farms in Germany is most commonly based on an
exclusion approach, which is derived from legal and factual aspects. Thus, areas are excluded which
lack sufficient average wind speeds, as well as areas where wind farm siting is restricted, such as
4
residential areas, natural resources areas (flora-fauna-habitat (FFH) areas ), water bodies, or federal
highways and other roads. Furthermore, certain buffer zones are assigned around those areas which
are subject to political considerations of the planning authority. Here, the preventive distances from
residential areas for avoiding noise nuisance and natural environments to protect avian wildlife are
defined. These buffer zones are flexible and their application has to be justified case-by-case by the
planning authority (e.g. the municipal administration). After the consideration of all restrictions, and the
associated exclusion of those areas, the remaining areas are examined individually. In this step,
location-specific considerations will be included to assess whether a site is suitable or not. However,
each federal state issues its own policy regarding the siting assessment of wind farms. As a
consequence, minimum distances between wind turbines and residential areas, for instance, may vary
substantially across the sixteen federal states of Germany.
Yet, this standard exclusion approach for wind farm site pre-assessment does not allow for a
precise and differentiated evaluation of site suitability. Basically, only restricted areas are excluded
from the development of wind energy. But not all sites are equally suitable for the utilization of wind
energy. For example, areas far away from residential areas or places of interest (POI) are likely to be
socially better accepted, since the noise nuisance and the visual impact on residents decrease. Thus,
larger distances from urban areas or POI increase the suitability from a social acceptance point of
view. The suitability of areas might also improve with increasing distance from natural environments,
since the adverse effects on birds and bats are decreasing. In addition, different land-use types, such
as landfills or former strip mines, might also be perceived as being more suitable from a social
acceptance point of view. As social acceptance has become a crucial issue regarding the successful
siting of a wind farm project, it should be a core component in any suitability assessment of a potential
site. So far, this has not been adequately considered in the pre-assessment of wind farm sites in the
literature.
The first part of this project report is devoted to providing a more precise and differentiated preassessment approach, expanding the current procedure by the incorporation of social acceptancerelated aspects. The suitability of potential sites is evaluated by means of a MCDM method, including
techno-economic, socio-political, and environmental criteria. In this context, the criteria are defined in a
way that aims at emphasizing the importance of social acceptance-related issues. Based on these
criteria, we apply the AHP approach in order to find the optimal locations for wind farm development.
The AHP approach (Saaty, 1987; Saaty, 1990) is based on a criteria-weighting scheme, which is
derived from pairwise comparison of the criteria. In order to derive reliable criteria weights, we
conducted a survey on the relative importance of each criterion among different regional stakeholders
and experts from wind energy-related fields. This enables the identification of those sites that are
characterized by a combination of technical efficiency, economic feasibility, environment compatibility,
and - no less important - local social acceptance. In the pilot study reported here, our Geographical

2

Cf. Höfer T., Sunak Y., Siddique H., Madlener R. (2014). Wind Farm Siting Using a Spatial Analytic Hierarchy
Process Approach: A Case Study of the Städteregion Aachen, FCN Working Paper No. 16/2014, Institute for
Future Energy Consumer Needs and Behavior, RWTH Aachen University, November.
3
The ‘Städteregion Aachen’ is a geographical region around the city of Aachen that falls under the jurisdiction of
a federation of several local authorities. Overall it consists of ten towns and municipalities.
4
In the European Habitats Directive, FFH areas are defined in order to conserve and protect wildlife and natural
resources.
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Information System (GIS)-based AHP model for wind farm pre-assessment is applied to the
Städteregion Aachen, Germany.
The number of studies aiming at an evaluation of locational suitability, or the optimization of sites
for wind power development, and which additionally apply appropriate MCDM methods, is still low.
Even though there are studies available that address the issue of selecting suitable wind farm sites,
these differ substantially from a methodological point of view. In the following, we review some related
literature.
Tegou et al. (2010) combine AHP with GIS to find suitable areas for wind energy development on
the Greek island of Lesvos, based on a five-stage procedure. Even though this study was the most
complete one we are aware of to date and was able to identify the most suitable sites in the study
area, it has some shortcomings. Most importantly, it is not clear as to which method was applied to
derive the criteria weights, indicating that the AHP matrix was created subjectively based on opinions
of the authors, without consulting experts or other stakeholders. Furthermore, two apparently
contradicting criteria are included in the study. The visual impact criterion determines that areas further
away from settlements are preferred to closer ones, but by introducing the electricity demand criterion,
areas closer to settlements are rated more highly than areas further away.
Bennui et al. (2007) applied a GIS-based AHP model to select feasible sites for wind farms in five
provinces in Thailand. The framework of this study is comparable to the procedure applied in the study
by Tegou et al. (2010), where restricted areas are excluded, and different criteria are defined.
However, the explanation of the applied approach is insufficient, as it is not explained how the criteria
were determined. It also remains ambiguous as to how the relative weights of the criteria are derived
and whether the criteria rating is consistent.
Baban and Parry (2001) conducted a questionnaire with local council bodies and wind companies
in the UK to determine the relevant criteria for a wind farm siting assessment. As in the previous two
studies, restriction layers are created, and scores are assigned to the relevant criteria. Thereby an
equal weights scheme and a pairwise comparison of criteria was applied. The main difference from the
other studies is that weights are not directly assigned to the criteria, but instead to four classes. Yet,
the authors do not explain the rationale behind the assignment of the criteria to the different classes.
However, the key insight of this analysis is that a weighting scheme based on the relative importance
of the criteria is more effective than an equal weighting scheme in order to find suitable areas for wind
energy development.
Gorsevski et al. (2013) conducted a suitability analysis for wind farms in north-west Ohio, USA.
The decision process is structured in four levels, where the first level comprises the goal of the
analysis (finding suitable areas for wind farms), the second level represents the restrictions, and the
third and fourth levels contain the environmental and economic objectives with the associated criteria.
A survey among 30 students was conducted, in which they were asked individually to assign weights
to the criteria. Based on the answers of the students, three alternative suitability maps were created.
However, it remains unclear as to why the survey was conducted among a small group of students in
order to identify important criteria. Another peculiarity in the procedure is that a rank order of the
criteria is established without basing it on a pairwise comparison. Further shortcomings refer to the
selection and definition of the restrictions and the criteria, such as missing criteria for natural reserves
and distance from residential areas.
Rodman and Meentemeyer (2006) use a rule-based GIS model to predict suitable sites for largeand small-scale wind turbines in the Greater San Francisco Bay Area, USA. Three models are created
individually: a physical model, an environmental model, and a human impact model. All models are
combined by ascribing the same weight to all layers. Each layer is subdivided into multiple classes,
where each class gets value scores according to its suitability. However, shortcomings exist in the
selection of criteria and in the assignment of value scores to the criteria. For instance, the proximity to
roads and transmission lines as well as critical avian habitats, are not included in the analysis.
Furthermore, no buffer zone around urban areas is created to incorporate visual intrusion and noise
nuisance. In addition, no classification in the distribution of value scores is made in order to indicate
whether a site fulfills the requirements and can therefore be rated as excellent or, vice versa, as
unsuitable. Comparable studies, yet with different theoretical backgrounds, are also provided by Aydin
6

et al. (2010), Hansen (2005), Janke (2010), Ramìrez-Rosado et al. (2008), and van Haaren and
Fthenakis (2011).
In summary, the main weaknesses of the studies reviewed refer to (1) the omission of certain
relevant criteria; (2) an insufficient application of MCDM methods, particularly of the AHP approach;
and (3) the unsubstantiated and mostly subjective assignment of criteria weights without consulting
experts. In this study, we address (1) by a two-way approach. Firstly, we consider the criteria used in
the studies reviewed. An overview of the most important criteria for the suitability assessment of wind
farm sites is provided in Table 2.1. While some relevant criteria can be applied similarly worldwide
(e.g. average wind speed), others vary substantially due to market differences in the national
regulations and legislations (e.g. distance from urban areas). Therefore, secondly, the criteria are not
derived from other studies, but from German legislation. We specifically consider the study undertaken
by the Federal State Agency for Nature, Environment and Consumer Protection in North RhineWestphalia (LANUV, 2012), which outlines all criteria set by German regulation and provides a stepby-step approach for the exclusion of restricted areas. We tackle (2) through a transparent and sound
application of the AHP methodology based on the procedure proposed by Saaty (1987) and Saaty
(1990). Finally, the common shortcoming (3) is addressed by the assignment of criteria weights based
on a survey conducted among experts and regional stakeholders from wind energy-related fields.
The remainder of this section is organized as follows. Section 2.2 provides the theoretical
background of MCDM methods and describes the AHP approach applied. Section 2.3 presents the
study area and the data used, and explains both the criteria definition and the procedure of the siting
assessment. Section 2.4 presents the results of the analysis and their policy implications.
TABLE 2.1:
Summary of criteria considered from the literature reviewed
Tegou et al.
(2010)

Bennui et al.
(2007)

Baban and
Parry
(2001)

Gorsevski
et al.
(2013)

Rodman and
Meentemeyer
(2006)

Wind energy potential

x

x

restriction

x

restriction

Distance from roads

x

n.c.

x

x

n.c.

Distance from electricity grid

x

n.c.

restriction

x

n.c.

Slope of terrain

x

restriction

x

n.c.

x

Distance from urban areas

x

x

x

restriction

restriction

restriction

x

n.c.

restriction

n.c.

x

n.c.

n.c.

x

n.c.

x

x

x

n.c.

n.c.

restriction

restriction

x

n.c.

restriction

n.c.

n.c.

n.c.

x

n.c.

Airports
Electricity demand
Places of interest
Natural environments
Avian habitat
Water bodies

x

x

x

restriction

n.c.

restriction

n.c.

n.c.

restriction

restriction

Land cover

x

n.c.

restriction

x

x

Forest areas

x

n.c.

x

n.c.

x

Soil type

n.c.

n.c.

n.c.

x

n.c.

Surface roughness

n.c.

x

n.c.

n.c.

n.c.

Elevation

n.c.

x

restriction

n.c.

n.c.

Wetlands
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2.2

Multi-Criteria Decision-Making

Finding suitable sites for wind farms is a complex decision-making problem, involving several,
and sometimes conflicting, criteria and multiple objectives. MCDM methods provide a logical
framework to investigate, analyze, and solve such problems (Nijkamp et al., 1990; Voogd, 1983).
MCDM methods are usually categorized in multi-object decision making (MODM) and multi-attribute
decision making (MADM). The difference between the two is that MODM deals with a continuous and
MADM with a discrete domain of alternatives (Zanakis et al., 1998). MADM again can be categorized
in outranking relation-based and utility function-based approaches.
The AHP approach, which is used in our study, is a utility function-based MADM method.
Thereby, AHP is one of the most frequently applied MCDM approaches and has already been
successfully used to solve various decision-making problems in fields such as public administration
and policy decision-making, or renewable energy analysis, among others (Abu Taha and Daim, 2013;
Forman and Gass, 2001; Pohekar and Ramachandran, 2004; Saaty, 2008). Some of the carefully and
systematically studied MCDM problems are also listed in Saaty and Forman (1993) as well as in Saaty
and Ozdemir (2005).
In general, the AHP approach is a systematic procedure of evaluating the relative importance of a
set of criteria and sub-criteria in order to achieve a certain goal. In this context, the subjective
importance of the criteria and sub-criteria is quantified and aggregated in order to reach a decision.
Referring to Saaty (1977), AHP is based on four axioms; the reciprocal axiom, the homogeneity axiom,
the synthesis axiom, and the expectation axiom. The reciprocal axiom will constitute that if A is 3 times
more important than B, B should be one-third as important as A. The homogeneity axiom requires that
elements being compared are homogeneous or close in property, since errors in judgments could
otherwise occur. The synthesis axiom states that the priorities of, or the judgements about, an element
should not be influenced by a lower level element. The expectation axiom postulates that individuals
who have reasons for their beliefs should make sure that their ideas are adequately represented for
the outcome to match these expectations.
In order to apply AHP, three steps have to be conducted consecutively. Firstly, the goal of the
problem, which is in our case finding the most suitable sites for wind farms, and a hierarchy of various
criteria and sub-criteria affecting the goal are defined. The alternatives, i.e. the suitable areas of the
study region, are arranged at the bottom of the hierarchy (Saaty, 1990). In a second step, pairwise
comparisons of all criteria influencing the decision have to be conducted. The criteria used in our study
are introduced in section 2.3.4. The fundamental scale, which is applied to conduct these pairwise
comparisons, is provided in Table 2.2. Lastly, the priority vector indicating the relative importance of
different criteria is calculated.
TABLE 2.2:
The fundamental scale according to Saaty (1990)
Intensity of
importance
1
3
5

Definition
Equal importance
Moderate importance of
one over another
Essential or strong
importance

7

Very strong importance

9

Extreme importance

2, 4, 6, 8

Intermediate values

Explanation
Two activities contribute equally to the objective.
Experience and judgement slightly favor one activity over another.
Experience and judgement strongly favor one activity over another.
An activity is favored very strongly and its dominance is
demonstrated in practice.
The evidence favoring one activity over another is of the highest
possible order of affirmation.
When compromise is needed.
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According

to

Saaty

(1987)

and

Saaty

(1990),

a

pairwise

judgment

matrix

A  cij   i, j  1, 2,..., n can be constructed for the n criteria affecting the selection of one of the
available alternatives. The judgment matrix A is given below, where cij is the relative importance of
criterion Ci over criterion Cj according to Table 2.2.

 c11

 c21
A

 cn1


c12

c1 n 1

c22

c2 n 1

cn 2

cn n 1

c1n 

c2 n 


cnn 

(2.1)

According to the reciprocal judgement, if the importance of criterion Ci over criterion Cj is k, then
the relative importance of Cj over Ci is 1/k. Thus, in matrix A, cij  1 cij  i  j and cii=1 for i,j =
1,2,…,n. Such a specified matrix is termed a reciprocal matrix. The number of judgments needed for
such a matrix is n  n  1 / 2 . After constructing the judgment matrix, the priority vector can be
calculated using the eigenvalue method, which solves for the principal eigenvector w of matrix A
(Saaty, 1977; 2003):

A  w  max  w

(2.2)

where λmax is the maximal eigenvalue. The priority vector indicates the importance of each criterion
and determines the influence of a criterion on the overall goal (in our case to find optimal wind farm
sites).
Since the pairwise comparisons of criteria can be inconsistent, a check for inconsistency has to
be applied. To this end, the maximal principal eigenvalue λmax of the matrix is calculated by solving
eqs. (2.3) (Saaty, 1990):

det( A  I  )  0

(2.3)

where I is the n×n identity matrix. The judgment matrix A is consistent if cik  c ij c jk  i, j , k . This
condition is difficult to fulfill, since human judgments are inherently inconsistent. In order to check for
the extent of consistency of the matrix, the consistency index (CI) and the consistency ratio (CR) have
to be calculated according to eqs. (2.4) and (2.5) (Saaty, 1987). The matrix is considered consistent if
CR is smaller than the threshold of 0.1 (Saaty, 1980). If CR exceeds the threshold, the matrix is
considered inconsistent.

CI 

max  n
n 1

CR 

CI
RI

(2.4)

(2.5)

The random index values (RI), used to calculate CR, vary with the matrix size and are provided in
Table 2.3. In cases where the individual matrix turns out to be inconsistent, i.e. with CR > 0.1, we
apply the consistency adjustment procedure proposed by Saaty (2003), which is based on a maximum
deviation approach (for details see Gastes, 2012; Garbuzova-Schlifter and Madlener, 2014).
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TABLE 2.3:
Random index values (according to Saaty and Tran, 2007)
N

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

RI

0

0

0.52

0.89

1.11

1.25

1.35

1.40

1.45

1.49

1.52

1.54

1.56

1.58

1.59

Since the idea of this study is to incorporate the opinions of several experts with different
viewpoints on the optimal siting of wind farms, multiple matrices have to be aggregated. The
aggregation of these different preferences can be done either by aggregating the individual
judgements (AIJ) or by aggregating individual priorities (AIP) (Forman and Peniwati, 1998;
Ramanathan and Ganesh, 1994). AIJ should be applied when the individuals within a group relinquish
their own preferences for the good of the organization and thereby form a new individual. Here, one
single group matrix is generated and, based on this matrix, one priority vector is computed. If each
individual acts on his/her own interest with different value systems, AIP should be used. In this case,
the priority vectors are computed for each individual and these priority vectors are then aggregated to
form the priority vector of the group. As in our study each expert acts as an independent individual, we
5
use the AIP to aggregate preferences.

2.3
2.3.1

Data and AHP Framework
Data and study area

The Städteregion Aachen, located in western North Rhine-Westphalia (NRW), Germany, is a
federation of ten towns and municipalities with about 540,000 inhabitants overall. With a size of
2
approximately 707 km , this region shares borders with Belgium and the Netherlands, and expands 50
km from north to south and 10 – 25 km from east to west (figure 2.1).

FIGURE 2.1:
Study area and land cover types

As illustrated in figure 2.1, different landscape characteristics are prevalent in the northern, the
middle, and the southern part of the region. These different conditions entail distinct challenges and
tasks for wind energy development. Up to now (as of September 2014), 69 wind turbines with an
5

In contrast to AIJ, when using AIP it is not possible to provide one final group matrix, as we are aggregating the
priority vectors of each individual’s matrix (and not each criterion judgement).
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aggregated capacity of approximately 101 MW are installed in the Städteregion Aachen. The majority
of the wind farms are located in Monschau, Simmerath, and Aachen (Städteregion Aachen, 2011).
However, the full potential of wind energy has not been exploited yet. Based on the wind energy
potential study NRW (LANUV, 2012), a capacity of 408 to 660 MW can still be installed. Table 2.4
shows the installed capacity of wind energy by municipalities.
TABLE 2.4:
Installed capacity of wind energy by municipality
Municipality

Installed capacity [MW]

Aachen

15.3

Alsorf

0

Baesweiler

8

Eschweiler

9

Herzogenrath

6.6

Monschau

23.6

Roetgen

0

Simmerath

25.3

Stolberg

3.5

Würselen

10.1

Total

101.4

Source: Städteregion Aachen (2011)

2.3.2

Methodological framework

The methodological framework of the wind farm siting pre-assessment applied in this project is
structured in different steps that are summarized and illustrated in figure 2.2. Similarly structured to
Tegou et al. (2010), key steps of the framework are the determination of the exclusion area as well as
the rated area and, finally, the derivation of the suitable area.

FIGURE 2.2:
Methodological framework for site selection (step1)
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2.3.3

Exclusion area

First, those areas are excluded, that can be considered as being unsuitable for locating wind
farms due to factual reasons and legal regulations. This comprises areas such as residential areas,
natural resources areas, water bodies, etc. In some cases also buffer zones, i.e. minimum distances,
around those areas are excluded according to German legislation. Table 2.5 provides an overview of
the excluded areas.
TABLE 2.5:
Exclusion parameters
Exclusion parameter

Buffer zone

Wind energy potential

< 6 m/s

Urban area

Residential area

550 m

Mixed-use area

400 m

Infrastructure

Natural environment

-

Roads

-

Highways

20 m from rotor blade tip

Railroads

100 m

Transmission lines

100 m

Natural resource area
National parks
FFH areas

300 m
(if birds or bats present,
otherwise no buffer)

Bird reserve
Protected biotopes
Natural monuments
Water bodies

50 m

Slope of terrain

> 30%

-

Land cover type

Deciduous wood

-

Experimental woodland

-

Natural forest cells

-

Seed area in forests

-

The exclusion procedure is implemented in ArcGIS. The BUFFER tool is used to establish a
buffer zone around a given type of area, where a ‘no building zone’ is required according to German
legislation. Then all feature datasets are converted into a raster dataset with a cell size of 10 m. In a
next step, based on Boolean logic, the IS NULL and CON tools are used to assign a true or false
value to the criteria. All restricted areas are denoted as false and, therefore, get a value score of 0.
The last step of this stage is to ‘multiply’ all restrictions to make sure that an area excluded in one
criterion will also be excluded in the entire analysis. Since the MULTIPLY tool in ArcGIS only multiplies
two rasters and the function is equivalent to finding the local minimum, the CELL STATISTICS tool is
used. Finally, the exclusion area map will illustrate the maximum land technically available for the
development of wind energy in the Städteregion Aachen.

2.3.4

AHP criteria and rated area

Next, key criteria for finding optimal wind farm sites are defined. The criteria used to determine
the suitability of areas are listed in Table 2.6. These criteria are briefly described in the following.
Subsequently, value scores are assigned to each criterion in order to allow for a spatial rating of
12

6

potential locations. As mentioned before, the rating scheme of the criteria was developed with a
specific focus on social acceptance-related issues. Finally, after the assignment of the criteria’s value
scores, those are multiplied by the relative importance calculated using the AHP approach.
Regarding the implementation in ArcGIS, the first step is to calculate the distance ranges of
distance-dependent criteria. For this purpose, the EUCLIDEAN DISTANCE tool is used. Then, the
RECLASSIFY tool is employed to assign the value score to the criteria. In order to produce the
suitability scores, we applied the RASTER CALCULATOR, which enables the construction and
execution of a single map algebra expression in Python syntax. By doing so, we created the weighted
overlay function in order to combine the assigned value scores for each criterion with their relative
7
importance. Accordingly, the rated area map will display the distribution of value scores across the
study area, considering each criterion’s individual weight.
TABLE 2.6:
AHP criteria
Criteria
Wind energy potential
Distance from road network
Distance from electricity grid
Slope of terrain
Distance from urban areas
Distance from places of interest
Distance from natural environments
Land cover type
Landscape architecture

2.3.4.1

Wind energy potential

The average wind speed in a given area is a key criterion regarding the determination of the
economic performance of a wind turbine. Therefore, the wind energy potential criterion is incorporated
in almost every study and is mainly considered to be one of the most important criteria (Bennui et al.,
2007; Gorsevski et al., 2013; Janke, 2010; Rodman and Meentemeyer, 2006; Tegou et al., 2010; van
Haaren and Fthenakis, 2011; among others).
Figure 2.3 illustrates the distribution of annual average wind speeds in the study area. According
to this data, the annual average wind speeds at a height of 135 m range from 4.5 m/s to 7.5 m/s,
although wind speeds below 6 m/s and above 7.25 m/s rarely occur. Generally, an average annual
wind speed below 6 m/s is considered to be no longer economically feasible and, therefore, areas with
a wind speed of less than 6 m/s are excluded (LANUV, 2012). According to the opinions of regional
wind farm planners, average wind speeds above 6.5 m/s can be considered to be well suited, which
matches with the value score scheme shown in Table 2.7. According to this scheme, lower wind
speeds receive value scores of 2 to 4, higher wind speeds value scores of 6 to 10, and average wind
speeds of >7 m/s receive the highest value score (10).

6

The required data for this step were gathered from different sources. Table A2.1 in the Appendix provides an
overview of these sources.
7
Even though ArcGIS offers a built-in WEIGHTED OVERLAY tool, we modeled the AHP application in Python, as
the WEIGHTED OVERLAY tool does not allow for missing values.
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FIGURE 2.3:
Distribution of annual average wind speeds in the Städteregion Aachen

2.3.4.2

Distance from road network

To reduce construction costs for new access roads and to avoid soil sealing, wind turbines should
be located as closely as possible to the existing road network (Windustry, 2006). Roads must have a
minimum width of 4 m and a solid pavement (LANUV, 2012; van Haaren and Fthenakis, 2011).
According to legal regulations, a minimum distance of 20 m from federal highways to the rotor blade
tip of the wind turbine has to be kept. In the case of state and district roads, permission of the road
building agency will be required if wind turbines are located within 40 m of these roads.
In most wind farm siting assessments, the areas further away from roads are considered less
suitable than those closer to roads (e.g. Baban and Parry, 2001; Gorsevski et al., 2013; Hansen,
2005; Janke, 2010; Ramírez-Rosado et al., 2008; Tegou et al., 2010; van Haaren and Fthenakis,
2011). However, there is no generally valid definition of a maximum distance from the wind turbines to
the road network. Bennui and Rattanamanee (2007) as well as Tegou et al. (2010), for instance, set
the maximum distance to the next road to 2,500 m, whereas in contrast, Baban and Parry (2001) and
Gorsevski et al. (2013) set it to 9,000 m and 10,000 m, respectively. The road network in the
Städteregion Aachen is quite dense and so few areas are further than 500 m away from large roads.
Based on this fact, areas with a larger distance than 500 m from roads get the lowest value score of 1.
Vice versa, the value scores increase with decreasing distance.

2.3.4.3

Distance from electricity grid

In order to reduce the costs associated with cabling and electricity losses over long transmission
distances, wind farms should be located in the proximity of the electricity grid. Depending on the
number of wind turbines installed, wind farms are either connected to the medium voltage grid (10, 20,
and 30 kV), the high voltage grid (110 kV), or the extra-high voltage grid (220 kV and 380 kV). Large
wind farms with an installed capacity of more than 10-15 MW are usually connected to the high
voltage grid and commonly require the construction of a new grid substation (Hau, 2014).
The importance of this criterion in the literature is ambiguous. Rodman and Meentemeyer (2006),
Aydin et al. (2010), and Bennui et al. (2007) do not include the distance to the electricity grid in their
analyses. Van Haaren and Fthenakis (2011) and Ramìrez-Rosado et al. (2008) calculate the costs
associated with the connection of a wind turbine to the electricity grid. Among the studies considered,
only Gorsevski et al. (2013), Tegou et al. (2010) and Janke (2010) include the distance from the
electricity grid as a criterion in their analyses. However, the determined maximum distance of wind
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turbines to the electricity grid strongly varies throughout the literature. Tegou et al. (2010) set the
threshold to 2,000 m, whereas Gorsevski et al. (2013) set it to 20,000 m. The distance to the electricity
grid seems to be highly dependent on the location of the study area.
Regarding the minimum distance, a distance of one rotor diameter has to be kept between the
rotor blade tip and the overhead power line, according to the NRW wind energy enactment (LANUV,
2011). The reference wind turbine has a rotor blade diameter of 101 m. Hence, areas closer than 100
m to the power line are determined as restricted areas. Above that minimum distance, in our analysis,
the value score increases with decreasing distance from the grid. Based on the spatial dimension and
characteristics of our study area, areas within the range of 100 to 1,000 m receive the highest value
score of 10, and areas with distances in excess of 9,000 m the lowest score of 1.

2.3.4.4

Slope of terrain

Steep slopes of a surface can reduce the accessibility of cranes and trucks and increase
construction costs. Recommendations for the maximum slope threshold range from 10% (Baban and
Parry, 2001) to 30% (Tegou et al., 2010). Rodman and Meentemeyer (2006) even prefer ridge crests
and set the threshold for slope to 40°, which corresponds to approximately 84%. Others (e.g. Aydin et
al., 2010; Gorsevski et al., 2013; Hansen, 2005; Janke, 2010) did not even consider slope as a
criterion. In our study, a maximum slope of 30% is assumed. This also corresponds to the opinions of
the regional wind power experts and wind farm planners who participated in the conducted survey. By
assuming this specific percentage, we exclude very few areas in the Städteregion Aachen. Again,
lower slopes are preferred and receive higher value scores.

2.3.4.5

Distance from urban areas

In Germany, the siting of wind turbines in or close to urban areas is restricted in order to prevent
noise nuisance and visual intrusion or massing effects caused by wind turbines (LANUV, 2011).
Regarding the problem of noise nuisance, there are strict regulations concerning the maximum sound
pressure level allowed in urban areas. According to the existing regulations, the maximum sound
pressure level allowed at night is 40 dB in residential areas and 45 dB in mixed-use areas. To prevent
massing effects, a judicial decision states that an oppressive effect will exist if the distance between a
wind turbine and the residential area is less than twice the overall height of the turbine, whereas it will
not exist if the distance is more than three times the overall height. Thus, considering noise nuisance
and potential massing effects, areas closer than 550 m to residential areas and 400 m to mixed-use
areas are excluded. However, besides those minimum distances, further potential visual impacts, such
as landscape impacts, shadow flicker, or light reflections, have to be considered within the scoring
scheme, as these are main subjects of concern regarding the social acceptance on the local level. In
order to minimize these visual impacts, areas further away from urban areas are rated better than
potential wind farm sites close to urban areas. According to that, value scores increase gradually as
distance increases. This largely corresponds with other studies in the literature, which also apply
buffer zones around urban areas. Among the studies surveyed, only Gorsevski et al. (2013) and
Rodman and Meentemeyer (2006) solely exclude the developed area itself without a buffer zone
around it. Buffer zones in other studies vary from 500 m (e.g. van Haaren and Fthenakis, 2011) to
2,500 m (e.g. Bennui et al., 2007). Opinions of the local experts about possible threshold distances,
beyond which visual impacts can be neglected, vary, but mostly range between 1,000 m and 1,500 m.
Similarly, results from hedonic pricing studies on the visual impact of wind farms on property values in
Germany (Sunak and Madlener, 2012, 2014) suggest a buffer distance of at least 1,000 to 1,500 m in
order to reduce visual impacts to acceptable levels. Additionally, the former wind energy decree states
that no negative impacts may be present in excess of about 1,500 m (MKULNV, 2005). According to
that, areas in excess of 1,500 m received the highest value score of 10. Below that distance threshold,
value scores diminish with decreasing distance to urban areas.
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2.3.4.6

Distance from places of interest

In a similar vein to the urban area criterion, the ‘distance from places of interest’ criterion also
seeks to emphasize social acceptance-related issues. In this context, to reduce public concern
towards wind energy, it might also be beneficial to locate wind turbines far away from POI, such as
tourist attractions, sights, or monuments. Tegou et al. (2010), Hansen (2005), Bennui et al. (2007), as
well as Baban and Parry (2001) included this criterion in their analysis. Considered places of interest
in the Städteregion Aachen are, e.g., the Siegfried Line fortifications, Bronze Age barrows, historic
buildings such as castles, palaces or cathedrals, and Eifel hill views.
The procedure applied in the literature to incorporate places of interest varies from study to study.
Tegou et al. (2010) created three zones around archaeological sites; a 500 m restriction zone, a 3,000
m zone, and a 6,000 m zone with different value scores. Hansen (2005) only included churches in his
analysis and set the minimum distance to 300 m, whereas areas 500 m away received the maximum
score. Bennui et al. (2007) set the minimum threshold to 2,000 m, whereas the maximum score is
assigned to areas further away than 4,000 m.
In this study, no exclusion zones around places of interest are created, but areas further away
from such places are rated better. However, areas closer than 600 m are considered to be only poorly
suitable.

2.3.4.7

Distance from natural environments

The criterion ‘distance from natural environments’ comprises national parks, natural reserves,
FFH areas, bird reserves, biotopes, water bodies, etc. These areas serve the protection of nature and
wildlife and are therefore excluded from wind energy development (LANUV, 2011). A major concern is
the potential collision of birds and bats with wind turbine blades if wind turbines are located too closely
to their habitats or migratory routes. Therefore, the wind energy decree of NRW (LANUV, 2011) states
that a ‘no building zone’ of 300 m should be created around areas that particularly protect bats or bird
species. A guideline (MKULNV, 2013) lists all wind-energy-sensitive birds present in North RhineWestphalia.
Wind-energy-sensitive birds commonly present in the study region are the Red Kite, the Black
Stork, and the Eagle Owl. Whereas birds are protected by the designation of natural reserves, bats are
protected in FFH areas. Threatened bats are listed in the EU Habitats Directive, Annexes II and IV. In
2006, a federal consortium published a study that examined the impact of wind turbines on birds and
concluded that wind turbines do negatively affect these birds if the former are located closer than
1,200 m to such areas (LAG-VSW, 2007). Hence, this is chosen as the maximum threshold for the
assignment of value scores. Reports from the German federal states of Lower Saxony (NLT, 2011)
and Brandenburg (MUGV, 2012) propose keeping a distance of 1,000 m from habitats of wind-energysensitive bats. If no birds or bats are present in natural reserves, national parks, or FFH areas, no
buffer zone will be established around these areas. According to the opinions of local experts in the
Städteregion Aachen, a 500 m distance from protected areas without wind-energy-sensitive birds or
bats is sufficient.
Wind farms in biotopes, at natural landmarks, at natural monuments, and in protected landscape
components are also prohibited by law. However, they only have a subordinate function for the
protection of wildlife (Stadt Aachen, 2012). Hence, no buffer zone is established around them and no
value score is assigned based on the distance to these areas.
Furthermore, it is prohibited to construct wind turbines in water protection zones category 1, as
well as in areas with standing and running waters. No value scores are assigned to these areas,
because they do not serve as a protection of wind-energy-sensitive animal species. By contrast, areas
in water protection zones II, III, and IIIa will be considered suitable if an examination concludes that a
wind turbine does not affect the protective target of these zones (LANUV, 2011). Lastly, the siting of
wind turbines is also prohibited in the proximity of water bodies. A ‘no building zone’ of 50 m has to be
kept around water bodies of category 1 and standing waters larger than 5 ha. A strip of 5 m has to be
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kept free around all other water bodies. In this analysis, water bodies are incorporated as restrictions,
but not as a criterion.
The construction of wind turbines in flood plains, however, is possible under certain premises. It
would also be possible to construct wind turbines in protected landscapes if the project were
compatible with the particular protection targets of the areas. This especially applies to large-scale
protection zones (LANUV, 2011). In accordance with LANUV (2012), these areas are, therefore, also
considered suitable.
In the light of the aforesaid, the minimum distances and distance-dependent value scores are
chosen according to natural reserves without birds or bats, natural reserves with birds, and natural
reserves with bats (see Table 2.7).

2.3.4.8

Land cover type

The suitability of an area for the siting of wind turbines also depends on the prevalent land cover
type. From a social acceptance point of view, some land cover types can be considered to be more
preferable than others. It is widely recognized in the literature that ‘shorter’ vegetation is preferable to
‘taller’ species. Thus, agricultural land, barren land, grassland, and shrubland can generally be
considered to be most suitable, whereas forestland is considered to be less suited (e.g. Gorsevski et
al., 2013; Janke, 2010; Rodman and Meentemeyer, 2006; Tegou et al., 2010; van Haaren and
Fthenakis, 2011). An exception is the study by Baban and Parry (2001), in which the development of
wind energy on agricultural land is prohibited. In order to assign value scores to the prevalent land
cover types in the region of Aachen, local experts were asked to evaluate the relative suitability of
each land cover type. Table 2.7 shows all land cover types prevalent in the Städteregion Aachen and
the associated value scores.
The siting of wind turbines in forestland is subject to specific regulations. Based on the Federal
8
Forest Act (Bundeswaldgesetz) , forestland has to be protected due to its productive, protective, and
9
recreational functions. The new NRW State Development Plan (Landesentwicklungsplan NRW) will
enable the installation of wind turbines in forests if 15% or more of the municipal area is forested.
According to the federal report on the situation and development of forestry in NRW (MKULNV, 2012),
more than 15% of the area of each municipality in the Städteregion Aachen is forested. Thus, it is
generally possible to locate wind farms in forests in this study area. However, there are differences
regarding the type of forestland. While the ‘15% rule’ only applies to coniferous woods, it is prohibited
to site wind turbines in deciduous woods, and only in exceptional cases within mixed forests.
In summary, higher value scores are assigned to areas that might be perceived as being better
suited for wind power projects (also from a social acceptance point of view), such as shrubland,
heathland, grassland, acreage, or bare soil.

2.3.4.9

Landscape architecture

As mentioned before, wind turbines emit noise and might have negative effects on birds, bats,
and the landscape. The aim of including a criterion that takes a landscape architectural perspective is
to minimize adverse environmental effects and to reduce concerns with regard to social acceptance.
For this purpose, wind turbines should be built in or close to areas that are already negatively affected
by comparable impacts, such as in the proximity of highways, and railroads, or on former dumps,
landfills, and strip mines (LANUV, 2011; 2012). Since the additional negative effect on the
environment caused by wind turbines close to highways and railroads is less than in open space,
areas in the proximity of these are considered to be preferential. According to a study by BMUB
(2009), areas within a 500 m distance of highways and railroads can be considered as already being

8

Available online at http://www.gesetze-im-internet.de/bwaldg/ (last accessed August 29, 2014).
Available online at http://www.nrw.de/web/media_get.php?mediaid=21178&fileid=63623&sprachid=1 (last
accessed August 29, 2014).
9
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negatively impacted. Hence, the assigned value scores are the highest for the areas up to 500 m
around such sites.
In addition to the siting of wind farms close to highways and railroads, it is also possible to site
those on dumps, landfills, former strip mines, and fallow military training camps (if no other restrictions
exclude these areas). A few such sites can be found in the Städteregion Aachen, such as the lignite
strip mine in Inden, or the fallow military training sites Camp Hitfeld and Camp Astrid, respectively. As
the social acceptance of wind farm projects in these areas might be higher, the highest value score of
10 is assigned to them.

FIGURE 2.4:
Classification of the criteria
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–

–

–

–

–
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300 - 400

0 - 300

w/
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TABLE 2.7:
AHP criteria and value scores

2.3.5

AHP weights

Figure 2.5 provides an overview of the three-level hierarchical structure of the wind farm site
selection problem, where the superior goal (finding the optimal wind farm site) is located at the top
level, the criteria that influence the achievement of the goal at the second level, and the potential site
alternatives at the bottom level of the structure.

FIGURE 2.5:
Hierarchical structure of the optimization problem

The criteria listed above are used to establish a 9×9 judgement matrix. With this matrix, the
priority vector, which represents the relative importance of a criterion, is calculated. The criteria are
partially derived from several other studies; nonetheless, to the best of our knowledge, there is no
other study with a comparable comprehensive set of criteria. Note that it is difficult to compare and,
even more so, to adopt the priority vectors of other studies, because of different regional conditions
and different derivation methods used for the priority vectors. Furthermore, no consensus about the
rank order or the relative importance of the criteria could be found within the literature. This raised the
necessity for conducting a survey among regional wind power experts. 22 local wind power experts
from the Städteregion Aachen agreed to participate and were asked to fill out a questionnaire of
pairwise comparison of the nine criteria. The participants are selected experts from different wind
power-related fields, such as business, science, administration, environmental associations, and local
10
public initiatives .
Based on the completed questionnaire of the experts, the priority vectors are calculated with the
11
eigenvalue method. Applying the AIP method, the individual priorities of the experts are aggregated
10

It has to be noted that the subjective opinions of the experts do not necessarily represent the opinion of the
company, administration, or association that the expert is belonging to. To maintain confidentiality, the individual
matrices are not shown. The anonymized matrices of each individual are available from the authors upon request.
Table A2.2 provides an overview of the experts who participated.
11
The local experts filled out the questionnaire, i.e. the pairwise comparison part, during personal interviews. This
enabled us to directly answer arising questions regarding the pairwise comparison procedure, which positively
affected the consistency of the judgements made by the experts (in comparison to conducting the survey
anonymously and remotely). Nevertheless, 13 out of 22 matrices had a CR > 0.1 (mostly between 0.1 and 0.2)
and had to be adjusted according to the procedure proposed by Saaty (2003).
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in order to derive the relative importance of the considered criteria. The aggregation is done with the
geometric mean method (Aczél and Saaty, 1983). The final rank order is summarized in Table 2.8.
TABLE 2.8:
Relative importance of criteria
Criterion

Relative importance [%]

Wind energy potential

21.6

Distance from natural environments

20.4

Distance from urban areas

18.5

Distance from electricity grid

8.0

Distance from road network

7.4

Distance from places of interest

7.2

Landscape architecture

6.2

Land cover type

6.0

Slope of terrain

4.6

Accordingly, the experts consider the three criteria wind energy potential (21.6%), distance from
natural environments (20.4%), and distance from urban areas (18.5%) to be the most important ones.
Even though Rodman and Meentemeyer (2006), Tegou et al. (2010), Bennui et al. (2007), Gorsevski
et al. (2013), and Janke (2010) also regarded the wind energy potential to be the most important
criterion, in our study the importance of the two other criteria was considered to be similarly important.
This is different to the other studies where the wind energy potential criterion is by far the most
important one. According to our ranking, the great importance of the distance from natural
environments and distance from urban areas criteria might largely be attributable to the composition of
the experts consulted, and with that, the different perspectives on wind farm siting considered. The
other criteria, such as the distance from the electricity grid, the distance from the road network, the
distance from places of interest, landscape architecture, and the land cover type are considered to be
largely similarly important, in the range of 6.0 to 8.0%. Furthermore, the slope of terrain criterion is
rated as rather unimportant (4.6%), which is consistent with the study by Tegou et al. (2010).

2.3.6

Suitable area

After the creation of the exclusion area map as well as the rated area map (i.e. scoring and
weighting) of the considered criteria, finally, the suitable area map can be generated. The suitable
area is basically calculated by consolidating the exclusion area and the rated area in one map. By
doing so, all excluded areas that received a value of 0 keep that value, while areas that obtained a
value of 1 in the first step (exclusion) adopt the values calculated for the rated area. As a result, an
area is either excluded (if the value is 0), or it has a value score of 1 to 10 and is therefore suitable for
12
wind farm siting. The identified suitable areas are divided into three classes, as shown in Table 2.9.
TABLE 2.9:
Suitability index
Suitability

Value score

High

8-10

Medium

5-7

Low

1-4

Excluded

0

12

As the construction of a wind farm demands a minimum amount of available space, all areas smaller than 1 ha
are excluded from the final suitable area map (LANUV, 2012).
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2.4
2.4.1

Results
AHP

As already mentioned above, the restricted areas where the development of wind energy is
impossible due to legal regulations, physical restrictions, or factual reasons are excluded at the outset.
Figure 2.6 shows the exclusion area and also the type of excluded land. After the exclusion of the
restricted areas, approximately 9.4% of the area remains available for wind energy development,
13
which corresponds to 6,658 ha (out of a total size of 70,713 ha of the study area). Measured by the
size of the non-excluded areas, the municipalities of Simmerath, Eschweiler, and Aachen have the
largest potential. In relation to the overall size of the municipal area, Baesweiler and Roetgen also
have a high potential. However, the actual size of the non-excluded area in hectares in these
municipalities is relatively small.

FIGURE 2.6:
(a) Exclusion area and (b) type of excluded land

Regarding the type of excluded land, most of the areas are excluded due to legal regulations
concerning urban areas and the distance buffer around them, or natural environments with their
corresponding protection zones. The exclusion of deciduous woods is only significant in the
municipalities of Aachen and Roetgen. In the rest of the study area, deciduous woods are already
excluded because of natural protection laws or because of their proximity to urban areas. Furthermore,
figure 2.6b shows that most areas in the northern part of the Städteregion Aachen are also excluded
due to their proximity to urban areas, whereas areas in the middle and southern parts are additionally
excluded due to environmental regulations.
Figure 2.7 provides the rated area maps for each criterion in which the study area is classified
according to the assigned value scores. The nine rated area maps for the criteria are then overlaid by
applying the AHP criteria weights. Through the weighted overlay, one final rated area map can be
derived (figure 2.8).
13

An overview of the suitable area per municipality is provided in Table A2.3 in the Appendix.
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As the wind energy potential criterion is rated as the most important one, areas with the lowest
overall value scores in the rated area map are likely to be those with lower scores in the wind energy
potential criterion. The wind speed, however, seems to be related to the type of land cover and the
slope of terrain. Forested areas and steep slopes tend to have lower wind speeds compared to plane
areas. This is also observed in other studies (Baban and Parry, 2001; Rodman and Meentemeyer,
2006). In our analysis, this correlation is particularly prominent in the southern part of the region,
where steep slopes and trees around rivers cause the lowest wind speed of the region (see also figure
2.3).
Areas in and around the natural reserves and FFH areas are rated poorly because they get low
value scores from three important criteria. Firstly, it is widely accepted that the nature and wildlife in
these areas have to be protected and that a safety distance has to be kept to protect wind-energysensitive birds. Secondly, these areas are mostly forested, which is associated with a low value score
in the land cover criterion. And, lastly, the wind speed tends to be lower in the forested areas, which
goes along with a low score in the wind energy potential criterion.
The northern, more urbanized areas received relatively high value scores on average, although
the ‘distance from urban areas’ criterion assigns higher scores with increasing distance from
settlements. However, in some cases the effect of the ‘distance from urban areas’ criterion tends to be
superimposed by the joint effect of almost all other criteria. Particularly, the areas in the northern part
of the study area receive higher value scores from almost all other criteria due to their large distance
from natural environments, their proximity to roads, highways and the electricity grid, less steep
slopes, and prevailing land cover type (grassland and farmland).
Overall, the northern part of the Städteregion Aachen seems, without consideration of restricted
areas, to be more suitable for the development of wind energy. Main reasons are the high wind energy
potential, less natural reserves and FFH areas compared to the southern part, high infrastructure
accessibility, and the prevalent land cover. In contrast, the middle and the southern parts of the region
are characterized by many natural reserves, FFH, and forested areas, and are rated as less suitable.
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FIGURE 2.7:
Suitability according to the criteria (a) wind energy potential, (b) distance from natural environments, (c)
distance from urban areas, (d) distance from places of interest, (e) distance from electricity grid, (f)
distance from road network, (g) landscape architecture, (h) land cover type, and (i) slope of terrain
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FIGURE 2.8:
14
Rated area

Finally, in order to derive a map of suitable areas, the results of the previous two steps are
consolidated. By doing so, all exclusion areas are left out from the rated area map. Based on the value
score, all non-excluded areas can now be assigned to one of the three suitability classes, as described
in Table 2.9. The suitable areas for wind energy development in the Aachen region are illustrated in
figure 2.9.
According to the results obtained, the largest share of areas with high suitability is located in the
northeastern and in the middle part of the study area. This is due to the fact that urban areas, natural
reserves, and FFH areas are farther away in this area and that the average wind speed is relatively
high. Additionally, all areas with high suitability are located on farmland. The interaction of these
beneficial conditions leads to the result that these areas can be classified as being highly and
mediumly suitable. Areas with high and medium suitability in the middle part differ from those in the
northeastern part in that they are surrounded by natural reserves and are located in coniferous forests.
However, since no bats and birds are registered, such areas, even though they are close to natural
reserves, get higher value scores. Furthermore, only few settlements are located in the proximity. In
the southern part of the study area, suitable sites are mainly small and only classified as having a low
suitability. This might largely be ascribed to the proximity to the natural environments, urban areas, or
both. Overall, the southern part can be regarded as less suited for wind energy development,
compared to the middle and, in particular, the northern part of the Aachen region. Table 2.10 provides
15
an overview of the suitable area available in the study region.

14
15

Note that no area received the overall highest value score of 10.
Suitable areas per municipality are summarized in Table A2.3 in the Appendix.
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FIGURE 2.9:
Suitable area

In order to validate the results obtained, we compare the sites of existing wind farms in the
Städteregion Aachen with the location of the suitable areas that were obtained from the AHP model
(figure 2.10). Accordingly, most existing sites are located within or very close to the areas identified as
suitable, which indicates robust und reliable results from a real-world perspective. In particular, wind
farm sites in the north completely overlap with areas that were found to have high or medium suitability
in our study. The comparison also reveals that large areas with high suitability in the northeast are still
utilizable for wind energy development. This also applies for the large area in the middle part of the
study area, where the suitable areas are mostly characterized by medium suitability only. Also here,
one existing site almost entirely matches with the suitable sites identified in our analysis. Only in the
case of one existing wind farm in the southern area are the findings of our model not overlapping. In
this specific case, the wind farm is sited in or near natural resource areas with sensitive bird and bat
populations and was, therefore, excluded from our model. The siting of that specific wind farm in an
environmental sensitive area might have occurred because at the time of construction, this area was
not designated as a sensitive natural resource area with specific protection requirements.
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FIGURE 2.10:
Existing wind farms in the Städteregion Aachen

2.4.2

Sensitivity analysis

Besides the comparison of the AHP results with the location of existing wind farm sites in the
region, we further conducted a sensitivity analysis. In the previous subsection, the suitability
assessment of potential sites for wind energy development was based on the value scores assigned to
each criterion and, in particular, on their associated relative importance, which was determined by
conducting a survey among local wind energy experts. In order to check the sensitivity of the assigned
criteria weights and to validate the results obtained, we carried out a sensitivity analysis. Three
different approaches for the sensitivity analysis can be found in the relevant literature. One approach
is to give equal weights to all criteria (Baban and Parry, 2001; Tegou et al., 2010), another one to set
one or more criteria equal to zero (Tegou et al., 2010), and still another one to alter the criteria weights
by a defined interval one at a time, for example +/-10% (Gorsevski et al., 2013). As the application of
all variants would be beyond the scope of this study, we only conduct a sensitivity analysis by applying
equal weights to each criterion. The results of the sensitivity analysis are summarized in Table 2.10
and are additionally illustrated in figure 2.11. Furthermore, Table 2.10 indicates the difference in the
amount of land available per value score class between the results obtained from the AHP model and
the sensitivity analysis.
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TABLE 2.10:
Suitable area in the Städteregion Aachen according to the AHP and sensitivity analysis results
AHP

Sensitivity analysis
(equal criteria weights)

ha

% (of total area)

ha

% (of total area)

ha

%

10

0

0.00

0

0.00

0

0.00

9

137

0.19

73

0.10

-64

-46.72

8

1,095

1.55

1,355

1.92

+260

+23.74

7

2,291

3.24

2,206

3.12

-85

-3.71

6

1,935

2.74

2,353

3.33

+418

+21.60

5

984

1.39

562

0.79

-452

-42.89

4

201

0.28

100

0.14

-101

-50.25

3

15

0.02

9

0.01

-6

-40.00

2

0

0.00

0

0.00

0

0.00

1

0

0.00

0

0.00

0

0.00

Total suitable area

6,658

9.41

6,658

9.41

Total area

70,713

100.0

70,713

100.0

Suitability
Value score

High

Medium

Diff.

Low

Assigning equal weights to each criterion considered, which corresponds to a relative importance
of 11.1% per criterion, shows that the applied model framework is quite sensitive to changes in the
criteria weights. In general, the results obtained indicate a comparable distribution of suitability across
the study area, where most areas are characterized by medium suitability. However, there are
considerable shifts across the different value scores and suitability classes (see Table 2.10). Thus,
weighting each criterion equally results in a stronger concentration of areas within the value score
range of 6 to 8, which corresponds to more areas with high suitability and fewer areas with medium
and low suitability.
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FIGURE 2.11:
Sensitivity analysis – equal criteria weights
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3 Micrositing of Onshore Wind Farms – Economically Optimal
Layout and Design
3.1

Background

Once the most suitable locations for wind farm development are identified, in a second step, size
and layout of the wind farm in the given area need to be optimized. In this step, finding the optimal
(micro-) location for each turbine, in terms of maximizing the technical efficiency and the economic
feasibility, depends on criteria such as the spatial wind speed distribution, the prevalent wind direction,
the distance to the next electricity grid access point, investment and installation costs, operation and
maintenance costs, and also the possible airflow interactions between the different turbines.
So far, to the best of our knowledge, there is no systematic and model-based approach that
combines the pre-assessment of potential wind farm installation sites with an optimization algorithm for
the micrositing of such facilities. In energy practice, particularly the micrositing is most often processbased on experience gained from other projects, which, however, are - in many cases - not directly
comparable to the current problem set. The decision-making in these cases is often based on the “gut
feeling” of the planner in charge and not on profound data analysis and simulation tools. Therefore,
the second step of our decision-support procedure proposed seeks to provide a practicable, modelbased optimization approach. In particular the micrositing process requires the need of developing
appropriate simulation tools to determine the number and arrangement of wind turbine installations for
a certain wind farm in order to use the potential constructions sites most efficiently.
In this second part of the project report, the developed Matlab-based tool for the determination of
onshore wind farm layouts on the micro level is presented. The micrositing model is applied to the
most suitable areas in the Städteregion Aachen, which were identified in the first part of this report
(section 2).
In order to find the most sufficient arrangement of wind turbines within a given area, the model
consists of different components, which can be subdivided in the processes of the parametrization, the
model’s algorithm, and the final model output. At first, all the model parameters, such as location and
wind data, wind turbine specifications and installation costs, grid connection and cabling costs, as well
as wake model parameters, are gathered. Those input parameters are then processed in the second
model component that refers to the model’s algorithm. Here the optimization criterion and optimization
method are defined and applied in a step-wise procedure. The input data, which is processed in the
developed algorithm, finally produces the model output. The model output provides information about
the final wind farm layout for a given area. Figure 3.1 shows a schematic illustration of the micrositing
model.
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FIGURE 3.1:
Schematic illustration of the micrositing model (step 2)

The remainder of this section is organized as follows. Section 3.2 provides all the parameters that
are used as input data for the optimization. Section 3.3 introduced the model algorithm applied and the
implementation in Matlab. Finally, section 3.4 presents the results of the simulations.

3.2
3.2.1

Parametrization of Optimization Model
Location and wind data

The micro-optimization model is exemplarily applied to two selected areas in the Städteregion
Aachen, which are, according to the results of the AHP approach, among the most suitable locations
in the whole study region. Figure 3.2 presents the suitable areas identified and the selected areas for
a specific application of the micrositing model. In order to create different application scenarios, the
selected areas differ according to their shape, size, and average wind speed. Figure 3.3 shows the
annual average wind speed in the two areas. Furthermore, figure 3.3 also presents the wind rose for
the Aachen region, which contains information on the prevalent wind directions.
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FIGURE 3.2:
Suitability map and selected areas for micrositing

FIGURE 3.3:
Average Wind speed in the selected areas and prevalent wind direction
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The annual average wind speed is one of the most important criteria in the site selection process
and gives a good approximation of the economic viability of a project. However, it is not sufficiently
precise to calculate the energy output of a wind turbine, because it provides no indication about the
wind speed and direction, which are two main factors in the energy output calculation. Therefore, the
Weibull distribution is used to approximate the wind speed distribution in the two areas and the wind
rose as well as measured wind data from Aachen is used to evaluate the wind directions. The
information provided in the wind rose for the Aachen region is particularly important regarding the
incorporation of a wake model, which, in the end, is a key determinant for the location of each single
wind turbine in the given area. For the Städteregion Aachen the main direction of wind is south-west,
specifically 210°. Table 3.1 shows the wind distribution observed at the measuring station in AachenOrsbach within the last three years. Hereby, only wind speeds above the cut-in value of the turbine of
4 m/s are regarded.
TABLE 3.1
Wind distribution in Aachen
Cardinal Direction

Wind direction [°]

North

East

South

West

Probability of occurrence [%]

0/360

0.76

30

1.55

60

4.50

90

6.41

120

1.36

150

1.83

180

10.15

210

31.18

240

24.93

270

12.33

300

2.83

330

1.78

Source: Deutscher Wetterdienst (2015)

The Weibull distribution is a powerful approach to model wind statistics (Drobinski and Coulais, 2012)
and has been used in other studies to estimate the wind distribution (e.g. Ayodele et al., 2012;
Jangamshetti and Guruprasada Rau, 2001; Yeh and Wang, 2008). Equation 3.1 shows the Weibull
distribution,

f (v ) 

k v k 1  ( kv )k
( ) e

 

(3.1)

where k > 0 is the shape parameter, λ > 0 is the scale parameter, and v is the wind speed. Table 3.2
16
shows the Weibull parameters which are given for both considered areas . Figure 3.4 shows the
corresponding probability density function of the Weibull distribution.
TABLE 3.2
Weibull parameter for considered areas
Area

k

λ

1

1.986

6.2

2

2.011

6.4

Source: Deutscher Wetterdienst (2015)

16

The Weibull parameters are average values for the time period from 1.6.2012 – 1.6.2015.
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FIGURE 3.4:
Weibull probability density function of (a) Area 1 and (b) Area 2

The Weibull distribution can be used to calculate the number of hours the wind is blowing at a specific
speed.
3.2.2

Wind turbine specifications and installation costs

In order to apply our optimization model, we chose the Vestas V90-2.0 MW as the reference
turbine. In the 2 MW specification, the Vestas V90 is optimized for the operation in onshore areas with
medium to low wind speeds (with high turbulences), and is therefore well-suited as a reference turbine
for the selected areas. Furthermore, the Vestas V90-2.0 MW is also among the most frequently
installed onshore wind turbines worldwide, and also with a total number of 5,867 installed turbines in
2015 the most often chosen turbine of the Vestas portfolio (Vestas, 2015). Figure 3.5 shows the
Vestas V90-2.0 MW turbine.

FIGURE 3.5:
Vestas V90-2.0MW
Source: Windmesse (2015); Wikimedia Commons (2015)

Table 3.3 provides the main technical specifications, and figure 3.5 illustrates the power curve
and the annual energy production of the Vestas V90-2.0 MW turbine.

34

TABLE 3.3:
Technical specifications of the Vestas V90-2.0 MW
Technical specifications
Rated power

2,000 kW

Cut-in wind speed

4 m/s

Rated wind speed

12 m/s

Cut-out wind speed

25 m/s

Sound power (max.)

104 dB

Rotor diameter

90 m

Swept area

6.362 m²

Hub height

80 m – 125 m

Frequency

50/60 Hz

Nominal output

50 Hz: 1,800 kW / 2,000 kW; 60 Hz: 1,815 kW

Source: Vestas (2015)

Power curve of the Vestas V90-2.0 MW

FIGURE 3.6:
Annual energy production of the Vestas V90-2.0 MW

Source: Windmesse (2015); Wikimedia Commons (2015)

The technical specification and performance data of the chosen turbine are used as the main
input parameters for the simulation model in order to determine the maximum amount of energy that
can be produced in the selected areas.
Besides these technical input values, associated cost parameters are needed in order to evaluate
the economic feasibility of the possible wind farm layouts. Economic parameters mainly refer to the
costs of the wind turbine (i.e. wind farm) installation, operation and maintenance, as well as costs for
the electrical grid connection and internal wind farm cabling. Table 3.4 provides an overview of all
relevant wind farm costs. The investment costs given in Table 3.4 are provided for a medium sized
wind farm consisting of 20 turbines with substation and connection to the high voltage grid. The costs
for the internal cabling are calculated separately, dependent on the number of turbines and the
distance between the turbines.

TABLE 3.4:
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Wind turbine investment costs
Cost component

[€/kW]

Acquisition of site permissions

50

Project development
Wind turbine (incl. transport and installation)
Technical infrastructure

100,000

37

74,000

950

1,900,000

111.7

223,400

50

100,000

Foundation
Roads and crane sites

[in €
for one turbine
in a wind farm
with 20 turbines]

16.7

33,400

Substation

30

60,000

Stub (6,000 m, 3 x 20 kV)

15

30,000

52

104,000

6

12,000

Land rent (during construction)

10

20,000

Compensatory payments

20

40,000

Reserve

16

32,000

28

56,000

1,228.7

2,457,400

Other costs
Construction management

Financing/ bank fees
Total
Source: modified, based on Hau (2014)

As the overall costs of a wind farm are assumed to not increase linearly with the number of
turbines installed, the total investment costs for each turbine are depending on the number of installed
turbines within the final layout of the wind farm. Therefore, the total costs of the wind turbine (i.e. wind
farm) need to be adjusted accordingly. The adjustment procedure applied in our case is based on
Grady et al. (2005):
2 
2 1
Ctotal  Cturbine  N    e0.00174 N  ,
3 3


(3.2)

where Ctotal are the total investment costs of the wind farm, Cturbine are the investment costs for one
turbine, and N are the number of turbines in the wind farm. In general, this equation assumes some
discount when large numbers of wind turbines are purchased. Applying the eq. (3.2), table 3.5
provides the total wind farm costs for a wind farm with up to 30 turbines.

36

TABLE 3.5:
Wind turbine investment costs depending on the number of turbines
Number of turbines (N)
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Multiplier according to eq. (3.1)

Total costs in € of wind farm
(Ctotal)

0.00
1.00
2.00
2.98
3.96
4.93
5.88
6.81
7.72
8.61
9.47
10.30
11.11
11.90
12.65
13.38
14.08
14.76
15.41
16.05
16.66
17.25
17.83
18.39
18.94
19.48
20.01
20.53
21.05
21.57
22.09

0
2,950,561
5,887,479
8,805,837
11,694,230
14,543,476
17,345,060
20,091,270
22,775,315
25,391,420
27,934,898
30,402,201
32,790,940
35,099,888
37,328,951
39,479,128
41,552,435
43,551,829
45,481,105
47,344,785
49,148,000
50,896,365
52,595,855
54,252,677
55,873,154
57,463,605
59,030,246
60,579,091
62,115,869
63,645,958
65,174,325

A further cost component required to evaluate different wind farm layouts according to their
economic viability are the variable costs, such as operation and maintenance costs. Table 3.6
summarizes the operational costs per year per installed turbine. Increasing maintenance requirements
are accounted for with an increase in variable costs by 11.2% after year 11 of the turbine lifetime.

Cost component
Maintenance contract

TABLE 3.6:
Variable costs for a wind turbine
[€ per year per
Percentage of
turbine
wind turbine price
(year 1-10)]
0.80
15,200

[€ per year per
turbine
(year 11-20)]
16,902

Reserve for repair

0.75

14,250

15,846

Insurance

0.55

10,450

11,620

Land rent
Technical and commercial
administration
Other (electricity purchase,
maintenance of peripheral facilities
Total

1.10

20,900

23,241

0.55

10,450

11,621

0.90

17,100

19,015

4.65

88,350

98,245

Source: based on Hau (2014), modified
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The internal cabling costs are accounted for by calculating the distance between the wind
turbines in the final layout. Based on BMUB (2007), we assume unit costs of 19.4 €-ct per kW per km
for the internal cabling with underground cables.

3.2.3

Wake model

A further input component for the micrositing model accounts for wake effects among the wind
turbines in the wind farm by means of a wake model. Wake models are an essential part in the design
process of a wind farm. As the wind passes through a wind turbine, energy is extracted from it and the
wind speed for the downwind turbines in the wake decreases. In a suboptimal wind turbine layout, the
interaction of wake effects is quite pronounced, resulting in significant reduction in the energy yield.
Moreover, closely packed wind turbines cause turbulence in the wind, which decreases the lifetime of
the wind turbines because of the mechanical fatigue on the blades, the tower mast, and hence the
foundation. As a general rule of thumb, a spacing of 5 to 10 rotor diameters in the principal direction of
wind and 2 to 5 rotor diameters should be maintained in crosswind directions (RERL, 2010). Of
course, the more the spacing, the less is the mutual interaction among the wakes of wind turbines, but
that reduces the number of wind turbines that could be placed in the given site.
The rules of thumb are good for getting an intuitive understanding but detailed micro-siting is
quite important in order to optimize the utilization of a given area by harvesting maximum possible
energy, posing a minimum threat to the lifetime of the wind turbines. In our micrositing model, a
general minimum distance of 5 rotor diameters is defined in order to minimize the impacts of
turbulences. Figure 3.6 illustrates the wake effect.

FIGURE 3.7:
Wake effect
Source: Vezyris (2012)

The different colors indicate the different levels of wind speed (a corresponding wind speed
profile is shown at the left-hand side of the figure). For both wind turbines located in a downstream
position, the wind speed is substantially reduced (blue areas) and also the wind speed fluctuation is
relatively high, resulting in strong turbulences. Thereby, turbulences negatively influence the structural
loads and stability of a wind turbine.
In the wind farm, the wake impact means that turbines upstream of the wind direction may
change the wind speed available to the turbines downstream. The main factors associated with the
wake impact are the topography and geomorphology features, the space between, and the relative
elevation of turbines (Gu and Li, 2010).
The wind turbine wakes are classified into ‘near wake’, where the influence of individual wind
turbine blades can be distinguished, and the ‘far wake’. Typical models describing the near wake are
the asymptotic acceleration potential method, vortex wake models, and generalized actuator disc
models. For wind farm micrositing, it is the far wake that is of more importance. Far wake models can
be divided into kinematic models (also termed as explicit models) and the field models (also termed as
implicit models) (Renkema, 2007). One of the kinematic models, namely the Jensen’s Wake Model, is
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used in our simulation model and briefly described in the following. Other models are quite involved
and require significant computational effort, as discussed in depth in (Renkema, 2007).
The Jensen model is an analytical/kinematic far wake model based on global momentum
conservation. This model is based on the assumption that the wake is turbulent and the contribution of
tip vortices is neglected. It is also assumed that the wake expands linearly with downstream distance
as shown in figure 3.7 (Mittal, 2010).

FIGURE 3.8:
Wake from a single wind turbine

Wind speed for the downstream wind turbine vd-single due to a single upstream wind turbine is
given by the following functional form (Tahavorgar and Quaicoe, 2013):

vd  single

2

 R   Ashad  ud   
 Vin 1  1  1  CT 
  ,
 

Rud  
A0








(3.3)

where Vin is the free stream wind speed, CT is the thrust coefficient, which depends on the thrust force,
air density, and wind speed, R and Rud are the blade radius and radius of the waked cone region,
respectively, and Ashad(ud) is the overlapped area of the downstream turbine (d) due to the shadowed
region of the upstream turbine (u) (Tahavorgar and Quaicoe, 2013). In the case of multiple wakes
coming from multiple wind turbines, the wind speed at the reference wind turbine is given by:
2


ud
 R   Ashad  ud   

vd  Vin 1   1  1  CT 
 .
 

Rud  
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u 1


ud







(3.4)

The per unit velocity in the wake against the rotor diameter is shown in figure 3.8. This also
verifies the rule of thumb that was mentioned above that around 10 rotor diameters, about 90% of the
wind speed is recovered. It is worth mentioning here that the Jensen Wake Model is only approximate
and more accurate field wake models can be used if high accuracy is required (Renkema, 2007).
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FIGURE 3.9:
Wind speed recovery downstream in terms of rotor diameter (D)
Source: Mittal (2010)

3.3

Optimization Model

The micrositing optimization process is based on two essential model components: the selection
of the optimization criterion and the analytical definition and implementation of the optimization
algorithm with constraints. In the following, the applied criterion and algorithm are introduced and the
implementation in the optimization process is described.

3.3.1

Optimization criterion

The micrositing optimization is conducted with respect to an objective function. In general,
depending upon the objective, this function is maximized or minimized during the optimization
procedure.
In our case the selected optimization criterion is the Levelized Cost of Energy (LCOE), which is
minimized in the optimization procedure in order to find and evaluate the most efficient and
economically viable wind farm layout. The LCOE is the minimum cost of energy below which the total
discounted revenues would be less than the total discounted investments. Thus, it is the boundary
beyond which the project starts to be profitable. Mathematically, the LCOE is described in equation
(3.5):
n

I t  M t  Ft

 1  r 
LCOE 
E
 1  r 
t 1

t

,

n

(3.5)

t

t 1

t

where It are the investment expenditures in year t, Mt are the operation and maintenance costs in year
t, Ft are the fuel costs in year t (can be neglected in our case), Et represents the energy production in
17
year t, r is the discount rate (in our case 8%), and n is the lifetime of the system . Given the

17

Usually, for wind turbine installations, a technical lifetime of 20 years is assumed (WindGuard, 2013). However,
in practice wind turbines often exceed this lifetime expectation (EWEA, 2009). On the contrary, turbines are often
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components that the LCOE considers, it can also be interpreted as a measure for the market price that
a technology or asset needs to realize in order to reach the break-even point over the lifetime.

3.3.2

Optimization algorithm

In the following, different optimization algorithms are introduced. By choosing a certain algorithm,
a trade-off between the computing effort and the accuracy of an algorithm needs to be considered. On
the one hand, an algorithm which returns results with a high accuracy usually demands a high
computational effort. The relatively faster algorithms are usually less accurate and prone to
convergence at local optima. Therefore, the selection of a suitable optimization algorithm strongly
depends on the problem setting at hand. In general, the five following algorithms are most commonly
applied to wind farm micrositing (Tesauro et al., 2012):






Genetic algorithm,
Particle swarm optimization,
Simulated annealing algorithm,
Greedy heuristic, and
Gradient-based algorithm.

In the following, these optimization algorithms are briefly introduced by quoting some references from
the relevant literature.

3.3.2.1

Genetic algorithm

The genetic algorithm (GA) is a heuristic search technique which is based on the mechanism of
natural selection and natural genetics observed in nature. According to the evolution theory of Darwin,
individuals with certain beneficial characteristics, which increase the probability of survival, have a
higher chance to transfer these characteristics via genes to the next generation. In the natural process
of evolution, the genetic material of two individuals, which is stored in their chromosomes, is used to
create the new genetic material of their offspring. Due to this, the genetic material of a certain
population change from generation to generation. In GA, the population represents an initial set of
random solutions, a chromosome an individual solution, and the genes the characteristics (i.e.
variables) of an individual solution. GA uses two genetic operations to create the new generation,
namely mutation and crossover, and a final evolution operator, called selection, in order to maintain a
constant population size. The mutation operator creates a new chromosome, or new individual
solutions, by randomly altering existing chromosomes, whereas the crossover operator merges the
chromosomes of two reproducing parents. The new generation is finally formed by picking some of the
parents and some of their offsprings according to their fitness values and discarding the others using
the penalty factor. The algorithm keeps producing new generations until a pre-defined generation limit
is reached and returns the final solution with the highest fitness value. Applied to the optimization
problem, the genetic algorithm changes the solution set by using the mechanisms of mutation,
selection, and recombination until a sufficiently satisfactory solution is reached. This desirable level of
goodness has to be defined before starting the optimization process (Harbich, 2007). Population size,
crossover rate, and mutation rate are the main parameters of GA which must be calibrated carefully
due to their significant impact on the final solution (Gen, 1997).
The genetic algorithm has been applied in various Wind Farm Layout Optimization Problems
(WFLOP) in recent years and produces the most accurate results in finding a global optimum.
However, it necessitates a high computing effort.
replaced in course of repowering processes at an earlier stage of their expected lifetime. In terms of a generally
applicable approximation, we also assume a lifetime of 20 years for our calculations.
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The first paper dealing with WFLOP using a heuristic search algorithm was published by Mosetti
et al. (1994). A multi-objective GA was used to find the optimal positions for wind turbines considering
the annual cost and the annual energy output of the turbines. Mosetti et al. (1994) set the standards of
WFLOP by creating a wind farm model on a square-shaped terrain subdivided into 100 possible
turbine locations and three different wind scenarios, which have been used in many subsequent
studies since.
Grady et al. (2005) improved the previous study by modifying the settings of the GA. In spite of
the less complex optimization function and modeling, Grady et al. achieved better solutions than in the
previous work of Mosetti et al. (1994) and proved that the increasing number of iterations may lead to
better solutions.
Huang (2007) went one step further and proposed a distributed GA (DGA) which decreased the
computational time of GAs. Unlike the study of Grady et al. which splits the population into small
subpopulations and evolves these separately, the distributed GA of Huang (2007) divides the
population into so-called ‘demes’ and lets a number of individuals migrate between them.
The novelty of the multi-objective GA of Sisbot et al. (2010) is that the concept of Pareto ranking,
which compares the solutions across multiple objectives, is used instead of giving weights to each of
the objectives and that an amorphous-shaped grid is applied.
Gonzalez et al. (2010) employed the Net Present Value (NPV) criterion in the optimization
function, in which the economic profit of the wind farm is maximized over its lifespan. In order to
implement the NPV, a complex cost model which considers the investment costs, the maintenance
and decommissioning costs and the residual value of the wind farm is used. With this measure,
combined with adding further site constraints, they obtained better solutions than in the study of Grady
et al. (2005).
Kusiak and Song (2010) use this evolutionary algorithm to solve the constrained optimization
problem of designing a layout for wind farms. The aim of the model is to maximize the energy
production, minimize the wake loss of the turbines, and to satisfy all constraints at the same time.
Furthermore, a specific mathematical model is developed to consider the wake loss caused by
adjacent wind turbines. The model is based on and extending the study of Lackner and Elkinton
(2007).

3.3.2.2

Particle swarm optimization

Like GA, Particle Swarm Optimization (PSO) is a population-based, evolutionary optimization
algorithm that can be applied to WFLOP. PSO was developed by Kennedy and Eberhart (1995) in
order to optimize nonlinear functions and was inspired by the social behavior of fish schooling and bird
flocking. The algorithm uses a population consisting of particles, which move with given velocities
through the problem space. Each particle represents an individual solution and the velocity indicates
how fast the particle moves through the n-dimensional solution space. The algorithm searches for an
optimal result by conducting several iteration steps in which the velocities and positions of the particles
are updated and compared to the solutions reached before. To reach an optimal solution, particles are
compared with both, their own historical best position (pbest) and the swarm’s historical best position
(gbest). This iteration process is repeated until a predefined stop criterion is reached, which is typically
orientated towards the fitness function or the number of iterations. In order to achieve optimal
solutions, the swarm size, maximum velocity, inertia weight, and acceleration coefficients must be
adjusted carefully (Eberhart and Shi, 2001).
In comparison to similar search algorithms such as GA, PSO has some advantages. First, PSO
has fewer parameters which makes it easier to implement and to calibrate. It also has a better memory
capability whereby every particle can remember its own best and globally best position. Moreover,
PSO sustains the diversity in the population in order to generate better solutions instead of discarding
the worse solutions like in GA (Rahmani et al., 2010).
Rahmani et al. (2010) were the first to apply a basic PSO for layout optimizations of wind parks.
The algorithm used a semi-discrete siting method where wind turbines can be freely adjusted inside
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their cells. This method improved the results of the WFLOP compared to the studies of Mosetti et al.
(1994) and Grady at al. (2005).
Wan et al. (2010) used a semi-discrete siting method and assumed a continuous space where
the turbines can be freely adjusted in the field. In order to prevent the too-close placing of the wind
turbines, they implemented a penalty function that handles the constraints on turbine-minimumdistance. By using the advantage of non-discrete siting, this PSO improved the results obtained by
Mosetti et al. (1994) and Grady at al. (2005) remarkably.
Chowdhury et al. (2012) also used a semi-discrete PSO, but introduced a novel objective function
which aims at maximizing the wind farm efficiency. They altered the rotor diameters, the number of
turbines, and the farm land sizes and adopted the most accurate Frandsen Wake Model. In addition,
they ran wind tunnel tests to validate their model. The result showed that the total power output of
wind farms can be increased by both, optimizing the micrositing and using turbines with differing rotor
diameters.
Pookpunt and Ongsakul (2013) applied a binary-discrete approach and utilized the same Jensen
Wake Model and objective function as Mosetti et al. (1994), Grady et al. (2005), and Gonzalez et al.
(2010). The novelty of their work was the time-varying variables. By varying the acceleration
coefficient of PSO during the iteration process, better results were obtained in all cases.

3.3.2.3

Simulated annealing algorithm

Simulated annealing algorithms were introduced by Kirkpatrick et al. (1983) and are often
characterized as a generalization of Monte Carlo simulations (Bilbao and Alba, 2009a). This algorithm
is based on the observations of the metallurgy annealing and cooling process, where the
thermodynamic measurement units, namely temperature and free energy, decrease during the
process. When the melted solid is cooled down, the particles arrange themselves to obtain high quality
crystals, which represent possible solutions of the optimization problem. New solutions are generated
during the perturbation (generation) mechanism via iteration of the tentative solution and either saved
or not, which is determined by the Metropolis (acceptance) criterion (Aarts and Korst, 1989).
Regarding the thermodynamic process, the global optimum is reached in case of the possibly lowest
free energy. In contrast to the temperature, which is a state unit, free energy is defined as a process
unit. Therefore, the process of annealing and cooling needs to be considered to measure the free
energy (note: the lower the cooling process, which means the decrease in temperature, the lower the
possible free energy) (Kirkpatrick et al., 1983).
Applying the algorithm to the presented wind farm optimization problem, an objective function
which should be minimized needs to be chosen. Starting with a randomly chosen solution for the
objective function, neighboring states of that solution are analyzed and the best solution is taken for
the next investigation steps. A further solution at a random position is calculated and compared to the
previous best solution. Depending on which solution leads to a lower result of the objective function,
this solution is chosen for further calculation steps and comparisons. On the other hand, the relatively
worse solution is not deleted, but saved for further calculations.
SA differs from other heuristic methods in the way that it keeps a single tentative solution instead
of a population of solutions. In order to prevent getting stuck in bad optima, the algorithm accepts bad
solutions at the beginning. With increasing number of iterations, the temperature sinks, decreasing the
possibility of accepting bad solutions. When the temperature reaches the final temperature no more
bad solutions are accepted and the algorithm returns the last solution found. Compared to other
metaheuristics SA produces a wide range of solutions. Therefore, a certain number of executions may
be required for high quality solutions. Initial temperature, final temperature, number of transitions and
cooling rate are the main parameters of the SA (Suman and Kumar, 2006; Lee and El-Sharkawi,
2008).
The study of Bilbao and Alba (2009b) was the first attempt to compute the optimal spacing of
wind turbines using SA. With the intention of comparing their algorithm with the GA of Huang (2007)
and Mosetti et al. (1994), the same Katic Wake Model and the same test cases are used. The study
yielded better results in all three wind scenarios, demonstrating the competitiveness of SA for WFLOP.
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Herbert-Acero et al. (2009) applied SA to optimize the placement of wind turbines lined up in the
direction of the wind. The goal of this non-economic approach is to maximize the power output of the
wind farm by minimizing the wake effects for the downwind turbines; a cost model, however, is not
included. A remarkable novelty of their work is the combination of wind turbines with different hub
heights in order to avoid the wake effect.

3.3.2.4

Greedy heuristic

The concept of the greedy heuristic is to find a locally best solution, which might be approximately
the global optimum, by step-wise repeating a simple procedure. In the case of the wind farm
optimization, the objective function is step-wise analyzed and optimized. Thereby, the greedy
algorithm makes a choice for what might be best at the moment and only then solves the
subproblems, thus making a top-down progress (Cormen et al.2009). The greedy heuristic starts with
choosing a component of the objective function and continues with its optimization. Once that
optimization is finished and a solution set for this component is chosen, the solution is fixed and
cannot be changed. In a next step, another part of the objective function is chosen and the analyzed
part is optimized by considering the possible solution. This procedure is repeated until each part of the
objective function is individually optimized, resulting in the final solution set. In the context of WFLOP,
this means that a random layout is chosen at first, after which a turbine is added to the wind farm.
Subsequently, each turbine is removed one at a time and then moved to another place (Tesauro et al.
2012). Cormen et al. (2009) state that the greedy heuristic is powerful and applicable to a wide
bandwith of problems.

3.3.2.5

Gradient-based algorithm

Like the simulated annealing algorithm, the gradient-based algorithm is applicable for minimizing
optimization problems. The algorithm starts from a random approximated value and then minimizes
the objective function. Thereby, the final solution and the possibly best reachable solution for that
algorithm is found by following the negative gradient with a certain increment until no significant
improvement in the objective value can be achieved.
An often cited problem of the gradient-based algorithm is that the global optimum can possibly
not be reached, since it depends on the starting point and the initial slope. If the solution reached is
not sufficiently good or the increment is chosen too low or too high, the global optimum is not
reachable (Beck and Tecoulle, 2010). However, Zingg et al. (2008) argue that this is not a problem in
most engineering contexts, since they are of a highly constrained nature, which prevents
multimodality. However, a key advantage of this algorithm is the rapid convergence, which reduces the
computation effort (Zingg et al., 2008).
Lackner and Elkinton (2007) developed an analytical framework to optimize the offshore wind
farm layout. This gradient-based algorithm uses simplifying assumptions to approximate the best wind
turbine positioning of two turbines. The aim of this method is to minimize the cost of energy, by using
the LCOE as the objective function and the positions of the turbines as variables. The authors
emphasize that this method is only a rudimentary estimation of the optimal solution and more
sophisticated models should be developed on the basis on their framework.
McWilliam et al. (2012) combine a Decision Support System (DSS) and a wind farm design model
in order to optimally place wind farms. Thereby, the DSS is used to find suitable areas in a large
region and the wind farm design model to optimize the layout of the wind farm in a small region. A
gradient-based method is applied to design an optimal wind farm layout, which minimizes the cost of
electricity and takes the wind resource, transmission lines, and the population distribution into account.
In order to reduce the sensitivity of gradient-based algorithms to get stuck in local minima and to
reduce the computational effort, numerical smoothing is applied and further assumptions on the
placement of turbines are made.
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3.3.3

Implementation of optimization process

None of the above-mentioned methods can guarantee an optimal solution, as all of these
methods have advantages and drawbacks. In order to find the most suitable algorithm that fits best to
solve the problem in terms of balancing accuracy and computation time, we tested the algorithms in
the context of our specific problem set. In doing so, it turned out that with respect to our problem set
only the gradient-based algorithm provided sufficient solutions, which could be produced in reasonable
computing time.
In order to implement the gradient-based algorithm in Matlab in order to solve the optimization
problem of wind farm micrositing, the 𝑓𝑚𝑖𝑛𝑐𝑜𝑛 function is used. This function finds the minimum of a
constrained nonlinear multivariable function fmincon, starting at a random point (MathWorks, 2015).
The problem is thereby specified by
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where f(x) is the objective function that returns a scalar representing the optimal value of the objective
function calculated at the current solution, c(x) and ceq(x) are functions that define the non-linear
inequality and equality constraints, respectively, A and Aeq are matrices defining the linear inequality
and equality constraints, respectively, b and beq are corresponding vectors, and x is the current
solution set bounded on the lower side by lb and on the upper side by ub (MathWorks, 2015). The
input for the fmincon function is the Hessian matrix,
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which is the second derivative of the Lagrangian matrix. The second derivative of the function showed
above is therefore given by:
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The default optimization algorithm interior point is used to solve this derivation.
Using Matlab, the implementation of the two model components introduced above is realized in
different steps. Before the model algorithm can start to find the exact positions for the wind turbines,
two constraints for the turbine placement are defined:
(1) The wind turbines have to be placed inside the defined areas;
(2) The minimum distance between the turbines has to be five rotor diameters.
Given that the model algorithm performs the following steps:
(1) As an initial starting point, a random set of solutions for the x and y coordinates (10 m grid)
of the wind turbines is determined.
(2) Considering the wind rose for the area under consideration, the main direction of wind is
chosen for the optimization process (data input, see section 3.2.1).
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(3) The geometrical parameters like perpendicular/parallel distances among wind turbines (w.r.t
wind direction) are evaluated to assess the wake effects using Jensen´s Multi-Wake Model.
The wake-corrected wind speeds are then used to estimate the yield of the wind turbines
using the manufacturer’s power-wind speed curve (data input, see section 3.2.1).
(4) The total discounted costs of the whole wind farm are determined by considering the
investment costs and operation and maintenance costs (data input, see section 3.2.2).
(5) The expected yearly energy yield is calculated by considering the data from the power curve,
the Weibull distribution, and the wind rose. The power curve of the wind turbine yields us the
power generated at a particular wind speed. The Weibull distribution is used to evaluate the
amount of hours with which the wind is blowing at this specific speed and the wind rose
shows the probability that the wind is blowing from a particular direction. The factors taken
from these charts are multiplied and summed up for all wind speeds and directions in order
to obtain the total power output. The different wind directions are thereby considered, since
the wake effect varies depending on the direction of the wind.
(6) LCOE is determined by the ratio of values calculated in the last two steps.
Since gradient-based algorithms are prone to converging at local optima, the calculation process
is repeated 100 times to find out all the optima and then choose from this solution sets the one that
yields the least value for LCOE.

3.4

Results

For the two selected areas, the optimization model simulated the optimal layouts for the main
wind direction of 210°. Figure 3.9 presents the optimal wind turbine layouts for Area 1 with 27, 28, and
29 wind turbines. Figure 3.10 shows the relation between LCOE and the number of installed wind
turbines. The LCOE shown in the chart is the average value of all solutions found by the algorithm.
The result of the optimization process for Area 1 is that a maximum number of 29 wind turbines can be
2
placed within the 6.3 km area. This wind farm produces a total yearly amount of energy of
137.37 GWh with an LCOE of 4.831 ct/kWh. Furthermore, not very surprising, three effects can be
observed. First, the LCOE has a decreasing trend with increasing number of turbines. If 27 turbines
are installed, the LCOE amounts to 4.853 ct/kWh. These costs are reduced by 0.45% if two more wind
turbines are added to the wind farm. Second, the total yearly energy output of the wind farm increases
with increasing number of turbines. By adding two more wind turbines to the layout with 27 turbines,
the energy output can be increased by 5.2%. Another observable effect is the decreasing tendency of
the relative efficiency, which describes the difference between the total yearly energy output with and
without consideration of the wake effect. The layout with 29 turbines has a relative efficiency of 89.4%,
which is 1.6% smaller compared to the layout with 27 wind turbines. Hence, the incorporation of the
wake effect reduces the total yearly energy output by approximately 10.6%, when 29 turbines are
installed. However, the layout with 28 wind turbines is an exception to the otherwise consistent results.
For one thing, the LCOE of this layout is higher than the LCOE of the layout with 27 turbines, which
does not fit to the decreasing trend. Another issue is the result that the relative efficiency is lower than
the relative efficiency of the layout with 29 wind turbines. Both inconsistencies result, compared to the
other layouts, from the relatively few solutions found by the optimization algorithm. Compared to the
other layouts, where on average ten solutions were found, the algorithm only found two solutions for
the layout with 28 turbines. As described above, the calculation process is repeated 100 times, in
order to reduce the computation time. Increasing the number of iterations could on the one hand solve
this problem, but would, on the other hand, also increase the computation time immensely.
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FIGURE 3.10:
Optimal wind turbine layout for Area 1 for 27, 28, and 29 wind turbines
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FIGURE 3.11:
LCOE in relation to the number of wind turbines – Area 1

Figure 3.11 illustrates the possible layouts for Area 2 for the main wind directions of 210°.
Compared to Area 1, Area 2 is smaller so that only a maximum number of 11 turbines can be placed.
These 11 turbines have an LCOE of 5.9173 ct/kWh and produce 54.07 GWh of energy yearly. As can
be seen in figure 3.12, the LCOE decreases steadily with increasing number of turbines. There is no
exception this time, because the total amount of wind turbines is comparatively low, which reduces the
computational time and increases the amount of solutions found.
Compared to the optimization process of area 1, the LCOE of area 2 decreases faster if more
turbines are added to the wind farm. If, for example, 11 turbines are installed instead of 9, the LCOE
decreases by 1.3%. The optimization of area 1 showed that the LCOE only decreases by 0.45%, when
29 instead of 27 turbines are installed. Hence, the decrease of the LCOE is lower with increasing
number of turbines. The relative efficiency of the layout of Area 2, however, is approximately 92.8%,
which is 3.3% higher than the relative efficiency of the layout of Area 1. Hence, the output per turbine
in Area 2 is higher than the one in Area 1. While one turbine in Area 2 produces an average of 4.9
GWh per year, a turbine in area 1 only produces 4.7 GWh per year. This is the result of the increased
wake effect.
Given the layouts obtained from the optimization process, we could also calculate the total
investments that are required in order to realize wind farm projects in the areas. Accordingly, a
potential investor would invest €63,645,958 for a wind farm consisting of 29 turbines in Area 1, a wind
farm project in Area 2 with 11 turbines would require investment costs of €30,402,201.
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FIGURE 3.12:
Optimal wind turbine layout for Area 2 for 9, 10, and 11 wind turbines
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FIGURE 3.13:
LCOE in relation to the number of wind turbines – Area 2
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4 Conclusions
Wind energy is one of the most important renewable energy sources in Germany and also in
many other countries worldwide. In order to reduce greenhouse gas emissions, one target is to
increase the share of renewable energies, especially of wind energy, in the gross electricity
consumption. This involves further (temporal and spatial) diffusion of wind energy in Germany.
However, wind farms also have adverse effects on humans and the environment, thus triggering public
concerns. These concerns are not adequately represented in current state-of-the-art siting procedures
of wind farms. Therefore, the aim of this project is to further extend and improve current siting
procedures through the modeling of a comprehensive and holistic wind farm siting tool that
incorporates, besides technical, business, and environmental factors, also social-acceptance-related
aspects.
In order to identify the most important aspects influencing the suitability of areas for wind energy,
a thorough literature review was conducted. Then, a survey with local experts was carried out to
evaluate different preferences of stakeholders. The participants are experts from different windenergy-related fields, such as economy, science, administration, environmental associations, and local
public initiatives. The experts were selected in such a way that their distinct opinions reflect the
complexity of the wind farm siting problem. For instance, while a business-focused expert may favor a
site because of its suitability regarding a certain (economic) aspect, such as profitability, an
environmentally-focused expert may reject it due to environmental concerns, such as negative impacts
on birds and bats. Finding areas which are acceptable for most stakeholders is, therefore, of
paramount importance for the broad acceptance of wind farms. In the course of this survey, the
experts were asked to conduct a pairwise comparison of nine criteria, comprising techno-economic,
socio-political, and environmental ones. The pairwise comparisons made by the experts were then
processed with AHP in order to determine the relative importance of each criterion.
In this project, we conducted the search for acceptable sites exemplary for the Städteregion
Aachen. The suitable areas were determined by means of a multi-step process. The first step of this
process was to exclude all areas which are restricted due to legal restrictions and factual reasons. In a
second step, a rated area map was created, reflecting the opinion of the experts surveyed. The third
and last step of the analysis was to remove the exclusion area from the rated area, and to classify the
suitable areas, according to the value score they obtained, in high, medium, and low suitability. The
implementation and visualization of the results was realized with ArcGIS.
The study revealed that the majority of the areas with high suitability are located in the
northeastern and in the middle part of the region. Relatively few and lower-rated areas are located in
the southern part of the region. In general, the southern part turned out to be less suited for wind
energy compared to the northern and middle parts of the region. Altogether, 1.74% of the total area of
the Städteregion Aachen is characterized by high suitability (value score 8-10), 7.37% by medium
suitability (value score 5-7), and 0.3% by low suitability (value score 1-4). Based on these findings,
sufficient space will still be available for wind farm development in the Städteregion Aachen even if
those sites that have high and medium suitability are utilized. A further investigation verified that the
location of existing wind farms is almost entirely overlapping with the areas identified as suitable, thus
confirming the robustness of the results obtained. It was further detected that only few wind farms are
located in highly suitable areas. This elucidates that siting assessment so far is not orientated towards
finding the best possible sites, but limited to merely excluding unsuitable areas. Thus the siting
procedure proposed in this project can make a contribution to the currently used standard wind farm
siting assessment applied. In particular, the procedure developed can help communities and wind
energy planners to identify the most suitable sites for wind energy development, as it provides a
comprehensive pre-assessment tool, which allows for a more differentiated evaluation of potential
locations in the early stages of planning.
Even though this project is the first one to base the AHP weights on expert opinions, one caveat
is the quite low number of local experts who were asked to elucidate the importance of the
incorporated criteria. Further research is also needed concerning the visibility of wind turbines. In this
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analysis, we assume that the social acceptance of wind farms increases, in particular, with increasing
distance from urban areas and places of interest, as well as through the consideration of a landscape
architectural perspective. However, this is only a rough approximation, which is suitable for the
preliminary siting analysis. It neglects the visual impact of wind farms with respect to the number of
visible turbines in relation to their distance. Therefore, a visibility analysis would be a useful add-on to
the proposed model.
With regard to the optimization of the micositing of onshore wind farms, some improvements
could be made. The current approach optimizes the layout of turbines only for the main wind direction
of 210°. An improvement to this approach would be to optimize the layout with regard to all wind
directions and then choose the layout, which is the best for all wind directions instead of the one which
is the best only in the main wind direction. However, this would require a huge computational effort
and would take much time.
Another improvement would be to increase the number of iterations of the algorithm to obtain
more results, thus increasing the probability to reach a global optimum. A goal could be, for example,
to repeat the optimization process, until say 100 solutions instead of 100 iterations are found. Again,
this could not be incorporated in the present project due to computational limitations and time
constraints.
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Data description
TABLE A2.1:
Data description
Data
®

Content
settlement

Source

ATKIS - Basis DLM

Infrastructure,
reserve area

zones,

natural

Geobasis NRW, Bezirksregierung Köln

DGM 10

Digital terrain model

Geobasis NRW, Bezirksregierung Köln

Natura 2000 data

Natural reserve area, FFH area, and bird
reserves

European Environment Agency (EEA)

Wind speed

Wind speed at 135 m height

State Agency for Nature, Environment
and Consumer Protection NRW

Regional data

Regional GIS data; location of PoI

Land Registry and Surveying Office of
the Städteregion Aachen

TABLE A2.2:
Survey participants
Organization

Description

BMR Energy Solutions GmbH

Renewable energy project planning company

BUND, City of Aachen

Non-profit organization for environmental protection

BUND, Städteregion Aachen

Non-profit organization for environmental protection

City of Aachen, Environment agency

Administration

CWD

Center for Wind Power Drives, RWTH Aachen University

EnergieKontor AG

Wind energy development and operating company

E.ON New Build & Technology, Software & Modelling

Public utility company

E.ON New Build & Technology, Energy Systems

Public utility company

Fraunhofer IWES

Institute for Wind Energy and Energy System Technology

Greenpeace Aachen

Non-profit organization for environmental protection

NABU Aachen

Non-profit organization for environmental protection

REA Umweltinvest

Renewable energy project planning company

SL Windenergie

Wind energy development and operating company

STAWAG AG

Regional energy provider

Städteregion Aachen, Department for climate
protection

Administration

Städteregion Aachen, Department for urban
development

Administration

Städteregion Aachen, Environment agency
(Climate protection)

Administration

Städteregion Aachen, Environment agency
(Environment and landscape)

Administration

Trianel GmbH

Regional energy provider, Energy trading

Wind e.V.

Non-profit organization for renewable energies

Windenergie Jansen GmbH

Wind energy development and operating company

WSW Energiesysteme

Renewable energy project planning company

Note: Opinions expressed by individual experts do not necessarily coincide with the opinions of the institutional bodies
concerned.
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TABLE A2.3:
Suitable areas per municipality
Municipality

Total
area
ha

Non-excluded
area
ha (%)

Suitability
high
ha (%)

Suitability
medium
ha (%)

Suitability
low
ha (%)

Aachen

16,091

1,043 (6.48)

48 (0.29)

952 (5.92)

43 (0.27)

Alsdorf

3,168

146 (4.61)

48 (1.52)

98 (3.09)

0 (0.00)

Baesweiler

2,777

439 (15.81)

178 (6.41)

260 (9.36)

0 (0.04)

Eschweiler

7,592

1,716 (22.6)

771 (10.16)

944 (12.43)

1 (0.01)

Herzogenrath

3,339

13 (0.39)

0 (0.00)

13 (0.39)

0 (0.00)

Monschau

9,464

358 (3.78)

0 (0.00)

332 (3.51)

26 (0.27)

Roetgen

3,904

498 (12.76)

37 (0.95)

453 (11.61)

8 (0.2)

11,088

1,440 (12.99)

75 (0.68)

1,292 (11.65)

73 (0.66)

Stolberg (Rhld.)

9,851

881 (8.94)

24 (0.24)

791 (8.03)

66 (0.67)

Würselen

3,439

124 (3.61)

50 (1.46)

74 (2.15)

0 (0.00)

70,713

6,658 (9.4)

1,232 (1.74)

5,210 (7.37)

216 (0.31)

Simmerath

Total
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