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Abstract
Wind farm layouts in industry show a range of patterns with an overall trend from regular to irregular
patterns over time. Wind farm layout optimisation studies in literature generally result in irregular wind
turbine patterns. Review of existing literature shows that the performance of irregular and regular wind
farm layouts has not been compared in a consistent way. Although there are indications that irregular
layouts outperform regular layouts, it is yet to be determined if this is the case for the overall performance
and if so, to what degree. In this research the effect of regular and irregular wind farm layouts on selected
performance indicators is quantified. This quantification is performed through means of a comparative
case study.

The performance of both regular and irregular wind farm layouts is assessed on the basis of three
performance indicator groups: (1) power performance; (2) wake-induced tower fatigue; and (3) inter-array
cabling system. The performance indicators in these groups are affected by a change in wind farm
layout, feasible, site independent, and technical as concluded from a multi-criteria decision analysis.

The irregular wind farm layout has a higher annual energy production and a higher persistence to
wind direction. The net present value of this increase in cash flow over the lifetime of the wind farm is
estimated at 10 million Euros. A higher persistence to wind direction means that the power output is
less sensitive to fluctuations in wind direction. This characteristic increases the predictability of the wind
farm power, which can indirectly lead to a decrease in imbalance cost on the electricity market.

The wake induced tower fatigue is found to be negatively impacted by an irregular wind farm layout.
Implementation of the Frandsen model shows that the maximum effective turbulence of the irregular
wind farm is 23.8% higher than that of the regular wind farm layout. For fatigue-driven tower design,
this leads to an increase in tower wall thickness, which in turn results in an increase in tower material
consumption. The increase in tower cost in the wind farm is estimated at 4 million Euros. Application of
a minimum inter-turbine spacing to ameliorate the negative effect on effective turbulence is can lead to
a decrease of 20 % (as compared to the case study).

The inter-array cable design results show a marginal increase in cable cost of 1.15 % for the irregular
wind farm. The analysis reveals that this performance indicator is strongly dependent on site-specific
input data. Due to this marginal change and dependency on site specific input data, this performance
indicator is omitted from further conclusions.

Comparing the negative effect of the tower cost and the increase in revenue due to the higher AEP,
the net present value is computed. With a discount rate of 5 %, the net present value of the AEP reduced
by the increase in tower cost results in an increase of 6 million Euros.

For improved performance in future wind farm layouts, the implementation of irregular wind turbine
patterns is advisable. That is, with the proviso that the minimum inter-turbine spacing is taken into
consideration with respect to wake-added turbulence levels.
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1
Introduction

1.1. Offshore Wind Farms
Increasing the renewable energy share on the electrical grid is partially facilitated through means of
wind energy, by utilising wind turbines to convert kinetic energy from the wind to electrical power [1].
A comparison between wind energy and other renewable energy sources performed by Jacobson [2],
shows that wind energy performs best with respect to air pollution, energy security and effects of global
warming related emissions. When multiple wind turbines are placed in a confined space this is called a
wind farm. Offshore wind farms are particularly interesting as this poses less geographical and social
constraints compared to onshore wind farms. Additionally, due to the increase in population near the
coast, there is also a higher demand for electricity near the coastal regions [3].

1.1.1. Performance
The performance of an offshore wind farm indicates how efficient the system is at achieving its main
objective [4]. Improving the performance of wind farms lays the foundation for the wind farm layout
optimisation problem: finding the best position of turbines in a defined region taking into account certain
design objectives [5]. Due to the increased installed capacity and increasing size of offshore wind farms,
research regarding the optimal placement of turbines within a wind farm is discussed thoroughly in
literature. Until recently, the main driver for wind farm research and development has been the levelised
cost of energy (LCOE). This is computed as the total cost of a wind farm divided by the total electrical
energy generated by the wind farm over the lifetime. The LCOE entails multiple components such as
the annual energy production (AEP), number of turbines, installation cost, operational cost, and many
more. Some wind farm layout optimisation studies employ a single objective of maximising the AEP due
to its relatively considerable effect on the LCOE [6]. The LCOE for offshore wind energy has significantly
decreased, by more than 60% in the last 7 years as shown in Figure 1.1.

Figure 1.1: Global reduction in cost of energy (LCOE) for offshore wind. [7]
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Although wind farm layout optimisation is extensively covered in literature, there is a lack of well-defined
best practices for the performance assessment of a wind farm. This problem was previously identified by
González-Longatt et al. [8], who developed an inventory of the performance indicators for the operation
and maintenance phase of wind farms. However, a lack of performance indicator identification beyond
the scope of this operations and maintenance phase remains in literature. This can also be observed in
the variation in optimisation objectives between different wind farm layout optimisation studies [9].

One performance indicator which is included in all wind farm layout optimisation algorithms is the AEP.
This was previously identified as (one of) the most important performance indicators for an offshore wind
farm. Extracting kinetic energy from the wind results in a velocity deficit behind the rotor disk causing a
decrease in power production for downstream turbines. According to Barthelmie et al. [10], on average
the power output loss of a large wind farm can reach up to 10-20 % of the total power output due to
wake losses. Therefore, the layout of the wind farm to a large degree determines its AEP performance
[11]. Numerous wind farm layouts exist in operational wind farms, as well as theoretical layouts resulting
from optimisation studies.

1.1.2. Timeline of Wind Turbine Patterns in History
Looking at wind farm layouts over time, a range of patterns can be recognised. The patterns can be
distinguished based on their regularity. Regular patterns are defined as ’Arranged in or constituting a
constant or definite pattern, especially with the same space between individual instances.’ [12]. An
example of a strictly regular pattern could be a square with equal inter-turbine spacing (left-most wind
farm in Figure 1.2). Irregular patterns are defined as ’Not even or balanced in shape or arrangement’
[13]. The second wind farm from the right in Figure 1.2 shows an irregular wind turbine pattern with
an irregular outline. There are however different degrees of regularity ranging between these strictly
regular and irregular patterns. The right-most wind turbine in Figure 1.2 for example shows an irregular
wind turbine pattern with a regular outline.

Examining wind farm layouts which are operational in industry, a range of patterns can be recognised
in relation to time. Earlier wind farms show regular patterns such as the wind farms Horns Rev 1 (2002)
[14] and Prinses Amalia (2008) [15]. More recent and larger wind farms show more variation in patterns
such as the wind farms Horns Rev 2 (2009) [16] and Rødsand (2010) [17], and partial irregularity such
as Anholt (2013) [16] and many more. Multiple desktop optimisation studies even suggest fully irregular
wind farms such as Research Layout 1 and 2 which are obtained from existing research [18, 19].

Figure 1.2: Timeline of wind farm patterns in history. Left of the green dashed line wind farm layouts operational in industry are
depicted [14–17], and right of the green dashed line optimised layouts from literature studies are depicted [18, 19].

From left to right, Figure 1.2 shows a gradual change from regular to irregular wind farms. Horns Rev
1 has a high degree of regularity, where the optimisation algorithms resulting from [18, 19], show more

2



irregular patterns. To complete the image sketched in Figure 1.2, Triton Knoll wind farm should be added
at the right-most position in 2022 [20]. As the wind farm is still under development it does not belong in
the history timeline, but it is worth mentioning. This wind farm has a highly irregular wind turbine pattern
and thus substantiates the gradual change from regular to irregular layouts.

Regulation changes amplify the interest to optimise the performance of offshore wind farms. The
permit change implemented in the Netherlands on the 1 of July 2015 [21] is an example. A site decision
is designated by the Minister of Economic Affairs which contains, among other things, the maximum
number of turbines, minimum rotor surface, minimum and maximum capacity of each turbine and the
minimum distance required between the turbines. Previously, permits were granted for a given number
of turbines with a set position within the wind farm. This change facilitates the optimisation of the layout
after the permit has been granted.

1.2. Literature on Wind Farm Layouts
Observing this gradual change from regular to irregular wind farm layouts, a literature study is performed.
In this section, the existing literature on regular and irregular layouts is presented. A study performed
by Perez-Moreno et al. [22] investigated the preliminary design development of the layout, electrical
collection system, and support structures of an offshore wind farm. This is done based on two different
approaches. In the first, sequential approach, the interaction between the three performance characteristics
are neglected. In the second approach, which is called the ’Multidisciplinary Design Analysis and
Optimisation’ (MDAO) approach, their interaction is taken into account. The objective of both approaches
is to optimise for the total system levelised cost of energy (LCOE). This study is performed using a regular
and irregular layout, however, the aim is not to compare the performance of the different geometric
patterns.

(a) Optimal regular layout
(b) Optimal irregular layout

Figure 1.3: Levelised cost of energy, annual energy production, electrical costs, and support structure costs of the optimal layouts
found with the sequential and MDAO approaches [22].

Looking at the results for the regular (Figure 1.3a) optimisation, the difference between the sequential
and MDAO approach is investigated. In Figure 1.3b, the same is done for the irregular wind farm. The
performance can, however, not be compared between the regular and irregular results, as the baseline
design for the regular and irregular wind farm are not identical.

In a study performed by Chen et al. [23], an innovative method for optimisation is proposed and
tested with real wind conditions which is applicable for both regular and irregular layouts. The research
is based on a multi-objective genetic algorithm with the objective to maximize the wind farm efficiency
and minimize the cost per unit power. Four case studies are conducted, one regular and three irregular.
They are compared with each other, all with the same total geographical area. From this comparison,
it is suggested that irregular geometric patterns may perform better than regular layouts, but no final
conclusion is drawn.

Charhouni et al. [24] compares different wind farm layout options (regular and irregular) with the aim
to extract as much wind power whilst simultaneously minimising cost. The resulting power, capacity
factor and efficiency of the study for the layout designs shows that the irregular layout has a higher
power production, capacity factor and efficiency than the regular layout. It should be noted that this
study considers a constant wind speed and direction. To make the comparison between the two layouts
fair, the study should be conducted with variable wind speed and direction.

3



Although all three studies mentioned above [22–24] touch upon the performance of regular and
irregular layouts, the aim of these studies is to assess the performance of the optimisation itself. Considering
the change in geometric patterns for wind farms over the years as mentioned in subsection 1.1.2, the
effect of this on the performance of the wind farm should be investigated.

1.3. Problem Statement
The difference in performance between regular and irregular wind farms is largely unknown. To make an
informed decision on the turbine placement of a new wind farm, the benefits and drawbacks of choosing
for a regular or irregular wind farm layouts should be identified. Three aspects should be addressed in
light of this problem statement.

First, the performance indicators by which the performance of a wind farm can be quantified are not
well-defined in literature. An overview of all the possible performance indicators, and which performance
indicators affect the overall performance to what extent is lacking. The degree to which these performance
indicators are influenced by the geometry of the wind farm is also not investigated.

Second, the effect of optimised wind farm layouts on all performance indicators are either unknown
or only partially investigated in literature. The existing studies which include regular and irregular wind
farm layouts focus on the performance of the optimisation tools. The aim of these optimisation studies
is not to compare the overall performance between the regular and irregular wind farms.

Third, it should be noted that irregularity is inherent to the used optimisation algorithms. In literature,
most optimisation studies result in irregular wind farms [25–28]. This is due to the enormous design
space of irregular patterns with many local optima. A particle swarm optimisation (PSO) or genetic
algorithm (GA) is therefore unlikely to find a regular pattern. Based on the nature of the optimisation
algorithms many optimisation studies are bias toward irregular wind farm layouts.

In existing literature there are no studies dedicated to compare regular and irregular wind farms
based on a complete set of performance assessment criteria. A consistent comparative analysis of
multiple regular and irregular wind farms has not been conducted. Specifically, objective performance
assessment criteria appear to be lacking. Although there are indications that irregular layouts outperform
regular layouts with respect to yield, it is yet to be confirmed if irregular layouts indeed provide a better
performance overall (e.g. a higher profit).
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1.4. Research Objective and Research Questions
In this section the boundaries of the research executed in this master thesis project are mapped out.
First, the research objective is formulated, from which the research question and sub-questions are
derived, which form the basis of this research.

1.4.1. Research Objective
To alleviate the problem identified in section 1.3, the following research objective is formulated:

To quantify the effect of regular and irregular offshore wind farm layouts on selected performance
indicators by means of a comparative case study using state-of-the-art simulation tools and models.

1.4.2. Research Questions
From the research objective the main research questions can be derived which give an indication by
what means the objective is set out to be achieved. The research questions also provide a guideline to
what steps need to be carried out to achieve the objective of this project in a feasible manner. The main
research question for this master thesis is formulated as follows:

To what extent does a regular or irregular geometrical pattern of wind turbines affect the performance of
an offshore wind farm?

In order to answer this research question, an additional set of questions is formulated referred to as
sub-questions:

• What performance indicators can be identified to quantify the performance of an offshore wind
farm layout?

• What considerations apply when comparing selected performance indicators between regular and
irregular layouts?

• What is the difference in performance of selected performance indicators between the case regular
and irregular layouts?

• To what extent are the results found to be generally applicable to regular and irregular layouts?

• Is there a possibility to ameliorate the worst performing indicator for the (overall) better wind farm
layout?

1.5. Methodology and Thesis Outline
The structure of this thesis is outlined in Figure 1.4. In chapter 1, an introduction is presented, followed by
a discussion on the state-of-the-art research on the layout of offshore wind farms. This is followed by the
research objective and research questions. chapter 2 forms the basis of this research. The performance
indicators for offshore wind farms are investigated and the relevant indicators for this research are
selected. Then, the input parameters and choice of wind farm layout for the case study are selected. This
is followed by chapter 3, chapter 4, and chapter 5 where an analysis of the three selected performance
indicators is performed. This is followed by an analysis of the general applicability of the obtained
results in chapter 6. In chapter 7, as an addition to the main research, the potential to mitigate negative
performance result is explored. Finally, the conclusions from this research and recommendations for
further research are presented in chapter 8.
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Figure 1.4: Schematic representation of report structure and methodology with corresponding chapter numbers. PI = performance
indicator.

The research includes multiple expert interviews to verify findings and develop methods to analyse
the performance indicators. The wind farm simulations are performed using readily available tools.
Software packages such as Windfarmer [29], WindPRO [30], and OpenWind [9] are designed for wind
farm calculations. This master thesis is conducted in collaboration with Ventolines which grants access
to WindPRO. Low-fidelity models are developed when these tools are not available or lack in accuracy.
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2
Performance Indicator Selection and

Case Selection

2.1. Introduction
In this section, the basis for the research comparing regular and irregular wind farm layouts is established.
An inventory is made of all wind farm performance indicators by which the performance of a wind farm
can be quantified. From this inventory, the performance indicators that are used for this research are
selected. These steps are performed in section 2.2. Next, in section 2.3 the case regular and irregular
wind farm layouts which are used for the comparative case study are selected. This is presented together
with background information and their corresponding wind climate, and wind turbine type.

2.2. Performance Indicator Selection
To compare the performance between the regular and irregular wind farms, a selection must be made
of the performance indicators which will be analysed. As previously found in subsection 1.1.1, there is
a lack of well-defined best practices for the performance assessment of a wind farm. An inventory of
possible performance indicators is established. Before this inventory and selection can be made, an
overarching key performance indicator must be selected.

2.2.1. Overarching Key Performance Indicator
The performance of a wind farm can be assessed with a single and overarching key performance
indicator (OKPI) according to SETIS - TPWind [31]. This suggested OKPI is the levelised cost of energy
(LCOE), which is expressed in Euro per Megawatt-hour [€/MWh].

In a recent study performed by Tao and Finenko [4], it is suggested that the LCOE is no longer
suitable as OKPI. For decision making in the power generating industry, using LCOE estimates as a
base for achieving grid parity1 forms an incomplete benchmark [4]. A recent study performed by Nissen
and Harfst [32] shows that an investment can be profitable (generating positive net present value (NPV))
while the LCOE is higher than the current grid price for energy. This is caused by neglecting energy price
changes. Bertalero et al. [33] therefore suggest to take into account the timely variation of the value of
energy. The objective for producing energy in industry is now no longer to produce the cheapest possible
power, but to generate the highest value over the lifetime of a renewable power plant, according to Dykes
et al. [34].

Therefore, instead of choosing the LCOE as the OKPI, profit is deemed a more suitable candidate.
According to Remer and Nieto [35], profit is often evaluated using one of the following techniques: net
present value (NPV), internal rate of return (IRR), return on investment (ROI), cost/benefit analysis (CBA)
and payback period (PP) methods. In this research the cost/benefit analysis is chosen, dividing the profit
in cost and revenue.
1Grid parity indicates potential profit. This is achieved when the electricity is generated at the same or lower price than the
prevailing energy tariff [4].
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2.2.2. Performance Indicator Inventory
An overview of all performance indicators affecting theOKPI is established using the study on performance
indicators for the operations and maintenance phase of the wind farm lifetime by Gonzalez et al. [36].
The results of this study are re-organised and expanded using the research performed by Shafiee et al.
[37], presenting a cost breakdown structure for offshore wind farms over the lifetime. The aim when
developing a wind farm is increasing this profit, which is a trade-off between the revenue (related to
power production) and cost.

These studies and cost-breakdown structure are used to form the PI tree as shown in Figure 2.1.
This AND-tree is assembled consisting of four different levels: overarching key performance indicator
(OKPI), key performance indicators (KPI), performance indicators (PI), and sub-performance indicators
(SPI). All sub-components together encompass the higher-level entry.

Figure 2.1: Breakdown of Performance Indicators

Some SPI’s are very similar or overlapping with SPI’s under different PI’s, which, in a complex system
like an offshore wind farm is inevitable. Insurance is included both in the production & acquisition and
installation & commissioning PI’s for example. In this case, the SPI is analysed based on its effect on
the most relevant PI. Now, to substantiate the decision making, the interpretation of SPI’s which are not
straightforward in the PI diagram are presented below:

• The SPIwind turbine listed under PI production & procurement consists of many different components.
For simplicity only the two cost driving components, the tower and rotor blades are considered.
These account for 29.4% and 24.9% of the turbine cost respectively [38]. The cost breakdown is
presented in a pie chart in Figure 2.2.
The blades of a wind turbine are designed according to a certain wind class in the IEC standard
[39], which is in turn determined by the location of the wind farm as a whole. The location of the
turbine in the wind farm do not influence the blade design. The placement of the turbines in the
wind farm does affect the turbine tower design. The worst-case turbine in the wind farm determines
the tower design according to ir. B. Koppenol 2. Therefore, only the tower design is considered for
the wind turbine SPI.

2Technical Project Manager at Ventolines B.V. including turbine package management and support structure design.
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Figure 2.2: Pie chart representing the cost breakdown of wind turbine components according to [38]. The turbine tower and
blades show the largest contribution to the total wind turbine cost.

• The value on the energy market (e-market) SPI listed under the PI electricity price, refers to
the value that wind power has on the electricity market. This varies constantly depending on
for example the power production and forecast errors of available wind. In the Netherlands the
responsibility of balancing the energy output of the wind farm lies with the program responsible
parties [40]. Related power imbalance cost that accompany this are payed by the program responsible
parties.

• The power transmission system SPI considers the inter-array cabling system of the wind farm
only. As the export cable, substation and other components are considered to show marginal
differences for the same rated output of the wind farms, with only a change in wind turbine positioning.
The same holds for the SPI electrical losses which is closely related to the power transmission
system.

• For the foundationSPI under production & procurement PI, there are different definitions identified
in literature. In this research, the structure on which the turbine tower is mounted is considered as
the foundation. For offshore wind turbines this can be jacket-pile, monopile, gravity-type, tripod and
suction caissons [41]. However, the choice of foundation type and the design is heavily dependent
on the site, like water depth, wave conditions and soil conditions.

Elaborating on the ambiguous sub-performance indicators in Figure 2.1 clarifies how each sub-performance
indicator is interpreted for the selection phase.

2.2.3. Multi-Criteria Decision Analysis
In the next step a decision is made on which sub-performance indicators are the most relevant to
investigate in the scope and context of this thesis. A choice ismade between quantifiable and non-quantifiable
components as well as multiple criteria to assess the results. A suitable approach to this type of problem
is the multiple criteria decision analysis (MCDA) [42]. The weighted sum method (WSM) is used for this
application. Before scoring the sub-performance indicators and selection of the criteria, the context of
the project is specified. The criteria for the MCDA are derived from the research question, it is important
that the assessed sub-performance indicators are in order of importance:

• Affected by layout, as the research question aims to identify the differences in performance
indicators between regular and irregular layout, it is one of the most important criteria and therefore
given a weight of 2.

• Feasible, the selected SPI must be feasible to quantify within the scope and time frame of the
research. This means that sufficient input data and validated models must be available, or reliable
models can be developed within the framework of this research. This is crucial to answer the
research question and thus given a weight of 2.
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• Site independent, the aim of this research is to assess the difference between the performance
indicators for a regular and irregular wind farm layout, which is only comparable for the same
location, wave conditions, wind climate, wind directions etc. However, in order to obtain generally
applicable results, the influence of the specific site condition such as soil condition/distance to
shore etc. should be excluded from the analysis as much as possible. This criterion is weighed 1.

• Technical, many topics around thewind farm layout design are concernedwith logistical, environmental,
financial aspects etc. This criterion is weighed 0.5.

• Relevance MSc. degree, aerodynamics need to be included in the SPI selection as this is the
environment of the research, thus given a weight of 0.5.

The sub-performance indicators are assigned a weight, this is done using a scale from one to three. The
best alternatives are then calculated using Equation 2.1 [42].

𝐴 =∑∑𝑎 𝑤 (2.1)

Here, 𝐴 is the WSM score of the alternative i, 𝑎 is the weight given to 𝑖 alternative corresponding
to criteria j, and 𝑤 is the weight given to the 𝑗 criterion. N and M are the number of alternatives and
criteria respectively. This is then normalised with the maximum obtainable score and multiplied to get a
score out of 10.

2.2.4. Multi-Criteria Decision Analysis Results
The results for the sub-performance indicators with the highest scores are shown in Table 2.1, which
are all selected for further research in this thesis. Scores of the other sub-performance indicators and
scores on individual criteria can be found in Appendix A.

Table 2.1: Performance indicator multi-criteria decision analysis result summary.

PI Group SPI Score

Power
Performance

Energy Yield 10.0
Predictability 10.0
Value on e-market 8.3

Wake Induced
Tower Fatigue

Wind turbine 8.9
Component replacement 8.9

Electrical
System

Electrical losses 8.6
Power transmission system 9.7

Since the sub-performance indicators are interrelated, groups are formed of the SPI’s that can be
considered in one analysis.

• Power Performance is identified as one performance indicator group. In this PI group, the following
SPI’s are included: yield/wake losses, predictability, and value on e-market. The AEP is driving for
the revenue of the wind farm which is in turn a driving factor for the overarching key performance
indicator: profit.
Persistence of power output for varying wind directions is expected to influence the value of energy
on the e-market. Small changes in wind direction can have a large impact on the total power
output. In order to optimise the integration of the wind farm with the electrical grid, it is important
that the power variability and output can be predicted accurately. Balancing between the generated
and demanded power forms a fundamental issue in the control and operation of electrical power
systems [43].

• Wake Induced Tower Fatigue, the SPI’s wind turbine and component replacement cost can be
grouped through fatigue loads in a wind farm and tower material consumption. Mikitarenko and
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Perelmuter [44] showed that the tower fatigue loading is significantly affected by the wake effects
in the wind farm. Assessing the effect of the wind farm layout on the wake added fatigue damage
of the tower can potentially increase the initial investment cost of the wind farm, which directly
affects the overarching key performance indicator: profit. Logically, the component replacement
cost of the tower changes with tower cost changes.

• Electrical System, the final group of interest concerns the electrical losses and power transmission
system. The cable length is a driving factor of the cost and electrical losses of the inter-array cables.
The effect on the cable length and losses of different wind farm layouts is expected to affect both
the revenue through the electrical losses, and the cost through the initial investment of inter-array
cable and installation cost.

The performance indicator groups are assigned names for future reference in this report. Now that the
performance indicator groups are identified, the last step before analysing the performance is to select
a regular and irregular wind farm as input to the comparative case study. This is done in section 2.3.

2.3. Case Selection
For each of the three identified performance indicator groups, the results for both regular and irregular
offshore wind farm patterns need to be investigated. The performance indicator group results are
quantified through means of a case study containing both a regular and irregular wind farm. In this
section, the wind farm layout, turbine type and wind climate are presented along with other relevant
case input data.

2.3.1. Case Layout Specifications
In the literature review, an optimisation study was identified performed by Sanchez Perez Moreno
[45]. The regular and irregular wind farm are used as input case wind farm layouts. In his study,
Sanchez Perez Moreno [45] develops two optimisation approaches: the sequential approach and the
multidisciplinary design analysis and optimisation (MDAO) approach.

The sequential design approach is as follows; first, the layout is optimised for the annual energy
production (AEP), taking into consideration 12wind direction sectors with a steadywake-effect to determine
local wind speeds. Then, the support structure for every wind turbine is considered. Finally, the infield
collection system is optimised after which the levelised cost of energy (LCOE) is calculated. In the
sequential design, there is no iteration or feedback between the consequent design steps.

The optimisation procedure for the MDAO approach couples different components and disciplines
represented by computational tools in a workflow to simulate the entire system. Additional information
on the MDAO workflow can be found in Appendix B. Since the MDAO approach is not commonly used
in industry, the sequential design is selected as the baseline case design.

The selected reference site on which the research is performed is Borssele III and IV. This wind
farm consists of 74 turbines [46], located near the border between the Netherlands and Belgium, in
the Southern part of the Dutch North Sea. This reference wind plant was selected by Sanchez Perez
Moreno [45] due to the readily available data, such as: wind climate, soil conditions, water depth etc,
and is also utilized in this research. The resulting layouts are shown in Figure 2.3 below.
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(a) Regular
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(b) Irregular

Figure 2.3: Regular and irregular layout from Sanchez Perez Moreno [45] consisting of 74 turbines with a rated power of 10 MW
at Borssele.

To obtain a rough feeling for the measure of irregularity, the sum of the distance to a selection of the
surrounding turbines is computed for each turbine in the wind farms. If the number of turbines with a
unique value of this sum is high, this indicates an irregular wind turbine pattern. The embedded turbines
of the regular wind farm are expected to have identical values for the sum of the distance to surrounding
turbines.

Looking more closely at the spacing in Figure 2.3, some initial observations are quantified. First, for
each turbine in the wind farm, the sum of the distances to each surrounding turbine in a 10 rotor diameter
(10 RD) radius is computed. Second, it is observed that the minimum distance between two turbines is
smaller for the irregular wind farm. The results are presented in Table 2.2.

Table 2.2: Number of turbines with the same unique sum of distances to surrounding turbines with a tolerance of 0.001 RD ( ),
and the minimum inter-turbine spacing ( ).

Nturb (∑ 𝑑 ) [-] xmin [RD]
Regular 66 8.88
Irregular 5 2.73

In the regular wind farm, there are 5 unique values for this sum, where in the irregular wind farm there
are 66 unique values. More sophisticated methods to determine the measure of regularity exist, but this
method serves as an initial indication which is deemed sufficient for the purpose of this research.

For the irregular wind farm, it can be observed that the turbine density at some edges of the wind
farm is higher than the regular wind farm. As described in the work of Guirguis et al. [47], wind farm
area edges attract wind turbines which have lower efficiency when placed inside the wind farm. This
increase in turbine density at the edges of the wind farm cause a lower (average) spacing between the
turbines.

2.3.2. Wind Climate
The meteorological data is obtained from Wind and Zone [48]. The data set consists of hourly mean
wind speeds at 10 m height in m/s and corresponding wind directions in degrees. The data stems
from HARMONIE, which is a numerical weather prediction (NWP) model used by the Royal Netherlands
Meteorological Institute (KNMI). Themeasurements cover the period from 1979 until 2013, at ameasurement
point 3.02∘E 51.70∘N. When a measurement period of at least six months is available, and the long-
and short-term wind direction distribution is similar, the measurements can be assumed to represent
long-term turbulence conditions [39]. Themeasurement period of the Borssele turbulence data is gathered
over a time period of approximately 3.3 years [48], which conforms to this IEC requirement.
The hub-height data is required to analyse the performance of the wind farm as this resembles the
incoming flow to the rotor disk. To extrapolate the data to hub-height, the power-law profile is found to
be the most suitable method according to the study performed in Wind and Zone [48]. The suggested
power exponent for this extrapolation is 𝛼 = 0.08.
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The wind rose can then be obtained at hub-height for further analysis of the wind climate. For this
the wind direction distribution is divided into 12 sectors of each 30∘. For each wind direction bin, the
probability of that wind direction occurring, Weibull distribution, and mean wind speed are calculated.
The visualisation of this wind rose is shown in Figure 2.4, where the wind speeds in the wind direction
bin are divided into five wind speed bins.
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Figure 2.4: Wind rose obtained from Borssele IV data set provided by Wind and Zone [48], extrapolated to hub-height with
power-law exponent 0.08.

It can clearly be observed that the prevailing wind is from the southwest direction (sector 9). The wind
speed bin containing wind speeds above 20 m/s is larger than the other sectors, indicating this wind
speed occurs more frequently in this wind direction sector. The corresponding values are presented in
Appendix C. The omni-directional mean wind speed is 9.5 m/s with a shape and scale parameter of
10.7 and 2.1 respectively. The obtained results are verified with the 100 m height Weibull parameters
presented in Wind and Zone [48].

2.3.3. Wind Turbine Specification
The optimisation performed by Sanchez Perez Moreno [45] is based on the IEA Wind Task 37 reference
wind turbine with 10 MW rated power [49]. This turbine will from now on be referred to as the IEW Wind
turbine. The turbine specifications are presented in Table 2.3 below.

Table 2.3: Key parameters of the 10 MW IEA Wind Task 37 reference wind turbine [45]

Parameter 10 MW Turbine Unit
Wind regime IEC class IA [-]
Rated power 10 [MW]
Rated wind speed 11.4 [m/s]
Rotor diameter 190.8 [m]
Hub-height 119 [m]
Cut-in wind speed 4 [m/s]
Cut-out wind speed 25 [m/s]

Identical parameters as the report of Sanchez PerezMoreno [45] are chosen to adhere to the optimisation
input parameters. The thrust coefficient and power curve of the IEAWind turbine are shown in Figure 2.5.
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Figure 2.5: The thrust coefficient and power curve of the IEAWind turbine used in the optimisation algorithm developed by Sanchez
Perez Moreno [45].

In this report these input parameters are used unless otherwise stated.

2.4. Conclusion
An overview of performance indicators (PI) is developed with the overarching key performance indicator
profit. Profit is divided into cost and revenue, which in turn can be divided in several performance and
sub-performance indicators. Implementing a multi-criteria decision analysis method, three performance
indicator groups are selected: power performance, wake induced tower fatigue, and the electrical system.
The selection of sub-performance indicators in the PI groups is based on a set of 5 criteria: affected by
layout, feasible, site-independent, technical, and relevant to the MSc. degree. The comparative study
between regular and irregular layouts will be performed by analysis of the PI groups on two pre-defined
layouts with 74 turbines of 10MW each, based on the conditions at Borssele III and IV.
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3
Performance Indicator 1:

Power Performance

3.1. Introduction
In this chapter, the performance indicator (PI) group called ’power performance’ is analysed. This PI
group includes the following sub-performance indicators: energy yield, predictability, and value on the
electricity market. Here, the performance indicator results are quantified for the regular and irregular
wind farm layout presented in the case selection. As schematically presented in Figure 3.1, the relation
between the layout and profit is investigated with the annual energy production (AEP) and persistence
to wind direction. The velocity deficit in the wake causes a reduction in the power output of the wind
farm depending on the orientation of the wake. This has effect on the annual energy production and the
variability of the power output as a function of wind direction.

Figure 3.1: Schematic representation of layout, power production, and cost & profit relation

These two aspects will be analysed separately in the following sections.

3.2. Annual Energy Production
Previously, in section 1.2, it was found that most wind farm layout optimisation algorithms focus on the
maximisation of energy output [25, 26, 50–53]. The aim of this section is to quantify the influence of
the regular or irregular wind farm layout on the AEP. The AEP is an estimate of the energy production
of a wind farm during a one-year period1, assuming 100 % availability of the turbines [54]. The annual
energy production is calculated with Equation 3.1.

𝐴𝐸𝑃 = 𝑇∫ ∫ 𝑃(𝑈)𝑓(𝑈, 𝜃)𝑑𝜃𝑑𝑈 (3.1)

The annual energy production is often measured in megawatt hours. This can be obtained when
the power curve and the frequency of wind speed distributions is known for a specific location. In
Equation 3.1, T is the number of hours in a year, P is the power curve of the specific wind turbine, f
is the wind speed frequency distribution, U represents the operational wind speeds, and 𝜃 represents
the wind speed directions.
1The transmission losses stemming from the electrical inter-array cabling system are excluded from this analysis.
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A difference in AEP for the regular and irregular wind farm is expected, as the placement of the
turbines in the wind farm combined with the wind rose will determine the orientation of the wakes in the
wind farm. The wind farm will generate more energy when the wake losses are minimised.

3.2.1. Annual Energy Production in WindPRO
A readily available software tool to estimate the AEP is WindPRO. The PARK model in WindPRO with
wind statistics based calculations with MEASURE model is designed to estimate the annual energy
production [30]. WindPRO PARK calculations are commonly applied as the basis for the business case
and financing of offshore wind parks. Investment banks trust WindPRO as a wind farm modelling tool
to create wind energy assessment for determining the wind farm finance [55].

First, the wind distribution at each wind turbine generator (WTG) position is determined based on
wind measurement data imported by the user. The wind measurements in this research are imported in
the form of Weibull-parameters for each wind direction sector.

Then, the wind distribution from this previous step is adjusted to account for the array losses using
the PARK model. The PARK model is the most popular approach to predict the wake deficit behind a
wind turbine and wake losses in a wind farm [56]. Inputs for the PARK module like the wind climate and
the wind farm layout are known as well as the performance curves of the WTG model [57]. Also, as part
of the PARK model, the wake-decay constant for the N.O. Jensen wake model is selected. The default
value for the wake-decay constant (WDC) of 0.04 is selected. This wake decay constant determines
the rate of expansion behind the turbine. A lower expansion means a higher wake deficit behind the
rotor meaning the wake losses are larger. A wake decay coefficient of 0.04 is recommended both by
Barthelmie et al. [58] and in the EMD WindPRO manual [30] for offshore wind farms.

Finally, for the energy yield calculation, the adjusted wind distribution resulting from the PARKmodule
is integrated with the performance curves of the WTG. Importing the IEA Wind turbine, wind rose, and
setting up the PARK model with a WDC of 0.04, the AEP of each individual turbine in the wind farm is
computed. With this individual AEP of the turbines, two analyses are performed:

• The total AEP of the wind farm is calculated by summation of the individual turbine results. The
wake loss percentage and an estimate of the corresponding revenue from the AEP are computed.

• The individual AEP results from WindPRO can also be used to compare the performance of the
wind turbines in both wind farms. First, the best and worst performing turbines are compared
within the wind farm. This can be established by arranging the AEP results per turbine from
high-performance to low-performance, which visualises the difference in annual energy production
obtained for the entire wind farm. Second, the position of the turbines is identified by generating a
colour scheme for the turbine AEP results. This visualises at what positions within the wind farm
the high-performance and low-performance turbines are located.

The analysis of the total wind farm AEP and the AEP of the individual turbines in the wind farm are
elaborated upon in the following sections.

3.2.2. Annual Energy Production Analysis Borssele
The farm layout, wind conditions and turbine specifications established in section 2.3 are imported to
WindPRO. The total annual energy production of the regular and irregular layouts is then computed for
all 74 turbines within the Borssele case wind farm using the PARK model described in subsection 3.2.1.
Both wind farm layouts are subjected to the exact same input parameters which resemble the Borssele
wind farm site. The PARK result is shown in Table 3.1 below in the first two columns.

Table 3.1: Regular and irregular annual energy production with real Weibull distribution and IEA Wind turbine results from
WindPRO.

AEP [GWh/y] Wake Loss [%] Revenue [103 €]
Regular 3138.7 8.1 144 802
Irregular 3159.5 7.5 145 501

Difference + 0.66 % - 7.41 % 700
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The total AEP of the irregular wind farm is higher (0.66%) than the regular AEP. This difference is
15.6 GWh/year. Looking at the European Power Exchange (EPEX) history in the Netherlands between
2007 and 2020, the price per MWh was on average €44.90 obtained in collaboration with ir. Michel
Tellman 2. The total increase in revenue per year is then approximately €700 000. Today’s value of this
increase in revenue over the lifetime of the wind turbine is estimated using Equation 3.2.

𝑁𝑃𝑉 =∑ 𝑅
(1 + 𝑖) (3.2)

In which 𝑅 is the net cash inflow during a 1-year period, i is the discount rate, n is the lifetime of the
wind farm in years, and t loops over the n years. With a discount rate of 5 % and lifetime of 25 years, the
net present value of the added AEP revenue is approximately 10 million Euros. This additional step is
presented to emphasise the effect of the AEP on the profit of the wind farm. A seemingly small increase
in AEP results in a significant increase of overall wind farm profit.

The regular wind farm produces 94% of its potential power, and the irregular wind farm produces
94.5% of this power. This is in line with the objective of Sanchez Perez Moreno [45] to increase the
power production by decreasing the power losses due to wake effects. The relative results are verified
with the research of Sanchez Perez Moreno [45]. The percentage difference between the irregular wind
farms (Base and MDAO) from his research are known and utilised to compute the expected total AEP
of the MDAO irregular wind farm. The difference between the AEP computed with the percentages from
Sanchez Perez Moreno [45], and the AEP obtained with WindPRO is 0.0096%. This research project
focuses on the difference between the regular and irregular wind farm layout which means that this
relative verification is sufficient.

3.2.3. Individual Turbine AEP Performance
To investigate the source of this difference in energy yield between the two casewind farms, the individual
turbine behaviour is investigated. The individual turbine energy yield depends on its position in the wind
farm. The AEP of the individual turbines are arranged from high-performance to low-performance for
both the regular and irregular wind farm as shown in Figure 3.2.
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Figure 3.2: Individual turbine annual energy production for the regular and irregular wind farm layout arranged from
high-performance to low-performance.

The turbines with the lowest performance in the irregular wind farm show a lower AEP than the turbines
with the lowest performance in the regular wind farm. The increase in AEP of the overall wind farm can
therefore not be attributed to the outliers. The best- and worst-performing turbine of the regular and
irregular layout are identified with their corresponding yield as shown in Table 3.2.
2Head of power purchase agreements at Ventolines B.V., has experience on both sides of the energy trade formerly taking the
position as Head of Structuring and Origination at Eneco Energy Trade.
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Table 3.2: Comparison of the difference between the worst (-) and best (-) performing turbines in the regular and irregular wind
farm.

Turbine AEP [GWh/year]
(-) (+)

Regular 41.2 44.9
Irregular 40.6 45.1

Difference - 1.4 % + 0.3 %

The worst-performing turbine in the irregular wind farm produces 1.4 % less energy compared to the
worst-performing turbine in the regular wind farm. For the best-performing turbine, the opposite is
observed. The best-performing turbine in the irregular wind farm performs 0.3 % better than the best-
performing turbine in the regular wind farm. The difference in AEP for the outliers in Figure 3.2 show
why these are not the cause for the higher performance of the irregular wind farm. If only the four best-
and worst-performing turbines are taken from both wind farms, the regular wind farm would outperform
the irregular layout with 2.39 GWh per year. From this it can be concluded that the optimisation program
sacrifices the energy yield of certain turbines in the wind farm for an overall higher total energy yield.
The relatively small but constant higher performance of the irregular wind farm turbines results in the
final higher AEP of 15.6 GWh per year as previously found.

The position of the turbines in the wind farm based on their performance is identified in Figure 3.3.
The four best- and worst- performing turbines are emphasised with dark-green and black lines.
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Figure 3.3: Individual turbines of the regular and irregular wind farm layout coloured from red to green based on their performance.
The four best- and worst- performing turbines are encircled.

A clear difference in the distribution of performance between the regular and irregular wind farm can be
observed. On the left, in the regular layout, a clear distinction can be made in performance based on
the location of the turbines within the wind farm.

The regular wind farm shows a ’smooth’ distribution of performance in the wind farm. A gradual
change from green to orange to red is observedmoving along the prevailing wind direction (south-west-west).
Looking at the best-performing turbines, it can be observed that for most wind directions these turbines
will experience an undisturbed incoming wind speed. For the worst-performing turbines, the opposite
can be said. No matter the wind direction, these turbines will always be subjected to wakes of their
neighboring turbines.

In the irregular wind farm, a smooth distribution in performance (as observed for the regular wind
farm) is not observed. The high-performance of the turbines on the south-west border looks similar to
the regular turbines as this edge faces the prevailing wind direction. The turbines embedded in the
wind farm show larger variation to their neighboring turbines than the regular wind farm. Two factors
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cause the lower performance of the worst-performing turbines. First, the turbines are located on the
lee side of their neighboring turbine for the prevailing wind direction. This means that these turbines
will experience a velocity deficit caused by their upstream neighboring turbine. With the prevailing wind
direction causing this situation, the effect is greater than for other wind directions. Second, the spacing to
their neighbor affects the performance. The inter-turbine spacing between the worst-performing turbines
and their neighbor is small. The low performance of these turbines is caused by a combination of these
two factors.

The results of the sub-performance indicator ’energy yield’ are in favour of the irregular wind farm.
The overall wind farm AEP of the irregular wind farm is 0.66% higher than the regular wind farm. This
is caused by the relatively small but constant higher performance of the irregular wind farm turbines.
Noteworthy is that the worst-performing turbines in the irregular wind farm actually have a lower individual
turbine AEP than the worst-performing in the regular wind farm.

3.3. Persistence to Wind Direction
In this section, two sub-performance indicators: predictability and value on the electricity market, are
investigated. The persistence to wind direction of the regular and irregular wind farm is assessed. The
aim of exploring this performance indicator is to establish the relation between the layout, change in wind
direction, associated (power) losses, imbalance cost, and hence profit as shown in the lower branch of
Figure 3.1.

The power in a wind farm can vary with time depending on the variability of wind speed [43], but
also with changing wind directions [59]. Forecasting wind power production is a challenging task due
to this variable nature of wind speed and direction. Research is performed to develop tools which
can accurately predict the day-ahead power production of wind farms [60]. The electricity market, in
a nutshell, is driven by supply and demand. The day-ahead market is settled at the most cost-effective
way based on supply and demand bidding. Producers that have wind energy or another variable energy
source in their generation mix need to be able to forecast their day ahead production to substantiate their
bids [60]. When a wind farm yields more energy than predicted, this leads to a supply of more energy
than the bid [61]. If this is not corrected by the producer, this will lead to imbalance costs. Imbalance
costs decrease the net income for the producer. The balancing cost for a study performed on prediction
errors and balancing costs in Finland is estimated at 0.7 € per MWh which is calculated per MWh of the
total energy production.

Choosing a wind farm layout which potentially has higher persistence to changes in wind direction
increases the predictability of the wind farm production according to Othman et al. [62]. Power production
as a function of wind direction can be seen as a metric to assess the wind farm’s ability to maintain
its performance of power production with changing wind direction [63], and would reduce the risk of
relatively sudden, significant changes in output due tomodest changes in wind direction. If the predictability
of the wind farm power production increases, the imbalance cost is therefore expected to decrease. In
the following section, the power output as a function of wind direction is analysed for the regular and
irregular wind farm layout.

3.3.1. Omni-directional Power Calculations in WindPRO
The PARK module in WindPRO can be utilised to assess the power output of the wind farm at different
wind directions. For this analysis, the time-series based on measurements PARK module3 is chosen
instead of the wind statistics based PARK with MEASURE model used for the AEP calculations. The
power is sampled for all wind directions, with steps of 1∘. On both wind farm layouts, the same wind
rose is placed with a uniform wind direction distribution and mean wind speed found from the Borssele
wind climate data.

At the mean wind speed at Borssele of 9.5 m/s, the wake losses play a significant role in the power
output of the wind farm. When a significantly higher wind speed is chosen (+ 15 m/s) the wake losses
would decrease significantly and might even disappear completely. At higher wind speeds, the deficit
3In this module of WindPRO, a more detailed wake decay factor can be implemented. For this, a 35% linear weight and 65% RSS
(Root Sum Square) weight is chosen. In the original N.O. Jensen wake model, multiple wakes are summarised using the RSS
method. An alternative method is to use the linear method to summarise the deficits. For large wind farms, the RSS method is
found to underestimate the velocity deficit, where the linear method overestimates it far too much. Therefore, it is recommended
in the EMD WindPRO manual [30] to use a combination of the two methods with a 35% linear weight and 65% RSS (Root Sum
Square) weight.
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velocity in the wake still results in rated power, meaning the turbine downstream still produces the
maximum power regardless of whether it is located in the wake or not.

3.3.2. Persistence to Wind Direction Assessment Borssele
The procedure described above is implemented in WindPRO with a mean wind speed of 9.5 m/s. The
obtained power results are then post-processed to form a multi-directional power curve with constant
wind speed to visualise the difference in power output as presented in Figure 3.4.
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Figure 3.4: Power output of the regular and irregular wind farm subjected to a mean wind speed of 9.5 m/s in steps of 1∘.

In Figure 3.4, the power production per wind direction is represented by the continuous blue and red
lines for the regular and irregular wind farm respectively. The disrupted coloured lines indicate the mean
power production over all wind directions and the navy blue disrupted lines represent the no-loss power
production.

The regular wind farm layout has significantly higher changes in power output as a function of wind
direction than the irregular wind farm layout. Not only themagnitude of the power drop varies, but also the
amount of wind directions at which this occurs is higher for the regular wind farm. Both this magnitude
and the wind direction at which they occur can be related to the regular wind farm layout. The wind
direction at which the wind farm power deficits are expected are indicated with arrows in Figure 3.5.

Figure 3.5: Visualisation of inflow angles with low power production for regular wind farm. The prevailing wind direction sector is
indicated in red.

The visualisation in Figure 3.5 in combination with Figure 3.4 show a relation between the wind direction
and wind turbine positioning. The low power performance in the regular layout is directly related to the
alignment of the wind direction with the wind turbine rows. For the regular layout, these rows are clearly
visible at the indicated angles. A distinction can be made between the magnitudes of the power deficit
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in the regular layout. This can be related to the number of wind turbines positioned in each row. For a
higher number of turbines the power deficit increases in magnitude as more turbines experience a full
wake and thus generate less power. Turbines arranged in large arrays are also known to restrict the
wake recovery. This is referred to as the deep-array effect [17]. The large arrays change the flow of
air in the atmosphere above the wind farm. This decreases the exchange of momentum from this air
stream which decrease the wake recovery. The negative effect of this alignment of wind turbines in rows
is thus increased by the deep-array effect.

For the irregular wind farm, the magnitude of the power drops is significantly smaller compared to
the irregular wind farm. The relation between the wind turbine rows and power deficit is not as apparent
as it is for the regular wind farm. With a denser turbine population near the edges of the wind farm
(Figure 3.6), alignment with these edges does lead to a relatively small power deficit compared to the
regular wind farm.

Figure 3.6: Visualisation of inflow angles with low power production for irregular wind farm. The prevailing wind direction sector is
indicated in red.

The highest wind farm power deficit is expected when the wind direction aligns with the turbine rows on
the north-side of the wind farm. The turbines in this row are closely spaced and mostly oriented along
the same row. Zooming in on the wind directions with the highest change in power output for both the
regular and irregular wind farm results in Figure 3.7.
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Figure 3.7: Power output as a function of wind direction for the regular and irregular wind farms subjected to a wind speed of
9.5 m/s, zoomed in on the wind directions with the highest power drops.

The difference in magnitude is clearly visible between the regular and irregular power. The change
in wind direction over which the power deficit occurs is approximately the same for both wind farm
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layouts. The power in the regular wind farm between 300∘ and 330∘ drops from approximately 405 MW
to 135 MW, equal to a decrease of approximately 66.6 %. This wind farm power deficit occurs over a
wind direction change of approximately 7∘. The power in the irregular wind farm between 60∘ and 90∘
drops from 377 MW to 306 MW, equal to a decrease of approximately 18.8 %. This change occurs
over a wind direction change of approximately 8∘. The difference in maximum wind farm power deficit,
imbalance cost for a prediction error of 7∘, and the standard deviation of the power as a function of wind
direction, are presented in Table 3.3.

Table 3.3: Maximum wind farm power deficit, corresponding imbalance cost, and standard deviation of the power as a function of
wind direction.

Max. Pdrop [MW] 𝜎 P [MW]
Regular 269.5 67.6
Irregular 70.9 16.6

Difference - 73.7 % - 75.5 %

From Table 3.3 it can be observed that this irregular layout performs better than the regular layout. The
maximum difference in power deficit over a wind sector bin is approximately 73.7% lower than that found
in the regular wind farm. The standard deviation as a function of wind direction is approximately 75.5%
lower than the regular wind farm. The low standard deviation of the irregular wind farm indicates that
the multi-directional power curve in Figure 3.7b is closely spaced around the mean. For the regular wind
farm this is not the case as the multi-directional power curve fluctuates more significantly as a function
of wind direction. Furthermore, the prevailing wind direction of Borssele site is found to be from 225∘ to
255∘ which includes the large power drop around 240∘ in the regular wind farm. This high probability
increases the negative effect of the regular wind farm even further.

It should be noted that this analysis is not performed as a function of time. The effect of this time
variation is explained using the regular wind farm. In Figure 3.5, two turbines are indicated in green. If
the wind direction is set to 248∘, the turbine on the left will feel the change in wind speed earlier than
the turbine at the end of the row (right). With a wind speed of 9.5 m/s and the distance between these
turbines estimated at 12 km, this delay would be approximately 21 minutes. This effect is expected to
smooth out the power output curves in Figure 3.4.

3.3.3. Value on the Electricity Market
An expert interviewwith ir. M. Tellman 4 was conducted to explore the possibility of relating the persistence
to wind direction with the revenue. Quantifying this relation is deemed too ambitious for the scope of
this thesis, due to the high complexity and uncertainty of the electricity market. Although quantification
is not feasible in this research scope, a positive effect of the higher persistence to wind direction of the
irregular wind farm is expected4 for the revenue of the wind farm. The more stable power behaviour of
the irregular wind farm as a function of wind direction is expected to result in lower uncertainties with
predicting power output.

In an attempt to indicate the degree to which the imbalance cost affects the revenue, the wind climate
data and an indicative price for the imbalance cost based on history is used. A visualisation of the wind
direction over a period of 24 hours is presented in Figure 3.8.

The first five hours of this 24-hour time period in the Borssele wind climate data set show a change
in wind direction of approximately 68 ∘. The average slope of this decrease is 11.3 ∘per hour. An even
more significant change is observed from 7 ∘ to 8 ∘, with a wind direction change of 38∘ per hour. Such
changes in wind direction could result in higher prediction errors. According to Obersteiner et al. [61],
the prediction errors for flat terrain 12-hour forecasting ranges between 9 to 12 %.

The relation between this predictability of the power output and the imbalance cost is not quantified
in this research. However, using historical data from a research conducted on wind farms in Finland,
an indication of the magnitude of the imbalance cost can be obtained. Assuming an imbalance cost of
approximately 0.7 € per MWh as indicated by Holttinen [60], this would lead to approximately 2.2 million
Euros per year. The total revenue of the AEP (excluding the imbalance costs) based on the average
4Head of power purchase agreements at Ventolines B.V., M. Tellman has experience on both sides of the energy trade formerly
taking the position as Head of Structuring and Origination at Eneco Energy Trade.

22



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

Time [h]

200

220

240

260

W
in

d
 D

ir
e

c
ti
o

n
 [

°]
Figure 3.8: Wind direction for a time period of 24 hours obtained from Borssele wind climate data [48].

price per MWh in the Netherlands between 2007 and 2020, is approximately 141 million Euros per year.
The imbalance cost would then amount to approximately 1.6% of the AEP revenue of one year. In this
1.6 % the difference between the regular and irregular wind farm layout could cause a change.

The sub-performance indicators predictability and value on the electricity market are thus both found
to perform better for the irregular wind farm in this analysis. Note that the analysis is only performed at
a mean wind speed of 9.5 m/s. Furthermore, the relation between the imbalance cost and power output
of the wind farm is not as simple as portrayed in the estimation of this section. It greatly varies between
different studies and between wind farms in industry.

3.4. Conclusion
From the annual energy production analysis executed in WindPRO, the absolute difference between
the regular and irregular wind farm energy yield is analysed. This shows a higher AEP of approximately
0.66% for the irregular wind farm layout, corresponding to approximately €700 000 according to the
average EPEX price in the Netherlands between 2007 and 2020. The individual turbine performance
shows that the difference in AEP is not caused by the outliers (best-performing and worst-performing
turbines) but by the average performing turbines in the wind farm. Relating the performance and
positions shows that the distribution of the lower performing turbines is more evenly spread for the
regular wind farm than for the irregular wind farm.

Estimating the difference in persistence to wind direction for both wind farm layouts results in a
significant difference. The maximum power drop decreases with 73.7 % for the irregular wind farm
compared to the regular wind farm layout. The turbine rows in the wind farm with regular layout are
driving for the angle at which the power drops occur as well as their magnitude. A higher number of
turbines in a turbine row correspond to a larger power drop. This effect might worsen even more due
to deep-array effects. It is expected that a wind farm layout with a higher persistence to wind direction
will lead to a decrease in prediction errors. This is likely to result in lower imbalance costs. A rough
estimation based on historical imbalance cost data shows that the imbalance cost would amount to
approximately 1.6 % of the AEP revenue. The difference between the imbalance cost of the regular and
irregular wind farm would then become visible within this 1.6 %.

It should be noted that the analysis for persistence to wind direction is executed using a mean
constant wind speed of 9.5 m/s. This simplification likely overestimates the power drops as a function of
wind direction, as the time-dependent change of wake losses in the wind farm is not considered. Also,
the wind speed is below rated power, which means that the wake losses here play a significant role. For
higher wind speeds (+ 15 m/s) the effect of wake losses diminish or even disappear completely. The
difference between the regular and irregular wind farm layout at these wind speeds would thus decrease
significantly or even goes to zero.

Based on the analysis and assumptions in this section, the irregular wind farm layout performs better
for all three sub-performance indicators analysed: the energy yield, predictability, and value on the
electricity market.
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4
Performance Indicator 2:

Wake Induced Tower Fatigue

4.1. Introduction
In this chapter, the performance indicator (PI) group called ’wake induced tower fatigue’ is analysed. This
PI group includes the following sub-performance indicators: wind turbine, and component replacement.
As discussed in subsection 2.2.2, only the tower design is considered for these sub-performance indicators1.

The positioning of wind turbines inside a wind farm and the wind climate indicate the amount of wake
effects the downstream turbines will experience. Especially in offshore conditions these wake effects are
driving for the wind turbine fatigue loading [64]. With low terrain roughness and low ambient turbulence
intensities, the effects of these wakes is higher than onshore wind farms. Multiple studies performed
confirm that one of the fundamental parameters which determine the wall thickness of the tower design
is fatigue [64–67].

Assuming the fatigue is indeed the determining factor for the tower wall thickness, in this chapter, the
relation between the wind farm layout and fatigue loads is investigated with respect to the overarching
key performance indicator: profit. The schematic representation of this relation is presented in Figure 4.1
below.

Figure 4.1: Schematic overview of the layout, fatigue loads, and added material cost

Figure 4.1 starts with the wind farm layout, the positioning of turbines within a wind farm determines the
amount of wake effects on downstream turbines. The higher turbulence intensity in the wake causes
increased fatigue loads on the wind turbine structures. Increased fatigue loads in turn cause higher
fatigue damage. From this point there are two possibilities:

• Designing for a set lifetime aiming for minimal material consumption

• Designing for the expected fatigue loads with the aim to maximise the lifetime of the turbine

Both the wind turbine design & manufacturing company and wind farm developer may be interested
in considering both objectives. Offshore wind turbines are often designed for a lifespan of 25 years.
A turbine’s lifespan is determined by multiple factors among which reliability and failure. Moving and
exposed components are worn out at a higher rate than shielded components, making the driving
1Note that only the tower added fatigue due to wake induced turbulence is investigated because in industry the rotor-nacelle
assembly is designed according to a wind class in the IEC standard [39], where the tower is designed site-specifically as confirmed
by experts ir. B. Koppenol and dr. ir. B. Ummels.
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components for a wind turbine lifetime the blades and gearbox [68]. Due to both the complexity, and
uncertainty of the effect of the tower fatigue on the lifetime of a wind turbine, the latter objective is
disregarded in this research. Therefore, in this analysis, the lifetime is set and the fatigue loading is
investigated for possible changes in the material consumption.
The analysis in this chapter is based on the assumption that the tower design is fatigue-driven. The
tower design of a wind turbine is however highly complicated and includes among others the following
design drivers:

• The tower design must ensure that the tower natural frequency does not overlap with the 1P
(rotor rotational) and 3P (blade passing) frequencies. Excitation at these frequencies might lead
to resonance which causes large amplitude loads resulting in increased fatigue damage [69].

• In industry the certification of a wind turbine is based on load calculations according to wind turbine
requirements stated in the IEC standard [39]. Using this the fatigue load cases on the turbine are
calculated, to confirm that the turbine performance is adequate. Looking at the design load basis
(DLB) in IEC 61400-1 [39], there are five design load cases (DLC) that include fatigue loads. These
are presented in Table 4.1 below.

Table 4.1: Design Load Cases concerning fatigue loads [39]

DLC Design Situation Wind Condition Other Conditions
1.2 Power production NTM 𝑉 < 𝑉 < 𝑉

2.4 Power production +
occurrence of fault NTM 𝑉 < 𝑉 < 𝑉

Control, protection, or electrical
system faults including loss of
electrical network

3.1 Start-up NWP 𝑉 < 𝑉 < 𝑉 t
4.1 Normal shut-down NWP 𝑉 < 𝑉 < 𝑉
6.4 Parked

(standing still or idling) NTM 𝑉 < 0.7𝑉

NTM here is the normal turbulence model and NWP is the normal wind profile model as specified
in [39]. Although literature confirms that the wake added fatigue loads are driving for the thickness
of the WTG tower wall, the design should be verified to withstand both extreme and fatigue load
cases.

• A minimum wall thickness is required for a fixed diameter to prevent local buckling of the tower.

• The maximum diameter of the turbine can be determined by logistical (transport) constraints, such
as tunnels, bridges and other conditions. This may lead to a non-optimised design [70], which
would not allow for a reduction in material consumption based solely on the fatigue damage.

Although these aspects of the tower design should not be neglected, literature suggests that the wake
added fatigue loads are likely to be the driving factor for the tower wall thickness [64, 66, 67]. Therefore,
it is of interest to study layout impacts on the fatigue loading of the WTG tower.

4.2. Fatigue Models
Many fatigue modeling approaches and tools exist for the estimation of fatigue loads. Aeroelastic and
aero-servo-elastic tools can be utilised to simulate stochastic turbulence, either in the time- or frequency
domain. With this, the dynamic behaviour can be simulated and consequently the damage equivalent
loads can be determined using rainflow counting [71]. Examples of such tools are BLADED, FAST,
PHATAS, and HAWC2 [72]. From these, HAWC2 [73] and FAST [14] are commonly used in literature.

According to Frandsen [66] it is argued and justified that models considering only the effective
turbulence intensity are representable for estimating the increased fatigue loads in wind farms. The
effective turbulence intensity is defined by Frandsen [66] as the turbulence intensity which causes
the same fatigue-load damage as the actual direction dependent turbulence intensity [74]. Two such
low-fidelity models are: IEC 61400-1 (IEC 2005) [39] and Frandsen [66]. The Frandsen approach
implicitly assumes that the structural load ranges vary linearly with the turbulence intensity [74]. The
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difference between the IEC 61400-1 and Frandsen effective turbulence equation is shown in Equation 4.1
and Equation 4.2.

𝐼 = 1
(1.5 + 0.8𝑠 √𝐶 (𝑢))

(𝐹𝑟𝑎𝑛𝑑𝑠𝑒𝑛, [66]) (4.1)

= 0.9
(1.5 + 0.3𝑠 √1/𝑢)

(𝐼𝐸𝐶, [39]) (4.2)

In which 𝑠 is the distance to neighbouring turbines normalized by the rotor diameter, 𝐶 is the turbine
thrust coefficient and 𝑢 is the wind speed at which the added wake is investigated. The IEC standard
suggests to use the latter equation as a simplified worst case value [67], assuming a generic thrust
coefficient rather than a turbine and wind speed specific thrust coefficient.

In order to select a suitable model to estimate the fatigue loading, a preliminary trade-off is performed
based on the accessibility to the tools, feasibility, accuracy, computational effort and development date.
Using the comparative study performed by Ageze et al. [75], the trade-off is presented in Table 4.2.

Table 4.2: Comparison of fatigue models

Accessibility Feasible Accuracy Computational
effort Developed Date

Effective turbulence
IEC 61400-1 +++ +++ + +++ 2005
Frandsen +++ +++ ++ +++ 2007
Aeroelastic Models
HAWC2 ++ + +++ + 2006
FAST ++ ++ +++ ++ 2005
PHATAS + ++ +++ ++ 1993

From the trade-off, it is found that for the preliminary analysis of the wake induced tower fatigue, the low
fidelity Frandsen model will be the most suitable option for this research. Allowing for more accuracy
than the IEC approach, while simultaneously having low computational effort compared to the dynamic
analysis tools. Ahlstr [72] confirms the use of Frandsen by concluding that the effective turbulence model
suggested by Frandsen [66] can be considered good and only slightly conservative in his research.

4.3. Wake Added Tower Fatigue
In this section the effective turbulence calculation procedure is described using the Frandsen model
in subsection 4.3.1. Then, in subsection 4.3.2, the effective turbulence is related to the added fatigue
damage which is related to the difference in tower wall thickness.

4.3.1. Effective Turbulence
The effective turbulence intensity should not be seen as a physical representation of the wake but serves
as a method to obtain the same fatigue loading as the actual flow conditions. The calculations are
performed for hub-height and the mean wind speed from the prevailing wind direction from the selected
data set. The effective turbulence can then be calculated using Equation 4.3 [66].

𝐼 (�̅� ) = [∫ 𝑝(𝜃|�̅� )𝐼 (𝜃|�̅� ))𝑑𝜃] (4.3)

Where 𝑝 is the probability of a certain wind direction occurring at hub-height, 𝜃 is the wind direction, �̅�
is the mean wind speed at hub-height. 𝐼 I is the turbulence intensity in the wake, which is made up of
the ambient turbulence intensity and the wake added turbulence intensity. 𝑚 is the Wöhler exponent of
the material determined by the SN-curve. Equation 4.3 can be simplified to Equation 4.4 [66].
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𝐼 =
𝜎
�̅� = 1

�̅� [(1 − 𝑁 ⋅ 𝑝 )𝜎 + 𝑝 ∑𝜎 (𝑠 )] (4.4)

N is the number of surrounding turbines. Equation 4.4 is only valid for turbines within a 10 RD radius
distance from the turbine under investigation. Furthermore, it is assumed that there is no reduction in the
mean wind speed inside the wind farm. 𝑝 is the probability of wake condition from wake number 𝑖 which
is defined for this method at 0.06. This standard value used for the probability of wake condition from a
certain turbine is based on the assumption that each wind direction occurs with an equal probability, and
a deterministic assessment of the wake geometry. 𝑚 is the Wöhler exponent of the material determined
by the SN-curve, 𝑠 is the distance normalized by the rotor diameter, to the neighbouring turbine 𝑖. 𝜎
is the standard deviation of the ambient and wake turbulence combined, this can be determined using
Equation 4.5 [66].

𝜎 = √
(𝑈 , )

1.5 + 0.8𝑠 √𝐶 (𝑈 , ) + 𝜎
(4.5)

The effective turbulence can then be calculated for each turbine in the wind farm. Note that in Equation 4.5,
the ambient wind speed no longer has a mean value, but the value changes depending on which wind
direction sector the surrounding wind turbine is located in.

4.3.2. Tower-wall Thickness Relation to Effective Turbulence
The Frandsen model implicitly assumes that the structural load ranges vary linearly with the turbulence
intensity.

𝜎 ∝ 𝑀 ,
𝑡 (4.6)

In which𝑀 , is the tower bottom fore-aft bending moment, t is the thickness, and 𝜎 is the damage
equivalent stress. To maintain the same damage equivalent stress, the wall thickness of the tower
thus needs to increase proportional to the damage equivalent load 2. A damage equivalent load is
convenient to use as this indicates the additional material consumption when the same exterior geometry
is maintained. The new wall-thickness is determines using Equation 4.7.

𝑡 = 𝑡 (
𝐼
𝐼 ) (4.7)

In which 𝑡 is the wall thickness after the increase, 𝑡 is the initial wall thickness, and 𝐼 is the ambient
turbulence intensity. This method overestimates the added tower wall thickness because it assumes
that the increase in damage equivalent load is applicable to all sections of the tower. Assuming that the
design driver for all tower sections are fatigue driven [76]. It is therefore recommended by Shan [76] to
increase the thickness with only 50% of the value computed from Equation 4.7.

4.4. Wake Added Tower Fatigue Borssele
The previously described methodology to determine the added fatigue damage is applied to the Borssele
case. To implement Equation 4.4, the mean wind speed at hub-height, number of surrounding turbines,
ambient standard deviation, Wöhler exponent, and combined standard deviation of wake and ambient
turbulence combined needs to be determined. From the hourly measurement data available for the
Borssele site and literature these values are computed and estimated.

Then, the ambient turbulence intensity needs to be determined from the Borssele hourly mean wind
speed measurements. Once the standard deviation is determined, the turbulence intensity can easily
be obtained using the mean wind speed obtained from the Borssele wind data. To obtain the standard
deviation, Equation 4.8 is used as recommended in [77].
2Damage equivalent load is a load with constant amplitude and fixed frequency which would cause the same damage as the
actual variation of loads over a lifetime
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𝜎 = 0.03�̅� + 0.455 (4.8)

In which 𝜎 is the standard deviation and �̅� is the ambient wind speed. This results in an omni-directional
mean turbulence intensity of approximately 8.14% which is in line with the values obtained in Wind
and Zone [48]. A code is developed in MATLAB to calculate the effective turbulence as presented in
Equation 4.4. For each turbine the surrounding turbines are identified with their distance to the turbine
of interest, in which wind direction sector they are positioned, and the mean wind speed and turbulence
intensity corresponding to that wind direction sector.

4.4.1. Wake Added Damage
A Wöhler exponent of 4 is chosen as wind turbine towers are commonly made of welded steel [78]. The
thrust coefficient of the IEA Wind turbine is determined for each wind direction sector. Using these input
parameters and the rotor diameter of 190.8 m, the fraction between the effective and ambient turbulence
is then computed as presented in Figure 4.2.
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Figure 4.2: Fraction of effective turbulence divided by the ambient turbulence ( ) for each turbine in the regular (blue) and irregular
(red) wind farm layout due to wake added turbulence using Frandsen [66].

In Figure 4.2, the black horizontal line represents the case with zero added wake turbulence. The
irregular wind farm (red) shows three turbines with no added fatigue due to wake effects. This is due to
the fact that the surrounding turbines have a greater distance than 10 RD. The positions of the turbines
with no added wake fatigue are identified in green in Figure 4.3. The worst-fatigue positions are identified
in red and the second-worst turbines in yellow. From the positioning, it can be derived that both the wind
direction and spacing between the turbines are driving factors for the effective turbulence.

(a) Regular (b) Irregular

Figure 4.3: Positioning of the different effective turbulence levels in the wind farm for the regular and irregular turbine placement.

Two of the worst-performing turbines are closely spaced together, with an inter-turbine distance of
2.73 RD. By re-positioning one of the two turbines, the effective turbulence of both turbines decreases.
To quantify the difference between the regular and irregular wind farm, the turbines are assigned to bins
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of 0.001 effective turbulence. From this, the number of turbines with the highest effective turbulence
(driving the tower design) is computed. This is visualised with bins of 0.005 (for better visualisation) in
Figure 4.4.
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Figure 4.4: Number of turbines per effective turbulence bin with bin-size of 0.005.

First, it can be observed that the range of effective turbulence for the regular wind farm is significantly
smaller than the irregular wind farm. Meaning, the effective turbulence intensity levels are more constant
for the regular layout. Second, it is observed that the regular wind farm has 42 turbines with the highest
effective turbulence where this is only 1 turbine for the irregular wind farm. This is also seen in Figure 4.3.
It indicates a significantly higher potential to reduce the effective turbulence of the irregular wind farm.
The ambient turbulence and mean wind speed are site-specific and not changeable. Therefore, the
effective turbulence can only be changed by adjusting the wind turbine positions, increasing theminimum
inter-turbine spacing. Surmising that the effective turbulence can indeed be reduced by increasing the
minimum inter-turbine spacing, re-positioning the worst-case fatigue turbine could potentially reduce the
effective turbulence with 11.68%.

In Table 4.3 the maximum effective turbulence, the corresponding turbine spacing in rotor diameters,
number of turbines with that effective turbulence, and the standard deviation are presented.

Table 4.3: Maximum effective turbulence computed with Frandsen normalised with ambient turbulence intensity. Minimum spacing
( ) of the corresponding turbines of the regular and irregular layout in rotor diameter. Additionally, the number of turbines with
this highest effective turbulence and the standard deviation.

Max. Ieff [-] xmin [RD] Nturb [-] 𝜎 Ieff [-]
Regular 1.055 8.75 42 0.0119
Irregular 1.306 2.73 1 0.0508

Difference 23.8% - 69.2 % 325.4 %

With an increase of 23.8%, the irregular wind farm performs significantly worse on effective turbulence
than the regular wind farm. This corresponds, among other factors, to the spacing of the turbines which
is much smaller in the irregular layout. Another interesting observation is the number of turbines with
the highest effective turbulence. This number substantiates the previous expectation of higher potential
to decrease the effective turbulence of the irregular wind farm.

4.4.2. Tower Dimensions and Cost
The maximum effective turbulence found in section 4.4 is used to assess the effect on the material cost
of the wind turbine tower. The wall thickness of the IEA Wind turbine is increased with the additional
thickness and the new volume is computed. It is assumed that the increase in damage is applicable
to all sections of the tower, and that fatigue due to bending is thus the design driver for all sections.
Using a cost estimation of 740€ per ton of S355 steel [79], the cost of the tower material is estimated
and presented in Table 4.4 together with the change in damage equivalent bending moment and added
thickness to the base of the tower.
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Table 4.4: Added fatigue damage due to effective turbulence, resulting increase in tower volume, and total increase in tower
material cost in the wind farm. The values in this table are based on the maximum effective turbulence intensity found for the
regular and irregular wind farm.

𝛼 DEL [-] Volume [m3] Tower Cost [106 €]
Base - 73.9 2.68
Regular 1.055 78.0 2.69
Irregular 1.306 96.4 2.74

Difference + 23.8 % + 23.6 % + 2.0 %

Looking at the change in tower cost for the irregular wind farm, the increase in cost initially seems rather
high. The cost is put in perspective using Figure 2.2. The cost-breakdown here shows that the tower cost
amounts to approximately 29.4% of the total turbine cost. A turbine average cost is approximately 0.9
million euros per MW according to [80]. This means approximately 2.6 million euros is an estimate of the
total tower cost of each IEA Wind turbine. An increase of 23.6% in weight due to the increased material
consumption of the irregular wind turbine would then be equal to approximately 2.45% of the total tower
cost. The additional material consumption cost is thus deemed reasonable for an initial estimate.

Comparing the regular and irregular wind farm it can be seen that the added damage equivalent load
and volume increase with approximately the same percentage. This is due to the linear relation between
volume and added damage equivalent load. The tower cost per turbine in the irregular layout increases
with approximately 2% compared to the tower cost of the regular layout. For one tower this results in a
difference of approximately € 53500, but implementing this for all turbines in the wind farm causes the
irregular wind farm to have an increase in total tower cost of 3.9 million Euros, which is significant for
the profit of the wind farm. The net present value of the irregular wind farm is investigated. A 700000
Euros increase in cash flow per year is expected due to the higher annual energy production. Today’s
value of this increase in cash flow is approximately 10 million Euros. This is achieved at the expense of
an increase in total tower cost of 4 million Euros. The irregular wind farm has a higher net present value
of approximately 6 million Euros based on the energy yield and increased tower material consumption
than the regular wind farm.

4.5. Conclusion
The effective turbulence intensity is quantified using the Frandsen model. It is observed that the effective
turbulence intensity is driven by the distance between the turbines over the number of turbines in the
10 RD distance radius. The irregular wind farm has a 23.8 % higher effective turbulence than the regular
wind farm. The tower wall thickness increases linearly with the increase in damage equivalent load which
results from this increase in effective turbulence.

The change in tower wall thickness due to the increased effective turbulence is expected to increase
the turbine tower cost in the irregular wind farm with approximately 2% compared to the regular wind
farm. With a steel price of 740€ per ton of S355 steel [79], this would lead to an increase of 3.9 million
euros for the entire wind farm. The sub-performance indicators wind turbine (tower) and component
replacement cost thus perform better in the regular wind farm. That is, assuming that the same tower
design is applied to all towers based on the worst-case fatigue position in the wind farm. It could however
also be considered to use multiple tower designs in one wind farm, this would significantly decrease the
total tower cost in the wind farm.

It should be noted that the wake added fatigue damage is calculated using a low fidelity model to
generate an initial estimation rather than developing a detailed fatigue analysis. The Frandsen model is
known to overestimate the effective turbulence intensity [81]. Also, investigating the combined fatigue
loads of both the wave and wake induced effects should be considered when determining the actual
thickness of the tower wall. The relative increase of the tower cost is thus expected to decrease based
on the overestimation of the Frandsen model. If more than one tower design is considered for the wind
farm, this effect could be ameliorated.

Based on the assumptions and analysis performed in this chapter it is found that the regular wind
farm performs better for the sub-performance indicators wind turbine and component replacement. The
effective turbulence increases with 23.8% for the irregular wind farm compared to the regular wind farm
resulting in an estimated 3.9 million euros of tower material cost.
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5
Performance Indicator 3:

Electrical Inter-Array Cabling System

5.1. Introduction
In this chapter, the performance indicator (PI) group called ’electrical system’ is analysed. This PI group
includes the following sub-performance indicators: electrical losses and power transmission system.

For offshore wind farms, the overall electrical infrastructure cost is increasing over time [82]. This is
governed by the power and number of turbines, location of the wind farms and the increased demand
concerning requirements from the transmission system operators. According to Sun et al. [83], the
electrical infrastructure cost can lead up to 15% of the total capital expenses of a wind farm. In this
project, the collection grid is defined as the electrical grid connecting the wind turbines in the wind farm
to the substation(s). The electrical infrastructure of offshore wind farms consists of:

• WTG transformer converting low voltage to high voltage (66 kV) andWTGswitch-gear, tominimise
consequences for equipment failure [84].

• Inter-array cabling connecting the WTGs to the offshore substation.

• Offshore substation including power transformers to step-up the voltage from 66 kV to (typically)
132-220 kV.

• Export cabling transporting the high-voltage power to an on-shore connection to the grid.

In this research, only the difference in inter-array cabling costs and losses are considered. The aim of
this chapter is to quantify the relation between the turbine layout, electrical inter-array cabling system,
and the cost and revenue of the wind farm. This relation is schematically visualized in Figure 5.1.

Figure 5.1: Schematic representation of the relation between the wind turbine positioning, electrical inter-array cable (IAC) design
and profit of an offshore wind farm.

The objective of designing the inter-array cable routing is twofold [85]:

• Minimise initial cost of the cable and installation

• Minimise reduced revenue due to electrical power losses

The objective of the inter-array cabling design is thus a transfer of the available electricity generated by
the turbines to the offshore substation at the lowest possible cost. In this research project, the internal
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collection grid is not integrated with the wind farm layout design approach, as the wind farm layout in
industry is often determined without taking into account the cable layout according to experts working
in offshore wind farm development; ir. B. Koppenol 1, ing. A. Ploeg 2, Dr. ir. B. Ummels, and ir. A.
Ringlever-Dospinescu 3. In theory, a trade-off could be made between the decreased wake losses and
increased cabling cost and losses with increasing spacing between the wind turbines [86]. Integrally
including the inter-array cabling cost in the optimisation algorithm of the wind farm layout is challenging.
This is due to the inherent design complexities and many design constraints for offshore wind turbine
layouts, in combination with those for inter-array cabling (in particular soil conditions).

5.2. Inter-Array Cable Design
When designing the electrical array cabling system for an offshore wind farm, one has to take into
considerationmany inter-dependent design variables [86]. In this section a general overview is presented
for the design process. The aim of the inter-array cable design is twofold. First, to address the considerations
and sequence of choices that need to be made to design an internal connection grid for offshore wind
farms. Second, the acquired insights are used to address differences between regular and irregular
layouts. The approach is representative for the common approach with which IAC are designed: first,
a first-order design, based on standard cable diameters and rules-of-thumb. Second, a validation of
that design based on (much) more detailed inputs such as soil conditions, installation considerations
and electrical losses (among others) and subsequent updates of the design. This research provides an
overview of such considerations, but will be limited to the first step of the design process only, plus a
number of sensitivity analyses.

The main design drivers for the electrical collection grid are overall cost (and risk) minimisation,
subject to constraints, and reliability. Commonly, redundancy in IAC is considered sub-optimal and wind
turbines are connected in strings, not loops [84]. Despite a number of offshore cable outages in the past
decade, this approach is still considered as the most efficient (in combination with strong quality due
diligence during manufacturing and installation, and a form of business interruption insurance).

The initial investment cost is an important factor when designing the collection grid, however lower
power losses may result in lower overall cost due to higher profit. A number of constraints have to be
considered.

• Cable crossing increases the risk of damage and installation cost, therefore this should be avoided.

• Obstacles might be present within the wind farm causing restrictions [85]. This is not taken into
consideration in this preliminary analysis due to its site-specific nature.

• The energy flow on each connection is limited to the capacity of the installed cable [87].

• A variety of cables is available where capacities, electrical resistance, and cost vary per cable
type. In this research, a limited number of representative cable types is used.

Reliability of the individual component as well as the electrical system as a whole is also an important
design driver. Offshore, the replacement or repair of malfunctioning parts can lead to extremely complex
and expensive operations [86]. A trade-off between the additional investment cost and repair/replacement
cost is therefore necessary to assess the benefit for the wind farm. Franken [88] describes a reliability
optimisation method for sub-sea cable systems which can be implemented in the decision-making phase
of offshore wind farms. The high-level design process visualisation through means of a flowchart is
presented in Figure 5.2.
An additional explanation for this will be provided in section 5.3, where this flowchart will be utilised
for a preliminary offshore wind farm layout case. The second design loop is entered for the detailed
design phase of the electrical inter-array cabling system. The detailed design loop is elaborated upon in
Appendix E. Due to both the complexity and the need to use site-specific input parameters from the wind
farm, the second design loop is not implemented in this preliminary estimation of the IAC performance.
1Technical Project Manager at Ventolines B.V. including turbine package management and support structure design.
2Offshore wind design and installation expert at Ventolines B.V.
3Senior Electrical Engineer at van Oord, responsible for developing and designing various electrical aspects for offshore wind
projects. Involved with the design phase as well as the implementation phase.
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Figure 5.2: High-level design process flowchart for the design of the electrical inter-array cable design of an offshore wind farm.
Interrupted square boxes are input parameters for the design process, diamond shaped boxes represent verification points, and
square boxes represent calculation/decision points.
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5.3. Preliminary Cable Design Process for Borssele
Applying the design process described in section 5.2, a preliminary electrical array cabling system is
designed for the internal connection grid of the case wind farm.

5.3.1. Input Parameters
First, the voltage level of the system is selected. According to [89] the cost of energy can be reduced by
1.5% by making use of higher intra-array voltages. The 66 kV cables are readily available and selected
for this IAC design. Using 66 kV cabled instead of 33 kV cables means more turbines can be connected
to a single string, system losses can be reduced, and thus the overall cable length can be reduced.

The power factor used for these calculations is 0.9. The power factor often ranges between 0.9
and 0.95, but to stay on the conservative side 0.9 is selected [90]. The power factor indicates the ratio
between the real and apparent power. It can be seen as a measure of the efficiency of the electrical
power utilisation as discussed with ir. A. Ringlever-Dospinescu3. The nominal Borssele wind farm output
is estimated at 740 MW provided by 74 turbines of each 10 MW.

The most commonly used type of cables in the offshore wind industry are cross-linked polyethylene
(XLPE) insulated submarine cables, which are environmentally friendly, reliable, and have low electrical
losses according to Endegnanew et al. [86]. Both aluminium and copper conductors are available in
industry. Aluminium conductors have lower current carrying capacities which result in larger diameters
[89]. For this design, three-core cables are selected, here three cables are bundled together which each
carry one phase. A benefit of this cable type opposed to the single-core cables is that the phases do
not have magnetic coupling which results in a balanced system [86]. Furthermore, the three-core cable
is cheaper as it can be installed in one go, opposed to the separate method which is used to lay the
single-core cables.

5.3.2. Calculation and Decision Phase
With the cable type selected, the voltage level known and the estimated power factor, the maximum
electrical power carrying capabilities of the cables can be calculated using Equation 5.1.

𝑃 = √3𝑉𝐼 cos(𝜃) (5.1)

Another decision that needs to be made is the number of internal connection cables that will be used in
the electrical array cabling system. The increase of installation cost needs to be considered when this
is determined. In practice, a low number of cable types is used in the design phase. Consulting with
ir. A. Ringlever-Dospinescu 3, using three cable types for the case design deemed a suitable choice.
The cable types selected due to availability and suitability are the 400 mm , 630 mm , and 800 mm ,
aluminium 3-phase AC cables used by Ventolines in WindPark Friesland.

The number of turbines that can be supported by each cable follows from the maximum electrical
power carrying capacity of each cable, which is divided by the nominal electrical power of the turbines
(10 MW). In this case study, a spare of 50 A is included in the ampacity to allow for unforeseen extra
electrical power conditions, as was suggested by ir. A. Ringlever-Dospinescu 3. The maximum electrical
power carrying capabilities of the cables are calculated to be approximately 43.4, 60.0, and 77.2 MW.
This means, 4, 6, and 7 turbines can be connected to the 400 mm , 630 mm , and 800 mm cables
respectively. The cable specifications as well as the maximum electrical power that can be supported
by the cables is presented in Table 5.1.

Table 5.1: Selected cable types with their corresponding specifications for the case study of Borssele.

Type
[mm2]

Ampacity
[A]

Conductor
resistance [Ω/ km]

Phase operating
voltage [kV]

Number of
turbines [-]

Cost
[€/m]

Cable 1 400 424 0.101 66 4 145 - 160
Cable 2 630 584 0.063 66 6 165 - 180
Cable 3 800 750 0.037 66 7 240 - 255

When a suitable set of cables is selected, the substation is connected to the number of turbines surrounding
it equal to the minimum number of strings needed to connect all turbines. The number of strings needed
to connect all turbines to the substation can thus easily be obtained when the maximum electrical power
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capacity of each cable is known. To connect all 74 turbines of the case design and a maximum of 7
turbines per string, the minimum amount of strings required is 11. In this research a single sub-station
is placed at a suitable location in the wind farm. In further design stages a choice can be made to use
multiple substations. For simplicity of the design as well as minimisation of the installation procedures,
only the regular string connections are utilised.

Next, the turbines are clustered in strings, avoiding cable crossings and unnecessary use of cable
length. Clusters of 6-7 turbines are made which are in line with these first turbines connected to the
substation. The objective in this phase of the initial design is to use as little of the higher rated cables
as possible to reduce the initial investment cost. The cables situated near the substation are required
to have the highest current carrying capacity to allow for the transmission of the electrical power of all
turbines on the string. The cables near the end of each string can be smaller in size as less turbines are
connected. After this design step a verification is performed to establish whether a simple improvement
can be made with the cable use. Rearranging strings can result in a decrease of cable length, and long
distances are covered preferably with the lower rated cables. When the strings are optimised, the cable
types are assigned to each connection between the turbines and substation.

5.3.3. Cable Length
Following this procedure, a preliminary design for the regular and irregular case layout from Borssele
results in Figure 5.3 4.

(a) Regular 11 string layout (b) Irregular 11 string layout

Figure 5.3: Preliminary electrical inter-array cable design for Borssele regular and irregular case study using 400, 630, and
800 mm , 66 kV, 3-phase AC cables.

A comparison between the length of the cables, affecting the initial investment and the revenue of the
wind farm over time, respectively, is presented for both layouts in Table 5.2. A cluster of turbines can
be observed at the top left corner of the irregular layout which causes the total length of the internal
connection cables to be higher than for the regular case. In order to reach the turbines in this corner,
with a maximum of 7 turbines, several turbines have to be skipped to reach all turbines. It can be seen
that the substation position is not ideal for the irregular layout, and thus a sensitivity study to assess the
effect of the substation placement should be performed.
4Note that the cables are connected in straight lines, in reality the cables are installed with curves to avoid cable crossing.
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Table 5.2: Resulting length per cable type using 400, 630, and 800 cables regular and irregular layout, and the difference
comparing the irregular layout to the regular layout.

Length [km]
Regular Irregular

Cable 1 74.76 78.26
Cable 2 45.24 54.17
Cable 3 28.17 18.98
Total 148.17 151.42

Difference + 2.19 %

Looking at the total cable length of both layouts, it can be observed that the regular layout uses less
internal connection cables than the irregular layout. However, the average size of the cables in the
irregular grid is smaller compared with the regular grid due to the shorter length of the total use of cable
3. As this cable is more expensive, the total investment cost of the electrical array cabling system of the
irregular grid is expected to result in better performance.

5.3.4. Impact on Cost, Revenue, and Profit
In this section, the assessment of the difference in cost and revenue for both the regular and irregular
electrical inter-array cabling system is investigated. First, the cost component is assessed, linking the
cable length to the initial investment related to the offshore inter-array cable cost. Second, the effect on
the revenue is assessed looking at the losses the cables cause per unit length.

The initial investment cost of both the regular and irregular IAC is estimated based on the established
length in subsection 5.3.3. As previously found, the total length of the irregular layout is larger than the
regular layout. However, due to the difference in cable type lengths, this does not automatically mean
a cheaper inter-array cabling system. Therefore, a cost estimation is performed in this subsection. The
cost per unit length is presented in Table 5.1, where the values are obtained from an expert interview
conducted with ir. Ana-Maria Ringlever-Dospinescu 3. It is emphasised that the cable costs vary greatly
with specific site conditions. The total cost in million is only slightly higher for the irregular layout when
comparing to the regular layout. An indicative cost per m for the offshore inter-array cables is presented
in Table 5.3 below.

Table 5.3: Resulting estimates of the direct offshore inter-array cable cost and approximate full load losses of the inter-array cable
design for the regular and irregular Borssele.

Cost [106 €] Full load loss [MW]
Regular Irregular Regular Irregular

Cable 1 11.36 11.90 5.75 6.01
Cable 2 7.42 8.88 4.15 4.97
Cable 3 7.04 4.75 2.81 1.90
Total 25.83 25.53 12.70 12.87

Difference - 1.16% + 1.35%

The losses per unit meter can be established using the conductor resistance. The losses in megawatt
can then be established using the lengths calculated in subsection 5.3.3. This results in the losses
shown in the two rightmost columns of Table 5.3. A relatively small difference between the losses is
seen, as was also the case for the initial investment cost of the IAC design for both layouts. The same
reasoning can be implemented for the losses as for this initial investment cost of the offshore inter-array
cables. The largest losses are obtained in the second cable which is used more in the regular design
than the irregular design. However, due to the much shorter length used for cable 1, the total losses are
1.35% higher for the irregular layout than for the regular layout. From this it can be concluded that the
difference between the regular and irregular layout with respect to the electrical power losses and initial
investment cost of the IAC design is negligible.

An additional study is performed with alternative cable type and substation location in Appendix E.
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This is done to assess the sensitivity of the cable length, cost, and full load losses to changes in these
input parameters. The results of the irregular IAC design for these studies are presented in Table 5.4.

Table 5.4: Sensitivity study results of the irregular wind farm for alternative cable selection: 240 mm , 400 mm , and 630 mm ,
and alternative substation location (position = . ⋅ m northing and . ⋅ m Southing).

Total
Length [km] Difference Total Cost

[106 €] Difference Full Load
Loss [MW] Difference

Base 151.42 25.53 12.87
Cable Type 172.68 + 14.0 % 24.96 - 2.2 % 12.94 + 0.5 %
Substation 117.76 - 22.2 % 20.22 - 20.8 % 10.12 - 21.4 %

The percentage difference presented in Table 5.4 is relative to the base irregular IAC layout. Noteworthy,
is that the results found in this study are not in line with the results of the base study. Especially the
total length of the cables changes significantly between the three cases. For an alternative cable type
selection the total length increases with 14%, where for a change in substation location it decreases with
22.2%. The cable type selection changes the results less significantly than the substation location. Due
to the significant decrease in total cable length for the alternative substation position, the cost and full
load losses decrease significantly. Due to the high sensitivity of the results to especially the substation
location, no final conclusions can be drawn from the relatively small differences of the base results.

5.4. Conclusion
The main distinction in offshore electrical systems is due to the difference in the inter-array cable design.
However, the electrical inter-array cables of offshore wind farms are highly dependent on site-specific
aspects such as soil resistivity and other constraints. Therefore, a preliminary design process is developed
and implemented on the case of Borssele. From the case study performed in section 5.3 and the
sensitivity study performed in Appendix E the following conclusions can be drawn.

First, the difference in the length, approximate full load losses, and cost between the regular and
irregular wind farm layout were found to be limited. The irregular grid has a total increased length of
2.19% compared to the regular positioning of the turbines. This causes an increase in both cost and the
approximated full load losses.

Two sensitivity studies are performed for the irregular layout to assess the effect of changes in cable
type and substation location on the results. The change in cable type shows a significant change in cable
length, but the total cost and full load losses are marginal. Changing the substation location results in
significant changes in the results. The total cable length decreases with 22.2% and the total cost with
20.8%. Promising as these results may sound, the substation position is largely determined by the
energy transmission company, which in turn depends on national regulations, which results in a fixed
substation position.

The difference in inter-array cable performance between the regular and irregular wind farm layout
from this preliminary analysis is found to be marginal. Due to the high sensitivity to especially the
substation location, no final conclusions are drawn for this performance indicator group. With a fixed
substation location, and the same cable types selected, the difference between the regular and irregular
inter-array cable length, cost, and full load losses are considered to be negligible.
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6
General Applicability of Results

The preceding results are obtained using only the specific Borssele case study. In order to look at more
general applicability for regular and irregular layouts on the performance indicators (PI) the sensitivity
analysis is performed with changes of input parameters. The models used are deterministic, meaning
that the same results are obtained when the same input parameters are used.

First, a sensitivity study will quantify how much the output parameters change with varying input
parameters [91]. A local sensitivity analysis approach is chosen to analyse the effect of small changes
in the input parameters on the output parameters [92]. While this may not inform global effects of different
layouts, it provides a first step towards evaluating the general trends of their effects. This sensitivity study
is performed with the OAT (one factor at a time) method. To assess the performance of the wind farm,
one input parameter is changed at a time, for which the performance indicator results are analysed.
To select the input parameters that will be altered, a qualitative assessment is performed of how the
sub-performance indicators are affected. More detail on this qualitative assessment is presented in
Appendix D.

Second, it is recognised that the sensitivity studies without re-optimising the wind farm layout are
not a fair comparison for performance. Therefore, additional optimised layouts are developed using
an optimisation tool integrated in WindPRO [30]. The additional layout pairs form a basis to compare
the effect of alternative layouts on the results. With the WindPRO and MDAO optimised layouts [45],
additional case studies are performed as a means to verify to general applicability of the results.

The PI groups that will be analysed in both the sensitivity study and the alternative case studies are
the power performance and the wake induced tower fatigue. The PI group electrical system is left out
as the effect of the layout on this PI group is found marginal and too dependent on site-specific input
data as concluded in section 5.4. The analyses in this chapter are performed up to the point where the
determinative parameter for the profit is obtained.

6.1. Rotor Diameter Sensitivity
In this section, the sensitivity of the performance results to a change in rotor diameter is analysed.
In industry, turbines with identical nominal power but varying rotor diameters exist. A change in rotor
diameter will affect both the power and the wake losses in the wind farm, while the nominal power of the
wind park as a whole is the same. Therefore, this allows for an isolated comparison of different rotors. In
this chapter, the thrust and power curves of different commercially available offshore wind turbines are
used to model the IEA Wind turbine with a smaller rotor size. Initially, a brief analysis of the changes in
power curve is performed to assess the further approach in this sensitivity analysis. Then, the sensitivity
of the wind farm performance to a change in rotor diameter of the same turbine is investigated.

6.1.1. Down-scaling the IEA Wind Turbine
Altering the rotor diameter of the IEA Wind turbine (RD = 190.8 m) results in changes in both the power
curve and thrust coefficient curve which are input to WindPRO. The power curve of the turbine with a
smaller rotor diameter is derived from the IEA Wind turbine using the power density. The IEA Wind
turbine will be referred to as IEA Base and the turbine with decreased rotor diameter is referred to as
IEA Small. The power density and rotor diameter of the IEA Base and IEA Small turbines are presented
in Table 6.1.
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Table 6.1: Rotor diameter and nominal power density of reference IEA base (190.8 m) and IEA small (178.3 m) turbine.

Rotor Diameter [m] Nominal Power Density [W/m2]
IEA Base 190.8 349.8
IEA Small 178.3 400.5

The ratio of power density multiplied with the IEA Wind turbine power curve results in an estimate of
the power curve for the IEA Small turbine as shown in Figure 6.1 1. Above the rated wind speed of the
IEA Small turbine, the IEA Small turbine power curve is set identical to the power curve of the IEA Base
turbine.
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Figure 6.1: Power curve for IEA Base and IEA Small turbine of 190.8 m and 178.3 m rotor diameter. The control regions are
identified in red.

First, the control regions are identified. Control region II is assumed to start where the cubic relation
between the power and wind speed ends. The control regions for the IEA Small turbine can then be
defined as indicated in Figure 6.1. The objective in control region II is to maintain the rotational speed
while varying the generator torque. The maximum tip speed of the rotor is thus reached at the beginning
of this control region. The two turbines have the same maximum tip speed of 90 m/s. This means that
the rotational speed of the IEA Small turbine is approximately 7 % higher than that of the IEA Base
turbine. It is assumed that both turbines have the same tip-speed-ratio (Equation 6.1.

𝜆 = 𝜔 𝑅
𝑉 (6.1)

To obtain the same tip-speed ratio, the ratio between the rotor radius and velocity at the start of control
region II for both turbines needs to be approximately the same. The ratio of the IEA Base turbine is found
to be approximately 0.128 and the ratio of the IEA Small turbine is 0.124. The power curve is therefore
deemed suitable for use in this sensitivity analysis based on this analysis. The thrust coefficient is very
turbine specific. The potential to model a turbine thrust coefficient was investigated with the help of ir.
A. Walvis 2. It was decided to use the thrust coefficient used in the 10 MW DTU reference wind turbine
with a rotor diameter of 178.3 m [93].

6.1.2. Sensitivity: Energy Yield
The same procedure as described in section 3.2 is implemented to calculate the annual energy production
for the wind farm with the IEA Small turbines. The same layout as the base regular and irregular wind
farms is used, and only the WTG type is changed in WindPRO. The results obtained from this simulation
are presented in Table 6.2. The results of the initial simulation with the IEA Base turbines are also
presented in this table for reference.
1In this chapter the reference case is always visualised in light-grey and the changed case is presented in dark-grey.
2Wind Specialist at Ventolines BV.
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Table 6.2: WindPRO PARK results for the wind farm IEA base (with 190.8 m turbines) and IEA small (with 178.3 m turbines). The
annual energy production of the irregular wind farm is compared to the regular wind farm, which is presented in the right-most
column.

AEP [GWh/y] Wake Loss [%] Difference
Regular Irregular Regular Irregular

IEA Base 3138.7 3159.5 8.2 7.5 0.66%
IEA Small 2888.3 2906.4 8.5 7.9 0.63%

It can be observed that independent of the rotor diameter, the irregular wind farm layout performs better
than the regular wind farm layout.

The wind farm with the IEA Base turbine shows a higher yield which can be explained with the
Weibull distribution and power curve. A relatively large difference in power output for high probability
wind speeds is observed for the IEA Base turbine which results in a higher power output than for the IEA
Small turbine. The increase in AEP of the irregular wind farm relative to the regular wind farm is found
to be 0.66% and 0.63% for wind farm with the IEA Base turbines and IEA Small turbines respectively.

The wake losses also influence the annual energy production. The N.O. Jensen wake model is
used in the PARK calculations. The thrust coefficient is an inherent part of this wake loss model, for
the IEA Small turbine the thrust coefficient is higher for the high probability wind speeds, resulting in
higher wake losses which decrease the power output. Although a smaller rotor diameter means the
wake volume becomes smaller, the strength of the wake increases with thrust coefficient resulting in an
overall negative effect of a decreased rotor diameter with increased thrust coefficient.

Computing the difference in relative performance for the irregular wind farm to the regular wind farm
results in an increase of 0.66 % and 0.63 %, which leads to a percentage point change of 0.03 %. The
effect of a smaller rotor diameter on the AEP of the wind farm is thus considered marginal.

6.1.3. Sensitivity: Persistence to Wind Direction
The persistence to wind direction sensitivity to a change in rotor diameter is analysed. Subjecting the
wind farm to a mean wind speed of 9.5 m/s from each wind direction with the IEA Base turbine results
in Figure 6.2. The power output in MW is presented as a function of wind direction.

0

30

60

90

120

150

180

210

240

270

300

330

100

200

300

400

(a) Regular

0

30

60

90

120

150

180

210

240

270

300

330

100

200

300

400

(b) Irregular

Figure 6.2: Power output in MW as a function of wind direction for the (a) Regular and (b) Irregular wind farm layout with the IEA
Base (light-grey) and IEA Small (dark-grey) turbines, with a mean wind speed of 9.5 m/s.

A negative offset of the IEA Small wind farm compared to the original IEA Base wind farm is observed
in both the regular and irregular layout power output plots. This can be explained looking at Figure 6.1.
At the wind speed of 9.5 m/s, the power curve of the IEA Base turbine has a value of 5.89 MW, and the
IEA Small turbine has a value of 5.08 MW. The wind farm consisting of the IEA Base turbines is thus
expected to generate less power at the same wind speed.

Assessing the difference in maximum power deficit and the standard deviation of the power as a
function of wind direction results in Table 6.3.
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Table 6.3: Maximum power decrease per wind direction bin of 33∘ for the IEA base and IEA small wind farms subjected to 9.5 m/s
mean wind speed.

Max. Δ Power [MW] Difference 𝜎 P [MW] Difference
Regular Irregular Regular Irregular

IEA Base 70.6 269.5 - 73.8 % 67.6 16.6 - 75.5 %
IEA Small 60.3 232.9 - 74.1 % 59.8 14.5 - 75.8 %

Again, both irregular wind farms perform better than the regular wind farms, independent of the rotor
diameter. The maximum power output change and the standard deviation of power as a function of wind
direction decrease significantly for the irregular wind farms. For the IEA Small turbine irregular layout
the decrease in maximum power drop is 74.1 % compared to the IEA Small turbine regular layout, and
the standard deviation decreases with 75.8 %. Compared to the same analysis performed for the IEA
Base turbine wind farm, this is an increase of 0.3 % and 0.4 % for the for the maximum power drop and
standard deviation respectively.

This analysis indicates that the maximum power drop and standard deviation as a function of wind
direction have a low sensitivity to changes in rotor diameter. It also indicates that the positive effect
of choosing the irregular wind farm for persistence to wind direction might increase even further with
altering rotor diameter.

6.1.4. Sensitivity: Wake Induced Tower Fatigue
The wake induced tower fatigue is governed by the wake added turbulence described by Frandsen [66]
as presented in subsection 4.3.1. The Frandsen model includes turbines in a rotor diameter distance of
10 RD. Decreasing the rotor diameter is thus expected to exclude turbines at the edge. The decreased
rotor diameter is therefore expected to have a decreased effective turbulence. The difference in effective
turbulence intensity for both turbine wind farm layouts is calculated and presented in Figure 6.3.
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Figure 6.3: Effective turbulence intensity for the wind farm with IEA Small and IEA Base turbines at Borssele wind farm site.

A negative offset for the effective turbulence intensity of the regular wind farm per turbine is observed. For
the irregular wind farm, this offset differs per turbine. The possible driving factors for this are discussed
below for the regular and irregular wind farm respectively.

First, the distance between the turbines is constant for the regular wind farm. When the rotor diameter
is decreased, the distance to the same turbine normalised by rotor diameter is higher. Therefore,
the weight of the turbines is lower for the wind farm with the IEA Small turbines, resulting in a lower
effective turbulence. It was expected that some turbines would fall outside the 10 RD radius used in the
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Frandsen model for the turbines in the regular wind farm due to the decreased rotor diameter. However,
investigating the number of surrounding turbines in both regular wind farms with IEA Base and IEA Small
turbines, results in exactly the same number of turbines in each 10 RD circle. The difference in effective
turbulence intensity is thus only caused by the larger normalised distance to the surrounding turbines.
Second, the thrust coefficient (in the denominator of Equation 4.5) for the IEA Small wind turbine is
higher for high probability wind speeds. This means that a positive effect on the effective turbulence
intensity can be expected (decreasing 𝐼 ).

For the irregular wind farms, a different behaviour is observed than for the regular wind farm when
decreasing the rotor diameter of the turbines. This is caused by two factors. First, the same effect of the
increased normalised distance to surrounding turbines as for the regular wind farm is observed. Second,
the expectation of exclusion of turbines based on the 10 RD radius used in the Frandsen model holds
for the irregular wind farm. Looking more closely at Figure 6.7b, turbine 40 in the irregular wind farm
shows a higher effective turbulence for the IEA Small wind farm than for the IEA Base wind farm. For
visualisation the 10 RD radius for both rotor diameters is presented for turbine 40 in Figure 6.4 below.

Figure 6.4: Frandsen 10 RD radius visualisation for turbine 40 of the irregular wind farm with RD = 178.3 m (dark-grey, inner circle)
and RD - 190.8 m (light-grey, outer circle).

It can be observed that for the decreased rotor diameter, the two outer surrounding turbines fall outside
the Frandsen investigation 3. For 28 turbines this exclusion of turbines is observed, with the highest
number of turbines excluded found to be two.

To quantify the difference in performance, the maximum and standard deviation of the effective
turbulence intensity and number of turbines with the highest effective turbulence intensity are presented
in Table 6.4.

Table 6.4: Maximum and standard deviation of the effective turbulence intensity and number of turbines with the highest effective
turbulence intensity for a rotor diameter of 178.3 m (IEA Small) and 190.8 m (IEA Base).

Max. Ieff [-] Difference 𝜎 Ieff [-] Difference Nturb [-]
Regular Irregular Regular Irregular Regular Irregular

IEA Base 1.0554 1.3063 + 23.8 % 0.0119 0.0508 + 325.4 % 42 1
IEA Small 1.0437 1.2343 + 18.3 % 0.0096 0.0407 + 321.9 % 42 1

The effective turbulence intensity for both irregular wind farms increases significantly, with 23.8% and
18.3% for the wind farm with IEA Base and IEA Small turbines respectively. This confirms that also
for a change in rotor diameter, the irregular layouts perform worse on effective turbulence intensity.
The percentage change between the two maximum effective turbulence changes obtained is 5.5 %.
The standard deviation as a function of wind direction also shows similar behaviour comparing the
irregular and regular wind farm layouts with the IEA Base and IEA Small turbines. The percentage
change between the relative performance of the irregular and regular wind farm for this sub-performance
indicator is approximately 3.5 %. Furthermore, the number of turbines which experience the highest
effective turbulence intensity is equal for both wind farms with the IEA Base and IEA Small turbines.
3The turbine in wind direction sector 9 has the highest probability and mean wind speed and is thus expected to add significant
effective turbulence.
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The high potential to decrease the worst-case effective turbulence intensity for the irregular wind farm
thus remains the same.

Overall, the sensitivity of the results obtained for the persistence to wind direction is no longer
marginal. The percentage points change of 5.5% and 3.5% show that the results are certainly influenced
by a change in rotor diameter. Still, the better performance of the regular wind farms compared to the
irregular wind farms remains.

6.1.5. Rotor Diameter Sensitivity Conclusion
The sensitivity of the performance indicator results is assessed for a change in rotor diameter from
190.8 m (IEA Base turbine) to 178.3 m (IEA Small turbine). The results of the irregular wind farm
compared to the regular wind farm are calculated in absolute percentages as presented in this sensitivity
analysis (Figure 6.5a). Going one step further, the percentage points change of these obtained percentages
are computed comparing the IEA Base wind farm and IEA Small wind farm (Figure 6.5b).
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(b) Percentage points change obtained computing the difference in Figure 6.5a
compared to the wind farm with IEA Base turbines.

Figure 6.5: Sub-performance indicator results for the power performance and wake induced tower fatigue performance indicator
groups for a change in rotor diameter.

Figure 6.5a visualises the relative performance of the irregular wind farm compared to the regular wind
farm for the wind farms consisting of IEA Base and IEA Small turbines. For clarification, the difference
between the dark-grey (new) and light-grey (base) bars from Figure 6.5a is computed, and presented in
percentage point changes as the red bars in Figure 6.5b.

The values on the x-axis can strictly speaking not be compared. The aim of the visualisation of the
percentage points in Figure 6.5b is to obtain a feeling of which results vary more with changes of rotor
diameter.

Assessing Figure 6.5a, it can be observed that the difference in performance of the wind farms with
irregular layout compared to the wind farms with regular layout is very similar regardless of the turbine
rotor diameter selected. Looking closer at the percentage points difference presented in Figure 6.5b,
the largest percentage point change is observed for the effective turbulence intensity of approximately
5.5%. From this analysis, it can be concluded that a change in rotor diameter for the same rated power
will not have a large effect on the results obtained in this research. However, although not changing the
overall conclusion regarding irregular vs. regular layouts, turbulence intensity is found to be impacted
more significantly by the rotor size than the power performance results.

6.2. Wind Climate Sensitivity
In this section the sensitivity of the performance results to a change in wind climate is analysed. The wind
climate varies per wind farm site. Both the annual energy production and effective turbulence intensity
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results are analysed for altering wind roses. For the analysis of the persistence to wind direction, the
mean wind speed is altered. The wind roses for the three cases used in this analysis are:

• Borssele, the wind rose from Wind and Zone [48] is used as measured at the Borssele wind farm
location.

• Uniform, a uniform wind rose is developed with uniform wind speed and probability from each
wind direction bin. The wind speed is chosen as the mean wind speed obtained from the Borssele
wind farm site.

• Unidirectional, the prevailing wind direction bin is set as the only occurring wind direction for the
wind farm. The mean wind speed from Borssele is again chosen to limit the additional variations.

The wind rose Weibull parameters, probability, and mean wind speed distributions are presented in
Appendix C.

6.2.1. Sensitivity: Energy Yield
The production of a wind farm changes with distribution of wind speed and direction. First, the different
wind speeds cause a difference in power per turbine and the wake loss effect. Second, the wind direction
influences the direction of the wake, influencing the wake losses. To analyse the influence of altering
wind climates, the base regular and irregular wind farm layout are subjected to the three wind rose cases
in WindPRO using the standard PARK with MEASURE model.

Table 6.5: Annual Energy Production for three wind rose cases: Borssele, Uniform, and Unidirectional.

AEP [GWh/y] Wake Loss [%] Difference
Regular Irregular Regular Irregular

Borssele 3138.7 3159.5 8.1 7.5 + 0.66 %
Uniform 3154.0 3182.2 8.1 7.3 + 0.90 %
Unidirectional 3097.7 3148.8 9.8 8.3 + 1.65 %

The annual energy production is driven by two factors: the mean wind speed and the wake losses which
vary with per selected wind rose. The results show that the irregular wind farms perform better for all
three cases, corresponding to lower wake losses. The percentage difference between the AEP of the
wind farm with irregular layout compared to the AEP of the wind farm with regular layout 0.66%, 0.90%
and 1.65% for the three respective cases. The latter higher result can be addressed to the layout of
the regular wind farm, the turbine rows are almost aligned with the unidirectional wind bin to which it is
subjected.

The same wake loss percentage is observed for the regular Borssele and uniform distribution, but
the AEP is higher for the uniform distribution. This can be explained looking at the capacity factors which
are 48.4% and 48.6% for the Borssele and Uniform wind direction distributions.

The percentage point change computed from the last column of Table 6.5 results in -0.23 % and
-0.99 %. The sensitivity of the AEP to a change in wind climate is considered low. Noteworthy is the
relation to profit, the AEP is the driving factor for the revenue of a wind farm which means the impact on
the profit is certainly significant.

6.2.2. Sensitivity: Persistence to Wind Direction
The persistence to wind direction is simulated at the mean wind speed at Borssele of 9.5 m/s for the
base case. In this analysis, the wind farm is subjected to two different wind speeds to assess their effect
on the obtained results. The wind speeds selected are 8 m/s and 12 m/s respectively, and presented in
Figure 6.6. These wind speeds are selected to have one wind speed below rated and one wind speed
above rated.
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Figure 6.6: Power output as a function of wind direction in MW, subjected to mean wind speed of 8.0 m/s, 9.5 m/s and 12.0 m/s
for 10 minutes from each direction.

The irregular wind farm layout shows less variation in power output over the wind directions compared to
the regular wind farm layout independent of the mean wind speed chosen. To quantify the difference, the
maximum power drop and standard deviation as a function of wind direction for each case is computed
as shown in Table 6.6.

Table 6.6: Persistence to wind direction results for Low (8.0 m/s), Base (9.5 m/s) and High (12.0 m/s) mean wind speed.

Max. Δ Power [MW] Difference 𝜎 P [MW] Difference
Regular Irregular Regular Irregular

Low 170.0 42.3 - 75.1 % 43.1 10.3 - 76.1 %
Base 251.7 70.6 - 73.8 % 63.2 16.6 - 75.5 %
High 415.6 114.2 - 72.5 % 99.5 25.6 - 74.3 %

Again, the irregular wind farm layouts perform better regardless of the subjected mean wind speed for
both maximum power drop and standard deviation as a function of wind direction. The maximum power
drop for the irregular wind farms compared to the regular wind farms decrease with 75.1 %, 73.8 %, and
72.5 % for the mean wind speeds of 8.0, 9.5 and 12.0 m/s respectively. This results in a percentage
point change of -1.28 % and -2.57 % compared to the Base mean wind speed case. The difference in
standard deviation shows the similar behaviour as the maximum power drop. The percentage points
change for the standard deviation are -0.68 % and -1.85 % compared to the base mean wind speed
case.

The sensitivity of the results in the persistence to wind direction analysis to changes in wind climate is
higher than the sensitivity to changes in rotor diameter. For higher wind speeds this change is expected
to become even more significant as the wake losses decreases or disappear at high wind speeds (+
15 m/s).

6.2.3. Sensitivity: Wake Induced Tower Fatigue
The Frandsenmodel is implemented to assess the effective turbulence for altering wind roses. The result
of the effective turbulence intensity for the Borssele wind direction distribution and uniform wind direction
distribution is presented in Figure 6.7. The standard value used for the probability of wake condition from
a certain turbine is based on the assumption that each wind direction occurs with an equal probability,
and a deterministic assessment of the wake geometry. Combining these aspects results in the value of
0.06 used in the Frandsen model.
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Figure 6.7: Effective Turbulence Intensity for Borssele and Uniform wind rose.

The maximum effective turbulence is driving for the tower design of the wind turbines, these maxima for
the regular and irregular wind farm for both wind roses are presented in Table 6.7.

Table 6.7: Maximum effective turbulence results for two wind roses: Actual wind direction distribution at Borssele and Uniform
distribution.

Max. Ieff [-] Difference 𝜎 Ieff [-] Difference Nturb [-]
Regular Irregular Regular Irregular Regular Irregular

Borssele 1.0554 1.3063 + 23.8 % 0.0119 0.0508 + 325.4 % 42 1
Uniform 1.0481 1.1914 + 13.7 % 0.0093 0.0407 + 335.3 % 42 1

For both cases, the irregular wind farm layout performs worse compared to the regular wind farm
layout. A decrease of 23.8 % and 13.7 % is observed for the Borssele and Uniform wind direction
distribution respectively. This corresponds to percentage point changes of + 10.1 % and + 9.9 %
for the maximum effective turbulence and standard deviation. The wake turbulence is normalised
with the ambient turbulence which decreases for increasing wind speeds. The actual wind direction
distribution contains higher wind speeds than the annual average mean wind speed with corresponding
lower ambient turbulence levels, resulting in higher effective turbulence levels. Furthermore, the thrust
coefficient is in the denominator of the wake turbulence equation (Equation 4.4), meaning a smaller
thrust coefficient (at higher wind speeds) will result in a higher effective turbulence.

The sensitivity of the maximum effective turbulence and standard deviation of the effective turbulence
are both found to be relatively high compared to the other previous sensitivity studies. With a percentage
point change of 10.1 % and 9.9 %, the wind climate distribution is found to significantly change the
effective turbulence results.

6.2.4. Windrose Climate Sensitivity Conclusion
The sensitivity of the sub-performance indicator results to a change in wind climate is quantified by
simulating the power performance and effective turbulence results using additional wind direction distributions.
Three distribution are selected: Borssele, Uniformwithmeanwind speed fromBorssele, andUnidirectional
with mean wind speed from the prevailing wind direction at Borssele. For the persistence to wind
direction, two additional mean wind speeds are subjected to the wind farm: 8.0, 9.5, and 12.0 m/s.
The absolute percentage difference found in this analysis are combined in Figure 6.8a. From this the
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percentage point change between the different cases is computed and presented in Figure 6.8b.
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(b) Percentage points change obtained computing the difference in Figure 6.8a
compared to the base case.

Figure 6.8: Sub-performance indicator results for the power performance and wake induced tower fatigue performance indicator
groups for a change in wind climate.

The relative change in performance of the irregular wind farm layout compared to the regular wind farm
layout is presented in Figure 6.8a. It should be noted that the persistence to wind direction changes
is computed with mean wind speeds of 8, 9.5, and 12 m/s instead of the wind rose cases described
earlier. The percentage points change are shown in Figure 6.8b. This shows a significant change in
all performance indicators except the AEP. Noteworthy is that the relatively small change in percentage
points of the AEP are expected to have a larger effect on the profit. So, for the performance of the wind
farm overall this change is significant. For this sensitivity study based only on the parameters which are
considered a driving factor for the profit it is considered to have a low sensitivity to a change in wind
climate.

Overall, the sensitivity of the performance indicator group results to changes in wind climate is higher
than to changes in rotor diameter. Especially the results regarding the effective turbulence change
significantly between the uniform and Borssele wind rose. It should be noted that the wind rose cases
chosen for this sensitivity analysis are extremes. Actual wind roses are expected to range between the
extreme cases used.

6.3. Re-optimisation of Wind Farm Layouts
The preceding results in the sensitivity analysis are obtained by changing the input parameters for the
optimised wind farm layout developed by Sanchez Perez Moreno [45], without re-optimising this wind
farm layout. A change in rotor diameter or wind climate is expected to affect the positioning of turbines
in the optimised wind farm layout. In this section, a re-optimisation of the WindPRO optimised layout
is done to assess the change in turbine positioning. The aim of this section is not to understand the
turbine placement by the algorithm, but to investigate the change in layout as a result of changing input
parameters.

The WindPRO irregular optimisation is run for the changes in input parameters. The optimisation
is performed in WindPRO with the base case input parameters described in section 2.3. Elaboration
on the optimisation procedure can be found in Appendix B. First, the rotor diameter is changed as
input to the optimisation tool, second the wind climate is changed. The analysis is only performed for
the irregular optimisation. The regular optimisation procedure is described in subsection B.2.1. The
irregular optimisation tool searches for the best position of a turbine where the regular optimisation
tool has a regular pre-defined grid. To assess the change in layout for a change in input, the irregular
optimisation is deemed a better fit for the analysis.
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6.3.1. Rotor Diameter Optimisation
The rotor diameter change described in subsection 6.1.1 is implemented in the WindPRO optimisation
tool. The rotor diameter of the IEA Base turbine is down-scaled from 190.8 m to 178.3 m, the new
turbine is referred to as IEA Small turbine. The result of the optimisation with the IEA Base and IEA
Small turbines is presented in Figure 6.9b.

The performance curves of this IEA Small turbine are altered with the scaling method described in
subsection 6.1.1. Although an initial verification showed that the scaled curves are fit to use for the
sensitivity analysis, an additional check is done. An exiting wind turbine from industry is implemented
to assess the impact of using a different WTG type. For this, the ’V164 8 MW of MVOW (MHI Vestas
Offshore Wind) with a rotor diameter of 164 m’ is used as input for the optimisation (from now on this will
be referred to as Vestas). This layout with this turbine will from now on be referred to as Vestas layout.
The results of both optimisations are presented in Figure 6.9c.

(a) IEA Base turbine with RD = 190.8 m (b) IEA Small turbine with RD = 178.3 m

Base

Re-Optimised

(c) Vestas turbine with RD = 164.0 m

Figure 6.9: WindPRO optimisation results for (a) IEA Base turbine with 190.8 m rotor diameter, (b) IEA Small turbine with 178.3
m rotor diameter, and (c) Vestas turbine with 164.0 m rotor diameter. The red filled dots represent the new positions, and the grey
empty circles depict the starting positions of the wind turbines.

It can be observed that most turbines in Figure 6.9a are placed near the south and west border of the
WTG area. With the prevailing wind direction coming from the south-west-west sector, this places these
turbines in a free-stream wind speed. At the north-east corner, another set of turbines is placed. Moving
diagonally from the south-west corner to the north-east corner, the wake has a distance of approximately
5 km to recover.

The optimised layout with the IEA Small turbines to a large extent shows the same positioning of the
turbines in the WTG area (Figure 6.9b). Qualitatively analysing the positioning, it can be said that the
turbine positions only vary slightly between the optimised wind farm layout with the IEA Base and IEA
Small turbines.

The optimised wind farm with the Vestas turbine shows more difference compared to the optimised
wind farmwith the IEABase turbines. The IEABase turbine rotor diameter is decreasedwith approximately
7 % for the IEA Small turbine, and 16 % for the Vestas turbine. The difference in turbine positioning due
to the altering rotor diameter is therefore also expected to be higher for the latter comparison.

Overall, the wind farm layout is concluded not to change significantly for changes in rotor diameter
up to at least 7 %. The change in turbine positioning for larger changes is expected to be influenced
more but not drastically. The basis of placing turbines at the WTG area edges which face the prevailing
wind direction of the wind farm is still observed independent of rotor diameter size.

6.3.2. Wind Climate Optimisation
The WindPRO optimisation is also performed for altering wind rose cases. The same wind rose cases
selected for the sensitivity study in section 6.2 are used. Those are the Borssele, Uniform, andUnidirectional
wind roses. The Borssele wind rose is the base case, with which the other wind farm optimised layouts
are qualitatively compared. The resulting optimised wind farm layouts are presented in Figure 6.10.
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(a) Borssele (b) Uniform

Base

Re-Optimised

(c) Unidirectional

Figure 6.10: WindPRO optimisation results for (a) Borssele wind rose, (b) Uniform wind rose, and (c) Unidirectional wind rose.
The red filled dots represent the new positions, and the grey empty circles depict the starting positions of the wind turbines.

The turbines in Figure 6.10b are spaced approximately equal in all directions in the WTG optimisation
area. The regularity of this wind farm layout is higher than that of the wind farm layout optimised for
the Borssele wind rose. This suggests that for more uniform wind direction and wind speed distributions
regular wind farm layouts with a higher degree of regularity would yield a higher annual energy production
than wind farm layouts with a lower degree of regularity.

In Figure 6.10c it appears as if only 14 turbines are positioned in theWTGoptimisation area. Investigating
this further shows that some turbines pairs have an exceptionally close inter-turbine spacing. The
WindPRO optimisation has an input option for the minimum spacing of turbines. The option has two
possible results: omit the turbines with smaller inter-turbine spacing, or keep the turbines with smaller
inter-turbine spacing.

Overall, the WindPRO optimised wind farm layouts are concluded to change significantly for the
uniform and unidirectional wind rose. Therefore, the sensitivity analysis performed in section 6.2 does
not provide a fair representation of the wind farm layouts. This sensitivity can thus only be used to
assess what happens to the wind farm performance indicator group results if the wind rose for the base
case alters from the Borssele wind rose it is designed for.

6.4. Additional Optimised Layout Cases
In this section, the global effect of the wind farm layout on the performance indicator groups is analysed.
This is done throughmeans of additional optimised regular and irregular wind farm layout pairs. First, the
optimised layout pairs are presented and briefly elaborated upon. Then, the sub-performance indicator
results are computed for each wind farm layout.

6.4.1. Optimised Layouts Selection
The first optimised wind farm layout pair is developed by Sanchez Perez Moreno [45]. This layout has
the same origin as the base layouts (with sequential design approach), but an alternative optimisation
procedure (MDAOdesign approach). The optimisation approach for theMDAO couples different components
and disciplines represented by computational tools in a workflow to simulate the entire system. Additional
information on the MDAO workflow can be found in Appendix B. The MDAO regular and irregular wind
farm layout are presented in Figure 6.11.
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(b) Irregular

Figure 6.11: Regular and irregular MDAO layout from Sanchez Perez Moreno [45] consisting of 74 turbines with a rated power of
10 MW at Borssele.

The same wind farm area of Borssele III and IV is used as can be seen in Figure 6.11. Again, it
can be observed that the optimisation algorithm for the irregular wind farm pushes the turbines to the
boundaries.

The irregular wind farm developed in section 6.3 is used for the second wind farm layout pair. A
regular wind farm layout is developed using the optimisation tool in WindPRO, for which the procedure is
explained in Appendix B. The resulting regular and irregular wind farm layout is presented in Figure 6.12.
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(b) Irregular

Figure 6.12: Optimised regular and irregular wind farm layout using WindPRO with Borssele wind climate data.

Similar to the base layout presented in section 2.3, some initial observations are quantified. First, the
sum of the distances to surrounding turbines in a 10 RD radius is computed for each turbine in the
respective wind farms. Second, the minimum spacing between two turbines is computed normalised
with rotor diameter. Both are presented in Table 6.8.

Table 6.8: Number of turbines with the same sum of distances to surrounding turbines with a tolerance of 0.001 RD ( ),
and the minimum distance between two turbines ( ). For the regular and irregular wind farm layouts of both the MDAO and
WindPRO optimisation.

Nturb (∑ di) [-] xmin [RD]

MDAO Regular 3 6.33
Irregular 58 2.38

WindPRO Regular 8 7.36
Irregular 18 2.45

The number of unique values for the sum of distances to surrounding turbines in the 10 RD radius for the
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regular wind farm is 3. This indicates a high degree of regularity. This value for the irregular wind farm
is found to be 58. The minimum spacing between two turbines in the wind farm is again significantly
smaller for the irregular wind farm. This is in line with the findings from the base layout, where the density
of the turbines around the edge of the wind farm was also higher causing a decrease in inter-turbine
spacing.

6.4.2. Annual Energy Production
The annual energy production, wake losses, and capacity factors of the additional MDAO and optimised
layouts are computed inWindPRO. The results, together with the base results, are presented in Table 6.9.
The layouts will from now on be referred to as Base, MDAO, and WindPRO layout.

Table 6.9: Calculated annual energy for Base, MDAO, and WindPRO optimised regular and irregular layouts.

AEP [GWh/y] Wake Loss
[%] Difference Capacity

Factor [%] Difference

Base Regular 3138.7 8.1 + 0.66 % 48.4 + 0.62 %Irregular 3159.5 7.5 48.7

MDAO Regular 3133.96 8.2 + 1.04 % 48.3 + 1.04 %Irregular 3166.4 7.3 48.8

WindPRO Regular 866.4 6.1 + 0.67 % 49.4 + 0.61 %Irregular 872.2 5.5 49.7

For all wind farm layout pairs, the AEP of the wind farms with the irregular layout is higher, corresponding
to the lower found wake losses. The capacity factor indicates the ratio of the amount of energy generated
and the maximum amount of energy that can be produced in the same amount of time [94]. This
capacity factor is higher for the irregular wind farm layout. Comparing the regular and irregular wind
farm AEP performance then results in an increase of 0.66, 1.04 and 0.67% between the Base, MDAO,
and WindPRO layout pairs respectively.

6.4.3. Persistence to Wind Direction
The persistence to wind direction is also assessed for the three optimised layouts. The WindPRO
optimised wind farm consists of 20 turbines, so the power output is lower, as can be observed in
Figure 6.13. The maximum power drop for the MDAO regular layout is expected to occur at an angle
between 150 and 180∘, as this wind direction is in alignment with the wind turbine rows. The prevailing
wind direction is from the south-west-west (sector 9) which means that a power drop at this angle occurs
less. The power drop of the irregular Base layout occurring around 240∘ lays in the prevailing wind
direction sector. Although the peak is less than that of the irregular MDAO layout, the effect on the
predictability and hence value on the e-market might be higher. The power output of all layouts for a
mean uniform wind speed of 9.5 m/s is presented in Figure 6.13 below.
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Figure 6.13: The multi-directional power curve for mean wind speed of 9.5 m/s for the Base, MDAO, and WindPRO optimised
regular and irregular wind farm in megawatt as a function of wind direction.

First, it can be observed that the irregular wind farm power output shows a less severe power drop as
a function of wind direction. Furthermore, the same preferred overall behaviour characterises all three
irregular layouts. The MDAO layout seems to show a lower frequency of large power drops than the
Base layout. Quantifying the maximum power drop and standard deviation as a function of wind direction
results in Table 6.10.

Table 6.10: Persistence to wind direction results for additional optimised layouts for a mean wind speed at Borssele of 9.5 m/s.

Max. Δ Power [MW] Difference 𝜎 P [MW] Difference
Regular Irregular Regular Irregular

Base 269.5 70.6 - 73.8 % 67.6 16.6 - 75.5 %
MDAO 324.2 44.7 - 86.2 % 69.5 12.9 - 81.4 %
WindPRO 53.3 36.2 - 32.2 % 11.3 10.5 - 7.4 %

The irregular wind farm layouts indeed have better performance for both the maximum power drop and
standard deviation of the power output as a function of wind direction. As the WindPRO optimised layout
consists of less turbines, the percentages increase in performance are assessed to compare the layouts.
The maximum power drop decreases with 73.8, 86.2, and 32.2% for the Base, MDAO, and WindPRO
optimised layouts, respectively. This corresponds to a percentage change of -12.4 % and +41.6 %. This
could indicate that the positive effect of the irregular wind farm increases with the number of turbines in
the wind farm. This is in line with the previous observation of increased magnitude of the power drop for
a larger number of turbines aligned in a row.

Overall, the sensitivity of the results is significant for the WindPRO optimisation layout compared to
the Base and MDAO layouts. However, the same trend of better performance is observed for all irregular
wind farms compared to their regular counterpart.

6.4.4. Wake Induced Tower Fatigue
The effective turbulence intensity is determined for the MDAO and WindPRO optimised wind farm
layouts. The visualisation of these turbulence levels are presented in Figure 6.14a and Figure 6.14b.
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Figure 6.14: Effective turbulence intensity normalised with ambient turbulence for the MDAO and WindPRO optimised wind farm
layouts.

The irregular wind farm layouts show significantly higher effective turbulence intensity levels, as was
also found for the Base wind farm layout. Again, the regular effective turbulence intensity shows more
consistent behaviour among the turbines. Quantifying the maximum effective turbulence levels for each
wind farm layout results in Table 6.11.

Table 6.11: Maximum effective turbulence results for two wind roses; Actual wind direction distribution at Borssele and Uniform
distribution.

Max. Ieff [-] Difference 𝜎 Ieff [-] Difference Nturb [-]
Regular Irregular Regular Irregular Regular Irregular

Base 1.055 1.306 + 23.8 % 0.0119 0.0508 + 325.4 % 42 1
MDAO 1.045 1.275 + 22.0 % 0.0110 0.0537 +388.5 % 55 1
WindPRO 1.093 1.250 + 14.4 % 0.0196 0.0740 + 274.9 % 4 1

The maximum effective turbulence for each irregular wind farm in the regular and irregular layout pairs,
performs significantly worse. The maximum effective turbulence increases with 23.8 %, 22.0 %, 14.4 %
for the Base, MDAO, and WindPRO wind farm layouts. This results in a percentage point change of +
5.9 % and - 1.7%. As observed in the case selection, this is likely caused by the tendency of optimisation
algorithms to place turbines at the edge of the wind farm area section 2.3. This leads to lower (average)
spacing. The standard deviation of the effective turbulence over the turbines in the wind farm also shows
similar behaviour between the irregular and regular wind farm layouts.

Overall, the effective turbulence intensity results for the additional wind farm layouts indicate that the
results found in chapter 4 are generally applicable for irregular wind farm layouts. The degree to which
this negative performance of the irregular wind farm is observed depends on the layout case.

6.4.5. Additional Layout Conclusion
The effect of different optimised wind farm layouts on the performance indicator group results is assessed
by implementing the already developed MDAO wind farm layout, and developing a new optimised layout
in WindPRO.

First, the irregular wind farm layout sub-performance indicator results are compared to the regular
wind farm layout results. The absolute percentage change of the irregular wind farm relative to the
regular wind farm is presented in Figure 6.15a. This results in three percentages for the three different
wind farm layout optimisation strategies. To analyse the effect on the results of using different wind farm
layout optimisation strategies, the percentage points change are computed as the difference between
the MDAO and WindPRO wind farm layout results obtained in Figure 6.15a. These percentage points
change are visualised in Figure 6.15b.
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(a) Percentage change of irregular wind farm compared to regular wind farm.

AEP Max.  P  P

0

20

40

60

 (
) 

[%
]

MDAO

WindPRO

Max. I
eff

 I
eff

-40

-20

0

20

40

60

 (
) 

[%
]

(b) Percentage points change obtained computing the difference in Figure 6.15a
compared to the base case.

Figure 6.15: Sub-performance indicator results for the power performance and wake induced tower fatigue performance indicator
groups for different optimised wind farm layouts.

Again, it is important to note that this section does not serve as a sensitivity study. It serves as a means
to assess whether the conclusions formulated based on the performance indicator group results of the
Base wind farm layout are also valid when using other optimised wind farm layout pairs.

The percentage points change between the Base and MDAO layout are lower in magnitude than
the percentage points change between the Base and WindPRO optimised layout. An explanation for
this can be that the design objectives and approach differ more between the Base and WindPRO layout
optimisation. The MDAO optimisation is developed in the same study taking into account the same input
parameters [45]. TheWindPRO optimisation tools objective is to maximise the annual energy production
of the layout, not to minimise the LCOE.

Furthermore, it can be observed that the percentage points change in maximum power drop is
significantly smaller for the WindPRO optimised wind farm layout. This can be explained comparing the
arrangement of turbines in Figure 6.12a and Figure 6.11a. The maximum number of turbines aligned in
the MDAO regular wind farm layout is 17, where that in the WindPRO regular wind farm layout is 4. With
larger regular wind farms, the losses for wind direction in alignment with the wind turbine rows increase
with the number of turbines in the row.

The percentage points difference in effective turbulence shows less change between the wind farm
optimisation layouts. The difference between the minimum spacing in the regular and irregular wind
farm is of similar magnitude for the MDAO and WindPRO optimisation approach as shown in Table 6.8.
Comparing the results in Figure 6.15a for the Base and MDAO wind farm layout indicates two things
regarding the effective turbulence intensity. First, the maximum turbulence intensity percentage points
difference between the regular and irregular layout decreases. This means the tower wall thickness in
theMDAO layout will not increase asmuch as the Base tower. Second, looking at the standard deviation,
the percentage points change between theMDAOand Base wind farm layout show a positivemagnitude.
The percentage points change between the WindPRO and Base optimised wind farm layouts show a
negative magnitude. Both magnitudes are significant which means that the standard deviation of the
effective turbulence is highly dependent on the wind farm layout.

Overall, the behaviour of the irregular wind farms compared to their regular counterpart is similar
to a large extent. The largest difference is observed in the persistence to wind direction results for the
standard deviation as a function of wind direction. This sub-performance indicator result is concluded
to be to a large degree dependent on the size of the regular wind farm. The results obtained in this
research regarding the relative performance of irregular wind farms compared to regular wind farms
is thus found generally applicable based on these additional case studies. To further substantiate this
claim it is recommended to perform the analysis with numerous additional wind farm layout pairs. Due
to the time constraints of this thesis it is not feasible to perform these additional studies in this research.
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6.5. Conclusion
The performance indicator (PI) group analyses in the first phase of this research are performed using
only the specific Borssele case study. Through means of sensitivity studies and additional layout cases,
the global effect of the wind farm layout on these PI group results is analysed. The sensitivity analysis
serves as a method to predict the outcome of the PI group results of the Borssele case for a change
in rotor diameter size or wind climate. While this may not inform global effects of different layouts, it
provides a first step towards evaluating the general trends of their effects. To assess this global effect of
different layouts, the effect of other optimised wind farm layouts on the PI group results is quantified. The
results of the sensitivity studies are shown on the left-hand side of the red dashed line in Figure 6.16,
and the additional layout case studies are shown on the right of this line.
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Figure 6.16: Absolute percentage points change obtained from the sensitivity (left of the red dashed line) and additional case
studies (right of the dashed red line). The absolute percentage points change are computed based on the layout pair relative
performance compared to the base layout pair performance.

For the sensitivity studies, first the IEA Wind turbine rotor diameter is down-scaled from 190.8 m to
178.3 m. The turbines in the Borssele case are replaced with these down-scaled turbines. Comparing
the two layouts then shows that the relative sub-performance indicator results between the irregular and
regular layouts are only marginally affected by this change in rotor diameter size. The same analysis is
performed for a change in wind rose. The results are re-determined for a uniform and unidirectional wind
rose. The sensitivity of the PI group results to a change in wind rose is no longer negligible. Especially
the results obtained for the sub-performance indicator ’effective turbulence’ change significantly between
the Borssele and Uniform wind rose.

It is recognised that the wind farm layout is not optimised for the changes in input parameter, which
creates an unrealistic situation. WindPRO is utilised to develop an additional wind farm layout for the
Borssele case study. Two additional optimisations for a change in rotor diameter show that the wind farm
layout does not change significantly as a function of this input change. The uniform and unidirectional
wind rose alter the optimised wind farm layout significantly.

Finally, the MDAO and WindPRO optimised wind farm layout pairs are compared. The aim of
performing these additional case studies is to assess the global effect of these wind farm layouts on
the PI group results. From this analysis it is found that the relative behaviour of the layout pairs (Base,
MDAO, and WindPRO) show very similar results. The largest difference is observed in the persistence
to wind direction results for the standard deviation as a function of wind direction. This sub-performance
indicator result is very dependent on the size of the regular wind farm.

Different analysis methods are implemented to assess the global effect of the wind farm layout on
the PI group results. It is found that regardless of the changes in layout cases, wind rose or rotor radius,
the absolute inter-pair results are identical as to which layout outperforms the other. For example, in
the base case, the irregular wind farm is found to perform worse on the maximum effective turbulence.
The same negative behaviour is found with respect to the regular wind farm layout for a change in rotor
diameter, wind climate, and also for alternative wind farm layouts.
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7
Mitigation of Effective Turbulence

for Irregular Wind Farms

7.1. Introduction
In this chapter, two models are implemented to develop a recommendation for minimum spacing when
optimising irregular wind farms for their power output. In general, from the research performed in the
previous chapters, the irregular wind farm layout performs better than the regular wind farm layout.
However, the maximum effective turbulence intensity is found to increase in the order of 20%. This
significant increase is caused by a limited number of turbines with minimum distance. The maximum
effective turbulence in the wind farm is driving for the tower wall thickness and thus cost. The potential
to alleviate this downside of the irregular wind farm is investigated by implementing a minimum spacing
limit.

Initially, the N.O. Jensen [95] and Frandsen [66] models are analysed in more depth to quantify
the relation between turbine spacing, energy loss, and effective turbulence intensity for two turbines.
Vermeer et al. [96] observed in large field experiments that the turbulence intensity behind a wind turbine
is more persistent than the velocity deficit. This means the velocity deficit will decay more rapidly than
the turbulence intensity. In Figure 7.1 the setup for the analysis is presented with the spacing defined
as the distance between two turbines, normalised by rotor diameter.

Figure 7.1: Wind turbine wake visualisation, spacing between the turbines is indicated with distance normalised by rotor diameter
[97].

The minimum spacing limit found with this in-depth analysis is then implemented to the base irregular
wind farm. The PARK and effective turbulence calculations are then performed and compared to the
base layout to assess the effect of this attempt to mitigate the effective turbulence of the irregular wind
farm.
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7.2. Minimum Spacing Limit
In the design phase of the wind farm, the turbulence intensity needs to be predicted for each individual
turbine in the wind farm. This gives an indication whether the wind turbine layout is suitable for the site
conditions. In this research, an estimate of a recommended turbine spacing to mitigate the tower fatigue
damage is the objective. Therefore, the effective turbulence intensity for a range of turbine spacing is
computed. Using the Frandsen model, the effective turbulence is computed for varying hub-height wind
speed and turbine spacing.

Thewind-speed-dependent results from the Frandsenmodel are comparedwith the respective design
curves of the IEC 64100-1 for the wind turbine design class. Between the hub-height wind speeds
ranging from 0.6𝑈 and 𝑈 , the Frandsen results must not exceed by these design curves.
The representative value of the turbulence standard deviation is determined using Equation 7.1, as per
IEC 64100-1 standards for the normal turbulence model. This representative value for the standard
deviation is given by the 90% quantile of the turbine free-stream hub-height mean wind speed.

𝜎 = 𝐼 (0.75𝑈 + 5.6) (7.1)

Dividing this representative value for the turbulence standard deviation with the mean wind speed at
hub-height then results in the turbulence intensity. The representative effective turbulence intensity a
function of hub-height mean wind speed is plotted for different spacing in Figure 7.2.
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Figure 7.2: Graphical depiction of effective turbulence intensity as a function of hub-height mean wind speed for turbine spacing
of 3 to 5 rotor diameter distance. The representative turbulence intensity limit of the IEC 61400-1 is added for wind turbine class
A and B.

The IEA Wind turbine is a class A turbine, therefore the red dotted line in Figure 7.2 is relevant for this
limiting turbine spacing. Assessing the curves ranging from a turbine spacing of 3 RD to 5 RD with steps
of 0.5 RD, the limiting minimum spacing to adhere to the IEC 64100-1 requirements can be established.
The curve showing a turbine spacing of 4 RD only exceeds the representative turbulence intensity at
a wind speed ranging between approximately 10.1 m/s and 11.2 m/s. Sector-wise curtailment can be
implemented when a certain combination of wind speed and direction cause the effective turbulence
level to exceed the IEC 64100-1 limit [74]. Therefore, this turbine spacing is selected as the minimum
turbine spacing limit to mitigate the tower fatigue damage turbulence in the wind farm.

7.3. Wake Energy Loss
To assess the effect of this turbine spacing on the energy production of the turbines, the N.O. Jensen
wake model is implemented to assess the energy loss in the wake. To assess the potential energy a
turbine can generate at varying distance from the first turbine, the power is computed at the reduced
wind speed in the wake, to obtain the reduced power as a function of spacing between turbine 1 and 2.
The total energy loss over all operational wind speeds is determined using Equation 7.2.

𝐸 (𝑈 ) = ∫ 𝑃(𝑈 ) ⋅ 𝑊(𝑈 , 𝐴, 𝑘)𝑑𝑈

Δ𝐸 = 𝐸 (𝑈 ) − 𝐸 (𝑈 )
(7.2)
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In which E is the annual energy, P is power curve of the IEAWind turbine, andW is theWeibull distribution
function of the Borssele wind climate. The difference between the free-stream operating turbine and the
turbine located in the wake is then compared to assess the annual energy loss. The percentage of the
free-stream potential energy of the wake energy is presented in Figure 7.3.
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Figure 7.3: Wake energy loss as a function of turbine spacing.

It can be observed that at one rotor diameter spacing the wake energy loss is approximately 40%. With
increased spacing the velocity deficit decreases and hence the energy loss decreases. The smallest
spacing between two turbines found in the base wind farm layout is 2.73 RD. The reduced energy in the
wake, percentage energy loss, and change in wake energy from the 2.73 RD spacing of the base layout
compared to the increased spacing of 4 RD is presented in Table 7.1.

Table 7.1: Energy wake loss with respect to distance, the no-loss energy is 6689 kWh.

x [RD] Ew [kWh] Loss Ew [%] Δ Ew [kWh]
Base 2.73 4565 31.8 + 4624RD 4.0 5027 24.9

The base spacing of 2.73 RD corresponds to a wake energy loss of approximately 31.8%, and a spacing
of 4 RD corresponds to 24.9%. On a yearly basis, this means that the downstream turbine will generate
503 kWh more when it is positioned at a distance of 4 RD downstream of the turbine compared to
2.73 RD. It should be noted that this analysis is performed for a setup of two turbines. In a wind farm,
when increasing the spacing from one turbine, the spacing to another turbine inherently decreases.
Depending on the density of the wind farm this increased spacing is possible without decreasing the
spacing to another turbine significantly. The effect on the whole complete wind farm therefore needs to
be assessed to ensure the overall energy production indeed increases.

7.4. Implementation of the Minimum Spacing Limit
To assess the effect on the energy production and effective turbulence, the limiting spacing of 4 RD is
applied to the base irregular wind farm. The irregular base wind farm contains three pairs of turbines
with a distance smaller than the recommended 4 RD from the effective turbulence intensity analysis.
One turbine from each of the three turbine pairs is manually moved to a distance of 4 RD from the other
turbine. This manual displacement of individual turbines is performed in WindPRO. The turbines which
are moved are indicated with the filled blue circles in Figure 7.4.
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Figure 7.4: Turbines which are moved to adhere to the recommended 4 RD limiting spacing ( Pos). The turbines in bold red are
the turbines which are not displaced, but do experience a change in effective turbulence intensity ( ).

7.4.1. Annual Energy Yield
The energy yield of the wind farm is assessed for the new design with minimum inter-turbine spacing
of 4 RD. This is done using the same method as described in section 3.2. The results are presented in
Table 7.2 below.

Table 7.2: Energy yield and effective turbulence intensity levels for revised irregular layout with 4 RD as minimum turbine spacing.

AEP [GWh/y] Wake Loss [%] Difference
Base 3159.5 7.49 + 0.043 %4 RD 3160.8 7.45

Increasing the inter-turbine spacing results in reduced wake losses as the wake has more distance
to recover between the turbines. The annual energy production increases with 1369 MWh per year,
corresponding to an increase of 0.043 % compared to the base layout.

7.4.2. Effective Turbulence
To assess the change in effective turbulence the same method described in section 4.3 is implemented
for the revised wind farm with 4 RD minimum spacing. The effective turbulence of all the turbines is
computed and the result is presented in Figure 7.5.

First, the light-grey lines represent the base irregular wind farm described in . Second, the revised
layout where a minimum inter-turbine spacing of 4 RD is implemented, is presented with the dark-grey
lines. The re-positioned turbines (from base to 4 RD layout) are depicted with filled black dots. Naturally,
these displaced turbines experience a change in effective turbulence intensity. From Figure 7.5, it
can also be observed that the turbines surrounding the re-positioned turbines experience a change
in effective turbulence. The change in effective turbulence is not directly visible from Figure 7.5 so these
turbines are highlighted with red. To link the positions of these turbines, they are also presented with
bold red (empty) circles in Figure 7.4. Finally, the maximum effective turbulence for the base and 4 RD
layouts are presented with the continuous and dashed red horizontal lines.

Previously it was discussed that the energy production of the turbines surrounding the re-positioned
turbine will also be affected. This is also the case for the effective turbulence. Looking at the effective
turbulence levels of the two respective layouts (Figure 7.5), it should be noted that by reducing the
effective turbulence of one turbine, the effective turbulence of another turbine may increase. In this case
example, the effective turbulence of the surrounding turbines does not increase drastically, but with a
higher density wind farm this side-effect should be taken into consideration for the implementation of
this limiting inter-turbine spacing.
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Figure 7.5: Effective turbulence intensity of the Base and 4 RD wind farm layout. The re-positioned turbines are indicated with
a filled black dot. The turbines which are not re-positioned, but do experience a change in effective turbulence, are highlighted.
The maximum effective turbulence value is indicated with the horizontal red lines for the respective layouts.

The maximum and standard deviation of the effective turbulence are presented in Table 7.3.

Table 7.3: Maximum and standard deviation of the effective turbulence for the base and 4 RD wind farm irregular layouts.

Max. Ieff Difference 𝜎 Ieff [-] Difference
Base 1.306 - 10.4 % 0.05 - 20.5 %4 RD 1.171 0.04

A significant improvement of the effective turbulence performance is observed for the 4 RD irregular
wind farm. The maximum effective turbulence is decreased with 10.4% and the standard deviation is
decreased with 20.5%. The standard deviation change is higher as some additional peaks in Figure 7.5
are also mitigated as a result of mitigating the maximum effective turbulence. To give a rough estimation
of the tower steel material cost this would save, the same procedure as presented in subsection 4.4.2.
The resulting reduction in tower steel material cost is then found to be almost 1 million euros.

7.5. Conclusion
The minimum spacing to adhere to the IEC 64100-1 design curves is computed with the Frandsen
model, resulting in a minimum inter-turbine spacing of 4 RD. The base irregular layout has three turbine
pairs which have a smaller inter-turbine spacing than this limit. Three turbines (one of each turbine
pair) is re-positioned to an inter-turbine distance of 4 RD. The annual energy production of the resulting
wind farm is found to be 0.043%. For a wind farm consisting of 74 turbines, this result is positive but
not significant. Computing the effective turbulence intensity of the 4 RD wind farm results in noteworthy
improvements both for themaximumeffective turbulence and standard deviation of the effective turbulence.
The maximum effective turbulence decreases with approximately 10.4%, which corresponds to (roughly
estimated) almost 1 million euros in total tower wall steel cost. It is thus possible to mitigate the maximum
effective turbulence intensity for the base irregular layout. Important to note is that when re-positioning
one turbine, the effective turbulence for a neighboring turbine might increase. Especially for high density
wind farms, the potential to mitigate the maximum effective turbulence might not be as high as for this
base layout.
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8
Conclusion and Recommendation

The main conclusions that can be drawn from the analyses throughout this research are presented in
this chapter. section 8.1 presents the conclusions that can be drawn within the framework of this thesis,
whereas section 8.2 discusses the limitations of this framework and makes recommendations for future
research.

8.1. Conclusions
Improving the performance of wind farms lays the foundation for the wind farm layout optimisation
problem. Irregular wind turbine patterns are inherent to the use of optimisation algorithms. To verify
whether such wind farm layouts perform better than a regular layouts, the following research question
is formulated:

’To what extent does a regular or irregular geometrical pattern of wind turbines affect the performance
of an offshore wind farm?’

In this research, three performance indicators are identified and investigated to quantify an answer to the
above question by means of a comparative case study. These selected indicator groups are (1) power
performance; (2) wake-induced tower fatigue; and (3) inter-array cabling system. The performance
indicators in this group are affected by the wind farm layout, feasible, site independent, and technical as
identified by a multi-criteria decision analysis. Each performance indicator is assessed for three regular
and irregular wind farm layout pairs.

In line with expectations, the irregular wind farm performs better in energy production by reducing
overall wake losses. It has an increase in annual energy production ranging from 0.66 % in the case
study to 1.04 % in the MDAO layout pair. A notable finding is that the irregular layouts also increase the
persistence to wind direction, which means that the power output is less sensitive to fluctuations in wind
direction. In the case study the regular wind farm shows a power drop up to 66.6% for a limited change
in wind direction, whilst the irregular layout shows a power drop of 18.8% under the same conditions.
This characteristic improves the predictability of the power output and increases the value of power on
the electricity market. In an electricity market dominated by renewable energy, this predictability is even
more valuable as the energy price will fluctuate more based on supply and demand.

The regular layout is preferred for tower steel weight. Based on the Frandsen model, the irregular
wind farm layout generates significantly higher worst-case wake-induced turbulence levels that result
in higher fatigue loads. For fatigue-driven tower design this leads to an increase in wall thickness and
therefore material consumption. The increase in maximum effective turbulence for the irregular wind
farm compared to the regular wind farm ranges between 14.4 % and 23.8 %. Based on current industry
practises, the tower is designed based on the worst case turbulence conditions within a wind farm. The
analysis shows that wake-induced turbulence is mostly driven by the smallest inter-turbine spacing in the
wind farm. This is demonstrated by implementation of theminimum spacing from the IEC 61400-1, which
reduces the worst case turbulence intensity by 20% (as compared to the case study). Nevertheless, few
turbines positioned with limited spacing is inherent to the irregular layouts, therefore this conclusion is
valid for all wind farm layout pairs.
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It was found that the irregular layout results in inter-array cabling costs that are 1.15% higher than
that of the regular wind farm layout, due to less efficient routing. The inter-array cabling system is much
dependent on site-specific factors such as soil conditions, cable type, and sub-station position. Based
on this marginal difference and the high site-dependency, this performance indicator is excluded from
further conclusions.

Based on the selected three performance indicators, the performance of the irregular wind farm
layouts is higher than that of the regular wind farm layouts. It shows higher energy yield and higher
persistence to wind direction. A drawback of irregular wind farm layouts is the increase of wake induced
tower fatigue. For comparative purposes an attempt was made to quantify these positive and negative
effects for this case study. The net present value of the increase in AEP results to 10 million Euros,
whereas the cost for additional tower steel is 3.9 million Euros. The increase of energy production at the
cost of tower material consumption leads to an increase in net present value of approximately 6 million
Euros.

For future wind farm development, the use of irregular wind farm patterns is expected to increase the
performance of the wind farm as a whole. Caution is required with respect to the minimum inter-turbine
spacing to limit the negative effect of increased fatigue-loads.

8.2. Recommendations
Due to the time constraints of this research and the complexity of the topic, developing an optimisation
tool to solve the wind farm layout problem was not feasible. Therefore, as a starting point a pre-defined
regular and irregular wind farm layout pair is selected. The exact trade-off between the disciplines
and components, and design space are not taken into consideration. To remove this uncertainty, the
underlying optimisation algorithm should be analysed with respect to the performance indicator results.

The persistence to wind direction is analysed assuming that the entire wind farm sees the change in
wind direction at one instance. In reality it takes minutes or hours before all wind turbines experience
a shift in wind conditions. The power drop or wake losses presented in this research are based on a
static calculation and do not take into account this dynamic character of inflow conditions. To remove
this simplification error, a time-dependent calculation should be performed. Furthermore, only hourly
wind data is available for this wind farm site, which means that the variation in wind direction within the
hour is unknown.

For the analysis of the wake induced tower fatigue it is assumed that the tower design is driven by
fatigue limit states. In reality, the tower design might be driven by ultimate limit states. This doesn’t
change the results regarding the effective turbulence, but does influence the increase in the tower
material consumption. Furthermore, it is assumed that the tower is designed based on the worst-fatigue
position in the wind farm. In the future a solution may be found using multiple tower designs in one
wind farm. This introduces numerous practical complications which is why this is currently not yet
implemented. Finally, the wake added fatigue damage is calculated using a low fidelity model to generate
an initial estimation of the added fatigue rather than developing a detailed fatigue analysis. Suggestions
for higher fidelity models to accurately quantify the fatigue loads are HAWC2, FAST, or PHATAS.

Regular wind farms are often characterised by straight rows of wind turbines. The negative effect
around this characteristic can be reducedwhen rows are (slightly) bent, by application of yawmisalignment,
or other forms of turbine control. Further research is necessary to understand the complex relation
between the predictability of a wind farm and the value of its power on the energy market. Factors
such as strategic bidding and prediction tools are not considered in this research, but are expected to
influence the value on the energy market.

The cost-benefit analysis between regular and irregular wind farm layouts is very complicated, making
this comparison a great challenge for further investigation. Analysis of additional performance indicators
identified in this research would lead to a more complete review. Especially performance indicators
which concern dependency on site-specific input could alter the conclusion that irregular wind farms
have better overall performance.
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A
Multi-Criteria Decision Analysis

A.1. Performance Indicator Inventory & Rating

PI SPI
Layout
specific

(2)

Technical
(0.5)

Feasible
(2)

Site
independent

(1)

Relevance
Master
(0.5)

Score

Annual
Energy
Production

Raw/stand-alone
yield 1 3 3 3 3 7.8

Wake losses 3 3 3 3 3 10
Electrical losses 2 3 3 3 2 8.6
Availability 2 2 2 3 3 7.5

Electricity
Price

Predictability 3 3 3 3 3 10
Value on
e-market 3 3 2 2 3 8.3

Predevelopment
& Consenting

Project
management 1 2 2 3 2 6.1

Legal
authorization 1 1 2 1 1 4.4

Surveys 1 1 3 2 1 6.1
Engineering 2 2 2 3 1 6.9
Contingencies 1 2 1 3 2 5.0

Production &
Acquisition

Wind turbines 2 3 2 3 3 8.9
Foundation 3 2 1 1 2 6.1
Power
transmission
system

3 3 3 3 2 9.7

Monitoring
system 2 2 2 3 1 6.9

Installation &
Commissioning

Port 1 1 3 1 2 5.8
Installation of
components 2 2 2 2 2 6.7

Commissioning 2 1 2 2 1 6.1
Insurance 1 1 3 2 1 6.1

Operation &
Maintenance

Rental 1 2 3 2 1 6.4
Insurance 1 1 3 2 1 6.1
Transmission
charges 1 2 3 1 1 5.8

Maintenance
hours 2 3 2 3 3 7.8

Component
replacement 3 3 2 3 3 8.9

Decommissioning
& Disposal

Decommissioning 2 1 2 2 1 6.1
Waste
management 1 1 3 3 1 6.6

Site clearance 2 1 2 2 1 6.1
Post monitoring 1 1 3 2 1 6.1
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A.2. Selected Performance Indicator Groups

Figure A.1: Schematic overview performance indicator groups
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B
Optimised Layouts

B.1. MDAO Design Approach
The ’Multidisciplinary Design Analysis andOptimisation’ (MDAO) approach couples different components
and disciplines represented by computational tools in a workflow to simulate the entire system. The
MDAO workflow is visualised by Sanchez Perez Moreno [45] in Figure B.1.

Figure B.1: MDAO workflow diagram consisting of analysis block, drivers, and use case [45].

The workflow has three important aspects that need to be discussed in further detail to understand the
MDAO procedure. The flow diagram starts with the use case which indicates in what scenario the
workflow diagram can be implemented. An analysis block is defined consisting of multiple coupled
computational tools. The drivers then determine which computational tools are implemented and when
to obtain a certain desired output such as minimum LCOE in this case. The final proposed layout of the
MDAO approach takes into consideration the layout, electrical infrastructure, and foundations.

B.2. WindPRO Optimisation Module
WindPRO recognises the site-specific constraints and drivers for wind farm layout and therefore allows
for a high degree of interactivity between the program and user [30]. WindPRO’s optimisation algorithms
cover four situations: regular pattern, random pattern, and noise optimization. Noise is not considered
in this project, so the latter optimisation algorithm is not discussed. Both optimisation algorithms use a
simplified version of the N.O. Jensen model to decrease computational time.

B.2.1. Regular Optimisation
In the regular optimisation algorithm, as the name already indicates, there are strict geometrical requirements.
A choice can be made between the following regular pattern layouts: parallel rows, arcs with same
radius, arcs with some origin, and parallel rows in radials. The optimisation of the regular pattern layout is
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simply a comparison between all possible regular layouts with the chosen constraints and requirements.
The variables that can be altered are the following:

• Starting point X and Y of the fixed WTG

• Number of rows and turbines in each row

• Row and in-row distance

• Base and side angle

• Row off set

A minimum required efficiency can be set to decrease the computational time, excluding layouts with
lower efficiency from the analysis. To further decrease the computational time, the input parameters
are first varied with large step-size. Then, a refined step size is implemented once the region for the
optimised input parameter is known.
The sequence in which the optimisation is performed is as follows:

1. Define a WTG are with a maximum number of turbines allowed in the area, with a resolution of
25m and elevation of 119 m (hub-height) above ground level

2. Define the origin of the regular grid projected onto the WTG area

3. Run optimisation with large step-size for variable input parameters

4. Run optimisation with refined step-size for variable input parameters

5. Compare efficiency and yield of all optimisation results and select best performing layout

The regular layout is largely defined by the input parameters of the user. Therefore, the process of
optimisation is both time consuming and prone to sub-optimal solutions caused by user-input constraints.
The highest accuracy possible in WindPRO is used for each input parameter to obtain the highest
possible yield.

B.2.2. Irregular Layout Optimisation WindPRO
The number of turbines in the random pattern optimisation algorithm can either be set from the start or
included in to optimisation process. Three options are available for the optimisation:

• Auto-fill, this approach will aim to place a maximum number of turbines within a set space, taking
into account the minimum spacing. The power output of this layout will be high, but the efficiency
will be relatively low due to high power losses.

• Fast Energy Layout, generates a first indication of the optimised layout which allows for alteration
of the input parameters. This will not result in an optimised layout but does give an estimate of
what this optimised layout will look like.

• Full Energy Optimisation, can be performed where the array losses are continuously calculated,
increasing the computational time significantly. First, a wind turbine is placed on the best node
point after which a second is added taking into consideration the park efficiency. The position of
the first turbine is changed to allow for the best result from both turbines. This continues until all
turbines are placed inside the confined space.

The irregular pattern optimisation include interactivity with the user and is an iterative process. Changing
the input parameters or manually changing turbine locations can be made to improve the efficiency.
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B.3. WindPRO Optimised Layout Results
WindPRO’s optimisation tool is implemented to generate a regular and irregular wind farm layout. This
is done to investigate the general applicability of the results found for the performance indicator groups.
Following the procedure described in subsection B.2.1, the regular wind farm optimisation with the
regular patterns is found as presented in Table B.1.

Table B.1: Table with Input regular optimisation module WindPRO for 20 turbines and Borssele wind climate.

Input Regular Optimisation Value
X (Easting [km]) 487.7
Y (Northing [km]) 5721.3
Row count 12
WTGs per row 12
Row distance [m] 1425
In-row distance [m] 1425
Base angle [deg] 349
Side angle [deg] 100
Row offset 0.2
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C
Wind Direction Distribution

The sensitivity of the results for different wind roses determines the applicability of the research to generic
wind turbine layout cases. Three wind rose distributions are developed to assess this effect. For this,
one realistic and two extreme wind roses are selected.

Table C.1: Borssele wind direction distribution at hub-height (119 m) [48]. P = probability of the wind direction occurring, A and k
are the scale and shape parameters of the Weibull distribution respectively, and = mean wind speed.

Sector Direction [∘] A [m/s] k [-] P [%] Umean [m/s]
1 345 - 15 9.57 2.20 6.76 8.48
2 15 - 45 9.49 2.26 8.07 8.41
3 45 - 75 9.12 2.26 7.83 8.08
4 75 - 105 8.75 2.14 6.68 7.75
5 105 - 135 7.89 2.07 4.81 6.99
6 135 - 165 8.65 2.01 4.87 7.67
7 165 - 195 11.22 2.04 7.72 9.94
8 195 - 225 12.39 2.12 1.23 10.97
9 225 - 255 12.89 2.43 1.83 11.43
10 255 - 285 11.30 2.14 9.54 10.01
11 285 - 315 10.55 2.08 6.88 9.34
12 315 - 345 10.52 2.10 6.34 9.32
OD - 10.72 2.08 100 9.5

Table C.2: Uniform wind speed distribution derived from Borssele wind climate data [48], at hub-height (119 m). P = probability
of the wind direction occurring, A and k are the scale and shape parameters of the Weibull distribution respectively, and =
mean wind speed.

Sector Direction [∘] A [m/s] k [-] P [%] Umean [m/s]
1 345 - 15 10.72 2.08 8.33 9.5
2 15 - 45 10.72 2.08 8.33 9.5
3 45 - 75 10.72 2.08 8.33 9.5
4 75 - 105 10.72 2.08 8.33 9.5
5 105 - 135 10.72 2.08 8.33 9.5
6 135 - 165 10.72 2.08 8.33 9.5
7 165 - 195 10.72 2.08 8.33 9.5
8 195 - 225 10.72 2.08 8.33 9.5
9 225 - 255 10.72 2.08 8.33 9.5
10 255 - 285 10.72 2.08 8.33 9.5
11 285 - 315 10.72 2.08 8.33 9.5
12 315 - 345 10.72 2.08 8.33 9.5
OD - 10.72 2.08 100 9.5
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Table C.3: Unidirectional wind speed distribution derived from Borssele wind climate data [48], at hub-height (119 m). P =
probability of the wind direction occurring, A and k are the scale and shape parameters of the Weibull distribution respectively,
and = mean wind speed.

Sector Direction [∘] A [m/s] k [-] P [%] Umean [m/s]
1 345 - 15 0 - 0 9.5
2 15 - 45 0 - 0 9.5
3 45 - 75 0 - 0 9.5
4 75 - 105 0 - 0 9.5
5 105 - 135 0 - 0 9.5
6 135 - 165 0 - 0 9.5
7 165 - 195 0 - 0 9.5
8 195 - 225 0 - 0 9.5
9 225 - 255 10.72 2.08 100 9.5
10 255 - 285 0 - 0 9.5
11 285 - 315 0 - 0 9.5
12 315 - 345 0 - 0 9.5
OD - 10.72 2.08 100 9.5
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D
Sensitivity Overview

Figure D.1: Input parameters, models/tools, and output per respective performance indicator analysis.
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E
Sensitivity Study Inter-Array Cable Layout

In this appendix an explanation of the detailed design loop, and sensitivity study of the inter-array cable
(IAC) design to both the cable type and substation position is analysed.

E.1. Detailed Design Loop
The second design loop consist of a detailed design, and verification of the first design loop. As
site-dependent variables are required for this design loop this design phase is not performed for the
preliminary analysis of the comparison in IAC performance, some of the main aspects that need to be
considered are discussed below.

• The selected cable cross-section from the first design loop needs to be verified for both the thermal
limit and power losses. In the initial design loop the cable selection is performed based on only
the current carrying capacity. Verification that the short circuit power and thermal limits are not
exceeded in the cables needs to be performed in the second loop. The soil type and burying
depth of the cable are of high importance for the current carrying capacity of the cables. This in
turn determines how many turbines can be connected to one string which means an iteration with
design loop one is necessary.

• The permissible threshold for temperature within all sub-components needs to be confirmed. Hotspot
locations originate when the thermal resistivity of the surrounding (soil) is greater than the one used
for the entire wind farm. This needs to be done for at least the following potential hotspot carrying
sub-components as identified by dr. ir. Bart Ummels:

– Inside WTG foundation/monopile, above hang-off, in air, single-core
– Inside monopile, below hang-off, in air, three-core
– Inside monopile, in water (possibly: in J-tube)
– Outside monopile, in water, inside cable protection system (CPS) or J-tube
– In seabed, in CPS
– In seabed
– In seabed, in CPS towards offshore substation
– In J-tube, each turbine is connected to the cable trench in the seabed with a J-shaped plastic
tube [98].

– Inside substation, below hang-off, in air, three-core
– Inside substation, above hang-off, in air, single-core

This is visually presented in Figure E.1.
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Figure E.1: Visualisation of potential hotspot locations in the offshore electrical inter-array cable system [99].

Both the current dependent losses and voltage dependent losses need to be assessed [100]. The
thermal limit is set to 90∘C according to IEC 60287 [101]. When the thermal limit is exceeded, a
larger cross-sectional cable has to be selected.

• The number and positioning of the substation(s) can vary per location depending on the export
cable location often determined by the electricity companymaintaining the onshore grid connection
according to dr. ir. Bart Ummels, including multiple substations in the second design loop results
in a lower cross-section for the cables as less turbines are connected, this will require iteration with
the initial design loop.

• The assessment should involve the installation cost which are highly dependent on the site-specific
situation. For laying and burying a generic cost value can be assigned per meter, which should
include downtime and the chosen risk (P50 or P90), this means the installation cost can differ
largely between projects according to ir. Daniël Vree 1. A cost indication lays between 100-150€,
for a large and complex offshore wind farm as Borssele 150€ is deemed a suitable choice, which
is not a representative figure but merely serves as an indicative figure to quantify the difference
between the regular and irregular wind farm layout.

• Aspects such as obstacles, fishing zones, protected animal species andmanymore form considerable
constraints for the design of an offshore wind farm. These are likely to change the ’ideal’ cable
design developed in the initial design phase described in Figure 5.2.

Due to both the complexity and the need to use site-specific input parameters from the wind farm, the
second design loop is not implemented in this preliminary estimation of the IAC performance.

E.2. Cable Selection
From the analysis of the design process it became apparent that the cable selection can vary within
the same IAC design. In the base calculations the cables selected are 400, 630, 800 𝑚𝑚 (Case 1).
However, the sensitivity of the results to this input parameter need to be investigated to assess the
influence of this choice on the results. Therefore, as a sensitivity study the cable ratings are down-scaled
to 240, 400, and 630 𝑚𝑚 (Case 2). The cable specifications for this additional smaller cable are
presented together with the cable specifications of the previously used cables in Table E.1.
1Electrical power systems consultant at Energy Solutions B.V. with extensive experience regarding offshore electrical power
systems.
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Table E.1: Selected cable types with their corresponding specifications for two cable type selections. Base design consists of
cable 1, 2, and 3. Reduced diameter design consists of cable 2, 3, and 4.

Type
[𝑚𝑚 ]

Ampacity
[A]

Conductor resistance
[Ω/km]

Phase operating
voltage [kV]

Number of
turbines [-]

Cost
[€/m]

Cable 1 240 267 0.161 66 2 105 - 121
Cable 2 400 424 0.101 66 4 145 - 160
Cable 3 630 584 0.063 66 6 165 - 180
Cable 4 800 750 0.037 66 7 240 - 255

Due to the lower current carrying capacity of the 240 𝑚𝑚 cable, only two turbines can be connected.
Therefore, the minimum number of strings found in the design process described in Figure 5.2, is found
to be 13 instead of 11. The IAC design process is implemented for the new cable selection, which results
in Figure E.2.

(a) Base Design (b) Reduced Diameter Design

Figure E.2: Initial Cable Layout for Regular Sequential base design and reduced diameter cable selection. Base design = 400,
630, 800 . Reduced Diameter = 240, 400, 630 .

It should be noted that an attempt was made to keep the arrangement of the strings of both cases
largely similar, however, due to the varying number of turbines that can be connected this is not entirely
possible. Therefore, there is an uncertainty in the results regarding the level of optimization of the string
arrangement. The difference in length, losses, and initial investment cost is calculated for both cases
which is presented in Table E.2

Table E.2: Sensitivity study results for the base design and reduced diameter design, for the irregular sequential layout of Borssele.
Length, approximate full load losses and initial investment cost. Base: cable1 = 240 , cable 2 = 400 , cable 3 = 630

. Reduced: cable1 = 400 , cable 2 = 630 , cable 3 = 800 .

Length [km] Full load loss [MW] Cost [106€]
Base Reduced Base Reduced Base Reduced

Cable 1 78.26 51.51 6.01 2.67 11.89 5.78
Cable 2 54.17 56.51 4.97 4.34 8.88 8.59
Cable 3 18.98 64.66 1.90 5.92 4.75 10.6
Total 151.4 172.68 12.87 12.94 25.53 24.96

Difference + 14.0 % + 0.5 % - 2.2 %

The total length of reduced diameter design is higher than the base case. This is due to the increase in
number of strings used in the reduced diameter design versus the base case, using 13 strings instead
of 11 strings will increase the total length of cable needed to reach the turbines further away from the
offshore substation. With an increase of 14.0% due to the increased number of strings, both the loss
and the cost are expected to increase for the irregular wind farm. The same procedure is performed
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for the regular grid, which results in an increase of approximately 13.2% However, this is not directly
proportional due to the difference in conductor resistance and cost per unit length for the cable types.
Case 1 uses higher rated cables than base case, which have higher losses corresponding to higher cable
ratings. However, the increase in cable length of the base case is such that the benefit of having lower
cable losses in the reduced diameter case does not result in lower power losses. The difference in total
loss between both cases is 0.50% which is deemed negligible due to the uncertainty of the calculations.
Following, again, the same procedure for the regular grid a similar percentage of 0.52% is found. The
difference in cable losses is thus very small for both the regular and irregular grid using different cable
types.

The price per unit length also increases with cable rating, here the difference in price is such that
the longer distance of the base case does not lead to a higher cost, and in fact results in a lower total
initial investment cost of the cables. From Table E.1 it can be seen that the highest rated cable has
a significant increase in cost, which is only used in the reduced diameter case. Looking at the total
initial investment cost, a decrease of 2.21% is observed which equals to half a million euros. The same
procedure was executed for the regular layout which results in an increase of 0.05%. The difference
between the regular and irregular grid for the cost is significant and can be explained with the difference
in total length, this has most effect on the total initial investment cost. It should also be noted that for the
base case, the amount of ’zig-zag’ in the cable is increased which will likely result in higher installation
cost according to ir. Ana-Maria Ringlever-Dospinescu, due to the increased complexity of the installation
procedures.

Looking at the three result categories obtained in this sensitivity study, it can be observed that the
cable type used in the wind farm has most effect on the total length of the IAC used. However, the effect
on both the losses and cost are relatively small compared with the effect of the length. The regular grid
is less sensitive to changes in the cable type used than the irregular grid.

E.3. Substation Location
As presented in the design process visualised in Figure 5.2, the location of the sub-station can vary as
a design choice in the first design loop. The sensitivity of the length, losses and initial investment cost
to the location of the substation is investigated in this section. For this sensitivity study, the base design
with base case (400, 630, 800 𝑚𝑚 ) is used. The substation of the 11-string irregular layout is changed
from 5.01 ⋅ 10 m northing and 5.735 ⋅ 10 m Southing to 4.965 ⋅ 10 m Northing and 5.725 ⋅ 10 m
Southing. The visualization of the cable design for both cases is presented in Figure E.3 below.

(a) Base position (b) Alternative position

Figure E.3: Initial Cable Layout for Regular Sequential string design, red = cable 3, orange = cable 2, green = cable 1.

The resulting length, approximate full load losses, and initial investment cost of each cable type are
presented in Table E.3 below.
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Table E.3: Sensitivity study results for base substation position and the alternative substation position, for the irregular sequential
layout of Borssele. Length, approximate full load losses and initial investment cost. Base position = . ⋅ m northing and
. ⋅ m Southing. Alternative position = . ⋅ m northing and . ⋅ m Southing.

Length [km] Full load loss [MW] Cost [106 €]
Base Alternative Base Alternative Base Alternative

Cable 1 40.86 30.06 3.14 2.31 6.21 4.57
Cable 2 37.40 25.56 3.43 2.34 6.13 4.19
Cable 3 73.16 63.32 7.30 7.30 18.29 15.83
Total 151.42 118.95 13.87 10.98 30.63 24.59

Difference - 22.2 % - 21.4 % - 20.8 %

Assessing the results in Table E.3, the total length of the cables used for the design with alternative
substation position is found to decrease with 21% compared to the base substation position. The largest
difference is found in cable length 2 which is decreased with approximately 32%, followed by cable 1
with 26% and cable 3 with 13%. This result is in line with the expectations as the same number of strings
is used, but now the distance between the offshore substation and turbines on the edge of the wind farm
is decreased significantly. For the regular design a similar result is found, with a reduction of 15%, during
the clustering of the strings of the regular design it was found that there are limited possibilities for the
regular IAC layout.

Looking at the total losses of both base case and alternative case, a decrease of 21% is observed,
equal to approximately 2.9MW. For the regular wind farm this is a reduction of 15%equal to approximately
2.1 MW. Using the same cables and thus having a constant loss per unit length will result in a direct
proportionality between the length and losses. Comparing these losses with the nominal electrical power
output of the wind farm only results in 0.4%.

For the initial investment cost of the semi-dry cables, a decrease in cost for the irregular wind farm is
observed of approximately 21%, and 17% for the regular wind farm. The smaller difference between the
regular and irregular layout can be attributed to the smaller difference in length used of cable 3 which
has the highest impact on the cable cost.

Overall, the IAC performance with respect to the length, losses, and cost is better for the irregular
layout than the regular layout with different substation positions. However, for the regular layout the
same substation position would be considerably harder to install as the export cable transmitting the
electrical power from the wind farm to the grid becomes challenging. Irregular turbine placement shows
more possibilities for the positioning of substation(s), which allows for a significant decrease of both the
initial cost of the cables as well as the electrical power losses.
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