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Abstract

This project is conducted in cooperation with Hexicon AB, which is a Swedish design and
engineering company developing floating two-turbine platforms for offshore wind power.
The study aims to investigate the optimal placement of Hexicon AB’s platforms in an
offshore wind farm with respect to the Annual Energy Production (AEP). Wind farm
layout optimization is a complex problem and it has been approached by the development
of calculation and optimization programs in Matlab. The analytical Jensen wake model
has been utilized for calculation of AEP and important inputs to the program have been
turbine parameters and site specific conditions. The optimization strategy used is a
multi-stage algorithm where the gradient-based local search algorithm Fmincon has been
used in combination with a version of the heuristic genetic algorithm. The developed
programs have been tested and evaluated through a case study. Included in the case study
is also a brief financial evaluation regarding how different scenarios in electricity export
price and costs for cabling could affect the feasibility of the optimized layouts.

Concluded from the project is that the developed programs can be used to investigate
the optimal placement of floating two-turbine platforms with respect to AEP. In the
case study it was found that the optimized layout obtained a wind farm efficiency of
around 4% more than for the conventional staggered layout that was tested. What is also
emphasized is that the feasibility of the optimized layouts obtained from the program is
quite sensitive toward changes in future electricity export price and costs for cabling and
installation. Hence, it is important to perform a careful financial analysis in order to
draw conclusions regarding what layout is the better option for a specific situation.
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Sammanfattning

Dagens utbyggnad av vindkraft sker i allt större utsträckning genom etablering av vind-
kraftparker. De främsta fördelarna med att placera vindkraftverken i parker är att de höga
fasta kostnaderna fördelas på flera kraftverk samt att man kan beställa ett flertal enheter
samtidigt och därigenom minska kostnaden per installerad Megawatt (MW). För att yt-
terligare kunna öka vinsten på investeringen är det viktigt att undersöka optimal inbördes
placering av vindkraftverken för att erhålla en så hög energiproduktion som möjligt. Det
finns många studier gjorda inom området och ett flertal programvaror utvecklade. Dock
finns det endast ett fåtal studier som har inriktat sig specifikt på flytande vindkraftverk.
Detta arbete är utfört i samarbete med Hexicon AB, vilket är ett Stockholmsbaserat
ingenjörsföretag som utvecklar en patenterad teknik för plattformar avsedda för flytande
vindkraft. Det unika med Hexicon ABs patenterade teknik är att två vindkraftverk är
placerade på en gemensam plattform. Denna teknik gör det möjligt för plattformen att
anpassa sig till vindriktningen vilket ger en ökning av kraftverkens energiutbyte. Då det
inte finns några utvecklade optimeringsmetoder för flytande plattformar som kan anpassa
sig efter vindriktning är syftet för denna studie att undersöka den optimala inbördes pla-
ceringen av Hexicon ABs plattformar i en vindkraftpark. Eftersom vindkraftsoptimering
är ett komplicerat problem som bland annat är icke-linjärt och icke-konvext så finns det
ingen exakt lösning tillgänglig för problemet. Komplexiteten gör även många förenklingar
och antaganden nödvändiga för att kunna bearbeta problemet.

I detta projekt har sambandet mellan årlig elproduktion och inbördes placering av
plattformarna undersökts genom att ett kalkylerings- och optimeringsprogram utvecklats
i programvaran Matlab. För att kunna undersöka den optimala inbördes placeringen av
vindkraftverken är det viktigt att förstå hur vindkraftverken påverkas av att placeras
tillsammans i en park. För att göra detta så behövs en modell för att beskriva den så
kallade vaken som uppstår bakom respektive vindkraftverk. Detta gjordes genom att
använda den analytiska Jensen vakmodellen, vilket är den vanligaste modellen att använda
för optimeringssyften. Beräkningen av elproduktion gjordes baserat på given information
angående turbinparametrar samt specifika förhållanden på platsen för vindparken.

För det utvecklade optimeringsprogrammet användes en tvåstegsalgoritm där den gra-
dientbaserade algoritmen Fmincon utgjorde den centrala delen. Fmincon är en effektiv
algoritm för lokal optimering som finns tillgänglig i Matlab. För att generera bra start-
gissningar till den lokala optimeringen användes en version av en heuristisk genetisk
algoritm som komplement till Fmincon. Denna algoritm bygger på samma princip som
processen för naturligt urval i evolutionssammanhang där de bäst lämpade individerna
för vidare sina egenskaper till nästa generation. För att ytterligare förbättra algoritmen
kompletterades den även med ett moment av slumpmässighet. För att testa och utvär-
dera de utvecklade programmen genomfördes en fallstudie. I denna studie optimerades
50 stycken olika heuristiska startgissningar. De 20 bäst presterande konfigurationerna
valdes ut för vidare analys där de blev utvärderade med avseende på olika scenarion för
elpris samt kostnad för elektrisk infrastruktur. Detta för att undersöka hur den optimala
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placeringen eventuellt skulle kunna påverkas av osäkerheter i dessa faktorer.

Den genomförda fallstudien indikerade att de utvecklade programmen kan användas
för att undersöka den inbördes optimala placeringen av vindkraftverk med avseende på
elproduktion. Den ekonomiska utvärderingen indikerade även att den optimala placeringen
var känslig för olika scenarion där elpris och kostnader för infrastruktur varierades och
att detta kunde påverka lönsamheten för investeringen. Det ska därför betonas att det
anses vara viktigt att utföra en mer noggrann ekonomisk utvärdering av de optimerade
konfigurationerna för att undersöka vilken positionering som är mest lämplig för en viss
situation.

Nyckelord: Vindkraft, Flytande vindkraft, Tvåturbinsplattform, Optimering, Elproduk-
tion

vi



Acknowledgments

First of all we would like to thank Hexicon AB for giving us the opportunity
to implement this exciting project in cooperation with them. Through their
hospitality and engagement we have learned a lot, both connected to the subject
of our thesis and the market for floating offshore wind power in general. Our
foremost gratitude is towards Magnus Rahm, Eduard Dyachuk and Niklas
Hummel for supervising our project and helping us out whenever needed.

We would also like to give a special thanks to Robert Braunbehrens and Antonio
Segalini for providing us with the Jensen wake model that was used as a base
for the development of the energy production program implemented in this
project. Your help and engagement in our project have saved us many hours
of work and for that we are very grateful. We would also like to thank Karl
Jonsson for giving us the time to discuss Matlab errors and mathematical
problems in times of confusion.

At last, we would like to thank Miroslav Petrov for being the supervisor and
examiner of our master thesis at KTH. Your positive attitude and support
have been calming during stressful times.

With Deepest Respect,

Lovisa Gelotte & Alexandra Lundevall Nilsson

vii





Contents

Abstract iii

Sammanfattning v

Acknowledgments vii

Acronyms xv

Nomenclature xvii

1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Aim and Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3.1 Delimitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 Literature Study 7
2.1 Offshore Wind Power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1.1 Floating Offshore Wind Power . . . . . . . . . . . . . . . . . . . . 8
2.1.2 The Hexicon Floating Platform . . . . . . . . . . . . . . . . . . . . 10

2.2 Wind Farms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2.1 Wind Data Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2.2 Wakes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2.3 Annual Energy Production . . . . . . . . . . . . . . . . . . . . . . 20

2.3 Wind Farm Layout Optimization . . . . . . . . . . . . . . . . . . . . . . . 23
2.3.1 Objectives for Optimization . . . . . . . . . . . . . . . . . . . . . . 24
2.3.2 Algorithms for Optimization . . . . . . . . . . . . . . . . . . . . . 25

2.4 Economical Aspect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.4.1 Wind Energy Generation Costs . . . . . . . . . . . . . . . . . . . . 29
2.4.2 Market Value for Produced Wind Energy . . . . . . . . . . . . . . 30
2.4.3 Financial Analysis Methods . . . . . . . . . . . . . . . . . . . . . . 31

3 Implementation 33
3.1 Development of AEP-Calculation Program . . . . . . . . . . . . . . . . . . 33

3.1.1 Input Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.1.2 Calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2 Development of Optimization Program . . . . . . . . . . . . . . . . . . . . 38
3.2.1 Objective Function . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

ix



3.2.2 Optimization Algorithm . . . . . . . . . . . . . . . . . . . . . . . . 39
3.3 Case Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.3.1 Analysis of Turbine Parameters and Site Conditions . . . . . . . . 44
3.3.2 Input to Program . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.3.3 Evaluation of Inter-Array Cable Length Impact . . . . . . . . . . . 47

3.4 Sensitivity Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4 Results 53
4.1 Result - Developed Programs . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.2 Result - Case Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.3 Result - Sensitivity Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5 Discussion 63
5.1 Discussion - Developed Programs . . . . . . . . . . . . . . . . . . . . . . . 63
5.2 Discussion - Case Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
5.3 Discussion - Sensitivity Analysis . . . . . . . . . . . . . . . . . . . . . . . 67

6 Conclusion 69

7 Future Work 73

References 75

Appendices 79
A Existing Optimization Software’s . . . . . . . . . . . . . . . . . . . . . . . 79
B Flowchart for Developed Optimization Program . . . . . . . . . . . . . . . 81
C Values and Notes for Tuned Parameters . . . . . . . . . . . . . . . . . . . 83

x



List of Figures

1.1 Share of offshore wind power by sea basin [2]. . . . . . . . . . . . . . . . . 2
1.2 Schematic overview of the methodology for the implementation of the

project. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1 The three main concepts for floating foundations [15]. . . . . . . . . . . . 9
2.2 Example of a dynamic cable for a floating wind turbine [16]. . . . . . . . . 10
2.3 Floating wind turbine platform developed by Hexicon AB [11]. . . . . . . 11
2.4 Wind speed in relation to height above ground for different ground condi-

tions [21]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.5 Example of a wind rose [22]. . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.6 Schematic figure of the wake expansion in the Jensen wake model [25]. . . 16
2.7 Control volume when using the ACD approach [28]. . . . . . . . . . . . . 18
2.8 Steady state responses for a 5 MW NREL reference turbine [34]. . . . . . 21
2.9 Illustration of the risk of finding a local maximum/minimum instead of

the global solution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.1 Illustration of the change in wind farm configuration due to the wind
alignment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2 Illustration of how ascending x-values will be used in order to investigate
how produced wakes will affect the turbines. . . . . . . . . . . . . . . . . . 37

3.3 Overview of the optimization algorithm. . . . . . . . . . . . . . . . . . . . 40
3.4 The non-convex search field including initial heuristic solutions and local

maximums. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.5 Wind rose including wind speed probabilities for 16 wind direction sectors. 45
3.6 Illustration of a staggered intuitive perception regarding optimal placement

of wind turbines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.7 Example of a shortest path spanning tree connecting 20 platforms. . . . . 48
3.8 Illustration of cable installation with dynamic and static cables. . . . . . . 48

4.1 Schematic overview of developed optimization program. . . . . . . . . . . 54
4.2 Wind farm efficiency of optimized layouts. . . . . . . . . . . . . . . . . . . 55
4.3 Relative improvement by Fmincon. . . . . . . . . . . . . . . . . . . . . . . 56
4.4 Velocity field and wakes for the best performing layout. . . . . . . . . . . 57
4.5 Velocity field and wakes for a conventional staggered layout. . . . . . . . . 57
4.6 Velocity field and wakes for the locally optimized staggered layout. . . . . 58

xi



4.7 Wind farm efficiency and inter-array cable length for the 20 best performing
layouts. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.8 Wind farm efficiency of optimized layouts for two velocities as well as all
velocities considered. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

B.1 Detailed flowchart over developed optimization program. . . . . . . . . . . 82

xii



List of Tables

1.1 Indicators for the potential of floating wind power [6]. . . . . . . . . . . . 2

3.1 NREL wind turbine properties [34]. . . . . . . . . . . . . . . . . . . . . . . 44
3.2 Values chosen for tuned parameters in the optimization algorithm. . . . . 46
3.3 Input parameters to RetScreen. . . . . . . . . . . . . . . . . . . . . . . . . 49

4.1 Wind farm efficiency for layouts presented in figure 4.4 4.5 and 4.6. . . . . 58
4.2 Sensitivity analysis with changed cable and installation costs. . . . . . . . 61
4.3 Sensitivity analysis with changed electricity export price. . . . . . . . . . . 61

A.1 Main features for common optimization software’s. . . . . . . . . . . . . . 79

C.1 Values chosen for tuned parameters in the optimization algorithm including
notes for the decision. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

xiii





Acronyms

ABL Atmospheric Boundary
Layer

ACD Actuator Disc

AEP Annual Energy
Production

CFD Computational Fluid
Dynamics

EU European Union

EWEA European Wind Energy
Association

GA Genetic Algorithm

IEA International Energy
Agency

IRR Internal Rate of Return

KKT Karush–Kuhn–Tucker

KPI Key Performance
Indicators

kWh Kilowatt Hour

MW Megawatt

MWh Megawatt Hour

NPV Net Present Value

NREL National Renewable Energy
Laboratory

RS Random Search
Algorithm

SAM Storpark Analytical
Model

WFLO Wind Farm Layout
Optimization

WPD Wind Power Density

xv





Nomenclature

Ei Percentage of energy production in
each wind bin

Et Gross energy production for each
turbine

udef Velocity deficit modelled by the
Jensen wake model

U∞ Free stream wind velocity

CT Rotor thrust coefficient

k Wake decay constant

η Losses associated with the wind
farm

ρ Air density

CP Power coefficient

Cprod Rotor power

Frotor Rotor thrust force

PR Resistive losses for internal cabling
system

Ps Payback time for the invest-
ment

Cc Initial capital cost of a
project

Pe Price obtained for electricity
sold

CFt Cash flow for a certain year in the
Net Present Value method

d Discount rate in the Net Present
Value method

Distmin Minimum distance requirement be-
tween the platforms

Ftol Function tolerance for Fmin-
con

Nvel Number of velocities considered in
the optimization

Vx Velocities considered in the opti-
mization

Nfix Number of fixed platforms consid-
ered for the GA

iGA Number of GA iterations

Lshortest Shortest cable length between two
platforms

Lstatic Static cable length

LdynamicDynamic cable length

Np Number of platforms included in
the wind farm layout

xvii





Chapter 1

Introduction

This chapter will give a short background to the wind power industry in general and
the importance of Wind Farm Layout Optimization (WFLO). Thereafter, the aim and
objectives will be presented followed by an overview of the methodology approach as well
as the delimitations of the project.

1.1 Background

During recent years, wind power’s contribution to the renewable energy mix has grown
rapidly worldwide. Today, wind energy is a reliable and affordable source of energy that
already meets 11% of the power demand in Europe. According to the International
Energy Agency (IEA) there are plans to extend the share of wind power to meet a quarter
of the European power demand by 2030. This would make wind power the backbone of
the future power system. In order to meet the decarbonisation goals set by the European
Union (EU) and increase wind power’s competitiveness on the renewable energy market it
is essential that both onshore and offshore wind power installations are being developed
and expanded [1]. By the end of 2016, the total installed offshore wind power was 12,631
MW. The largest share of offshore wind power is installed in Europe, with the major part
located in the North Sea. The share of offshore wind power by sea basin is presented in
figure 1.1 [2].
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Chapter 1. Introduction

Figure 1.1. Share of offshore wind power by sea basin [2].

The reason for the major installation in the North Sea is the amount of areas with quite
shallow water, this since the suitable water depth for installing offshore wind power is up
to around 50 meters. A water depth over 50 meters entails larger financial costs, which
is mainly due to construction difficulties [3]. However, the more shallow areas are usually
located close to shore, which typically reduces the wind speed. The tradeoff between
wind speed and water depth is a problem within offshore wind power. In order to take
advantage of higher wind speeds and to access areas where the water is too deep for
the conventional wind turbines, floating wind turbines is a new trend within the wind
power sector that has shown great potential [4]. To give an indication of the potential for
floating platforms, 66% of the North Sea has got a water depth between 50-220 meters
[5]. The water depth could be even more problematic for other locations, such as Japan,
where nearly all good wind resources are located in too deep water for conventional
offshore turbines. The same problem is applicable to the United States and according
to the European Wind Energy Association (EWEA) significant effort is underway for
researching about deep water designs for enabling offshore wind power [5]. Table 1.1
presents some indicators for the potential of floating wind power [6].

Table 1.1. Indicators for the potential of floating wind power [6].

Country/
Region

Share of offshore wind resource
in +60m depth

Potential for floating wind
capacity

Europe 80% 4,000 GW
USA 60% 2,450 GW
Japan 80% 500 GW
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1.1. Background

It should be emphasized that the potential for floating platforms is not only connected
with the actual water depth. It is also connected to soil conditions, which is an important
and critical requirement for the construction of conventional offshore wind turbines
[7]. Even though the largest share of wind power is today located in Europe, the
significant potential for wind power outside Europe has been pointed out by the Paris
commitments [1]. As can be seen in the table above, floating wind power could be an
important innovation for helping the offshore wind power industry to expand and reach
new important markets.

Looking at statistics regarding offshore wind power, some trends can be identified. One
trend that can be seen is the increase in average capacity of the turbines. Between 2015
and 2016 the average installed capacity increased by 15.4% to a capacity per turbine of
4.8 MW. Another trend that can be identified is an increase in wind farm size. In 2016,
the average size of wind farms was 379.5 MW. This is an increase of 12.3% compared to
2015. Considering a ten-year period, the wind farm size has been increased from 46.3
MW in 2006 to 379.5 MW in 2016.

Setting up a wind farm requires large investments, especially for offshore installations.
Thus, investigations of optimal placement for wind turbines within the farm is of great
importance [8]. The objective of WFLO can be different from case to case, but the
overall aim of optimizing the placement of turbines could be concluded to be to increase
the cost-effectiveness of the farm. Thus, in turn increasing the competitiveness of wind
farm installations in the renewable energy market [9]. The first WFLO study was
conducted in 1994 and the problem has since then been intensively studied and several
different optimization algorithms and strategies have been developed. However, the
WFLO problem is complex and it is unclear which is the best algorithm or strategy for
finding the optimal wind farm layout [8].

Even though WFLO has been widely investigated, there are only a few studies focusing
specifically on floating platforms [10]. This project is conducted in cooperation with
Hexicon AB, which is a Swedish design and engineering company developing floating
two-turbine platforms for offshore wind power. The platform design allows the platform
to weathervane, which in turn enables each pair of turbines to avoid operation in the wake
of its closest neighbouring turbine. This will never be possible in a single turbine farm
[11]. This study aims to investigate the placement of Hexicon AB’s platforms within an
offshore wind farm. Since there are currently no developed layout optimization methods
for wind aligning floating two-turbine platforms, the research presented in this study is
considered important for both Hexicon AB as well as for the development of the offshore
wind industry.

3



Chapter 1. Introduction

1.2 Aim and Objectives

Even though there are several commercially available WFLO software’s and tools available
on the market, there are not yet any developed optimization methods focusing on wind
aligning floating two-turbine platforms. This study has been focused on a specific case
considering Hexicon AB’s floating two-turbine platforms and the overall aim of the study
has been to answer the following research question.

• What is the optimal placement of floating two-turbine platforms in an offshore
wind farm with respect to Annual Energy Production (AEP)?

In order to answer the research question, the first objective of the study has been the
development of calculation and optimization programs to be used for investigating the
relationship between AEP and the internal positioning of floating platforms in the wind
farm. The programs have been development using the software Matlab [12]. The second
objective of the study has been the performance of a case study. The wind farm considered
will have a restricted area and consist of 20 floating platforms, each with an installed
capacity of 10 MW. The aim of the case study has been to test and evaluate the developed
programs for a specific case and utilize them in order to

• Compare and evaluate the AEP for different optimized wind farm layouts and
identify the best performing solutions.

• Compare the AEP of the best performing layouts with non-optimized and conven-
tional layouts in order to analyze the performance of the developed optimization
algorithm.

As an additional point to the case study it was decided to

• Investigate how uncertainties in future electricity export price and costs for inter-
array cabling could affect the feasibility of the optimized wind farm layouts.

In the following section, an overview of the methodology implemented to reach the
objectives of the study is presented. The findings from the implementation have been
used to draw conclusions and answer the overall research question of the project.

1.3 Methodology

In order to reach the aim and objectives stated in 1.2, this section will describe the
methodology for the implementation of the project. In figure 1.2 a schematic illustration
over the main activities performed is presented.

4



1.3. Methodology

Figure 1.2. Schematic overview of the methodology for the implementation of the project.

The main activities, numbered between 1-4 in the figure above, will be further explained
below.

1. Compilation of findings from existing literature treating available information about
wind power in general and WFLO. Included in the literature study is also the
collection of relevant information from Hexicon AB.

2. Development of Matlab programs that can be used for investigating the relationship
between AEP and placement of floating platforms. Two different programs will be
developed focusing on AEP-calculation and optimization.

• The first program will be focused on calculating AEP of the turbines included
in the wind farm. The program should be able to calculate the AEP for a
wind farm with a restricted area and a pre-determined number of floating
platforms with fixed coordinates. The program should also consider site specific
conditions such as wind speed and wind directions as well as pre-determined
turbine parameters.

• The second program will be an optimization program that can automatically
investigate the feasibility of several different wind farm layout solutions and
evaluate what is the better option in terms of AEP.

3. To give an example of how the investigation of optimal placement for Hexicon AB’s
floating platforms could be done the developed Matlab programs will be utilized in
a case study. The case study will include the following activities.

• Comparison and evaluation of different optimized layouts in order to identify

5



Chapter 1. Introduction

the best performing solutions.

• Calculation of the inter-array cable length for the best performing layouts.

• Implementation of a financial evaluation for the best performing layouts where
differences in performance regarding AEP will be compared with differences
in the calculated inter-array cable length. This will be done in order to
investigate how uncertainties in electricity export price and costs for cabling
could possibly affect the feasibility of the wind farm layouts.

4. As a last step, sensitivity analyses will be performed. These analyses will treat
uncertainties in the optimization procedure as well as in the financial evaluation.

The activities presented above have been used as a base for the analysis regarding optimal
placement of Hexicon AB’s floating two-turbine platforms. The implementation of the
methodology approach is further described in chapter 3.

1.3.1 Delimitations

As stated in section 1.1, WFLO is a complex problem. This entails that there is no easy
solution to the problem unless simplifications and assumptions are made. It also entails
that there are a great number of influencing factors and parameters for the problem. In
order to narrow the scope of the project some delimitation’s had to be done.

First of all, the investigations regarding optimal placement of Hexicon AB’s floating
platforms have been delimited to mainly focus on the AEP of the wind farm and it
should be emphasized that the AEP is not the only design parameter influencing the
optimal placement of the platforms. The investigations have also been delimited to
consider a pre-determined wind farm area with a fixed number of platforms to be placed
and the turbines are restricted to be of the same type. In addition to the evaluation of
AEP, the inter-array cable lengths for each wind farm layout have been calculated and
a brief financial evaluation has been performed in order to investigate how the optimal
placement could be affected by different scenarios of electricity export price and costs for
cabling. Since a thorough inter-array cable length calculation and evaluation is a complex
optimization problem itself that would require deeper knowledge regarding offshore cable
installation, this project has been delimited to only perform a brief evaluation.

Another delimitation made is that the sensitivity analyses conducted have only been
focused on a few factors that could impact the optimization procedure and the best
performing layouts. This delimitation has been made since many uncertainties are
considered to not be relative uncertainties, such as uncertainties in wake modeling,
turbine parameters etc. For optimization purposes, where different layouts are to be
evaluated against each other, the relative differences are believed to be the most important.
However, it should be emphasized that the actual value of the calculated AEP for the
wind farm configurations could have been affected by uncertainties that have not been
investigated.
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Chapter 2

Literature Study

This chapter consists of a compilation of the literature reviewed during the project.
Firstly, a more general review of the offshore wind power industry will be presented.
Secondly, more detailed information regarding wind data analysis, wakes and energy
production will be given. Thereafter the WFLO problem will be presented including
optimization objectives, strategies and algorithms available followed by the financial
aspect of the WFLO problem.

2.1 Offshore Wind Power

The first offshore wind farm was built in Denmark in 1991. The wind farm included
11 turbines with an installed capacity of 0.45 MW each. As stated in section 1.1, the
installed capacity of offshore wind had been increased to 12,631 MW at the end of 2016.
The offshore wind market in Europe has recently gained higher market shares as a result
of supportive government policies. The supportive policies have been introduced since
offshore wind is considered faster and more reliable than onshore wind [13].

However, considering the capital and maintenance costs for offshore wind these costs
are significantly higher than for onshore wind [13]. The turbine itself is the largest cost
component as it stands for around 45% of the total cost. Another component that stands
for a significant cost is the foundation, accounting for around 18% of the total cost. There
are several types of foundations used in conventional wind farms and there are also more
recent trends in using floating platforms for offshore wind power [14]. For conventional
offshore wind power, there are mainly three different foundations used. These are

• Mono-pile structures

– The Mono-pile structures are applicable for most conditions but preferably
for shallow water and not in deep soft material. Advantages are that they are
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simple and light but disadvantages are that the installation is expensive due
to their large size and that the foundations are difficult to remove [7].

• Multiple-pile structures

– These structures are also applicable to most conditions, but preferably not for
deep soft material. It suits water depths above 30 meters and the advantage
is that the structure is rigid and versatile. However, the construction and
installation is very expensive and the foundation is difficult to remove [7].

• Gravity base structures

– There are both concrete and steel gravity base structures. Both of these can be
used for all soil conditions, but the steel structure may be used for deeper water
than the concrete structure. An advantage is that it is a float-out structure
that is placed on the seabed. The disadvantage is that the installation is
expensive. Also, the steel structure needs an additional erosion protection
system [7].

The foundation choice is mainly dependent on the soil conditions, water depth and
costs. Deeper water and worse soil conditions entails the need for a more advanced and
expensive foundation. One key challenge within offshore wind power is to decrease the
total cost for foundations. In order to do this, a floating platform concept could be
used. Advantages with this concept is that the foundation construction is less expensive
and also less sensitive to water depth and soil conditions. However, it should be noted
that mooring and platform costs are still high [7]. In the following section, the floating
platform concept will be more carefully described.

2.1.1 Floating Offshore Wind Power

Floating platforms is a new trend within offshore wind power that possess several market
advantages for the industry. Some of these advantages are that it allows access to deep-
water locations and locations where the soil conditions are poor, implying an opportunity
to take advantage of higher wind speeds. For some countries such as Japan and the
United States, that only have a few shallow-water locations, using floating platforms is
a necessity to enter the offshore wind power market. As displayed in table 1.1 in the
introduction chapter, there is a significant potential for floating wind power in countries
like Japan and USA as well as in a number of European countries.

The absence of commercial floating wind farms makes it difficult to compare the actual
cost competitiveness between a floating concept and a conventional fixed-bottom concept.
However, using estimates from the industry it is believed that another important advantage
of the floating concept is that it can lower the foundation construction and turbine
set-up costs. Also, floating concepts will generally have less impact on the seabed
which offer environmental benefits compared to using conventional foundation concepts.
[15][7][6].
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There are currently three main concepts for floating foundations. These are the Spar-bouy,
Spar-submerisble and Tension-leg platform concepts illustrated in figure 2.1 below.

Figure 2.1. The three main concepts for floating foundations [15].

In the Spar-bouy concept, a cylinder with low water plane area is used in order to keep
the centre of gravity lower than the centre of buoyancy. In addition to the cylinder there
are also mooring lines attached to the seabed to keep the foundation in right position.
Advantages with this concept is the simple design and the relatively low mooring cost.
However, this concept requires water depths of over 100 meters, which is deeper than the
requirements for other concepts [15].

For the Spar-submersible concept several columns, providing the hydrostatic stability,
are linked with pontoons that also provides additional buoyancy. Mooring lines are
used to keep the foundation in position. Advantages with this concept is that it allows
for onshore or dry dock construction and that the transportation to site can be done
using conventional tugboats. The concept may be used in water depths up to around 40
meters. Disadvantages include that the concept use a relatively large amount of material
compared to other concepts. Also, the fabrication of the foundations are more complex
and there is a tendency for increased critical wave-induced motions [15].

The last concept in figure 2.1 is the Tension-leg platform. In this concept there is one
centralized column and arms that are connected via mooring lines to the seabed. This
concept has, as well as the Spar-bouy concept, a tendency for decreasing the critical
wave-induced motions. It may be used in water depths between 50-60 meters and it is
possible to assemble the foundation onshore or in a dry dock. However, the installation
costs for mooring lines are expensive and it may be hard to keep the foundation stable
during transport and installation [15].

What all these floating platform concepts have in common is that they include floating
elements which enable the platforms to have a certain degree of mobility. For ordinary
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offshore wind turbines, the inter-array transmission cables can be directly mounted on or
into the seabed. In cases of floating structures, the degree of mobility will expose the
cables to bending and twisting forces. Hence, in order to have a stable transmission of
electricity, dynamic cables are necessary for handling the extra loads. An example of
how a dynamic cable can be used for floating wind turbines is illustrated in figure 2.2
[16].

Figure 2.2. Example of a dynamic cable for a floating wind turbine [16].

To conclude this section, it is believed that conventional offshore wind power will continue
to dominate the offshore wind market until 2030 considering current market trends.
However, the next couple of years will be important for the development of the floating
technology and it is anticipated that the commercialization for floating wind farms will
take place between 2020 and 2025 [6].

2.1.2 The Hexicon Floating Platform

One company that develops floating wind turbine platforms is Hexicon AB. Hexicon
AB is a Swedish design and engineering company founded in 2009 that have a patented
floating multi-turbine platform technology [11]. The design for Hexicon AB’s floating
platform is shown in figure 2.3.
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Figure 2.3. Floating wind turbine platform developed by Hexicon AB [11].

As can be seen in figure 2.3, Hexicon AB’s patented platform is constructed for two wind
turbines. The design allows the platform to align with the wind direction, which in turn
enables maximized energy yield from the free wind. As stated before, the floating platform
design also allows for location in deep water and in areas with poor soil conditions [17].
The platform design also possesses other important advantages connected to construction
and standardization. Construction advantages includes the possibility to assemble the
platform and mount the wind turbines in shipyards. The platform can then be towed
into the desired location. The pair of turbines can also share cabling system leading to
shorter inter-array cables and faster installation. The standardization advantage is due
to the fact that with a floating platform design, there is no need for individual engineered
foundations. Therefore, the same platform design can be used for the entire wind farm,
which reduces the construction and engineer costs. The fact that the platforms consist of
multiple turbines that can wind align enables the turbines to be more densely packed
leading to advantages such as a higher area efficiency than the single turbine concepts
[11].

As stated earlier in chapter 1, there are only a few studies focusing on WFLO for floating
platforms and no developed layout optimization methods for wind aligning two-turbine
platforms. Therefore, the calculations made and the optimization program developed in
this project are focused on Hexicon AB’s specific platform design.

2.2 Wind Farms

Wind farms are referred to as a formation of several wind turbines tied to each other within
a certain area, either directly through cables or commercially. There are many advantages,
both technical and economical, of the wind farm constellation. By concentrating the
wind turbines into a certain area it is possible to coordinate the maintenance and repair
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of the turbines. By doing so, it is possible to achieve cost savings, especially when the
turbines are located offshore where it is both harder to get access to the turbines and
additional costs for transportation appears. It also makes it possible to extract more
energy from areas with high wind speeds.

The first offshore wind farm was installed in Denmark in 1991 and since then wind
farms have been built in several countries such as the Netherlands, United Kingdom
and Sweden and the exploration of installing more wind farms has been continued. For
example, Denmark have plans of installing an offshore wind capacity of 4000 MW until
2030 [18]. One of the worlds largest offshore wind farms is Horns Rev, which is located
in the Nordic Sea around 20 kilometers off the western coast of Jutland in Denmark.
The wind farm consists of 80 turbines located on a total area of 20 square kilometers.
The wind turbines have a total installed capacity of 94.8 MW [19]. The largest offshore
wind farm in Sweden is named Lillgrund. Lillgrund was built in 2007 and consists of 48
wind turbines, each with an installed capacity of 2.3 MW. The AEP is around 0.33 TWh
[20].

The performance in AEP from wind farms is dependent on several factors. The most
important factors are the site specific conditions, turbine parameters and how the turbines
will affect each other due to the wakes occurring behind the turbines. In this chapter,
the important factors influencing the performance of a wind farm will be described in
detail. Also, the methodology for calculating the AEP will be presented.

2.2.1 Wind Data Analysis

It is a well known fact that the motion of winds varies from location to location, thus in
order to estimate the energy production of a wind farm, which is strongly dependent on
the wind speed, information regarding wind conditions at the site is a necessity. Except
for the differences in wind speed from location to location, variations in wind speed can
be further divided into different time segments spanning from short-term to inter-annual
fluctuations. It is concluded by experts that it takes data from around 30 years in order
to determine the weather and climate for a specific location. In order to obtain reliable
estimations of mean annual seasonal wind speed it is necessary to have at least five years
of measurements available. A rule of thumb developed by Aspliden et al is that one year
of measurement data can predict the long-term mean wind speeds with an accuracy of
10% and 90% confidence level. The available power in the wind is proportional to the
cube of the wind speed, hence a 10% error in the wind speed will lead to a 33% error
in estimated power production, thus it is important to have proper wind data in order
to make decent predictions. The shorter the time period is, the larger fluctuations will
occur [18].

The main objective with the wind data collection is to obtain information about wind
speeds and wind directions, which is normally measured at a reference height over a
certain time period. The data from the wind resource measurements needs to be processed
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and controlled in order to make the prediction as accurate as possible. One of the most
important parameters in the wind resource measurement is that wind speed is changing
with height above ground. This is due to the fact that the wind turbines are located
within the the lowest part of the atmosphere, called the atmospheric boundary layer.
This layer is directly affected by the surface of the ground creating a vertical wind shear
which has a retarding effect on the wind as can be seen in figure 2.4 [18].

Figure 2.4. Wind speed in relation to height above ground for different ground conditions [21].

The main contributors to the wind shear are the atmospheric stability, surface roughness,
changes in surface conditions and terrain shape. Thus, a wind turbine located at a
higher height will be less affected by the wind shear than a turbine at a lower height
[18]. To account for the wind shear effect scaling of wind speeds up to hub height is
necessary. There are mainly two mathematical models being used for this purpose,
the logarithmic law and the power law. The logarithmic law is developed from both
empirical and theoretical research and is based on knowledge about boundary layer flow
and atmospheric research. The power law is a widely used method amongst wind energy
researchers for scaling the wind speed. It is a more simple model which relates the wind
speeds at two different heights according to

U = Uref

(
z

zref

)α
(2.1)

where α is a dimensionless power law exponent describing the wind shear. The reference
height zref is the altitude at which the measured wind speed Uref is obtained and z is
the hub height of the desired wind speed U . It should be noted that the wind shear is
influenced by many factors, thus mathematical models will always introduce uncertainties
[18].
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Method of Bins

Usually the obtained wind speeds and directions are divided into smaller bins where
the frequency of occurrence is calculated for each bin, typically 0.5 to 1m/s wide. This
results in a probability distribution representing the percentage of time that wind speeds
in a certain bin is obtained over a time period. The resulting distributions are normally
presented in reports as histograms and charts. They can also be used as an input to the
wind farm design [18].

To get an indication of the wind energy production for the different bins, a Wind Power
Density (WPD) can be calculated. This is a measure of the flux of kinetic energy in the
wind per cross-sectional area and can be calculated as

WPD = 1
2N

N∑
i=1

ρiv
3
i (2.2)

where N is the number of measurements in the bin, ρi is the density of the air and v
is the wind speed of each measurement of the corresponding bin. For wind farms it is
desirable to know the frequency distribution of the wind directions in order to minimize
the influence of wakes in the most prevailing directions. This is usually represented in a
so called wind rose plot that can be seen in figure 2.5, displaying the percentage of time
that wind blows in a certain direction bin [18].

Figure 2.5. Example of a wind rose [22].

The frequency distribution can also be shown as an energy rose in order to give information
about the direction(s) that most energy can be obtained from. The percentage of energy
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in each bin, i, can be calculated according to

Ei = 100 Ni ×WPDi

Ntot ×WPD
(2.3)

The last step will be to express the gross energy production for each turbine in the park.
This is done with the equation below.

Et = 8760
Nd∑
i=1

Nv∑
j=1

FijtPijt (2.4)

For each turbine t the gross energy production is calculated as the sum of the frequency
of occurrence, Fijt, times the power output, Pijt, for each wind direction, i, with a wind
speed j. It is then multiplied by the number of hours per year to calculate the yearly
energy production [18]. Section 2.2.3 will further describe how to estimate the power
generation of a turbine.

2.2.2 Wakes

The fundamental task of a wind turbine is to extract the kinetic energy in the wind and
convert it into electrical energy. When the turbine is extracting power from the wind,
the wind speed behind the turbine will be decreased and the turbulence in the wind will
be increased. This phenomenon is called the wake effect. The wind turbine wake is often
said to consist of a near and far wake region and the difference of the two regions is a
function of the turbulence intensity and spatial distribution of the wind flow [18].

In order to understand and describe the wake effect a number of models have been
developed. These models can be divided into two main categories which are analytical
and computational wake models [23]. Since the turbines in a wind farm are rarely placed
so close to each other that they will be affected by the near wake region from other
turbines, far wake models are most widely used for the WFLO problem [24]. There
are several variables, both connected to the wind turbine design itself as well as wind
farm conditions, affecting the results obtained from different wake models. Examples on
turbine design variables are [25]

• Rotor diameter

• Hub height

• Power curve

• Thrust and performance coefficients

When it comes to wind farm conditions, some of the main variables affecting the wake
model results are [25]
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• Wind speed

• Wind direction

• Turbulence intensity

• Distance between turbines

• Atmospheric Boundary Layer (ABL)

In this chapter, some of the most widely used analytical and Computational Fluid
Dynamics (CFD) wake models will be described and compared.

Analytical Wake Models

The analytical wake models aim to mathematically describe the wakes with analytical
expressions. There are several analytical wake models available but the most simple
and widely used model for WFLO is the Jensen model. The model is based on global
momentum conservation and it assumes a linear expansion of the wake diameter with a
velocity deficit depending only on the distance from the rotor, thus the velocity profile
becomes hat-shaped. In figure 2.6 a schematic figure of the wake expansion modeled by
the Jensen wake model is shown.

Figure 2.6. Schematic figure of the wake expansion in the Jensen wake model [25].

The simplification of the velocity deficit field in the Jensen model makes the model valid
only for far wake region predictions. In this region the velocity deficit within the wake
can be described as [24][25]

udef = U∞

[
1−
√

1−CT(
1+2ks

)2

]
(2.5)
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where CT is the thrust coefficient, U∞ is the free stream velocity, s is the normalized
downstream distance from the turbine and k is the wake decay constant. The distance s
is normalized with respect to the rotor diameter and there are different value suggestions
for k. The originally suggested value for k was made by Jensen and set to be 0.10.
However, more recent studies suggests k to be set to around 0.05 for offshore wind
turbines [26].

Even though the Jensen model is the most widely used model when solving the WFLO
problem, there are also other models being used. There is for example one model
developed by G.C. Larsen. The Larsen model is based on the equations for the Prandtl
turbulent boundary layers. This model provides closed-form solutions on the growth of
the wake and the mean wake speed profile by assuming a self-similar velocity profile.
Furthermore assumptions that the flow is incompressible, stationary and axisymmetric
are made using the Prandtl’s mixing length theory [24].

Another model is the Frandsen model, which is a more recent approach used in commercial
softwares such as Storpark Analytical Model (SAM). The Frandsen model mainly aims
to calculate the wind speed deficit in large wind farms by dividing the wake into three
regimes. The first regime assumes only a row of turbines where there are no interactions
between their expanding wakes. The second region begins when the first wakes merge
together, resulting in a combined wake that expands only in the vertical direction and
not laterally. In the third regime, flow is assumed to be in balance with the planetary
boundary layer [24]. The analytical model of Ishihara is another example of a wake model.
This model is based on wind tunnel data from a Mitsubishi wind turbine. This model is,
in comparison with the previous models, also accounting for the effect that both ambient
and mechanically generated turbulence have on the recovery of the wake [24].

The wake models described above are all commonly compared and discussed in literature
regarding WFLO. However, it should be noted that there are several other analytical
wake models available that have not been mentioned in this study.

Computational Wake Models

There are different approaches for modeling and computing the wake expansion when
using CFD simulations. The most common approach is the Actuator Disc (ACD) model
with constant load [27]. In the ACD model, the wind turbine is facing a steady inflow
velocity, U∞, at the inlet of a defined control volume. The model replaces the rotor
with an ideal disc with the same radius. The use of an ideal disc means that there is no
friction or rotational velocity component considered in the wake. The disc acts as a drag
force which slows down the wind speed at the rotor, Ud, and downstream the rotor , Uw,
compared to the inlet velocity far upstream the rotor, U . Using the conservation of mass
this implies the following relationship [28]

ṁ = ρU∞A∞ = ρUdAd = ρUwAw (2.6)
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Considering equation 2.6, the streamlines within the control volume must diverge as
shown in figure 2.7 below.

Figure 2.7. Control volume when using the ACD approach [28].

The velocity deficit in the far-wake region for the non-linearized ACD approach is a
function of the thrust coefficient, CT , and may be written as [28]

Uw
Uinf

=
√

1− CT (2.7)

When using the ACD approach for CFD simulations it is important to keep in mind that
the model assumes that there is an infinite number of blades on the wind turbine. The
real case, with a rotor with finite number of blades, will create a different wake than in
the ACD model. In order to correct for this in the model, a factor called the tip-loss
correction factor is usually implemented for the model. Also, real rotors will be affected
by angular velocities and not only the axial load that is a simplification used in the ACD
model [28]. However, it should be noted that the ACD model can have different levels
of detail, such as modelling a uniform disc, azimuthal rings or being individual for each
local cell. Additionally, the model can either take rotation into account or not [29].

Advantages of using an ACD approach for the simulation of the wake are that since there
is no scaling issues when using CFD there are computational benefits of approximating
the turbine as a disc instead of using its complete geometry. If a complete geometry
would be used for the turbine blades the simulation would need a very large number of
mesh elements in order to reach a mesh resolution at the surface that would be sufficient
for capturing the boundary layer and separation around the turbine. This would entail a
significant computational effort [30].
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Comparison and Performance of Different Wake Models

It has been proved that none of the analytical wake models are good enough to make
a precise modelling of the wake expansion, meaning that they will either under-predict
or over-predict the power output of the wind turbine. This is mainly due to simplified
assumptions and inaccuracy in input variables to the model, such as thrust coefficient
and wake decay constant [25]. Even though the analytical wake models may not give
an accurate value of the power production, they may still be applicable for the purpose
of WFLO. Due to the simplicity of wake calculations that saves computational time,
simple methods such as the Jensen model are widely used for optimization purposes. The
optimized layout can then be validated and tested against more advanced and accurate
wake models in order to further predict the power production of the optimized layout
[31].

There are several examples of studies investigating and comparing the performance of
different analytical and computational wake models. For example, according to the
results obtained by Wang et al the power production prediction when using the ACD
approach for CFD simulations has been validated against real observed data from the
investigated wind farm and shown to be effective. Additionally, the performance of CFD
and analytical models are concluded to show a reasonable agreement to observed data of
the wind farm investigated. However, it was also shown to be a difference in accuracy
between different analytical models, where the Larsen model had a tendency to constantly
underestimate the power production. The agreement between the Jensen model and
CFD simulations when using the ACD approach was shown to depend significantly on
the surface roughness value chosen in the Jensen model. Thus, it should be noted that
it is important to compare and tune the surface roughness values carefully in order to
obtain good results from the analytical wake model. This could be done by comparing
and validating the Jensen wake model with CFD results [32].

Wake Interaction

When considering a wind farm, where several turbines are positioned on a limited area,
the wakes from different turbines will sometimes interact with each other. It is important
to consider the wake interaction when calculating the wake effect since both the wake
expansion and the velocity deficit may be changed. There are several methods to describe
the interaction of multiple wakes. The most widely used methods are the geometric
sum, the linear superposition, the energy balance or the sum of squares. These methods
are being used in commercial WFLO software’s and they all have their advantages and
disadvantages. However, according to a study performed by Renkema et al, where the
results from these methods have been validated against wind tunnel tests, the sum of
squares approach was concluded to be the best performing [33].

The sum of squares approach assumes the sum of the kinetic energy deficits to be equal
to the energy deficit of the merged wake. Calculation of the final velocity deficit for
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multiple wakes is done according to [33]

(1− uX
U∞

)2 = (1− ux,1
U∞

)2 + (1− ux,2
U∞

)2 + ...+ (1− ux,n
U∞

)2 (2.8)

where U∞ is the free stream velocity, ux,1 is the wind speed in wake number one, ux,2 is
the wind speed in wake number two and n is the number of wakes that are interacting
with each other. The sum of squares method is a widely used approach for wake adding
and the implementation of the method is easy. However, it should be noted that none of
the methods presented are able to give a completely accurate calculation of the velocity
deficit in the wake [33].

2.2.3 Annual Energy Production

This section will explain the power generation of a turbine as well as different types of
losses associated with the energy production of a wind farm. This will be done in order
to explain how to calculate the AEP. For a wind farm it can be expressed as

AEP = η
Nt∑
t=1

Et (2.9)

where the term η represents the losses associated with the farm, Nt is the number of
turbines t and Et is the gross energy output of each turbine [8]. The methodology for
estimating the energy output of a turbine and factors included in the loss term, η, will
be explained below.

Gross Energy Output

The gross energy production is not accounting for the losses associated with the wind
farm. In equation 2.4 in the wind data analysis section an expression of the gross energy
production, Et, of a turbine has been stated. This equation is based on the predicted
wind speed distribution for each wind turbine and together with information about the
turbine performance provided by the turbine manufacturer the energy production of the
turbine can be estimated. Previously, it has been explained how the wind frequency
distribution is obtained, hence only the power production of a turbine will be explained
in more detail here. The available power in the wind can be expressed as [18]

Power in the wind = 1
2ρAv

3 (2.10)

where A is the swept area, ρ is the air density and v is the wind speed. The theoretical
maximum possible energy extraction from the wind is 59%, also called the Betz limit.
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However, good wind turbines usually work at efficiency’s of around 35-45% [18]. The
power generation is highly dependent on the choice of wind turbine and usually turbine
manufacturers provide information about the wind turbine performance in form of graphs
and tables. Figure 2.8 displays a graph with typical information for a steady state
National Renewable Energy Laboratory (NREL) reference turbine at different inlet wind
speeds [34].

Figure 2.8. Steady state responses for a 5 MW NREL reference turbine [34].

The graph contains information about the generator speed and power as well as the
rotor thrust, torque and power for different inlet wind speeds. The power output from
a turbine is connected to its power curve, referred to as generator power in figure 2.8,
indicating how much power the turbine generates for a certain inlet wind speed. It should
be noted that the curve in figure 2.8 is calculated for a reference case with a specified
air density, meaning that in the case of different ambient conditions this needs to be
accounted for. From the power curve it can be noted that the turbine does not start
producing energy until a certain wind speed has been reached. This is called the cut-in
wind speed. Additionally, the wind speed for when the turbine is turned off for safety
reasons can also be noted. This speed is called the cut-off wind speed. The power curve
also displays the rated power and its corresponding rated wind speed, i.e. when the
turbine starts producing at its full power [34].

To describe the performance of a wind turbine a measure called power coefficient, CP , is
often used [35]. This is the ratio of the actual amount of electricity generated divided by
the available power in the wind according to

CP = Rotor power

Power in the wind
= Pprod

1
2ρAv

3 (2.11)

Another dimensionless number frequently used is the thrust coefficient, CT , which can
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be calculated according to .

CT = Rotor thrust

Dynamic force
= Frotor

1
2ρAv

2 (2.12)

The CT coefficient gives an indication of how much the turbine affects the fluid flow when
extracting power, which is important to know for example when turbines are located in a
wind farm. These two dimensionless coefficients can both be derived from the graph in
figure 2.8.

Losses Associated With Wind Farms

In order to obtain the net energy output, the actual AEP of a wind farm, there are other
losses than than the loss from energy extraction that needs to be accounted for and
included in the loss factor, η, described in equation 2.9 [36]. The main losses to be added
can divided into three categories. These are the wake effect, availability and electricity
losses. The included factors in each of these categories will be explained below.

Wake Effect

The wake effect has already been described in section 2.2.2. This is one of the largest
contributors to the losses in a wind farm [36].

Availability

The turbine availability accounts for the loss of extracted energy when the turbines in
the park are shut down for various reasons such as maintenance and repair. This factor
is usually presented as an efficiency, indicating the actual time that the wind farm will
be available for energy extraction. For offshore wind farms this efficiency is typically
around 97% [18].

Electricity Losses

There are many different types of electricity losses associated with a wind farm [37]. For
example, losses in the transformers connected to the wind turbines, losses in the internal
cabling system and in the main transformer between the farm and the export cable as
well as the export cable itself. If only taking the actual wind farm into account, main
transformers and export cable losses can be excluded. The transformers of each wind
turbine is sometimes already included in the calculations for the power curve, otherwise
this information may be provided by the manufacturer. What is left to be specified is
the internal cabling system and its losses. The main contributor for the electrical losses
in the cables are the resistive losses, calculated according to

PR = RI2 (2.13)
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where R is the resistance of the conductor and I is the current [37]. Other losses that
are present are the dielectric losses, sheath losses and reactive losses. The reactive losses
are only present if the wind turbine is manually set to produce reactive power, but in
most cases the turbines only produce active power and can be neglected.

2.3 Wind Farm Layout Optimization

There are different intuitive perceptions regarding the optimal placement of turbines
within a wind farm. For example, according to Grady et al one study has concluded
that the optimal placement is to keep the turbines in rows with a spacing of 8-12 rotor
diameters in the windward direction and 1.5-3 rotor diameters in the crosswind direction.
Another study has stated that using this spacing resulted in a sparse and inefficient wind
farm and that a dense and staggered configuration would be an better option in order to
obtain the same energy yield meanwhile using less land area [38]. The first study where
the wind farm configuration was not decided on an intuitive basis was made in 1994 by
Mosetti et al. In this study the performance of the wind farm was instead evaluated and
optimized using developed algorithms [39]. After Mosetti et als study, there have been
many studies investigating the WFLO problem and since the AEP and total cost for a
wind farm is heavily dependent on the layout of the farm, investigations in WFLO have
shown to be of great importance.

The WFLO problem is a complex and computationally demanding problem that needs to
be simplified in order to be solved effectively [40]. There are several factors to consider
in a WFLO and the optimization goal may be different for different cases. A cause that
contributes to the complexity of the problem is that there are two major conflicting
economical factors driving the positioning of turbines. One factor will strive to put the
turbines together as close as possible in order to reduce the investment costs of cabling
and installation for the internal electrical system. A closely packed park will lead to
shorter cables and less electrical losses in the cables which will cause a reduction in the
investment cost, and also a higher AEP. The other factor strives to put the turbines
as far away as possible to avoid the interaction of wind flows between the turbines. As
mentioned earlier, a wake phenomenon will appear when the wind turbines extract energy
from the wind. The outcome of this is a lowered production of electricity and a higher
stress on the structures due to turbulence [40].

The classical methodology for structuring the WFLO process may be divided into two
parts. Firstly, the objective function for the optimization needs to be defined. This is
an essential part of the methodology since the whole WFLO problem may be defined as
the process to find the "positions of the wind turbines that maximize the value of some
objective function". The second part of the methodology is to choose an optimization
algorithm and strategy [8]. In the following sections, different objective functions as well
as optimization approaches will be described and discussed.
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2.3.1 Objectives for Optimization

The objective for a layout optimization may be different from case to case, but the most
common objectives used in literature is to either maximize the AEP, the cost of energy or
the profit of the wind farm. Multi-objective optimizations, with a combination of these
objectives, are common as well [8].

In order to build an objective function that can be used to calculate the above stated
optimization objectives, there are several different sub-functions needed. In order to
calculate the AEP, a wake model sub-function that can calculate the wake effect is of
great importance. By reducing the influence of wakes between turbines, a higher AEP
can be achieved. An increased technical lifetime of the turbines can also be achieved due
to a lower fatigue loading [41]. It is quite common that studies focusing solely on AEP
are adding constraints for total wind farm area and minimum distance between turbines
to the problem [42].

If using cost of energy or profit as objective functions the energy output from the wind
farm will not be the only consideration. In this case the total installation, maintenance
and operation costs will also be taken into account. The cost models used for optimization
purposes are mostly simplified. This can be done because optimization algorithms only
consider the relative difference between wind farm layouts. Therefore, it is sufficient
to use cost models that only takes the relative costs into account. An example of a
relative cost is the cost related to the number of wind turbines included in the wind farm.
Investigating this cost can be seen to be quite common reviewing previous studies made.
To give an example it has been implemented in studies conducted by Mosetti et al, Grady
et al and Marmidis et al [39][43][38].

Another relative cost that can be investigated is connected to the infrastructure of the
wind farm. Since the internal grid connection and installation represents a significant
contribution to the total investment cost, several studies have introduced a minimization
of inter-array cable costs in their optimization model. Minimizing the length of cables
will also help reducing the electrical cable losses. Different approaches for integrating
the infrastructure cost can be found in the literature. For example, Emami et al uses
a weighted sum approach to combine energy production and cost into one objective
function [44][42]. Other studies keep different optimization goals in completely separate
objective functions. The simultaneous and sequential approaches have been tested and
compared in existing literature. To give an example a comparison has been done in a
study conducted by Fagerfjäll, where the author concluded that there was no significant
wind farm cost reduction in the simultaneous approach compared to the sequential
approach [42]. However, it should be noted that conclusions made in the literature
are done for the investigation in the specific project. Thus, it is not certain that the
conclusion is valid for another case.

In order to investigate and compare the magnitude of how the infrastructure cost and
income from energy production will affect the layout of the wind farm there are several
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financial analysis methods to use. In chapter 2.4, some of the commonly used financial
analysis methods will be further explained.

2.3.2 Algorithms for Optimization

In recent years the layout optimization has been receiving more attention and new studies
indicate that the AEP can be increased by implementing irregular layouts more customized
to the wind farm itself, instead of conventional in-line and staggered arrangements.
Although different optimization techniques have been proposed, there is not an exact
solution to the problem. The optimization problem is computationally demanding and
the fact that there is no general solution available makes it desirable to further develop
the optimization techniques [41][17]. For WFLO purposes optimization algorithms can be
divided into two different categories. The heuristic and the mathematical algorithms. In
this section, some of the optimization algorithms that are connected to these categories
are presented and discussed.

Heuristic Algorithms

Because of the fact that the wind farm layout design is a high dimensional non-linear and
non-convex optimization problem, most of the published work for optimization methods
use heuristic optimization methods to solve the problem [45]. The basic idea when
using these optimization methods is to generate and compare different solutions until
the algorithm is unable to find any better solutions. However, since these methods use
simplified assumptions it is impossible to ensure that the solution is a local or global
optimum [46]. The risk of converging toward a local maximum or minimum instead of
finding the global solution is due to the fact that the WFLO problem is non-convex.
In figure 2.9 it is illustrated how the non-convex search field including global and local
solutions can be described.

Figure 2.9. Illustration of the risk of finding a local maximum/minimum instead of the global
solution.
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In order to deal with the risk of converging toward a local solution, an element of
randomness is usually included in the heuristic methods. This have shown to be one of
the key success factors for the effectiveness of solving the WFLO problem with these kind
of algorithms. It should be noted that the inclusion of randomness does not necessarily
mean that a global optimum will be found using heuristic methods. However, it broadens
the search and reduces the risk of convergence around a certain local maximum or
minimum [47].

There are several different types of heuristic algorithms. In the following, the working
principle for two of the most widely used algorithms will be described.

Genetic Algorithm

The Genetic Algorithm (GA) is the most widely used heuristic algorithm for WFLO
[8]. The GA is an optimization algorithm based on a natural selection process which
mimics the biological evolution. The algorithm can be used for both constrained and
unconstrained problems [48]. The first step in the basic GA is to generate random
populations of individuals. These random individuals would for a wind farm layout
optimization problem for example mean different layouts. After this, there are three
major steps to be conducted in the GA. These are [49]

1. Selection

• In this step a certain amount of individuals are selected and retained. These
individuals are selected since they are believed to be able to generate better
results according to a given selection probability.

2. Crossover

• When the selection step is done, crossover process proceeds randomly among
the selected individuals. The aim of this step is to find better individuals.

3. Mutation

• In order to increase the diversity of individuals and to avoid premature
convergence, mutation will be done after the crossover step.

When the above steps have been carried out, the individuals giving better results will
be selected to continue to the next generation meanwhile the rest will be eliminated. In
order to maintain the same number of individuals in each generation, GA will replace
the deleted ones with new random individuals. As stated earlier, this step is important
in order to avoid converging toward a local maximum or minimum. The above explained
process will be repeated until the maximum number of generations that are set is reached
[49].

Depending on the problem definition for the wind farm layout optimization problems,
there are different versions of the basic GA. One version is the adaptive genetic algorithm
described by Feng et al (2014). The adaptive genetic algorithm introduced by Feng et al
(2014) may be used when the number of turbines are desired to be set to a fixed number.
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In this method the crossover step used in the basic GA is replaced by turbine location
swaps. The reason for this is that when conducting the crossover step, the number of
turbines in the wind farm may be changed and therefore this step needs to be replaced
if the number of turbines are set to a fixed number. The adaptive genetic algorithm
has shown to have much faster convergence than the basic GA since the computation
complexity will be greatly reduced [50].

Random Search Algorithm

Using the Random Search Algorithm (RS) for solving the wind farm layout optimization
problem is another possibility. According to Feng et al (2015) their RS can be used as a
refinement tool to improve an initial layout proposed when using another optimization
algorithm, as an expert guess or as an optimization tool for designing the layout for a
wind farm with a fixed number of turbines [51]. Their method for implementing the RS
is based on their earlier study where the RS is used as a refinement method [52]. The
approach for the improved method is to start from an initial random layout. This layout
is then iteratively improved by changing the location of a randomly chosen wind turbine.
The change of location is also done randomly and a feasibility check is implemented in
order to ensure that the constraints are fulfilled. When conducting the random move of
a wind turbine, an adaptive mechanism that can utilize information of a good move is
implemented. This ensures that every wind turbine move will lead to increased energy
production in the wind farm. It should be noted that this is a random search method for
an optimal solution and that the optimal solution is assumed to be found after a certain
number of iterations. This means that the final wind farm layout may be different for
different runs even though the problem definition is the same. Because of this, it may be
necessary to do multiple runs and study performance variations of the algorithm.

Concluded from this study is that the RS proposed by the authors obtained similar,
and in some cases better, results than the refined results obtained from a GA. This
result indicates that the RS can be used as a optimization tool itself and not only as a
refinement method of an already feasible initial layout [51].

Mathematical Algorithms

Another possibility is to use a mathematical gradient-based optimization algorithm.
Gradient-based methods are based on the evaluation of derivatives of the objective
function. The gradient-based methods are also called "hill climbing" approaches since it
follows the slope of the derivatives in order to find better solutions [8].

An advantage of the mathematical optimization approach is that it gives a more reliable
and numerically robust solution [46]. However, one drawback is that the calculation
becomes computationally heavy. Another drawback is that the method has shown a
tendency of quickly converging to a local maximum or minimum [8]. This is due to the
lack of using an element of randomness, meaning that the initial solution needs to be quite
close to the global solution in order to find it using this method [47]. Since the initial
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solutions needs to be close to the global solution for enabling a gradient-based method to
find it, gradient-based methods are suitable to be used as refinement algorithms [8].

There are several efficient solvers for this kind of nonlinear programming. For example,
the optimization toolbox in Matlab has a function called Fmincon that can be used
for finding the minimum of a constrained nonlinear multi-variable function [53]. Ac-
cording to Pérez et al, fmincon has shown an ability of finding solutions that hold the
Karush–Kuhn–Tucker (KKT) optimality conditions within a reasonable computational
time. The KKT conditions represents the first-order necessary conditions in order to say
that an optimized solution in nonlinear programming is optimal [46].

Multi-Stage Algorithms

To summarize what have been discussed in the previous sections, the main reasons for
why heuristic methods have often been selected over mathematical approaches can be
stated to be due to the following

1. The gradient-based mathematical approaches are too computationally heavy in
order to solve the WFLO problem effectively [46].

2. Since the WFLO problem is a non-convex problem, the gradient-based methods
are highly dependent on the initial solution. Thus, the risk of obtaining a local
solution is high [46].

In order to deal with the drawbacks presented above another approach is to use a multi-
stage algorithm that combines a heuristic and gradient-based optimization method. This
approach has for example been utilized by Réthoré et al when the authors first use an
heuristic algorithm to make a broad search for good solutions followed by a local-search
algorithm to obtain a more refined solution [42]. Using this approach will combine the
advantages of both heuristic and mathematical approaches and at the same time reduce
the drawbacks.

Using a multi-stage algorithm is, according to Réthoré et al, the most promising optimiza-
tion strategy. This because it has been shown that using the heuristic and gradient-based
algorithms in combination has shown better results than utilizing them separately. Also,
the computational time does not need to be significantly increased compared to a heuristic
stand alone algorithm [8].

Optimization Software’s

There are several commercial optimization software’s available on the market. The most
widely used optimization tools are WindFarmer, OpenWind, WindSim, WindPRO, WAsP
and WindFarm. None of these software´s have been developed specifically for floating
wind-aligning two-turbine platforms and they are therefore not suitable to use. However,

28



2.4. Economical Aspect

even though these optimization software’s can not be used in this study, the working
principle of the software’s has been studied. The main features of these software’s are
presented in table A.1, found in appendix A.

2.4 Economical Aspect

As mentioned in section 2.3, the economical aspect of the WFLO problem is an important
consideration. Therefore, the most common approach to WFLO is to use a single or
multi-objective function that will minimize the cost of energy [51]. For estimating the
cost of energy there are several aspects that needs to be taken into account. First of all,
it is important to separate the costs of generating electricity and the market value of
the produced electricity. In order to investigate the feasibility of the wind energy system
from an economical perspective these two variables must be compared. The system can
only be said to be economically justified when the generation cost is lower than the
market value for the energy produced [18]. In this section factors affecting the generation
cost and market value for wind energy will be described. For the following overview, a
grid-connected wind farm is considered.

2.4.1 Wind Energy Generation Costs

There are several factors influencing the wind energy generation costs. The main factors
affecting the cost are [18]

• Wind regime

• Efficiency of wind turbines

• System availability

• Lifetime of the system

• Operation and maintenance costs

• Capital cost

• Financing cost

The first two factors in the list above, wind regime and efficiency of wind turbines, are
dependent on the site specific conditions and the types of turbines used in the wind
farm. The system availability refers to the actual time the turbines produce energy.
This availability is usually around 97% and the loss in production time is mainly due to
maintenance and repairs of the turbines. When investigating the economical feasibility
of a wind energy system, the estimated economic lifetime of the system is of great
importance. In Europe, the most common economic lifetime to use is 20 years. This
recommendation was set in 1998 by the Danish Wind Turbine Manufacturers Association.
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However, due to recent wind turbine design improvements an economic lifetime of up to
30 years are used in some studies. The general range for the operation and maintenance
costs is usually between 1.5% to 3% of the initial turbine cost [18].

For the WFLO problem, the above described factors are not significantly affected.
However, the capital cost of the wind energy system may be influenced by layout
optimization of the wind farm. The capital cost is the total investment needed for
a wind farm configuration. This cost includes both cost for wind turbines and the
remaining installation such as the inter-array cable connection between the turbines and
the connection to the grid. Therefore, the capital cost will be dependent on the number
of and distance between wind turbines in a wind farm, meaning that it will be influenced
by the WFLO. A common approach in order to estimate the wind turbine cost is to
normalize it to installed cost per unit of rated power[18].

Wind energy projects are capital intensive and the determination of the capital and
financing costs are one of the main challenges in wind engineering. The purpose of doing
a financial analysis for the WFLO problem is to evaluate the profitability of a wind farm
project with a specific configuration and compare it to alternative solutions [18].

2.4.2 Market Value for Produced Wind Energy

Investigating the value of produced wind energy the traditional way is to consider the
so called avoided costs. The avoided costs are primarily connected to the reduction
of fuel compared to producing energy in another way. The market value for produced
wind energy refers to the revenue received by selling energy or by the avoided costs due
to the chosen way of generating energy. Another important aspect when estimating
the market value of produced wind energy is the environmental benefits. In order to
translate environmental benefits into market value, the benefits need to be assigned a
financially measured value. Considering the wind energy revenue, it can be divided into
two categories of revenues [18]. These are

1. Revenues connected to avoided costs

• This category refers to avoided costs in general, such as costs connected to
fuel. It also refers to the revenues connected to the sale of electricity.

2. Revenues connected to environmental benefits

• This category refers to the sale of renewable energy certificates, tax benefits
etc.

The electricity certificate market is especially created in order to promote electricity
production from renewable energy sources. It is a market based system which enables
the producers of electricity from renewable sources to obtain an additional income to the
electricity price. There are several countries in Europe that have introduced this kind
of support system for offshore wind power, where the certificates typically are received
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for each Megawatt Hour (MWh) of electricity [54]. However, the certificates vary in
magnitude and time span. For example, in the United Kingdom the market based system
is specifically aimed towards immature technologies, such as floating wind power and
other new renewable inventions [55].

2.4.3 Financial Analysis Methods

In order to evaluate the feasibility of a wind farm there are several financial analysis
methods to choose between. These methods have a wide range of complexity and they
all have advantages and disadvantages. In order to do a preliminary investigation of the
economical feasibility, it is favorable to use a simplified method. One simplified method
is the simple payback period analysis. This method is basically a comparison between
revenue and cost and it calculates the payback time for an initial investment cost of a
project. The payback period can be calculated according to

Ps = Cc
EyPe

(2.14)

where Ps is the payback time, Cc is the initial capital cost, Ey is the annual energy
production and Pe is the price obtained for electricity sold (price/Kilowatt Hour (kWh)).
It should be noted that this method does not include important factors such as operation
and maintenance costs for the project [18]. Another important aspect that this method
is not including is the time value of money. One method that does take this into account
is the Net Present Value (NPV) method. The NPV method is a good approach when
comparing different investment options since it summarizes costs and revenues occurring
over the economical lifetime of a system and translates it into one parameter that can be
used for decision making. The NPV can be calculated according to

NPV =
T∑
t=0

CFt
(1 + d)t (2.15)

where T is the economical lifetime of the wind energy system, (t = 0, 1, 2...T ) is the
relevant year for a certain calculation, CFt is the cash flow for a certain year and d is
the discount rate. An NPV larger than zero is an indication of a profitable investment.
The larger the NPV is, the investment can be considered to be more profitable. This
makes the NPV method an effective and simple tool for comparing different investment
alternatives [56].

If the NPV is set to zero, i.e. when the net cash inflow evens out the net cash outflow, an
Internal Rate of Return (IRR) can be calculated. It is a measure of what the discount
rate of the project at least has to be in order to not turn a loss. Usually, the IRR is
desired to be higher than the discount rate in order to make the investment justified.
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How large the required rate of return should be is depending on several factors such as
the type of project, present risks and project life time [57].
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Implementation

As stated in section 1.2, the overall aim of this study has been to investigate the optimal
placement for Hexicon AB’s floating two-turbine platforms with respect to AEP in an
offshore wind farm. This chapter will give a detailed description of the implementation
of the methodology presented in section 1.3. The description will follow the structure in
the schematic overview of the methodology approach presented in figure 1.2, describing
the main activities numbered between 2-4. All calculation programs developed have been
created using Matlab [12].

3.1 Development of AEP-Calculation Program

In order to create an optimization algorithm that could be used for the investigation of
optimal placement of floating platforms with respect to AEP, the first step for approaching
the problem was to create a program that is able to calculate the AEP from each and
every wind turbine within a wind farm. In order to facilitate the AEP-calculation, some
general assumptions regarding the wind farm had to be done. Firstly, it was assumed
that the platforms will always face the wind direction, meaning that the inertia of the
platforms wind-alignment has not been taken into account. Secondly, it was assumed that
the wind resource will be uniform in the wind farm area. Thirdly, the AEP-calculation
has only been done with respect to the wake effect. Other losses, such as the electrical
losses and loss due to availability etc., have not been considered in the calculation.

In the section below the necessary input data to the program will be described. Thereafter,
the working principle of the main calculation parts in the program will be explained.
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3.1.1 Input Data

This section includes a description of important input data to the AEP-calculation
program. It was decided that the program should be able to consider a pre-defined wind
farm area, with defined maximum and minimum x- and y-coordinates, as input. It was
also decided that the program should be able to consider a wind farm with a fixed number
of platforms located on pre-defined x- and y-coordinates within the specified wind farm
area. Additional information needed in the program are turbine parameters, site specific
conditions and wake model. The important input data needed and the choice regarding
wake model will be described below.

Turbine Parameters and Site Specific Conditions

Turbine input needed for calculation of AEP is the power curve and thrust coefficients
for the wind turbine at different wind speeds. These values can be calculated from the
rotor power and the rotor thrust values available for the specific turbine. These values
are usually given from the manufacturer. The program only considers turbines of the
same type and with the same hub height. The turbine parameter input is described in
more detail in section 2.2.3 in the literature study.

Important input data regarding the site specific conditions are the maximum wind farm
area and site specific wind data. The analysis of wind data available for the desired
site should be carried out according to the procedure explained in chapter 2.2.1. When
implementing the wind data into the AEP-calculation program the probabilities for
all wind directions and wind speeds must be considered for accurate calculation of the
production. As stated in chapter 2.2.1, an important note is that the accuracy of the
measured wind conditions at the site depends on the time period that the measurements
have been carried out.

Wake Model

As stated in chapter 2.2.2, there are several different options for modelling the wake
behind a wind turbine, including both analytical and numerical wake models. For this
project, the Jensen wake model has been chosen. The Jensen model is widely used
for optimization purposes and it has been chosen due to its simplicity and savings in
computational time. In chapter 2.2.2, the advantages and limitations of the Jensen model
are described more carefully.

The Jensen model implemented for this project is based on a model that has previously
been developed at the Department of Mechanics at the Royal Institute of Technology.
The model has a wake expansion constant, k, set to a value of 0.05. This value has been
tuned and validated against studies treating the Horns Rev and Lillgrund wind farms
mentioned in section 2.2 in the literature study. The validations have been done at the
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Department of Mechanics by comparison of the Jensen models developed in Wu et al,
Jiménez et al and Nilsson et al [58][59][60].

3.1.2 Calculations

Since the power production from each wind turbine is dependent on the wake effect and
positioning of platforms in relation to other turbines, the Jensen wake model constitutes
the central part in the AEP-calculation program. Except from a wake model, the
calculation of AEP requires both turbine parameters and site specific data. Turbine
inputs needed are the turbine power curve and the thrust coefficients, previously described
in section 3.3.1. For the site specific conditions described in 3.3.1, the probabilities for
all wind speed magnitudes in all wind directions are necessary for accurate calculation
of the AEP. Consideration of all wind speed magnitudes is important since the energy
production is dependent on the inlet velocity to the turbine. Additionally, the wake
expansion and velocity deficit downstream of the turbine will be changed for different
inlet wind speeds, which might affect the performance of other turbines in the wind
farm. Wind directions are important because the platforms will align towards the wind
direction, resulting in a wind farm configuration that will be changed for different wind
directions. Thus, enabling the turbines to affect each other in different ways for different
wind directions. In figure 3.1 it is illustrated how the configuration may be changed due
to the wind alignment.

Figure 3.1. Illustration of the change in wind farm configuration due to the wind alignment.

The illustration above displays a wind farm configuration with four two-turbine platforms.
As can be seen in the figure, the illustrated configuration change entails that the wakes
produced downstream of the turbines, represented by the dotted lines behind the turbines,
will impact and interact in different ways depending on the wind direction considered.
This is why it is important to take all wind directions into account.
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In order to facilitate the understanding of the AEP-calculation process, the main steps
in the program will be described below.

Reorientation and Renumbering of Wind Farm

As stated above, taking several wind directions into account is important for the accuracy
of the AEP-calculation. In order to facilitate the wake effect calculation for different
wind directions in the program it was decided to rotate the cartesian axis by an angle
θ, representing the wind direction. This allows the wind to always approach the wind
farm from a fixed horizontal angle, instead of keeping the cartesian axis fix and let the
wind direction change as have been illustrated earlier in figure 3.1. The rotation of the
cartesian axis can be mathematically expressed by the rotational matrix R

R =
[
cosθs −sinθs
sinθs cosθs

]
(3.1)

The rotational matrix is multiplied by the x- and y-coordinates of the platforms, resulting
in a rotation of the system. The approach of rotating the cartesian axis instead of
changing the angle of attack for the wind brings one major advantage; it enables an easy
ranking of platforms as the wind direction will always be horizontal and approaching the
wind farm from a fix direction. Because of this, the relative location of platforms may be
defined by ascending coordinates in the x-direction. Defining the location of platforms in
this way will facilitate the calculation of turbines affecting each other due to the wake
effect since only turbines with a higher x-coordinate may be affected by turbines with a
lower value.

Velocity Deficit Calculation

The inlet velocity to a wind turbine may be decreased due to the wake expansion from
another turbine. In this calculation step the velocity deficit is investigated and the true
velocity in front of every turbine is calculated. In order to calculate the potential velocity
deficit in front of the turbines the first step is to find out if the turbine is affected by any
wakes. As described in the above section, the reorientation and renumbering approach
will facilitate this step. In figure 3.2 a schematic illustration of how the numbering of
platforms will occur is presented.
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Figure 3.2. Illustration of how ascending x-values will be used in order to investigate how
produced wakes will affect the turbines.

As may be seen in the figure above, always defining the location of the turbines from
left to right in ascending order will facilitate the velocity deficit calculation. In the
AEP-calculation program this approach have been utilized by the procedure of always
starting the velocity deficit investigation with the turbine with the lowest x-coordinate.
This means the turbine most upstream in the windward direction, illustrated as turbine
x1 in figure 3.2.

Utilizing the described reorientation and renumbering approach the magnitude of the
intersection between the wake produced by turbine, ix, and the rotor swept area of the
affected turbines, (ix+1...ixnT

), was calculated. The affected turbines are all located
on a x-coordinate higher than the turbine considered, which is why notations between
ix+1, representing the closest turbine after ix, and ixnT

, representing the turbine with
the highest x-coordinate in the wind farm, are used. Depending on the case of full
intersection, partly intersection or no intersection between wake and rotor swept area,
the following approaches have been used for the calculation.

• Full intersection

– The rotor swept area of one or several turbines between ix+1 and ixnT
is

completely inside the wake produced by turbine ix. This will result in a
velocity deficit for the affected turbine(s) according to equation 2.5 in chapter
2.2.2.

• Partly intersection

– Parts of the rotor swept area of one or several turbines between ix+1 and ixnT

are affected by the wake produced by turbine ix. For this case the velocity
deficit is calculated by a simplified approach where equation 2.5 is multiplied
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by a reduction factor. This factor is changed depending on the approximate
percentage of the rotor swept area that is inside the wake.

• No intersection

– The rotor swept area of one or several turbines between ix+1 and ixnT
are

completely outside the wake produced by turbine ix. This means that the
velocity deficit is zero and that the inlet velocity to the turbine(s) is the free
stream velocity, U∞.

When the wake effect from the first turbine, ix1 , is calculated and the velocity deficit
with respect to the associated wake expansion is calculated for all other turbines in the
farm, the velocity deficits are saved in a vector. The investigation will then continue
with turbine, ix2 , and how the wake produced by this turbine will affect the resulting
turbines, ix3 to ixnT

, in the farm. The velocity deficit is again calculated according to
the procedure explained above and saved in the velocity deficit vector. If a turbine is
affected by the wake of two or several other turbines, the resulting velocity deficit will be
calculated using the sum of squares approach. This is done according to equation 2.8 in
chapter 2.2.2. It should be noted that the turbine thrust coefficient, CT , is dependent on
the velocity and that every turbine is assigned a new value for CT , corresponding to the
inlet velocity for the turbine. This is an important note since the wake expansion and
velocity deficit behind a turbine is highly dependent on the inlet velocity.

Calculation of AEP

When the velocity deficit in front of every turbine is known, the total AEP of the wind
farm can be calculated. This is done by calculating the power generation of each turbine
for all wind speeds and all wind directions including their corresponding probabilities for
occurrence. The power generation for each bin is then summarized using equation 2.4,
found in chapter 2.2.1, to obtain the total AEP of the wind farm.

3.2 Development of Optimization Program

In this section the optimization strategy applied for the WFLO will be described. As
described in section 2.3 the first step in approaching the WFLO problem is to define the
objective function for the optimization. The objective for this optimization has been to
maximize the AEP of the wind farm. The objective function will be described in more
detail below.
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3.2.1 Objective Function

The base for the development of the objective function has been the AEP-calculation
program, described in the previous section 3.1. The working principle of the objective
function is essentially the same as for the AEP-calculation program, but due to the
computational effort of considering the probabilities for all wind speeds and wind directions
when calculating the AEP, some changes and simplifications must be done when using
the program for optimization purposes.

Since the wind farm configuration will be changed for different wind directions, as
illustrated in figure 3.1, it is believed that it is important to consider all wind directions
for optimization purposes as well. Because of this, the number and magnitude of wind
speeds considered must be tuned to keep the computational time within a reasonable limit
meanwhile at the same time obtain a sufficient approximation of the energy production
in order to allow the optimization program to evaluate different wind farm layouts. It
should be noted that the modification of not considering all wind speeds in the objective
function entails that the function will not longer calculate the total AEP from the wind
farm, but instead only calculate the wake loss with regard to the wind velocities chosen.
This is assumed to be sufficient since the optimization procedure will only consider the
relative difference of values calculated from the objective function in its search for the
optimal layout.

Constraint Function

As described in section 2.3 it is common that studies focusing solely on maximizing the
AEP are adding some constraints to the problem as well. This approach has also been
applied to this case. The constraints include lower and upper bounds for the placement of
platforms. These bounds have been set because the placement of platforms was decided to
be limited to a certain area. Additionally, an internal constraint for the minimal spacing
between platforms has been applied. This because a too short distance between the
platforms will lead to large wake losses and shorten the lifetime of the wind turbines due
to increased fatigue loads on the blades [51]. The minimal distance, Distmin, requirement
has been governed by

√(
x2
i − x2

j

)
+
(
y2
i − y2

j

)
≥ Distmin (3.2)

where xi and xj is the distance in x-direction between two turbines i and j meanwhile yi
and yj is the distance in y-direction.

3.2.2 Optimization Algorithm

The WFLO problem is a nonlinear and non-convex mathematical programming problem
and there are several possible approaches and algorithms to choose between for WFLO
purposes. In section 2.3.2 an overview of different algorithms and their advantages and
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disadvantages has been presented. As stated before, there are two main approaches for
the WFLO problem; heuristic and mathematical algorithms. Most of the mathematical
algorithms are gradient-based methods that are suited for local minimum or maximum
search. The heuristic methods are based on evolutionary processes and could be a good
approach for reducing the risk of converging toward a local maximum or minimum in
non-convex problems. As mentioned in section 2.3.2 there is also one third approach,
the multi-stage algorithm, that has shown great potential. This approach combines a
heuristic and local search algorithm.

For this project, the multi-stage algorithm approach has been applied. The developed
algorithm will combine a modified version of the heuristic GA method and a mathematical
algorithm called Fmincon. The development of the modified GA method will be further
explained in 3.2.2. Fmincon is a nonlinear programming function available in the Matlab
optimization toolbox. As described in section 2.3.2, Fmincon is an effective tool for local
maximum search. Since WFLO is a non-convex problem, solely using a local search
algorithm may be problematic since there is a risk of quickly converging toward a local
maximum. This is the reason for why a heuristic GA has been developed and applied to
the algorithm. The purpose of the GA is to provide the local search algorithm, Fmincon,
with heuristic initial solutions with the aim to broaden the search and increase the
chance of finding more local maximums. To broaden the search further, a random search
algorithm has also been developed and applied to the optimization program. This will
enable an inclusion of random layouts. In figure 3.3, an overview of the optimization
algorithm is presented.

Figure 3.3. Overview of the optimization algorithm.

As seen in the figure above, the local search performed by Fmincon constitutes the most
central part of the algorithm. The local search will be done with the aim to maximize
the objective function meanwhile at the same time satisfying the constraints determined
by the constraint function. As also seen, the output from the algorithm will be several
different local maximum solutions. Since the maximum found by the local search is
dependent on the initial solution given, a dispersion of initial solutions are crucial for
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broadening the search field for Fmincon. As have been mentioned before, the reason
for why it is important to investigate several local maximums is because WFLO is an
non-convex problem without an exact solution. In figure 3.4 an example of how the
non-convex search field for the optimization algorithm may look is illustrated. Included
in this illustration is also an example of how the heuristic initial solutions and the
local search performed by Fmincon will collaborate in the search for good performing
layouts.

Figure 3.4. The non-convex search field including initial heuristic solutions and local maximums.

In the figure, the x-axis represents different wind farm layouts and F (x) represents the
objective function value for each layout. The crosses in the figure represents different
heuristic initial solutions given as input to Fmincon and the dots represents the local
maximum solutions found by Fmincon for the given input. As can be seen in the
illustration, the heuristic initial solutions created will decide the local maximum found.
Without widespread initial solutions there is a risk of converging toward the same local
maximum over and over again.

In order to facilitate the understanding of the optimization procedure, the following
sections will give a more detailed description of the algorithm presented in figure 3.3.
First of all, the working principle of Fmincon will be explained. Thereafter, the creation
of heuristic initial solutions will be described. This includes the working principle of the
developed GA method as well as the random search algorithm developed for inclusion of
random layouts. The relationship between the local search done by Fmincon, the GA
and the inclusion of random layouts will also be described in more detail.

Local Search - Fmincon

The objective for the gradient-based Fmincon algorithm is to evaluate the calculated
value of the objective function for different wind farm configurations with the aim to
maximize the objective function. The working principle of the local optimization is that
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Fmincon is provided with an initial layout. Fmincon will then evaluate the given layout
through the objective function and thereafter modify the coordinates of the turbines with
a certain step length. Since Fmincon is a gradient-based algorithm it will make use of
gradients in order to figure out how to move the platforms to obtain a better value for
the objective function.

Since Fmincon is a local search method, the modifications made will be kept close to
the initial layout provided. Therefore, there will be a pre-determined function tolerance
deciding when Fmincon should be terminated. The function tolerance represents the lower
bound for the change in the value evaluated in the objective function. This means that
the number of iterations in Fmincon will be terminated when the relationship presented
in equation 3.3 is true.

|f(xi)− f(xi+1)| < Ftol (3.3)

Ftol is the pre-determined function tolerance, f(xi) is the value of the objective function
for iteration xi and f(xi+1) is the value for the next iteration made.

The evaluation of the objective function will be repeated for every layout modification.
This means that for every iteration in Fmincon, the value of the objective function for
the considered layout will be calculated and evaluated. Fmincon will not only evaluate
the wind farm layout with respect to the objective function; the feasibility of every
modification made by Fmincon will also be controlled against the constraints determined
by the constraint function. When the function tolerance has been reached, Fmincon will
be terminated and the final layout evaluated will be saved in a vector. The layout will
then proceed to the modified GA step in the optimization algorithm.

Heuristic Initial Solutions

As mentioned in the previous section, Fmincon needs to be provided with an initial layout
for which the local search can be done. Therefore a GA was developed and modified to
fit the WFLO problem in order to create these initial layouts. Additionally, a random
search algorithm was developed in order to generate completely random solutions as an
input to Fmincon at a certain frequency. The working principle of the creation of initial
solutions will be described below.

GA

The reason for why a GA has been developed and applied to the algorithm is to make
the optimization procedure more time effective and avoid convergence towards the same
local maximum over and over again. In order for a GA to be applied to this optimization
problem, some of the conventional steps has been modified. The conventional steps
include selection, crossover and mutation and the meaning of these steps is explained in
section 2.3.2.
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The modified version created for this project will select the final layout saved when
Fmincon is terminated as the starting layout for the modifications. Thereafter, the
following steps will be carried out.

• Selection

– The best producing platforms will be identified by calculating the AEP
separately for each platform. The positions of these platforms will be selected
to be kept fixed.

• Random move of the worst performing platforms

– Meanwhile the positions for the best producing platforms will be saved, the
positions for the rest of the platforms will be randomly relocated within the
wind farm.

– This step will simplify and merge the conventional crossover and mutation
steps used in a GA. The approach of relocating the worst performing turbines
has been used since it is a method that has shown to be effective in earlier
studies carried out by Feng et al (2014) and Feng et al (2015). The studies
are more carefully described in chapter 2.3.2.

When the layout has been modified according the approach explained above, the modified
layout will enter Fmincon again. This procedure will be repeated until the pre-determined
number of iterations for the GA has been reached.

Inclusion of Random Layouts

As an additional step, a RS method was created. The reason for why the inclusion of
random layouts has been applied to the algorithm is because of the same reason as for why
the GA has been applied; it is an effective method to increase the chance of finding more
convex subregions and thereby avoid converging towards a single local maximum. The
reason for why this step has been applied in addition to the GA is because even though the
GA will broaden the search to some extent it will be dependent on the optimized layout
from Fmincon. Since the inclusion of completely random layouts has been concluded to
be an important step in earlier studies, as described in section 2.3.2, this step is believed
to be of importance for the optimization procedure. An important note, that has also
been mentioned in section 2.3.2, is that using this approach does not guarantee that a
global maximum for the objective function will be reached. However, the approach will
help to find several local maximums that can be compared and evaluated.

The working principle of how this step is applied to the algorithm is that a random
relocation of all platforms within in the optimized wind farm layout will take place with
a certain frequency. The random layout created will then be used as input layout to
Fmincon.
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3.3 Case Study

As stated before, the developed programs explained in the previous sections are to be
used in the investigation regarding optimal placement of Hexicon AB’s platforms. To give
an example of how this investigation could be done, a case study has been carried out.
This section will explain the implementation of the case study. Firstly, the procedure
of the analysis of the necessary input data will be described. Secondly, input to the
program and parameters that have been chosen through a tuning study will be presented.
Thirdly, the working principle of the optimization procedure and the expected output
will be explained.

3.3.1 Analysis of Turbine Parameters and Site Conditions

The wind turbine used for this case study is a reference 5 MW turbine developed by
the NREL [34]. In table 3.1 important properties for the NREL wind turbine are
presented.

Table 3.1. NREL wind turbine properties [34].

Rating 5 MW
Rotor Diameter 126 m
Hub Height 90 m
Cut-In, Rated, Cut-Out Wind
Speed

3 m/s, 11.4 m/s, 25 m/s

As stated in section 3.1, turbine input needed for calculation of AEP is the power curve
and thrust coefficients for the wind turbine at different wind speeds. These values were
calculated from the rotor power and the rotor thrust values available for the NREL-turbine.
This information is available in figure 2.8 in the literature study and the calculations
have been done according to the methodology described in section 2.2.3.

The total wind farm area and wind data for the site have been provided by Hexicon AB.
The wind farm area has a rectangular shape with the sides 27 and 40 turbine diameters.
The wind data analysis has been carried out according to the procedure explained in
chapter 2.2.1. The wind data available for the site included probability measurements
of wind speeds between 0-25 m/s for 16 different wind directions. The data has been
measured at a height of 10 meters. As specified in the previous section, the turbine
hub height is 90 meters, which made an up-scaling of the wind speed necessary. The
up-scaling was done according to equation 2.1. In figure 3.5 the resulting wind rose
including wind speed probabilities for the 16 wind directions is shown.
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Figure 3.5. Wind rose including wind speed probabilities for 16 wind direction sectors.

As can be seen from the illustrated wind rose, the most frequently occurring wind
directions at the site are from a north-east direction.

3.3.2 Input to Program

Except from input regarding turbine parameters, total wind farm area and wind conditions
at the site that have been analyzed in the previous section, inputs regarding number
of turbines and a constraint for minimum distance between the platforms, Distmin, are
needed. The number of platforms was set to be 20 since it was desired to investigate a
200 MW wind farm. Distmin was set to be 6 turbine diameters.

As mentioned in section 3.2, one important thing to pay attention to when choosing
the wind data input is that considering probabilities for all wind speeds and wind
directions significantly increases the computational time for the optimization procedure.
Therefore, when implementing the wind data into the optimization program, some
tests were carried out in order to tune the number of velocities used in the program.
Additionally, some other important parameters in the program have been tuned through
tests. The parameters investigated and tuned into vales that benefits the effectiveness of
the algorithm were

• the number of wind speeds, Nvel, considered in the optimization algorithm.

• the specific wind speeds, Vx1,x2..xNvel
, that should be considered if not all are to be

used for the optimization.

• the number of platforms kept fix, Nfix, in the GA’s modification step explained in
section 3.2.
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• the number of GA iterations, iGA. The number of iterations chosen will decide
the frequency of how often a completely random layout should be entered into the
optimization algorithm.

• the function tolerance for Fmincon, Ftol. The tolerance will decide when the
iterations performed by Fmincon will be terminated.

The tests were performed by evaluating the performance of the algorithm for different
values given the parameters presented above. In table 3.2, the values chosen for the
parameters are presented. In appendix C an extended table including notes for the chosen
values can be found.

Table 3.2. Values chosen for tuned parameters in the optimization algorithm.

Parameter Chosen Value
Nvel 2
Vx1,x2..xNvel

9.65 m/s & 11.4 m/s
Nfix 12
iGA 5
Ftol 100

It should be noted that even though the values presented above have been tuned through
a number of tests, the values chosen might have an impact on the resulting optimized
layout. Because of the element of randomness in the algorithm it is hard to estimate the
actual impact on the result.

Optimization Procedure and Output

With the input and tuned parameters that have been described in the above sections, an
optimization procedure was executed. It was decided to let the optimization run until 50
initial heuristic solutions had been tested, also meaning that 50 local maximums were
found by Fmincon. It should be emphasized that each of these 50 local optimization’s
entails around 3000-12000 gradient based iterations in Fmincon, hence the total amount
of iterations for this run could add up to a maximum of 1200000 iterations.

After the optimization had been terminated, the 20 best performing layouts were selected
for further analysis. As stated in section 1.2, the reason for why 20 layouts were selected
is because it was desired to calculate the cable length of inter-array cables and investigate
the difference between the layouts in order to discuss the optimal placement of platforms
from another perspective than AEP. This investigation is further described in section
3.3.3. An additional investigation carried out was the examination of the AEP of a
staggered wind farm configuration and the comparison of its performance against the best
performing optimized layout. In figure 3.6 an illustration of the principle of a staggered
layout is displayed.
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Figure 3.6. Illustration of a staggered intuitive perception regarding optimal placement of wind
turbines.

As mentioned in section 2.3 using rows and columns, as in the illustration above, has
previously been a conventional way of placing turbines within a wind farm. This is the
reason for why the comparison has been made. It was also investigated if the developed
optimization program could improve the performance of a staggered configuration if the
configuration was used as an input to Fmincon. As stated in section 1.2, the aim of
the comparisons with the staggered layout has been to analyze the performance of the
optimization program.

3.3.3 Evaluation of Inter-Array Cable Length Impact

As stated in section 2.3.1 in the literature study, it is important to note that solely
performing a WFLO with respect to AEP will not always be sufficient due to the high
cable and installation costs for the wind farm. Therefore an evaluation of the inter-
array cable length impact has been executed through a brief financial evaluation. The
evaluation has been executed for the 20 best performing layouts obtained from the case
study. This in order to investigate how differences in cable length could impact the final
choice of layout. The methodology for the evaluation will be explained below.

Inter-Array Cable Length Calculation

In order to perform the evaluation, the inter-array cable length had to be calculated
separately for the 20 layouts. Since the internal cabling system is a complex optimization
problem of itself, simplifications had to be made in order to estimate the differences in
cable length for different layouts. First of all, the shortest possible spanning tree for
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connecting all platforms within a layout to a pre-determined point was calculated using
a shortest path algorithm in Matlab. An example of a spanning tree is shown in figure
3.7.

Figure 3.7. Example of a shortest path spanning tree connecting 20 platforms.

However, the cable length calculated by the shortest path algorithm can not be said to be
representative for the true cable length when installing floating platforms. As described
in section 2.1.1 in the literature study, a dynamic cable is needed when installing floating
platforms. According to Hexicon AB a simplified explanation of the cable installation is
that the dynamic cable will be extended from the platform down to the seabed, where it
will be connected to a static cable. The cabling is illustrated in figure 3.8.

Figure 3.8. Illustration of cable installation with dynamic and static cables.

In the figure above, Lshortest represents the shortest cable length between two platforms
calculated by the spanning tree algorithm, as seen in figure 3.7. The lengths Ldynamic and
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Lstatic represents the dynamic and static cable lengths. Since the number of platforms
is fixed for the investigated layouts and the water depth is assumed to be uniform at
the site, the relative difference between dynamic cable length in the 20 layouts will be
assumed to remain unchanged. This assumption entails that the relative difference in
cable length between layouts will occur in the static part of the cable. Looking at figure
3.8, the static cable length between two platforms can be calculated by removing the
∆dynamic lengths from Lshortest. Thus, the total static cable length for all 20 platforms
included in one layout was calculated according to

Lstatic = Lshortest − 2∆dynamic(Np − 1) (3.4)

where Np is the number of platforms included in the layout. Through the approach
described above each of the 20 layouts was assigned with values regarding both static
cable length and AEP. The assigned values were used as base for the financial evaluation
described in the next section.

Financial Evaluation

In order to perform the financial evaluation an open software called RetScreen was used.
RetScreen is a program that enables an easy evaluation of the technical and economical
feasibility of an energy project [61]. In table 3.3, input parameters to the financial model
are listed.

Table 3.3. Input parameters to RetScreen.

Input Parameter Value
Inflation rate 2%
Project life 20 years
Discount rate 7%
Dept term 20 years
Cable and installation costs 400 £/m
Electricity export price 220 £/MWh

The input parameters presented above have been provided by Hexicon AB. It should be
noted that the values are case dependent and therefore only valid for this specific case. It
should also be noted that the costs for cables and installation are slightly overestimated
and that the high electricity export price is due to that a quite high electricity certificate
has been considered. As described in section 2.4, electricity certificates are common for
renewable energy technologies.

Due to that the values presented in table 3.3 have been roughly estimated it was decided
to look at a worst case scenario by considering the largest difference in cable length
between the 20 layouts and investigate how much electricity that needs to be generated in
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order to cover the costs of the difference in cable length. The RetScreen program will use
the input values in table 3.3 as well as the largest difference in cable length. A measure
that was used for evaluation was the IRR, which can be calculated by RetScreen for a
given input. The IRR is the interest rate needed for the NPV to be zero. As stated in
section 2.4 in the literature study, the IRR must be equal to or greater than the discount
rate in order to not turn a loss. The program was therefore used to find the intersection
of when the electricity generation evens out the costs for cabling, i.e. when the IRR is
equal to the discount rate. This was done by varying the electricity production until the
IRR reached the discount rate of 7%.

The necessary electricity generation calculated from the program was thereafter compared
to the standard deviation of electricity generation between the layouts in order to discuss
the cable impact. The results from the evaluation is found in section 4.2 and the
discussion regarding the cable impact can be found in section 5.2. Since the conclusions
regarding cable impact are highly dependent on several uncertain parameters, such as
the electricity price and the costs for cable and installation, a sensitivity analysis has
also been performed for the financial evaluation.

3.4 Sensitivity Analysis

This section will describe the methodology used for the sensitivity analysis. In total,
three analyses have been performed to investigate different uncertainties. The first
analysis treated the fact that the optimized layouts will be different for different runs
in the developed optimization program, as described in section 3.2. This because of
the element of randomness in the algorithm. In order to investigate the difference in
optimized layouts, the optimization procedure was repeated three times with the input
and tuned parameters kept fix. The output from the different runs were compared to
give an indication of how the performance between different runs will change.

The second analysis performed treated the tuned number of wind speeds used for the
optimization in the case study, described in section 3.3.2. The third analysis treated
the uncertainties regarding the financial evaluation performed in the investigation of
inter-array cable length impact, presented in section 3.3.3. The methodology for these
two analyses will be explained below.

Number of Wind Speeds Considered

The optimization executed in the case study did only include two velocities. The reason
for why the number of velocities needed to be tuned has been explained in section 3.2
and 3.3. However, it must be noted that not considering all velocities will to some extent
affect the results and therefore a sensitivity analysis was conducted.
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The analysis was conducted by comparing the energy production of the optimized layouts
when two velocities as well as all velocities were considered. The energy production
considering all velocities was calculated by inserting the optimized layouts in the AEP-
calculation program. The analysis was then carried out by comparing the relative
difference between the values since the relative difference is more important than the
actual value of the energy production when considering optimization purposes. This
because the layouts are to be evaluated against each other. If the relative difference
between AEP for different layouts would be approximately the same when calculated by
two and all wind speeds the result can be interpreted to indicate that the two wind speeds
considered are sufficient for optimization purposes. The result from the investigation is
presented in section 4.3.

Inter-Array Cable Length Impact

As described in section 3.3.3, the financial evaluation regarding inter-array cable impact
was done by investigating how much electricity that needs to be generated in order to
cover the costs of the largest difference in cable length between the layouts. Since the
input parameters regarding electricity export price and costs for cable and installation
displayed in table 3.3 are rough estimations and highly case dependent it was decided to
investigate how the calculated electricity generation would change for different scenarios
regarding these values.

Starting with the cable and installation costs, the value of 400 £/m is slightly overesti-
mated. However, since the total price for cable and installation is dependent on what
difference in cable length that is considered it is believed to be equally possible that the
cost would increase or decrease looking at another case. Therefore, it was decided to
add and remove 12.5% and 25% from the provided value of 400 £/m and investigate
how the necessary amount of electricity exported to the grid must change in order to
obtain a feasible investment with respect to the IRR. The investigation was carried out
in RetScreen using the same approach as described in section 3.3.3.

For the electricity export price investigation, the prices investigated were 135.0 £/MWh,
157.5 £/MWh, 180 £/MWh, 202.5 £/MWh and 225 £/MWh. These values are all lower
or approximately equal to the provided value of 220 £/MWh. The reason for this is that
the price of 220 £/MWh is already higher than what is usually obtained for exported
electricity. As mentioned before, this is due to the high electricity certificate included
in the price. Receiving a lower price for the electricity rather than higher is therefore
considered more likely looking at another case. The values of the electricity export prices
were entered into RetScreen and the investigation regarding how the amount of electricity
exported to the grid must change was carried out in the same way as for the cable and
installation costs analysis.
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Results

In this chapter the results from the implementation of the project, explained in the
previous section, will be presented. The results will be divided into three parts. Section
4.1 will treat the AEP-calculation program and the optimization program, described in
section 3.1 and 3.2. The development of these programs represents the main result of the
project. Section 4.2 will treat the results from the case study, described in section 3.3,
and in section 4.3 the results from the sensitivity analysis will be presented.

4.1 Result - Developed Programs

The first program developed is called the AEP-calculation program. This program
possesses the possibility to calculate the AEP for a wind farm with the following input
given

• Site conditions such as total wind farm area and wind data

• Fixed x- and y-coordinates determining the location of platforms within the wind
farm

• Number of platforms

• Turbine parameters

The working principle of the AEP-calculation program has been described in section 3.1.
The other program developed is the optimization program. In figure 4.1 an overview of
the working principle of the program is presented. For a more detailed description of
the optimization program a flowchart of the Matlab program is presented in Appendix
B.
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Figure 4.1. Schematic overview of developed optimization program.

As can be seen in the figure above the optimization will consider almost the same input
as the AEP-calculation program. The difference is that the location of platforms will be
changed automatically through the optimization procedure. In this way, a large number
of possible platform locations will be investigated and evaluated with respect to the
objective function and the constraint function. The AEP-calculation program has been
used as a base for the development of the objective function as described in section
3.2. Output obtained from the optimization program is a number of layouts and their
calculated objective function value. Among these layouts, the best performing solutions
with respect to the objective function value can be identified. The working principle of
the optimization program has been more carefully described in section 3.2.

4.2 Result - Case Study

In this section results from the performed case study will be presented. It includes the
actual results of the case study but also results that can be used for further evaluation
of the optimization program itself. Firstly, more general results will be presented in
order to visualize and evaluate how the program works. Thereafter, results from the
case study will be presented together with comparisons with conventional layouts and
other results that can be used in order to evaluate the performance of the optimization
program. Lastly, results from the cable investigation will be presented. In order to enable
easier understanding and comparison, it has been chosen to display the AEP in wind
farm efficiency in the results. The efficiency is defined as the AEP calculated with the
wake effect included divided by the AEP with no wakes considered.
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Results from Optimization Procedure

Figure 4.2 displays the work flow of the optimization procedure. Each point represents
the local maximum found when a heuristic initial solution has been locally optimized by
Fmincon.

Figure 4.2. Wind farm efficiency of optimized layouts.

The local maximums are expressed in wind farm efficiency. The efficiency values have
been calculated considering all wind speed intensities between 0-25 m/s at the site. This
has been done by recalculating the efficiency in the AEP-calculation program after the
optimization procedure was done. It can be seen that most maximums found is between
92% and 93%, but also that lower values have been found for some cases. The appearance
of the figure above will be discussed in chapter 5.2.

Since the local optimization executed by Fmincon constitutes the most central part of
the optimization algorithm the effectiveness of the algorithm is of interest. Figure 4.3
displays the relative improvement in electricity generation between the input and the
output layout of Fmincon.
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Figure 4.3. Relative improvement by Fmincon.

The improvement values presented in the graph above have been obtained by dividing
the output from Fmincon by the input. The output represents the locally optimized
layouts meanwhile the input represents the heuristically generated initial layouts. What
can be noted is that the local optimization always entails better layouts or as good as
the input layout in terms of efficiency. This since the relative improvement displayed in
figure 4.3 is always greater than one.

Results from Case Study

The 20 best performing layouts with respect to wind farm efficiency were collected from
the optimization procedure. The best performing layout out of these 20 is displayed in
figure 4.4. As stated in section 3.3 the best performing layout was also to be compared
with an intuitively good layout. The layout created for this comparison was a conventional
staggered layout displayed in figure 4.5. Both figures are displaying the appearance of the
wakes in the most frequent wind direction at the site for a wind speed of 8 m/s.
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Figure 4.4. Velocity field and wakes for the best
performing layout.

Figure 4.5. Velocity field and wakes for a con-
ventional staggered layout.

The efficiency for the best performing layout displayed in figure 4.4 was calculated to
be 92.94%, meanwhile the efficiency of the staggered layout displayed in figure 4.5 was
calculated to be 88.89%.

As stated in section 3.3, it was also investigated how the optimization algorithm performed
if an already good layout was set as input to the program. The configuration tested
was the staggered one, illustrated in figure 4.5. The configuration was locally optimized
by Fmincon while facing the most prevalent wind direction for the site. The optimized
layout is displayed in figure 4.6.
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Figure 4.6. Velocity field and wakes for the locally optimized staggered layout.

The efficiency for the optimized layout displayed in the figure above was calculated to be
92.69% compared to the 88.89% obtained by the initial staggered configuration. In table
4.1 the wind farm efficiency obtained from the layouts presented in figures 4.4, 4.5 and
4.6 have been compiled.

Table 4.1. Wind farm efficiency for layouts presented in figure 4.4 4.5 and 4.6.

Layout Efficiency [%]
Staggered layout 88.89
Locally optimized staggered layout 92.69
Best performing layout from opti-
mization program

92.94

As can be seen in the table above, Fmincon could further improve the staggered configu-
ration. However, the best performing layout from the optimization program could still
obtain a slightly higher efficiency.

Evaluation of Inter-Array Cable Length Impact

As stated earlier, the 20 best performing layouts were selected from the optimization
procedure executed in the case study. In order to evaluate the cable impact, the cable
length for each of the 20 layouts was calculated according to the methodology explained
in section 3.3. In figure 4.7 the 20 layouts and their calculated cable lengths are
presented.
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Figure 4.7. Wind farm efficiency and inter-array cable length for the 20 best performing layouts.

What can be seen from the figure above is that there is a dispersion in both cable length
and efficiency for the different layouts. The maximum difference in inter-array cable length
was calculated to be 23.8 turbine diameters. The standard deviation in efficiency between
the layouts was calculated to be 0.09%, representing an annual electricity generation of
929 MWh.

Together with the parameters presented in table 3.3, the maximal difference in cable
length was used as input to the RetScreen program. The electricity generation needed
to cover the costs of cables was calculated to be 867 MWh. Comparing this electricity
generation with the standard deviation of the optimized layouts displayed in figure 4.7,
it can be calculated to be 62 MWh smaller than the standard deviation.

4.3 Result - Sensitivity Analysis

As stated in section 3.4, the first thing investigated in the sensitivity analysis was the
difference between different runs in the optimization program. When comparing the wind
farm efficiency’s for the best performing layouts of three different runs, it was found that
the mean deviation between the runs was 0.057%.

The results from the sensitivity analyses regarding number of wind speeds and inter-array
cable length impact will be described in the following sections. The methodology for
these analyses has been described in section 3.4.
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Number of Wind Speeds Considered

This analysis was performed in order to investigate possible uncertainties in the resulting
optimized layouts due to the number of wind speeds considered for the optimization.
Figure 4.8 is presenting two graphs. The graph displayed with circles represents the
efficiency for different layouts when two velocities are considered and the graph displayed
with stars represents the efficiency when all velocities are considered.

Figure 4.8. Wind farm efficiency of optimized layouts for two velocities as well as all velocities
considered.

It can be observed that even though the efficiency calculated by two velocities obtains
different values than when all velocities are considered, the relative difference is in the
vast majority of cases not significantly affected. As explained in section 3.4, the relative
difference is what matters most and since the two graphs displayed in figure 4.8 mimics
each other quite well the result can be interpreted to indicate that the two wind speeds
used can be assumed to be sufficient for optimization purposes. However, even though
the result seems to correspond quite well, a deviation can be observed for a few cases.
From what can be seen in figure 4.8, there are some cases where the configurations are
reversed in magnitude when calculated with all velocities instead of only two. This
usually happens when the wake effect values are quite close to each other. This will be
further discussed in section 5.3.

Inter-Array Cable Length Impact

This analysis is based on the results presented in the evaluation of inter-array cable length
impact in section 4.2 and aims to investigate the sensitivity of the obtained electricity
generation value of 867 MWh. This was done both by changing the cable and installation
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costs as well as the electricity export price according to what have been described in
section 3.4. The result from the cable and installation cost investigation is presented in
table 4.2 below.

Table 4.2. Sensitivity analysis with changed cable and installation costs.

Exported Electricity [MWh] Initial Costs [£]
900 000 1 050 000 1 200 000 1 350 000 1 500 000
(-25%) (-12,5%) (0,0%) (12,5%) (25%)

650,43 (-25%) 7,0% 3,5% 0,5% -2,3% -5,0%
758,84 (-12,5%) 10,5% 7,0% 4,0 % 1,4% -1,1%
867,24 (0,0%) 13,7% 10,0% 7,0% 4,4% 2,0%
975,65 (12,5%) 16,8% 12,8% 9,7% 7,0% 4,6%
1084,05 (25%) 19,7% 15,5% 12,1% 9,4% 7,0%

The bold percent values represents the case where the IRR has been varied to equal the
discount rate of 7%. The colored cells in the table displays the cases when the IRR is too
low, indicating that a profitable investment is not possible. It should be emphasized that
receiving an IRR value of 7% only implies that the investment will not turn loss. For
obtaining a profitable investment, the IRR must be higher than the discount rate.

The result from the electricity export price investigation is presented in table 4.3 be-
low.

Table 4.3. Sensitivity analysis with changed electricity export price.

Exported Electricity [MWh] Electricity Export Price [£/MWh]
135,00 157,50 180,00 202,50 225,00
(-25%) (-12,5%) (0,0%) (12,5%) (25%)

794,97 (-25%) -7,0% -2,7% 0,5% 3,2% 5,5%
927,47 (-12,5%) -2,7% 1,0% 4,0 % 6,6% 9,0%
1059,96 (0,0%) 0,5% 4,0% 7,0% 9,7% 12,1%
1192,46 (12,5%) 3,2% 6,6% 9,7% 12,4% 15,1%
1324,95 (25%) 5,5% 9,0% 12,1% 15,1% 17,9%

The above table is interpreted in the same way as table 4.2. The difference is that the
electricity export price has been varied instead of the cable and installation costs. An
IRR larger than 7% implies a profitable investment.
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Discussion

This chapter consists of a discussion on the results presented in chapter 4. This includes a
discussion regarding the potential applications for the AEP-calculation and optimization
programs developed. Thereafter, the results from the case study will be discussed followed
by a discussion of the results obtained from the sensitivity analysis. From the discussions
presented conclusions will be drawn.

5.1 Discussion - Developed Programs

As presented in chapter 4, the main result from this project is the developed AEP-
calculation and optimization programs. Starting with the AEP-calculation program, this
program possesses the possibility to perform a comparison between different wind farm
layouts with respect to their AEP. This entails many potential applications. An example
of one application could be to use the program in order to show some of the benefits
of using a two-turbine platform concept instead of a single turbine concept that have
been mentioned in section 2.1.2. Since the floating two-turbine platform concept is a new
innovation it is of great importance for Hexicon AB to substantiate the benefits of using
this new floating concept instead of the competing single turbine alternatives available.
With the AEP-calculation program it is possible to insert both single and two-turbine
concepts and compare different Key Performance Indicators (KPI) for the performance
of the wind farm such as area efficiency, park effect etc.

As stated in section 1.2, the aim of this project was to develop a program that could
be used for investigating the optimal placement of Hexicon AB’s floating platforms. By
using the AEP-calculation program it is possible to perform a manual optimization
of a wind farm by trying different positions for the platforms and evaluate the AEP.
However, since a manual optimization is a very ineffective way of solving the problem,
an optimization program that could automatically investigate and evaluate different
wind farm layouts was created. As can be seen in figure 4.1 this program can evaluate
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different layout alternatives for a given input. The program possesses a possibility to
investigate and compare a large number of wind farm layouts, which increases the chance
of finding better solutions than if the layout was to be manually optimized. Automatic
investigation will facilitate the investigation of a large number of layouts and it will
also give an opportunity to investigate trends in the appearance of good performing
layouts.

The effectiveness and performance of the developed optimization program can be discussed.
Since the aim of the project was to investigate the optimal placement of turbines, which is
a problem that could be solved by manual optimization, the main focus of the project has
not been to make the optimization program as high performing as possible. In order to
do this, deeper knowledge regarding optimization strategies and mathematical algorithms
are needed. However, it has been sought to use strategies that have proven to be good.
For example, the developed algorithm uses a multi-stage algorithm, which is a strategy
that, as described in section 2.3.2, has shown to be a promising strategy looking at other
studies carried out in the area. Therefore, the optimization program is believed to be a
good base for further improvements.

5.2 Discussion - Case Study

This section will discuss the results obtained from the case study. The first result presented
from the case study, found in figure 4.2, displays the work flow of the optimization
procedure. As seen in the figure, the objective function values will not converge towards
a larger and larger value during the continuation of the optimization procedure. On the
contrary, the values will obtain a spread order of magnitude throughout the procedure.
Comparing figure 4.2 with figure 3.4 gives an explanation of the appearance. As stated
several times already, WFLO is a non-convex problem and the methodology to approach
the problem has been to use the combination of conducting a local optimization on
heuristically generated initial solutions. The local maximum is found using a gradient-
based algorithm, which entails that the maximum found will be kept relatively close
to the initial solution. The appearance of the search field illustrated in figure 3.4 will
therefore be dependent on the heuristic initial solutions given. The local maximums,
marked with black dots in the figure, represents the objective function values showed in
figure 4.2 which explains the spread of the values.

Since the result will never follow certain patterns and converge toward a specific maximum
it is impossible to know when a global maximum is found. The best wind farm layouts
found will therefore be dependent on how many runs that have been executed in the
optimization program. The longer the program runs, the more local maximums will be
found and a larger selection of good solutions will be available. Therefore the number of
runs needs to be weighted against the computational time for the optimization. Since it
is impossible to know when the optimal wind farm layout is found it means that the best
performing layout alternatives given from the program can only be seen as an indication
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of the optimal placement.

In order to further discuss the working principle and effectiveness of the optimization
program, the local optimization performed by Fmincon has been investigated. In figure
4.3 the relative change in electricity generation between the input and the output layout
of Fmincon is displayed. It should be noted that the change between input and output
can not be directly translated into effectiveness of Fmincon. This because of the fact that
the local maximum found is highly dependent on the initial solution. The improvement
of a solution will depend on how the search field looks like around the local maximum.
With a complex search field, the algorithm may face problems calculating the gradients
and thereby having trouble of moving the platforms in the direction that increases the
value of the objective function. However, what can be seen in figure 4.3 is that Fmincon
will at least always maintain the performance of the initial solutions or improve it. It can
therefore be concluded that Fmincon will never impair an investigated layout. However,
the local maximum search performed by Fmincon is a time consuming procedure that
will be executed until the function tolerance, described in section 2.3.2, has been reached.
The default value for the function tolerance in Fmincon is set to 10−6. The low value
entails a risk of significant increase in computational time weighed against the increase in
AEP. This is the reason for why the tuning study, described in section 3.3, was performed
and the function tolerance was instead set to 100. It should however be emphasized that
the higher function tolerance value that is used, the larger is the risk of terminating the
local search too early.

The next result to be discussed is the comparison of the best performing optimized
layout displayed in figure 4.4 and the conventional staggered layout displayed in figure
4.5. As stated in the result, the optimized layout obtained an efficiency of 92.94%
compared to 88.89% obtained for the staggered configuration. The result of obtaining
an increase in efficiency when performing a customized optimization with regard to the
specific site conditions instead of intuitively placing the platforms in a pattern, such as
the conventional staggered configuration, was expected. This is based on conclusions
regarding the importance of WFLO drawn in other studies, which has been described in
section 2.3 in the literature study. As stated by Mosetti et al in the first study regarding
using WFLO instead of intuitive placement of turbines, it is impossible to intuitively find
the solution for optimal placement of turbines in the case of considering multiple wind
speed intensities and wind directions since these factors play a significant role for the
influence between different turbines [39]. This is the reason for why customized WFLO
is important. This statement has been confirmed by findings from several studies. For
example, in a study conducted by Pérez et al it was found that the staggered configuration
of a wind farm called Alpha Ventus could be increased by approximately 3.7% through
their combined heuristic and mathematical algorithm [46]. The findings from this study
also indicates that the a customized optimization is to prefer over intuitive placement of
turbines.

As described in section 3.3, the staggered layout displayed in figure 4.5 was also used as
input to Fmincon in order to investigate if the algorithm could improve already good
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configurations. As presented in table 4.1 in the result chapter, Fmincon improved the
configuration from an efficiency of 88.89% to 92.69%. This implies that placing turbines
in this staggered configuration was not the best option for this specific case and it also
determines that Fmincon can improve an already intuitively good configuration. When
comparing the locally optimized configuration with the efficiency of 92.69% with the
best performing configuration from optimization program, which obtained an efficiency
of 92.94%, it can be seen that adding the GA and including the element of randomness
helped to reach an even better configuration. As described in section 2.3, using a multi-
stage algorithm where a heuristic method is combined with a local search method is
a promising strategy. Also, inclusion of random element has been seen to be the key
success factor in the heuristic algorithms. Since the optimization program utilizes these
methods, the result of obtaining a better performing layout when using the optimization
algorithm rather than when conducting a local optimization on an already good solution
is a satisfying result.

The last investigation made in the case study was the evaluation of the cable impact.
It would of course be preferred to obtain and select a layout with both the shortest
cable length and highest AEP. However, since an increased electricity production usually
entails that the platforms have been placed less dense, receiving a top performing layout
in both categories is by no means a matter of course. Looking at the result obtained in
figure 4.7 no such layout is found for this case study. This means that for most cases it
will be necessary to somehow evaluate the best performing layouts obtained from the
optimization program. What would be most appropriate for this second evaluation to
treat might be different from case to case but for this specific study it was decided to
evaluate the inter-array cable length impact.

The methodology for the cable evaluation is explained in section 3.3.3 and from the
evaluation it was found that the electricity generation needed to cover the costs of the
cable length difference was essentially the same as the standard deviation of generated
electricity between the layouts investigated. This can be seen as an indication that there
is a possibility that the cable length could have an impact on the choice of layout for
certain scenarios. The result would have been easier to interpret if a significant difference
was noted between the standard deviation and the needed electricity generation. If
the standard deviation in electricity generation had been significantly larger than the
electricity generation needed for covering the costs for cabling, the cable could have been
discussed to be less important than the AEP of the layout. If the case was the opposite,
the result would instead indicate that the cable cost would be of great importance. In this
case it could have been discussed whether a single-objective optimization with respect to
AEP is sufficient or if a multi-objective optimization with respect to both cable costs
and AEP could be more appropriate. However, what can be emphasized from the results
obtained in the evaluation made is the importance of performing a more thoroughly
financial analysis that considers the economy and conditions for the specific project before
deciding the appropriate wind farm layout.
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5.3 Discussion - Sensitivity Analysis

As stated in section 3.3, the number of velocities considered for the optimization in
the case study was reduced to two and set to be 9.65 m/s and 11.4 m/s after a tuning
study had been performed. As can be seen in figure 4.8, the efficiency calculated by
two velocities seems to mimic the graph of the efficiency obtained when considering all
velocities. The similar appearance of the two graphs has been interpreted to indicate
that considering two velocities for the optimization has been sufficient. However, as
stated in the result in section 4.3, it can be noted that the efficiency is reversed for some
configurations in figure 4.8 . This phenomenon means that a layout that seems to perform
better than another when calculated by two velocities could actually turn out to be the
opposite when all velocities have been considered. This will of course affect the resulting
layouts from the optimization to some extent and could mean that a good performing
layout is excluded from the list over the 20 best performing layouts in the case study.
However, selecting 20 out of 50 layouts as best performing is a large selection. Therefore,
it is believed that the majority of the best performing layouts will be included in the list
even though the internal order of magnitude might be somewhat modified.

One thing that has not been investigated regarding wind speeds but that could affect
the result to some extent is the choice of wind speed intensities. The values of 9.65 m/s
and 11.4 m/s have been chosen since it is the mean wind speed at the site and the rated
wind speed for the turbines used. Since the compliance in the appearance of the graphs
in figure 4.8 was assumed to be sufficient for optimization purposes it was assumed that
these intensities gave a sufficient result. However, it should not be ruled out that more
tests could possibly have increased the compliance further.

The results from the sensitivity analysis performed for the evaluation of inter-array cable
length impact are displayed in table 4.2 and 4.3. Looking at table 4.2 it can be seen
that the necessary electricity generation needed to cover the costs in the cable length
difference between layouts is quite sensitive towards changed cable and installation costs.
Looking at the original case, highlighted in bold in the table, the electricity generation
must in fact be larger than 867 MWh in order to get a profitable investment if the cable
price remains unchanged. Increased price for cable and installation implies increased
generation and vice verse. Looking at table 4.3 it can be seen that a decreased electricity
export price would also significantly affect the necessary electricity to be exported to the
grid.

The sensitivity analysis emphasizes that depending on the specific case, the relative
importance of cable length and AEP can be changed. For example, if receiving a high
electricity export price the importance of optimized AEP from the wind farm increases.
If instead facing a high cost for cable and infrastructure, optimization of cable length and
installation becomes increasingly important. What can also be emphasized is that even if
the main optimization is done with regard to AEP it is important to perform a sequential
optimization of the infrastructure in order to keep the costs as low as possible. As can
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be seen in table 4.2 a decreased cable price can significantly increase the profitability of
the project.

To summarize what have been discussed regarding the financial evaluation, is it believed
to be of great importance to perform a thoroughly financial analysis to evaluate which
of the optimized layouts that can be considered optimal for a specific case. Because
of the many aspects a profitable investment is dependent on it is impossible to draw a
general conclusion regarding what is the optimal placement of the platforms. However,
the results from the original cable evaluation and this sensitivity analysis can be seen
as an indication of the complexity of optimal placement and give a basic understanding
regarding why it is of great importance to customize the optimization of a wind farm
toward the existing conditions for a specific case.

68



Chapter 6

Conclusion

Based on the results presented in chapter 4 and what have been discussed in chapter 5,
this chapter will present the conclusions drawn from the project. It will also be discussed
if the aim and objectives presented in section 1.2 have been reached and whether the
research question stated for the project can be answered.

Evaluation Against the Objectives

In order find an answer to the research question stated in section 1.2, the first objective
of the project was the "development of calculation and optimization programs to be
used for investigating the relationship between AEP and the internal positioning of
floating platforms in the wind farm". This objective can be concluded to be fulfilled by
the development of the AEP-calculation program and the optimization program. The
development of the programs is described in section 3.1 and 3.2 in the implementation
chapter. In section 4.1 some results from the programs are presented. The results and
possible applications for the programs have been discussed in section 5.1.

The second objective was the performance of a case study. The goals set up for the case
study were to

1. Compare and evaluate the AEP for the different optimized wind farm layouts and
identify the best performing solutions.

2. Compare the AEP of the best performing layouts with non-optimized and conven-
tional layouts in order to analyze the performance of the developed optimization
algorithm.

3. Investigate how uncertainties in future electricity export price and costs for inter-
array cabling could affect the feasibility of the optimized wind farm layouts.

The first goal can be said to be reached since the programs were used for comparing
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and evaluating different optimized wind farm layouts with respect to AEP in the case
study described in section 3.3. From the comparison 20 layouts were identified as best
performing and selected for further investigation. Additionally, a comparison between the
best performing layout and a conventional staggered layout was done. This comparison
indicated that the layout optimized by the developed optimization program could perform
better than the intuitively good staggered layout. Through the performance of this
investigation, the second goal can be said to be reached as well.

In order to reach the third goal, regarding the economical aspect of the feasibility of a
certain wind farm layout, the inter-array cable impact evaluation described in section
3.3.3 was conducted. This evaluation was done by first calculating the inter-array
cable length for each of the 20 best performing layouts and thereafter perform a brief
financial evaluation. Since the feasibility of a wind farm is very case dependent and the
consideration of many different aspects are of importance, it was considered difficult to
draw some general conclusions from the result of the financial evaluation. What can be
emphasized from the evaluation and the associated sensitivity analysis conducted is that
it is possible that uncertainties in electricity export price and cable length/costs could
greatly affect the feasibility of a wind farm layout. However, in order to investigate and
draw concrete conclusions regarding the magnitude of this impact a more careful analysis
needs to be performed. Since the executed evaluation is believed to be a good base for
further analysis the third objective is concluded to be at least partly reached.

Final Conclusion

The aim of achieving the objectives described above was to enable an answer to the
overall research question of the project. As stated in section 1.2, the research question of
this project was stated to be

"What is the optimal placement of floating two-turbine platforms in an offshore wind
farm with respect to AEP?"

As stated before, WFLO is a complex problem since it is non-linear and non-convex
etc. Because of this, it is close to impossible to determine what is the absolute optimal
placement of platforms. The developed programs in this project can however investigate
different solutions and evaluate what is the better option with respect to AEP. With this
said, it can be concluded that the developed programs possesses the possibility to identify
the optimal placement of platforms based on the different solutions investigated. This
implies that the results from the implementation of this project can be used to answer
the research question to some extent, even though it is not possible to conclude what is
the actual optimal placement.

Finally, it should be clarified that the optimal placement with respect to AEP does
not necessarily imply that the placement of platforms is optimal with respect to other
aspects. From what could be seen in the sensitivity analysis executed for the results of
the financial evaluation regarding electricity export price and costs for inter-array cabling,
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it was concluded that the investigated scenarios could impact the profitability of the
optimized layouts. Therefore, it should be emphasized that the optimal placement of the
platforms is highly dependent on case specific conditions and requirements. This is why it
is concluded that it is always important to perform a thorough financial analysis in order
to draw conclusions regarding what is the optimal placement of platforms considering a
specific situation.
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Future Work

Because of the complexity of the WFLO problem, there are several things that have either
been out of the scope for this project or that could be developed further. Considering
the developed programs their performance is dependent on several parts such as choice of
wake model, tuned parameters, the effectiveness of the developed algorithms etc. Because
of the amount of dependent parts, where each of them includes its own assumptions
and uncertainties, the developed programs have been built as a main structure where
it is possible to improve and replace the included parts by more advanced settings in
future studies. A selection of things that could be done as future work will be described
below.

Since the wake model constitutes the central part of calculating the AEP, it could be of
interest to investigate how the performance of the algorithm would change if implementing
another wake model than the Jensen model. Since the Jensen model is the most simplified
model, as described in section 2.2.2, there are several other more advanced models to
investigate and compare. It could also be interesting to compare the performance of
analytical and numerical models. Another thing that could be further improved is the
modelling of the wake interaction. There are several other methods to use than the sum
of squares approach used in this project and it is possible that using another approach
would improve the result. Additionally, the calculation of the intersection between a
wake and the rotor swept area described in section 3.1 has been simplified for this project.
It is believed that improvements in this calculation could also possibly improve the
result.

Regarding the developed optimization program, it is believed that the effectiveness could
be improved by further working on the included algorithms. Since this project aimed
at investigating the optimal placement of platforms, which can be done by manual
optimization, performing a thoroughly investigation regarding development of the most
time efficient algorithm have been out of the scope for this project. However, it is
believed that the program is a good base for further improvements since it is based on
promising strategies and algorithms. Investigations in how the time effectiveness of the
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optimization program can be improved is therefore proposed as future work. Decreasing
the computational time could also entail that more wind speeds could be considered
in the program which would give more accurate results. Additionally, regarding wind
speeds considered in the program something that could also be done as future work is to
investigate the used wind speed intensities more carefully.

At last, another thing that could be improved is the financial evaluation. The evaluation
for this project has only been done in order to give an indication of how the inter-array
cable length could affect the feasibility of a wind farm layout. Performing a more
thoroughly financial analysis on the results obtained from the optimization is considered
to be an important measure as future work.
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Appendix A

Existing Optimization
Software’s

In table A.1 the main features of the most widely used commercially available WFLO
software’s are presented. The software’s presented are WindFarmer, OpenWind, WindSim,
WindPRO, WAsP and WindFarm.

Table A.1. Main features for common optimization software’s.

Software Main features
WindFarmer
[62]

Optimization goal: optimize energy production. Multiple factors such as
turbulence intensity, wake effect, electrical losses, environmental and visual
impact and turbine loading are considered.

OpenWind
[63]

Optimization goal: optimize cost of energy. Included parameters are wake
effect, turbulence losses and visual impact. Electrical losses are not taken
into consideration.

WindSim
[64]

Optimization goal: maximize the profit for the wind project. This is done
by optimizing number of turbines, minimizing wake and turbulence losses
and investigating the how the terrain will affect the wind. Electrical losses
are not considered.

WindPRO
[65]

Optimization goal: maximize energy production or minimize production
loss. The optimization considers wake and turbulence losses, electrical losses,
visual impact etc. The optimization is restricted to geometrical layouts.

WAsP [66] Not an optimization tool. WAsP is used to calculate energy yield, investigate
wake losses and estimate loads in complex terrains for pre-defined turbine
coordinates. It does not consider electrical losses.

WindFarm
[67]

Optimization goal: optimize energy production or the cost of energy. Wake
losses, visual impact and different turbine models are some of the considera-
tions for this software. Electrical losses are not considered.
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Appendix B

Flowchart for Developed
Optimization Program

Figure B.1 displays a detailed flowchart over the developed optimization program.
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Appendix B. Flowchart for Developed Optimization Program

Figure B.1. Detailed flowchart over developed optimization program.
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Appendix C

Values and Notes for Tuned
Parameters

In table C.1 the values chosen for the tuned parameters in the algorithm is presented.
Additionally, notes regarding the chosen values have been included.

Table C.1. Values chosen for tuned parameters in the optimization algorithm including notes
for the decision.

Parameter Chosen Values Notes
Nvel 2 Tests performed with 1, 2 and 3 wind

speeds. No significant difference be-
tween 2 and 3 velocities was seen.
Using 2 velocities over 3 was decided
due to computational time.

Vx1,x2..xNvel
9.65 m/s & 11.4
m/s

No tests performed. The intensities
chosen is the mean wind speed at
the site and the rated wind speed for
the turbine.

Nfix 12 Tests performed with 40%, 60% and
80% kept fix. No significant differ-
ence could be seen.

iGA 5 The improvements seemed to be de-
creased for more iterations than 5.

Ftol 100 Values of 10, 100, 1000, 10000 were
tested. For tolerances larger than
10 Fmincon showed a tendency to
terminate iterations to early.
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