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Abstract 

 

As the world demand for electricity increases, power producers need to find ways 

to meet this demand in a sustainable and renewable manner. Iceland’s electricity 

production is primarily from renewable resources such as hydropower and 

geothermal power, with an increased interest in wind in recent years. Electricity 

from a wind farm works well in conjunction with hydroelectricity and is more 

easily expandable than a geothermal power plant post construction. This thesis is a 

continuation of a previous project where optimal areas for offshore wind around 

Iceland were determined. This thesis builds a case study for an offshore wind farm 

in the Faxaflói bay, north of Reykjavík, by gathering cost data, using a software 

called WAsP to create a wind resource, and determine the LCOE of the project. 

 

Two different turbines were selected and compared. For a 200 MW wind farm 

made up by 4 MW turbines, the lowest LCOE calculated was 61.80 €/MWh. After 

modeling the resource, selecting the equipment and calculating the LCOE, two 

additional methods were used to validate the cost estimates used in the first LCOE 

calculation. Results show that cost estimations for the same wind farm can vary 

significantly depending on the method used, which highlights the uncertainty 

inherent in producing reliable cost estimates for a wind farm with limited data. In 

the discussion, multiple items are mentioned that once improved upon, would yield 

a more accurate analysis. Despite the uncertainties present in this work, the results 

indicate favorable conditions for a growing wind industry in Iceland.
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Marie Lovise Ve 

Maí 2020 

 
Útdráttur 

 

Þegar eftirspurn eftir rafmagni í heiminum eykst þurfa raforkuframleiðendur að 

finna leiðir til að mæta þessari eftirspurn á sjálfbæran og endurnýjanlegan hátt. 

Raforkuframleiðsla Íslendinga er fyrst og fremst frá endurnýjanlegum auðlindum 

eins og vatnsafli og jarðvarmi með auknum áhuga á vindi undanfarin ár. Rafmagn 

frá vindmylluvinnslu virkar vel í tengslum við vatnsaflsorku og er auðveldlega 

stækkanlegt en jarðvarmavirkjun eftir byggingu. Ritgerð þessi er framhald fyrri 

verkefnis þar sem ákjósanleg svæði fyrir aflandsvindur umhverfis Ísland voru 

ákvörðuð. Þessi ritgerð byggir upp rannsókn á vindmyllu á hafinu í Faxaflóa, 

norður af Reykjavík, með því að safna saman kostnaðargögnum, nota hugbúnað 

sem kallast WAsP til að búa til vindorku og ákvarða LCOE verkefnisins. 

 

Tvær mismunandi hverfla voru valdar og bornar saman. Fyrir 200 MW vindorku 

sem samanstendur af 4 MW hverfla var lægsta LCOE reiknað með € 74 / MWst. 

Eftir að búið var að móta auðlindina, velja búnaðinn og reikna út LCOE voru tvær 

aðferðir til viðbótar notaðar til að staðfesta kostnaðaráætlun sem notuð var í fyrsta 

LCOE útreikningnum. Niðurstöður sýna að kostnaðaráætlun fyrir sama vindstöð 

getur verið mjög breytileg eftir aðferðinni sem notuð er, sem dregur fram óvissuna 

sem fylgir því að framleiða áreiðanlegar kostnaðaráætlanir fyrir vindstöð með 

takmörkuðum gögnum. Í umfjölluninni eru mörg atriði nefnd sem einu sinni bætt, 

myndi skila nákvæmari greiningu. Þrátt fyrir óvissuþætti sem fylgja þessari vinnu 

benda niðurstöðurnar til hagstæðra skilyrða fyrir vaxandi vindiðnað á Íslandi.
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Chapter 1 

1Introduction 

According to BP’s Statistical Review of World Energy, only 3.2% of the world’s primary 

energy consumption in 2016 came from a renewable source, excluding hydroelectricity [1]. 

This share rose to 10% if hydroelectricity when considering but was nevertheless shadowed 

by the 85.5% that encompassed fossil fuel consumption. As the world seeks cleaner energy 

sources, the share of fossil fuel consumption should decrease. At the same time, the 

International Energy Outlook for 2016 predicts that the global energy consumption will 

increase by 48.0% from 2012-2040 [2]. Therefore, as energy demand rises, growth in 

renewable resources must outpace any growth in fossil fuel resources developed, and 

reliance on fossil fuels for transportation must decrease. With more than 750 000 electric 

vehicles sold in 2016, and digital technologies becoming less expensive and ubiquitous, 

electricity is expected to take a larger share of the total primary energy consumption [3]. 

On a global scale, wind power accounts for a small but growing share of electricity 

production, with notable countries leading the way with regards to increasing the proportion 

of wind in their electricity generation mix. For example, Denmark produces around 50% of 

its electricity from wind [4], and Spain covered 20% of their electricity needs in 2016 from 

wind [5].  

A major challenge of integrating higher proportions of wind is managing resource 

intermittency while maintaining instantaneous power balance between generation and 

consumption. New projects require the consideration of power system challenges that occur 

with high wind penetration, both locally and nationally, and each project must be planned 

and modeled as precisely as possible. Moreover, choosing a location for a wind farm requires 

bearing in mind distances from promising wind resources to local transmission 

infrastructure.  

Within the wind industry, challenges are overcome, and projects are developed due to 

the numerous reasons that make wind worth pursuing. Not only is wind a “green” industry, 

but according to a study from 2010, the World Resources Institute estimates that wind power 
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produces 55% more jobs than coal and natural gas-fired power, and 21% more jobs than 

nuclear power, on a kilowatt-hour basis [6]. In addition, a report published by the 

Environmental Defense Fund in 2017, states that the wind industry in the US has been 

creating jobs 12 times faster than other industries [7]. Offshore wind in Europe is also on 

the rise, according to WindEurope – 2017 was a record year with 3.1 GW of new capacity 

installed, double that of 2016, and 4% higher than the previous record from 2015 [8].  

When it comes to energy and electricity, Iceland is regarded by many as one of the most 

renewable countries in the world. Orkustofnun, the National Energy Authority of Iceland, 

states that the country’s electricity generation is dominated by hydropower with 71% and 

geothermal power with 28.9% [9]. Back-up diesel generation and wind power make up the 

remaining 0.1%. In the future, wind power in Iceland could be used in combination with 

hydropower to make up for the annual variations in water flow, as the cycle of wind has the 

exact opposite phases. 

1.1 Project Motivation 

During the spring of 2017, four students (the author included) of Iceland School of 

Energy worked with the Landsvirkjun, National Power Company of Iceland, for an 

internship project. The objective was to quantify the potential for offshore wind power 

around Iceland. This thesis builds upon on the results from the internship project. As such, 

a summary of the internship project is given below. 

Three main topics were addressed: global offshore wind turbine development, offshore 

wind resource mapping, and the economic feasibility of offshore wind in Iceland. After 

having looked at the global trends in the offshore wind industry, a type of turbine and 

foundation were chosen based on popularity and suitability. On a cost basis, the Siemens 

SWT-4.0-130 turbine was chosen, along with a monopile foundation. In order to map out 

the suitability for a wind farm around Iceland, a multi-criteria decision analysis (MCDA) 

was conducted. The following steps were taken: 

 

• The region of interest was defined 

• Restricted areas were defined, and data were gathered 

• Score ranges for each criterion were chosen 

• Results were analyzed and interpreted 

 

In this preliminary analysis, three main criteria were selected. Wind energy was 
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considered, for optimal power production. Water depth was also considered due to the 

correlation between seabed depth and foundation cost. Finally, distance to shoreline was 

also considered due to the cost associated with building and maintaining transmission 

infrastructure at greater lengths. After weighting these criteria against each other and 

combining the data into one ArcMap file, the results were obtained and are shown in Figure 

1.1, below. 

 

 

Figure 1.1: Map of Iceland showing the suitability for offshore wind farms. The higher the score, the better the 

location. Here, the five best locations are lettered from A-E [10]. 

 

The results show three promising locations – A, C, and D. Location B was eliminated 

due to it being in an environmentally protected area, and location E was eliminated because 

the slopes of the seabed were too steep, and the data for that area had greater uncertainty. 

Table 1.1 shows site statistics for the three final locations. 

Table 1.1: Site statistics for the three most suitable wind farm locations. 

Name of area Size of area 

(km2) 

Min depth 

(m) 

Max depth 

(m) 

Distance to 

shore (km) 

Westfjords (A) 140 43 66 70 

Reykjavik North (C) 55 18 39 60 

Vestmannaeyjar (D) 25 18 38 40 
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A preliminary investigation into the levelized cost of electricity (LCOE) was conducted 

for sites C and D, with a hypothetical farm size of 100 MW for both sites. A 400 MW farm 

was also analysed for site C, to show the effect of economies of scale. Location A was not 

included in the LCOE analysis because it is too far away from a strong grid connection point 

and from major load centers. To calculate the LCOE, the main cost components were 

estimated using multiple academic studies and reports from existing wind farms. Costs 

include turbine and foundation cost, substation and cable cost (both infield cables and export 

cables), insurance and contingencies. Table 1.2 shows the result for the LCOEs. 

 

Table 1.2: LCOE for the hypothetical wind farms. 

 Vestmannaeyjar  

100 MW 

Reykjavik North  

100 MW 

Reykjavik North  

400 MW 

LCOE (€/MWh) 126 131 102 

 

 

The operating life for each wind farm was assumed to be 20 years with a discount rate 

of 10%. The LCOEs calculated were higher than established wind farms, which indicated 

that conservative assumptions were used. It is thus expected that LCOE would decrease with 

a more detailed study. Further, technology costs are expected to decrease over time, as the 

industry has already experienced tremendous cost reductions since Vindeby, the first 

offshore wind farm in the world. 

Building on the previous work mentioned above, this thesis aims to provide a more 

detailed understanding of the possibility of offshore wind farms in Iceland. This thesis will 

expand on the Reykjavik North location, the Faxaflói Bay. A feasibility study of a wind farm 

will be conducted for this site. The wind farm will be sized at 200 MW, as this is similar to 

other energy projects in Iceland, other wind farms around the world, and large enough to 

support a new consumer base. The focus of this research is on the wind conditions and 

economic factors related to the proposed Faxaflói wind farm. Environmental factors are not 

a major research focus, though a discussion on the topic is presented in Chapter 5. 

First, the general theory and history of wind energy and offshore wind is presented, along 

with the wind conditions in Iceland. The economics of offshore wind is then presented, 

followed by an introduction to the software, WAsP, that is used to design the layout of the 

wind farm. This is followed by a detailed description of the methods used. The results of the 

wind resource assessment and the economic analysis are shown, followed by a discussion. 
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Chapter 2 

2Background 

This chapter aims to describe the fundamentals of wind power, both onshore and 

offshore, as well as an introduction to the wind conditions in Iceland, and the economics of 

offshore wind, followed by an introduction to WAsP. 

2.1 History and Fundamentals of Wind Power 

Extracting power from the wind is not a new concept. Over the passing centuries, humans 

have found multiple ways of utilizing wind power, be it through sails on ships, or windmills 

to grind grains and pump water. Direct mechanical power was the only option until the 

Scottish Professor, James Blyth, invented the first ever wind powered electricity generator 

in July of 1887 [11]. Shortly after, Denmark became the first country to use wind for 

electricity production. By 1910, the country had several hundred turbines in operation that 

ranged in capacity from 5 to 25 kW  [12]. Due to the popularity of steam turbines and diesel 

engines for their ease of transport during the two world wars, the development of the wind 

industry slowed to a halt. After World War II however, several countries such as Denmark, 

France, Germany, the US and the UK began working to improve the efficiency of wind 

turbines [13]. 

2.1.1 The Turbine 

Throughout the years, several different versions of a wind turbine have emerged, 

including both vertical axes and horizontal axes designs. In large part, vertical axis wind 

turbines (VAWT) have not caught on and been commercialized on the same level as 

horizontal axis wind turbines (HAWT). The fundamentals of wind power will therefore be 

presented from a HAWT point of view. Figure 2.1 shows a sketch of a typical turbine, 

without specifying the number of blades.  
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Figure 2.1: Horizontal axis wind turbine (HAWT). To the left: sideview of a turbine. To the right: front view 

showing the circumference of the windswept area, without specifying the number of blades. 

 

Main components of a wind turbine are as follows [14]:  

 

• Tower – Tall construction to help the rotor reach more stable wind speeds. 

• Rotor – Large blades (usually three) that take advantage of aerodynamic lift 

forces in the wind to turn kinetic energy into mechanic energy. 

• Nacelle – Attached to the top of the tower. The nacelle contains the main 

technical parts such as the gearbox, generator and power converter. 

 

Most turbines have 3 blades, though versions with both one and two blades exist. 

Generally, the two-bladed turbines are cheaper to make because they require less material, 

though they do not fare as well when it comes to aerodynamic efficiency. Most two-bladed 

turbines are downstream turbines, meaning the rotor is downwind and not facing the wind. 

This causes them to be noisier than regular, upstream turbines, as the tower passage is heard 

as a low frequency noise. Upstream, three-bladed turbines rotate slower and appear calmer. 

The rotor has undergone significant development since the first modern wind turbine, which 

had blades with airfoils designed for aircraft, and were not optimized for the high angles of 

attack used in the beginning [13]. 

The layout and design of the nacelle varies with the different types of turbines and turbine 

producers. A simplified schematic of the interior of a nacelle can be seen in Figure 2.2. 
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Figure 2.2: Simplified layout of the nacelle. A: gearbox, B: generator, C: power converter. 

 

The gearbox (A) converts the low rotational speeds of the rotor into the higher speeds 

needed to drive the generator (B). The generator converts the mechanical energy from the 

rotors into electrical energy. If a synchronous generator is used, then a power converter (C) 

is needed. If instead an induction generator is used, then a direct grid connection can be 

made. Some components that are not included in the figure are [15]: 

• Yaw system: The mechanism that rotated the nacelle around the axis of the tower 

to ensure the rotor always faces the wind. 

• Pitch system: The mechanism that adjusts the rotor blades to make best use of 

the prevailing wind. 

• Brake system: When required, the disc brakes can bring the turbine to a halt. 

 

Gearboxes are not necessarily a requirement when designing a wind turbine, with 

Enercon’s E-70 turbine as an example of a turbine without one [16]. This direct drive system 

is expected to increase the lifespan of a turbine, due to fewer rotating parts than found in 

turbines with gearboxes, which reduces mechanical stress on the system. When using the 

direct drive system, the rotor hub is directly connected to an annular generator, which is a 

low speed, synchronous generator, and needs to be coupled with a power converter before a 

grid connection can be made. 

Technology evolution within the wind industry has primarily been driven by Europe and 
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its space constraints, where taller turbines allows for the exploitation of sites that would 

otherwise be deemed unfit [17]. The constant need for better performing turbines has 

resulted in a wide range of turbine varieties, which makes it easier to optimize a wind farm 

to the specific site conditions. Rotor diameters are becoming larger and larger, as can be 

seen from Figure 2.3, which was developed by the International Renewable Energy Agency 

(IRENA). 

 

 

Figure 2.3: Evolution of capacity and weighted average rotor diameter for turbines in commissioned projects 

between 2010 and 2016 [17]. 

2.1.2 Wind as a Resource 

Wind turbines produce electricity by transforming the kinetic energy in the wind into 

mechanical energy, which in turn will run a generator. In doing so, the downstream wind 

will contain less energy than the upstream wind. Theoretically, the maximum power 

available (Pmax) could therefore be obtained when the downstream wind speed is reduced to 

zero. This can be shown by the equations 2.1 and 2.2, as established in [18], [19] and [20]: 
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 𝑃 =
1

2
�̇�𝑉𝑜

2        (2.1) 

 

Here, P is the available power, �̇� is the mass flow, Vo is the wind speed. A variation of 

this equation includes the density of the air , and the windswept area measured 

perpendicular to the direction of the wind, A: 

 

𝑃 =
1

2
𝜌𝐴𝑉𝑜

3         (2.2) 

 

From this equation, it is clear that the wind speed is key for maximum power 

production, as P increases with the cube of the wind speed, not linearly as it does with 

density and area. It is therefore essential to measure wind speeds over a long period of time 

to map the real potential of a site, as this has a much greater impact on power production 

than increasing the windswept area. 

Reducing the downstream wind to zero is impossible to do in practice, meaning there 

will be a ratio of the power obtained and the maximum power available incorporated into 

the equation. This ratio is called the power coefficient and is denoted by CP. German 

physicist Albert Betz proved that the maximum amount of the kinetic energy that can be 

converted into mechanical energy when using a turbine is 59.3% (or 16/27) [21]. Known 

as Betz’ law, or Betz’ limit, this rule is accepted and considered common knowledge in the 

wind industry. Modern wind turbines are approaching this limit, with a CP up to 0.5 [12] 

[13]. Incorporating the power coefficient into equation 2, gives: 

 

𝑃 = 𝐶𝑃
1

2
𝜌𝐴𝑉𝑜

3     (2.3) 

 

This is the core equation when working with wind and will be incorporated into all 

analyses on some level. 

Fatigue in turbines primarily arises due to the thrust, or axial forces, it experiences. 

Thrust is related to the losses of kinetic energy of the flow, and the coefficient of thrust, Ct, 

is therefore often included when describing turbines. Ct can be explained by the following 

equation [22]:  

  

𝐶𝑡 = 2 
𝐴𝑤

𝐴
(1 −

𝑉𝑤

𝑉0
)

𝑉𝑤

𝑉0
    (2.4) 

Where Aw and Vw are the cross-section of the area and the wind speed of the wake, 

respectively. 
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2.1.3 Wake Effect and Wind Farm Layout 

Wind turbines operate in the lowest region of the atmospheric boundary layer, and the 

characteristics of the atmosphere, such as wind speed and turbulence levels, will affect the 

behavior of the wind. After the wind has blown past a turbine, and the turbine has extracted 

a certain amount of energy from it, the downstream wind is the resulting wake. There are 

two main effects found in the wake: The wind speed is reduced, and the turbulence is 

increased. However, as the wind continues behind the turbine, the flow will gradually return 

to its free stream conditions [23]. It follows then that if the turbines are placed too close to 

each other in the prevailing wind direction, the wind will not have had enough time to 

recuperate, and the second turbine will produce less than the first, and so on. Designing the 

layout of a wind farm is therefore very important, as it is the only way to minimize the wake 

effect, which will in turn maximize the energy output and lifetime for the turbines [24]. 

Many models have been developed, with varying complexity, that describe the wake 

within a wind farm. Making the model exact is a complicated task which requires many 

parameters that are not readily available [23]. Due to this lack of required data, this area is 

outside of the scope of the project. The literature suggest as a rule of thumb that the space 

between the turbines tend to be between 3-12 turbine diameters, where the downstream 

distance needs to be the longest to ensure recovery of the wind [25] [26]. 

2.1.4  Roughness  

Wind speed is affected by the surface on the ground through something called roughness 

or roughness length, denoted by z, which creates turbulence. The higher above ground level, 

the smaller the influence the ground has on the wind, and the smoother the flow of the wind 

is. Wind is affected by buildings, hills, and mountains, as well as by trees, bushes and large 

rocks, all of which will have higher roughness lengths than smoother areas, like large bodies 

of water, sand plains or fields of grass. A high roughness class of 3 to 4 refers to landscapes 

with many trees and buildings, while a sea surface is in roughness class 0 [27].  

 

Wind speed at certain heights above ground level can be calculated if a reference wind 

speed and height is known. The equation is as follows [27]: 

 

𝑉 =  𝑉𝑟𝑒𝑓

𝑙𝑛 (
ℎ

𝑧
)

ln (
ℎ𝑟𝑒𝑓

𝑧
)
       (2.5) 
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Where V is the wind speed at height h, Vref is the reference speed at the reference height 

href, and z is the roughness length in the current wind direction. 

 

2.2 Offshore Wind 

Moving the wind industry offshore is considered by many a natural step to take. As most 

of the world’s biggest cities are situated along the coast, moving the production offshore 

could minimize the need for long distance transmission lines and infrastructure, and 

subsequently minimize losses. Due to the uniformity of the ocean, there is less friction, 

which will reduce the amount of turbulence in the wind and reduce the fatigue loads on the 

turbines [28]. Less turbulence also leads to more stable and stronger wind speeds at lower 

altitudes than found onshore, which would increase power production [29]. In addition, areas 

suitable to support a wind farm onshore are becoming scarcer. Therefore moving the farms 

offshore, avoids the issue of land availability while simultaneously eliminating the issue of 

visual impact and noise, often experienced by neighbors [30]. This also allows the turbines 

to be built bigger for even more power production. 

Developments in the offshore wind industry are recent, compared to how long the wind 

has been exploited. The world’s first offshore wind farm is already retired after 25 years of 

service. DONG Energy’s (now Ørsted) Vindeby was a small farm, consisting of 11 turbines 

with a total rated capacity of 4.95 MW [31]. Compared to modern wind farms Vindeby is 

almost miniature sized, but it has been key in understanding the way the sea interacts with 

and affects the turbines. The scale with which the industry has grown becomes evident when 

Vindeby is compared to one of Ørsted’s newest projects: Hornsea Project One. During the 

25 years, Vindeby provided electricity for around 3500 households, whereas Hornsea 

Project One will provide electricity for almost 900 000 British homes [32]. 

2.2.1 Foundations for Offshore Wind Turbines 

Offshore turbines differ from onshore turbines mainly in the foundation used. Generally, 

the same turbines can be used, though offshore turbines tend to be bigger simply because 

there is more room. Foundations for offshore turbines often make up more of the total 

construction cost than it does for onshore turbines, especially as wind farms are built in 

deeper seas. It is vital to secure the turbine to the bottom of the ocean, so the foundation 

needs to be long enough to reach the seabed and secure enough to withstand waves, strong 
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wind gusts and the torque from the turbines. Traditionally, these foundations are solid 

structures directly connected to the seabed, however, several versions of floating 

foundations have been developed recently. Statoil developed a demo turbine in 2009, and 

the world’s first floating wind farm, Hywind Scotland Pilot Park, was fully commissioned 

and started producing electricity in 2017 [33] [34]. Various types of foundations are shown 

in Figure 2.4, below. 

 

 

Figure 2.4: Different types of foundations for offshore wind turbines. Fixed structures to the left (a-e) and 

floating structures to the right (f-i) [35]. 

 

The types of foundations are explained well by Koh and Ng in their paper Downwind 

offshore wind turbines: Opportunities, trends and technical challenges, and can be 

summarized as such: 

2.2.1.1 Fixed Structures 

a) The monopile is the most common foundation type used in the North Sea. Either 

concrete or steel is used for the tube, that is drilled up to 25 m into the seabed, making 

it the cheapest and simplest solution in most cases.  

b) If the seabed is dredged and leveled, a gravity-based foundation can be used at 

depths between 0-25 m. It uses its own weight to anchor the turbine and is usually 

made with reinforced concrete as ballast. 
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c) Depths around 20-50 m are where the jacket structure is best suited. Inspired by the 

technology used in the oil and gas industry, it is made up by tubular steel in a three 

or four-legged lattice structure. 

d) The tripod is a lightweight structure with the entire frame submerged in water, which 

ensures good stability and system stiffness. This three-legged steel structure is new 

to the industry and has been used for depths between 20 and 50 m. 

e) In what seems to be a hybrid of the tripod and monopile, the tripile is one of the most 

recent schemes, and is notably used in the Bard Offshore 1. The steel frame itself is 

above water level, with the three legs reaching down and into the seabed. Tripiles are 

best suited for depths between 30 and 50 m. 

2.2.1.2 Floating Structures 

Floating structures provide advantages at water depth in excess of 50 m. At this depth, 

the cost of fixed structures become too high to justify building. Floating structures provide 

a cost-sensitive alternative at such depths, though projects at these depths remain more 

expensive. Floating structures are presently very early in the development stage, with only 

one full scale demo park built. The following types have been used for testing so far: 

f) Statoil’s Hywind demo park uses the spar buoy or floater. Usually a long steel 

structure connected to the seabed by anchors and catenary mooring lines. The system 

is stabilized at the base, while the buoyancy force keeps the structure upright.  

g) The tension-legged platform is a partially submersed floating platform that is 

anchored to the seabed via a line or a slim tension rod. It is important to ensure the 

buoyancy force is strong enough to support the turbine and maintain the tension in 

the rod or line. 

h) This is also a tension-legged platform, but with three legs instead of just one. 

i) A semi-submersible framework is stabilized by columns that provide buoyancy, 

arranged in either a rectangular or triangular pattern. Like all floating foundations, it 

is kept in place by catenary mooring lines. 
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2.3 Wind Conditions in Iceland 

In 2014, the Icelandic Meteorological Office (Veðurstofan) published a paper in 

cooperation with the Technical University of Denmark and the University of Iceland where 

the aim was to determine the large-scale wind energy potential of Iceland using downscaling 

simulations. Though the paper focuses on onshore wind conditions, it gives an idea of what 

to expect. Some of the main findings were that the power density in winter at 50 m above 

ground level (mAGL) varies between 300-1500 W/m
2
 [36]. As shown in Figure 2.5, Iceland 

is generally quite windy, and even more so in the highlands during wintertime.  

 

 

Figure 2.5: Seasonal wind speed averages across the country at 50 and 100 mAGL [36]. 

 

It is important to keep in mind while looking at averages, that two locations which have 

the exact same seasonal average may have very different distributions of wind speed. One 

location may have wind speeds fluctuating close to the average, whereas another location 

could have predominantly low wind speeds, but experience extreme winds during storms 

that would erroneously make the average look favorable. The actual available power would 

be considerably lower in the latter case, due to the wind speed rarely being between the cut-

in and cut-out speeds of wind turbines. Considering this, locations of interest will have to be 

evaluated at higher time series resolution.  
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2.3.1 Wind Power in Iceland 

Historically, electricity generation from wind in Iceland was limited to miniature 

turbines used off-grid at farms and summer cottages. IceWind is a local company that 

specializes in smaller solutions for houses and cottages as well as providing electricity for 

telecom and surveillance towers [37]. 

In December 2012, Landsvirkjun erected two research turbines in the area of Hafið, near 

the existing Búrfell hydropower station [38]. The turbines are the direct drive model, 

Enercon E-44. The turbines have a capacity of 900 kW each and are able to produce up to 

5.4 GWh annually, together. Normally, turbines are located near the shoreline or at sea, 

where the wind tends to be stronger and steadier than inland, but Landsvirkjun wanted to 

experiment with the Icelandic highlands and the surprisingly steady wind found there. The 

main objective of these two turbines is to gain operational experience with how they respond 

to the Icelandic climate. Landsvirkjun does not expect icing to be a problem but will closely 

monitor the possibility of icing at altitudes between 250-270 meters above sea level. Another 

important aspect Landsvirkjun wants to research is the affect the turbines will have on birds 

and wildlife, as well as the impact snow, ash and soil erosion will have on the turbines. Both 

turbines are connected to the grid via an 11-kV underground cable to minimize the 

environmental impact.  

Landsvirkjun is currently developing and finalizing the plans for a 200 MW wind farm, 

the Búrfell wind farm, where they already these two research turbines [39]. Several versions 

of the plan have been presented in an extensive environmental impact assessment study, 

where access tracks, temporary construction compounds, crane hard standings and an 

electrical control building along with associated infrastructure are all included. Lava and 

sand plains dominate the proposed 40 km2 area for what would be Iceland’s first grid 

connected wind farm. Because of the adjacent mountain ranges, a wind tunnel is created in 

the proposed area, and the vast, sandy plains create a low friction environment, meaning the 

wind conditions are near those found offshore. This has resulted in a high capacity factor 

greater than 40% for the research turbines, and preliminary calculations show it is expected 

to reach an average of 50% for the entire wind farm [40]. 

The Icelandic Meteorological Office has stated that wind should be seriously considered 

as a source of electricity in Iceland. Since conditions onshore are so favorable, offshore has 

not yet been a priority in the country. 
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2.4 Economics of Offshore Wind 

Investments in research and development, combined with increased utilization has 

significantly reduced the cost of building an offshore wind farm.  As an example, in 2016, 

Vattenfall won the lowest bid for a new 600 MW wind farm in the Baltic Sea, with 49.9 

€/MWh [41]. In March 2018, the Dutch Ministry of Economic Affairs announced that 

Vattenfall also won the right to build a 700 MW wind farm in the Dutch part of the North 

Sea and will be among the first to ever do so subsidy-free [42]. This demonstrates the rate 

at which a technology can evolve when research and development is devoted to the 

advancement of said technology, along with changes in energy policy. 

Though ample research is being done on technology optimization for the offshore wind 

industry, profitability for each project remains a challenge, with arguably more uncertainty. 

Multiple factors take part in the uncertainty of a profitability assessment, including: 

 

• The fluctuating competitiveness found in the supply chain. 

• The volatile prices of commodities. 

• The different years and at different currencies in which prices are given. 

• The differing conditions of the seabed in different areas, which affect the 

foundation price for each case. 

• The variable distance to shore for each project, which affects the price of 

transportation of materials and the price of transmission. 

 

A. Gonzalez-Rodriguez has gathered data available for the most important economic 

factors in offshore wind farms in his paper Review of offshore wind farm cost components, 

found in ref [43]. These data cover the design and project management, procurement and 

installation of wind turbines and their respective foundations, procurement and installation 

of electrical infrastructure, operation and maintenance, and decommissioning of a wind 

farm. Gonzalez-Rodriguez obtained data from 4C Offshore, a consultancy and market 

research organization which targets the offshore energy market. In their study, inflation has 

been considered and the prices have been normalized and presented as the 2016 Euro. Figure 

2.6 shows the capital expenditure (CAPEX) per MW for commissioned offshore wind farms 

between 2000 and 2016.  
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Figure 2.6: The graph shows the investment (in 2016 euros) per MW for commissioned offshore wind farms in 

this time period. Wind farm capacity is represented by the size of the bubble [43]. 

 

At first glance, there is an increase in investment cost per installed capacity. This goes 

against the concept of economies of scale, which says that an increase in production should 

lead to a decrease in price. Furthermore, improvements in technology and learning curves 

also suggest a decrease in price should occur, though this contradictory phenomenon could 

be explained by the exploration of deeper waters, greater distances from ports, larger 

turbines, increased commodity prices and a higher demand for offshore wind supplies. The 

increase in distance from port and average water depth is shown in Figure 2.7, developed by 

IRENA in their report Renewable Power Generation Costs in 2017. According to IRENA, 

the reason larger turbines and longer blades are becoming more popular, is to help increase 

the capacity factor for offshore wind farms. In addition, larger turbines could help decrease 

installation cost as fewer turbines are needed, and less space would be needed to produce 

the same amount of electricity.  
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Figure 2.7: Graph showing the water depth vs. distance from port for commissioned offshore wind farms in the 

years 2001-2015 [17]. 

 

The National Renewable Energy Laboratory (NREL) describes in their 2016 Cost of 

Wind Energy Review, the cost breakdown of wind farms both onshore and offshore. The data 

for NREL’s CAPEX analysis were gathered from the American Wind Energy Association’s 

project database and supplemented with outputs from their own models of wind farm cost 

components. Due to the lack of data from offshore wind farms being built in the US in 2016, 

offshore wind data were collected from global offshore projects and normalized into the 

2016 US dollar for comparison purposes. The results can be seen in the figures below. Figure 

2.8 shows a pie chart of the capital expenditures for a reference fixed-bottom offshore wind 

farm. 
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Figure 2.8: CAPEX for a reference offshore wind farm with a fixed-bottom structure [44]. 

 

As can be seen from the figure, the three main cost components are turbine costs, 

financial costs and balance of the system. The same components apply to an onshore wind 

farm, but as can be seen from Figure 2.9, the ratios are notably different. 

 

 

Figure 2.9: CAPEX for a reference onshore wind farm [44]. 
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For the onshore wind farm, turbine acquisition makes up most of the CAPEX with 

67.3%, whereas for the offshore wind farm the turbine is only 32.9% of the total CAPEX. 

The explanation is straightforward, as the foundation, substructure and installation of an 

offshore turbine require far more time and resources. During the installation phase, price 

reductions can be achieved if parts are assembled onshore and towed as a whole. This would 

reduce the number of highly specialized vessels needed, thus reducing the cost associated to 

vessels, labor and logistics. 

2.4.1 Levelized Cost of Electricity 

A well-known and widely used method for comparing average generation costs different 

technologies that produce electricity or energy is the levelized cost of electricity/energy 

(LCOE) method. It considers the total investment, yearly cash-flow and the total amount of 

electricity produced during the project’s lifetime in order to determine the minimum price 

the electricity can be sold for to break even, e.g. €/MWh. The lifetime ranges typically 

considered are from 10 to 40 years [45]. The equation is as follows: 

 

𝐿𝐶𝑂𝐸 =
∑

𝐼𝑡+𝑂𝑀𝑡
(1+𝑟)𝑡

𝑁
𝑡=0  

∑
𝐸𝑡

(1+𝑟)𝑡
𝑁
𝑡=1

                    (2.4) 

 

LCOE  = Levelized cost of electricity 

N  = The economic lifetime of the project/power plant 

It  =  Investment expenditures in the year t 

OMt  =  Operations and maintenance expenditures in the year t 

r   = Discount rate 

 

For electricity generation with fuels, it is necessary to add yearly fuel expenditures to the 

investment and operations and maintenance, depending on for what type of power plant the 

calculation is being done. Offshore wind farms do not have any fuel expenditures but should 

include maintenance costs as well as decommissioning costs during the last year of its 

economic life. The higher the quality of the data is, the higher the quality of the LCOE 

estimations will be. In ideal conditions, detailed knowledge about the prices of commodities 

and services combined with highly accurate production estimates are available, though in 

practice there are significant uncertainties in said data. Obtaining reliable and accurate public 

data can be challenging, as companies typically work under confidentiality agreements. As 



2.5 WASP  21 

  

well, the LCOE is highly sensitive to the discount rate that is assumed. Moreover, regional 

policies and government incentives are important to consider, as subsidies, tax credits and 

sales of guarantees of origin could be additional sources of revenue and/or a reduction in 

CAPEX. 

2.5 WAsP 

WAsP (Wind Atlas Analysis and Application Program) was developed by the Danish 

Technical University (DTU), Wind Energy Department. It has been the industry standard 

for over 25 years when it comes to wind resource assessment, siting and energy yield 

calculations for wind farms and single wind turbines. According to their own website, it is 

used for [46]: 

 

• Calculating wind farm production 

• Modeling wake effects 

• Micro-siting of wind turbines 

• Estimating wind power potential 

• Wind resource mapping 

• Wind climate estimation 

• Wind atlas generation 

 

The software has models that characterize the wind flow over various terrains, models 

for wind farm wake effects as well as a stability model for heat flux conditions. For very 

complex and steep terrain, an external CFD model can be made available when horizontal 

and vertical extrapolations are needed, though the built-in model performs well for flat to 

somewhat complex terrain. Elevation in the terrain is derived from space shuttle data, and 

data for other factors such as sheltering obstacles and land cover is extracted from Google 

Earth satellite images, topographical maps and databases.  

Multiple steps must be taken to calculate the net annual energy production (AEP). The 

general process can be listed as such: 

 

1. Time series of wind speed and direction is made into an observed wind climate 

(OWC). 

2. OWC is combined with the met. mast site description to create the generalized 

wind climate, or wind atlas.  
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3. The generalized wind climate is combined with the desired location and site 

description, which results in a predicted wind climate (PWC). 

4. Characteristics of the wind turbine generator (WTG) is combined with the PWC 

to produce gross AEP for a single turbine. 

5. Combining WTG characteristic, PWC and the layout of the wind farm lets WAsP 

calculate wake losses. 

6. Subtracting wake losses from gross AEP results in net AEP. 

 

WAsP’s algorithm for calculating mutual wake effects between turbines in a wind farm 

is based on an EWEA conference paper [48], and uses the flow model shown in Figure 2.11 

to calculate turbine output. 

 

 

Figure 2.10: Drawing that illustrates the wake effect flow model WAsP’s calculations are based on. 

 

Wind speed loss between turbines T0 and T1 is calculated using the following equation 

[48]: 

 

𝛿𝑉01 = 𝑈0(1 − √1 − 𝐶𝑡)(
𝐷0

𝐷0+2𝑘𝑋01
)2 𝐴𝑜𝑣𝑒𝑟𝑙𝑎𝑝

𝐴1
(𝑅)    (2.5) 

 

Where 𝛿𝑉01 is the wind speed deficit, U0 is the undisturbed wind speed at T0, Ct is the 

thrust coefficient, D0 is the rotor diameter for T0, k is the wake decay constant which is set 

to 0.04 for offshore calculations, A is the area as shown in figure 2.3, and X01 is the distance 
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between turbines 0 and 1. The thrust coefficient is related to the thrust force FT, and air 

density 𝜌 in the following manner: 

 

𝐶𝑡 =
2𝐹𝑇

𝜌
𝜋

4
𝐷0

2𝑈0
2             (2.6) 

 

The WAsP software bundle includes multiple programs needed to execute a successful 

analysis. WAsP Map Editor converts the available maps into vector maps, where the user 

can edit the orography and roughness lines to best match the real situation and export it as a 

file readable by the main WAsP program. Wind data needs to be imported to the WAsP 

Climate Analyst, where the coordinates are incorporated, and it is recommended to use a 

minimum of 4 years’ worth of data. This is done to make sure the data better represents the 

average year, because if data from only one or two years were to be used, the interannual 

variability would not be accounted for. The years when the measurements were made could 

be particularly bad years and would not represent the average year over the wind farm’s 

lifetime. From this, a generalized wind climate can be extracted and imported to the main 

WAsP program. Separate files also need to be created for specific wind turbines in the 

Turbine Editor program before they can be used in the final analysis. A more detailed 

description on how WAsP works can be found in ref [49].  
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Chapter 3 

3Methodology 

With the background and literature review presented, this chapter will cover the 

methodology used in this research. Figure 3.1 shows a flowchart with every step taken to 

get to the results, and the following section will explain each step, in detail. 

 

 

Figure 3.1: Flow chart showing the iteration method used in this thesis, step-by-step. 

 

First, wind data, maps and turbine data were processed. Two versions of a 200 MW wind 
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farm were created each with a different turbine: One farm with a 4 MW turbine, and one 

farm with a 2 MW turbine. A WAsP analysis was run for both farms and the results were 

put into an LCOE analysis in order to determine which turbine would be the better choice 

for the next round. After having selected the best turbine, multiple different layouts were 

made, and the electricity production results for each were incorporated into a second round 

of LCOE analyses, in order to find the best price. Additionally, two other methods of 

estimating costs were introduced and compared to the main method as a way of verifying 

the results. 

3.1 Wind Data 

Data acquisition for this project should be credited the Icelandic Meteorological Office 

(IMO). IMO has been using HARMONIE, a high resolution, non-hydrostatic, convection-

permitting, numerical weather prediction model, since 2011 and operates it with a grid-point 

spacing of 2.5 km covering Iceland and the seas around the island. In order to do this, the 

model includes factors such as temperature, air pressure, wind, water vapor, clouds, 

precipitation and surface interactions on land and ocean. The start, or initial time, of a model 

needs a specific description of the atmosphere, which is called the analysis, according to 

IMO. The model is first run as a test, where the simulated results will be checked with actual 

factors for Iceland and any mistake will be corrected before it is run again. Using a 2.5 km 

resolution allows HARMONIE to simulate some important processes such as air parcels 

moving vertically, which improves the simulation of vertical velocity and updrafts. 

Meteorological phenomena related to updrafts and downdrafts, such as sharp weather fronts, 

mountains waves and orography in general that affects the atmospheric flow, is better 

simulated at the 2.5 km resolution [50]. 

Reanalysis data was used as hourly time series covering 30 years from 01/June/1980 

00:00:00 to 30/June/2015 23:00:00 was extracted for the coordinates 64.295, -22.630 at 80 

m and 100 m above sea level. The exact location is shown in Figure 3.2, below.  
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Figure 3.2: Map of Faxaflói, with pin showing the exact location of the wind data used [51]. 

 

The time series of the 30 years is presented in Figure 3.3, below, where the seasonal 

variability within each year accounts for the highs and lows in wind speed. WASP requests 

a minimum of 4 years’ worth of data to account for seasonality and create a realistic average, 

which should be well accounted for when using data covering 30 years.  

 

 

Figure 3.3: The figure shows a plot of the wind data used, with dates on the x-axis and wind speed in m/s on the 

y-axis.  

 

WAsP works according to a similarity principle. This principle states that wind data 

gathered from a met mast can only be applied to another area if it is not too far away from 

the met mast, and the land roughness and orography are similar to that of the area 

surrounding the met mast. The similarity principle is easily applied to Faxaflói and its wind 
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data, seeing as the location is offshore where orography and roughness values are uniform 

across the entire area of interest. Before the generalized wind climate can be exported from 

the Climate Analyst, the observed wind climate needs to be imported, and any holes in the 

data need to be fixed. The observed wind climate is presented in Figure 3.4. 

 

 

Figure 3.4: Observed wind climate for the location of the wind data. The wind rose (bottom left) shows the 

prevailing wind directions are from the 30˚ and 60˚ sector. Power density is presented in yellow, and at over 

1200 W/m2 it is clear there is great potential. 

3.2 Map Processing 

A 40x40 km map was created in the Map Editor around the coordinates for the wind 

data. The map is of the Universal Transverse Mercator (UTM) conformal projection of the 

Northern hemisphere, datum WGS-1984, and in Zone 27. Orography lines did not need to 

be added, as there are no height changes at sea. Roughness values, on the other hand, need 

to be assigned to the boundary lines. WAsP requires water surface roughness lengths to be 

registered as z = 0.0 m, even though the actual roughness length is z = 0.0002 m. When 0 m 

is given, WAsP automatically recognizes it as water and will use z = 0.0002 m in all 

calculations.  
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3.3 Turbine Selection 

When selecting the right turbine for the right site, it is important to be aware of the 

different wind classes as decided by the International Electrotechnical Commission (IEC), 

which turbine belongs to which class, and which class is the right class for the selected area. 

There are four different IEC wind classes: I (high wind), II (medium wind), III (low wind), 

and VI (very low wind) [52]. The area of Faxaflói has an average wind speed that 

corresponds to Class I, namely around 10 m/s. 

Before an analysis could be done in WAsP, a turbine model needed to be selected, and 

the data for hub height, blade length, power curve and curve for coefficient of thrust had to 

be available. These data were then added to the WAsP Turbine Editor and saved as a wind 

turbine generator file before it was uploaded into a WAsP project and used in the analysis.  

Included in the WAsP library was the Vestas V80 2 MW turbine, Class I. Though 

perhaps a little small for a modern offshore wind farm, the data were readily available and 

a comparison to a larger turbine could prove useful to show their competitiveness. A second 

turbine was used in the analysis, namely the Siemens SWT-4.0-130, also Class I, that was 

used in the internship project prior to this thesis. The power curves for each turbine is 

presented in Figure 3.5 and 3.6, below, along with the curve for the coefficient of thrust (Ct), 

both given at air density 1.225 kg/m3. 

 

 

Figure 3.5: Power curve (blue) and thrust curve (gray) for Siemens SWT-4.0-130. 
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Figure 3.6: Power curve (blue) and thrust curve (gray) for Vestas V80-2.0. 

 

Hub height for the Vestas turbine was set to 67 m, and since Siemens turbine was only 

given as “site specific”, 100 m was chosen, given the fact that wind data was taken from 100 

mAGL. In order to reach the installed capacity of 200 MW for each wind farm, the Vestas 

farm will have 100 turbines, and the Siemens farm will have 50. 

3.4 Wind Farm Layout 

From Figure 3.4, the wind rose clearly shows the prevailing wind directions, namely 

from the 30˚ and 60˚ sector. The wind farm layouts were therefore set up to face 45˚ as this 

is right in between the two dominant sectors. Different versions of the same layout, with 5 

rows of 10 turbines, were created with the goal of seeing how much the annual energy 

production would increase versus how much the cost for infield cable would increase. As 

described in Section 2.1.3, the rule of thumb when creating a layout of a wind farm is to 

place the turbines in a row at least 3 turbine diameters apart and have the downstream 

distance be even longer. Three different distances between the turbines were tested with five 

different distances between the rows, resulting in a total of 15 different layouts that are 

presented in Table 3.1. As an example, the 12x4 layout is shown below, in Figure 3.7. 
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Table 3.1: Details on the 15 layouts. The first column describes how many turbine diameters are between the 

rows (8-12), and between turbines within a row (4-6). 

Rotor diameter 

spacing between 

rows 

Rotor diameter 

spacing between 

turbines in a row 

Distance 

between turbines 

in a row(m) 

Distance 

between 

rows (m) 

Area 

(km2) 

Wake 

loss (%) 

8 4 520 1040 27.04 7.20 

8 5 650 1040 33.80 5.93 

8 6 780 1040 40.56 4.90 

9 4 520 1170 30.42 6.73 

9 5 650 1170 38.03 5.45 

9 6 780 1170 45.63 4.64 

10 4 520 1300 33.80 6.26 

10 5 650 1300 42.25 5.14 

10 6 780 1300 50.70 4.43 

11 4 520 1430 37.18 5.91 

11 5 650 1430 46.48 4.97 

11 6 780 1430 55.77 4.09 

12 4 520 1560 40.56 5.52 

12 5 650 1560 50.70 4.64 

12 6 780 1560 60.84 3.88 

 

As can be seen from the table, there is some change in wake loss that occurs when the 

distance between turbines increases. This would also mean that the production of the wind 

farm is greater when spacing is larger, however, as the area of the wind farm increases, so 

does the need for and cost of infield cables. The production results for each layout will be 

presented and discussed further in Chapter 4. 
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Figure 3.7: Layout of wind farm (12x4) with the wind rose placed at the location of the wind data used. The x-

axis shows the Easting coordinates, and the y-axis shows the Northing coordinates, both in meters.   

3.5 LCOE Inputs 

To estimate the costs necessary for an LCOE analysis, a variety of reports and academic 

studies were utilized. A paper presented in Chapter 2.5, by A. Gonzalez-Rodriguez, provided 

an overview of several offshore wind farms and the costs related to them. The following 

section will break down the cost components used. 

3.5.1 Turbine and Foundation Cost 

Attempts were made to contact the turbine producers and get an accurate price for the 

turbines. The companies declined to divulge pricing information for a student project.  
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Some papers split up turbine cost into acquisition cost (ca. 85%), shipping and 

assembling (ca. 5%), and electrical installation (ca. 10%) [53]. Actual sources do not split 

the cost data into these categories, thus only the total turbine cost was looked at. The 

following equation was determined by Gonzalez-Rodriguez to best fit the turbine cost data 

available: 

𝐶𝑜𝑇 = 1374 × 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦0.87                  (3.1) 

 

Here, CoT is the cost of the turbines given in k€2016 and the capacity is the total wind 

farm capacity in MW. This equation does not differentiate between turbine sizes, but it can 

be argued that larger turbines cost more than smaller ones per unit. Both farms used in the 

analysis have a total capacity of 200 MW, which gives a total turbine cost of 138.00 M€2016. 

Foundation cost is based on the following equation given by Gonzalez-Rodriguez: 

 

𝐶𝑜𝐹 = 363 × 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦1.06     (3.2) 

 

Here, CoF is the total cost of foundations given in k€2016. Foundation type is not 

considered; however, the cost includes transport and installation. For the 200 MW wind 

farms this equates to 99.77 M€2016. 

3.5.2 Electrical Infrastructure 

Grid connection costs are highly variable, depending on whether the grid needs to be 

reinforced before the wind farm can be connected, whether the government subsidizes the 

process, or if the transmission system operator will pay for the expense. No such 

assumptions were made regarding the Icelandic grid. The following equation is the 

regression curve that best fits the data presented in Table 5 in ref [43]: 

 

𝐶𝑜𝐺𝐶 = 8.047 × 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦1.66     (3.3) 

 

CoGC is the cost of grid connection in k€2016, and for the 200 MW wind farm this 

amounts to 53.13 M€2016. 

Voltages in the infield cables are typically around 30 kV and need to be transformed to 

a higher level before it can be sent out via the transmission network. Offshore substations 

are therefore necessary, along with an onshore substation to receive the incoming power. 

Averages extracted from Tables 12 and 13 in ref [43] results in 23.00 M€2016 and 16.00 
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M€2016 for offshore and onshore substations, respectively. 

Acquisition and installation costs of the export cable are the same for both wind farms 

as it is the total capacity of the farm that matters. In order to support a 200 MW wind farm, 

the cable chosen has a capacity of 250 MVA (Megavolt-amperes = MW at a power factor 

of 1.0) as shown in Table 9 in ref [43]. With a price of 843 €2016/m the total cable cost for 

60 km (+10% for depth changes) amounts to 5.56 M€2016. Installation cost for the export 

cable has been averaged from Table 10 in ref [43] and totals 21.78 M€2016. It could be argued 

that the cheaper 189 MVA cable could have been chosen, on the grounds that wind farms 

are unlikely to produce at maximum capacity due to losses in cables and wake effect losses. 

However, this would leave no room for future growth. 

Infield cable cost and installation cost were based on Tables 7 and 8 in ref [43],  

respectively. Acquisition cost came out to 400 €2016/m and installation cost was 130 €2016/m. 

The infield cable lengths were highly dependent on the layout of the wind farm, and an extra 

40 m of cable were added per turbine for connections.  

3.5.3 Other Costs 

Design and project management includes surveys, both bathymetric and geophysical, 

wind monitoring and meteorological masts, cost of finance, insurance, licenses, marketing, 

environmental impact assessments, construction management and design engineering. 

Detailed costs can be found in [54] and [55], and compiled values are presented in the 

normalized currency in Table 3 in ref [43]. Extracting the average from the compiled values 

gives 23.80 M€2016 as total cost of design and project management. 

SCADA (Supervisory Control And Data Acquisition) system cost was found to be 

approximately 2 000 €2016/turbine according ref [55]. 

O&M costs include repairs, insurance, spare parts, regular maintenance and 

administration, and is given in Table 15 in ref [43]. The average value of 18 €2016/MWh has 

been assumed, with an annual cost increase of 5%.  

After having produced electricity for 25 years, decommissioning of the wind farm is the 

final cost. The following linear expression is taken from ref [43]: 

 

𝐶𝑜𝐷 = 1.606 × 106 +
0.114×106

𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
    (3.4) 

 

Here, CoD is the cost of decommissioning, which amounts to 24.41 M€2016. 
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3.5.4 Discount Rates 

The discount rate is the assumed rate at which future streams of income should be 

discounted, in order to calculate the capital recovery factor. This rate is usually 7% or 10% 

for wind farms but can range from 4% to 11% for renewable power plants in general [56]. 

7% was chosen as the discount rate for this project, though a sensitivity analysis was done 

with different discount rates to show the affect it has on the results. 

3.6 Further Economic Comparisons 

After having found a layout to use as a base for all economic analyses, the LCOE and 

CAPEX will be estimated using Gonzalez’ method as described in Chapter 3.5, which is the 

main method chosen for this thesis. However, the National Renewable Energy Laboratory 

has also presented a method of estimating CAPEX for offshore wind farms in their paper 

presented in Chapter 2.4. Table 3.2 shows a summary of their reference project, which will 

be used to make an estimate of the Faxaflói wind farm. NREL’s reference project is based 

on data estimated from global offshore wind farms installed in 2016, proposed projects in 

the US, and existing market data from the international wind industry. Factors such has wind 

speeds, depth, distance to shore, etc., are based on the existing conditions on the North 

Atlantic Coast of the US [57]. 

 

Table 3.2: NREL’s summary of their reference project for fixed bottom offshore wind farms usin a 4.71 MW 

turbine [57]. (Fixed charge rate = discount rate) 

 
 

 

Because NREL uses a different discount rate and annual energy production, a decision 

was made to only use values for CAPEX and O&M as estimated by NREL. These 
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estimations will be applied to the Faxaflói wind far. CAPEX was calculated based on 4.579 

$/kW, because this is based on the installed capacity, not production. O&M was calculated 

based on 43.3 $/MWh because that is based on the actual energy production, not the installed 

capacity. A USD to EUR exchange rate of 0.90665, was used, which is the average for 2016.  

 

Table 3.3: CAPEX and O&M for Faxaflói according to NREL. 
 

NREL Faxaflói 

CAPEX 4 579.00  $/kW 830 310 070.00  € 

O&M 43.30  $/MWh/yr 41611419.50  €/yr 

 

 

Furthermore, this was used to calculate the LCOE for Faxaflói and compared to the 

Gonzalez’ estimation, which is presented in Chapter 4.5. 

 

3.6.1 Current Offshore Wind Farm Data 

Inspired by Gonzalez, data were gathered on offshore wind farms for comparison 

purposes. All data on the following wind farms have been gathered from the offshore wind 

farm database 4C Offshore and are presented in table 3.4. Note, 4C Offshore only presented 

cost as “total project cost” which has been interpreted and used as CAPEX in this thesis. 

Table 3.4: Selected offshore wind farms in Europe. (MP = monopile)  

  m km MW MW  m M€2016  

Wind farm 
Commis-

sioned 
 Depth 

Distance 

to shore 

Farm 

capacity 

Turbine 

capacity 

Found-

ation 

Rotor 

diamter 
CAPEX 

Belwind 2010 15-37 46 165.00 3.00 MP 90 664.80 

Northwind 2014 15-29 37 216.00 3.00 MP 112 853.04 

Nobelwind 2017 20-38 47 165.00 3.30 MP 112 653.78 

Rentel 2018 22-36 34 309.00 7.00 MP 154 1081.45 

Anholt 2013 12-19 15 399.60 3.60 MP 120 1216.36 

Horns Rev 2 2010 9-17 32 209.30 2.30 MP 93 514.30 

Dudgeon 2017 12-27 35 402.00 6.00 MP 154 1712.77 

Rampion 2018 19-40 13 400.20 3.45 MP 112 1867.95 

Sheringham Shoal 2013 14-23 23 316.80 3.60 MP 107 1291.13 

Greater Gabbard 2013 4-37 36 504.00 3.60 MP 107 1987.65 

Galloper 2018 4-59 30 353.00 6.00 MP 154 1678.39 

Gemini 2017 28-36 85 600.00 4.00 MP 130 2752.77 

Eneco 

Luchterduinen 
2015 18-24 23 129.00 3.00 MP 112 451.13 
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Veja Mate 2017 39-41 95 402.00 6.00 MP 154 1867.95 

Sandbank 2017 25-34 90 288.00 4.00 MP 130 1179.76 

Nordsee Oost 2015 22-25 57 295.20 6.15 Jacket 126 1303.25 

Trianel Windpark 

Borkum 1 
2015 28-33 50 200.00 5.00 Tripod 116 902.25 

Meerwind 

Süd/Ost 
2014 22-27 53 288.00 3.60 MP 120 1202.88 

Global Tech 1 2015 38-41 115 400.00 5.00 Tripod 116 1804.50 

DanTysk 2015 21-31 70 288.00 3.60 MP 120 1002.50 

BARD Offshore 1 2013 39-41 101 400.00 5.00 Tripile 122 2923.03 

 

CAPEX values for the farms were given in different currencies but have all been 

normalized to the 2016 Euro by using the Harmonized Index of Consumer Price (HICP) 

from the European Central Bank. Wind farms listed as fully commissioned in 2018 were 

adjusted based on the monthly value of the index, instead of yearly like the rest. All wind 

farms presented in Table 3.4 are in Europe and were selected for their data availability and 

likeness to the hypothetical Faxaflói wind farm. 

In order to compare the trend in investment costs, the CAPEX column of Table 3.4 is 

presented as a bubble graph in Figure 3.8. The bubble sizes represent the total capacity for 

each wind farm.  
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Figure 3.8: CAPEX per MW for the collected wind farms in Table 3.2, where the size of the bubble represents 

the size of the wind farm in installed capacity. 

 

Note that in 2017, there are about 5 overlapping bubbles, and other years also have quite 

a few overlaps. This shows that most developers have similar ways of reaching the same 

result. Additionally, the outlier in 2013 is the only wind farm with a tripile foundation, which 

is still a very new technology and thus could explain the increase in cost for this wind farm. 

Evident from the graph, the trend seems to increase slightly, but stagnate in more recent 

years, which leads to the conclusion that developers seem to have found a very similar 

building method. 

In order to acquire a deeper understanding of the factors affecting the cost, the following 

Figures (3.9-12) have been made to highlight different factors, such as depth, capacity, 

distance to shore, and rotor diameter. The graphs plot each factor against the cost per MW 

for the wind farms in Table 3.4.  
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Figure 3.9: Average depth vs cost per MW for the wind farms in Table 3.4. 

 

 

Figure 3.10: Distance to shore vs cost per MW for the wind farms in Table 3.4. 
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Figure 3.11: Total wind farm capacity vs cost per MW for the wind farms in Table 3.4. 

 

 

Figure 3.12: Rotor diameter vs cost per MW for the wind farms in Table 3.4. 
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expressions that fit the specific cost data, whereas the total CAPEX is the only value given in 

the 4C Offshore database.  

Depth seems to be the factor with the clearest trendline, as can be seen in Figure 3.9. 

There is a clear increase in cost as the wind farms are built in deeper areas, but due to 

monopiles covering a range of depths, there is a slight stagnation between 20-30 m. Distance 

to shore does not have a steep correlation, seeing as wind farms on both ends of the scale 

end up with the same cost per MW, namely just under 5 million € per MW. The correlation 

seen with regards to wind farm capacity is positive, but it is not as steep as the depth factor, 

which is evident from the gap in cost between wind farms of the same capacity. Rotor 

diameter has a small range of discrete options making it difficult to determine a relationship. 

This factor has several wind farms using the same rotor diameter where the cost can differ 

greatly between them (note: turbine brand is not considered). 

Figures 3.9 thru 3.12 were created to explore the impact different factors have on the 

cost of a wind farm. Table 3.5 shows Faxaflói’s factors among the other wind farms 

according to the expressions for each trendline. After interpolating a value from each 

relationship, the average from all factors will be the final estimate for this method. 

Table 3.5: Rough CAPEX estimates for the Faxaflói wind farm based on figures 3.9-12. 

Factor Faxaflói CAPEX estimate 

Average depth 28.5 m 4.235 million €/MW 

Distance to shore 60 km 4.111 million €/MW 

Capacity  200 MW 3.495 million €/MW 

Rotor diameter 130 m 4.144 million €/MW 

Average  3.996 million €/MW 

TOTAL Faxaflói  799.2 million € 

 

First, an estimate for each factor was found based on the expression corresponding with 

each factor. Then, the average cost per MW was calculated based on the rough estimates, 

followed by a final calculation of the 200 MW wind farm. 
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Chapter 4 

4Results 

This chapter presents the results of the analyses done in this thesis. First, the results of 

the turbine selection phase will be presented, which compared a 200 MW wind farm made 

up by 2 MW turbines with a 200 MW wind farm made up by 4 MW turbines. The turbine 

with the best result was used in the second round of comparisons, which focused on the 

layout. 15 different layouts were analyzed for their energy output and the difference in cost, 

from which a final version of the wind farm was chosen. All the results up to Section 4.5 are 

performed using the Gonzalez method. After Section 4.5, the Gonzalez method is compared 

with other methods, and finally, the results are put through a verification method. 

4.1 2 MW vs. 4 MW 

As explained in the Methodology, a preliminary round of WAsP and LCOE analyses 

were done to compare the Faxaflói wind farm when made up of 2 MW turbines and 4 MW 

turbines. Since this was merely an elimination round, and due to the complexity of turbine 

placement in WAsP, a very simple layout was chosen for both farms, since the goal of this 

round only was to determine which turbine best fit the project. Both farms were set up in 

two rows (2x50 turbines and 2x25 turbines), facing north. The results for each factor are 

presented in Table 4.1, Table 4.2 applies each factor to the two preliminary wind farms, and 

table 4.3 shows the first LCOE analysis.  

Table 4.1: Cost factors as derived from Chapter 3.5. 

Factor Cost Unit 

Turbine cost 138 001 189.23 € 

Foundation cost 99 769 643.51 € 

Substation cost offshore 23 000 000.00 € 

Substation cost onshore 16 000 000.00 € 

Grid connection cost 53 130 486.68 € 

Export cable cost 5 563 800.00 € 

Export cable installation cost 21 780 000.00 € 
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Infield cable cost 400 000.00 €/km 

Infield installation cost 130 000.00 €/km 

       Operation & maintenance cost 18.00 €/MWh 

       Design & Project Management 23 800 000.00 € 

       Decommissioning cost 24 406 000.00 € 

       SCADA system 2 000.00 €/turbine 

 

Table 4.2: CAPEX breakdown for the two preliminary wind farms. 
 

Wind farm w/2 

MW turbines 

Wind farm w/4   

MW turbines 

Turbine cost 138 001 189.23 138 001 189.23 

Foundation cost 99 769 643.51 99 769 643.51 

Substation cost offshore 23 000 000.00 23 000 000.00 

Substation cost onshore 16 000 000.00 16 000 000.00 

Grid connection cost 53 130 486.68 53 130 486.68 

Export cable cost 5 563 800.00 5 563 800.00 

Export cable installation cost 21 780 000.00 21 780 000.00 

Infield cable cost 17 920 000.00 14 320 000.00 

Infield installation cost 5 824 000.00 4 654 000.00 

Design & Project Management 23 800 000.00 23 800 000.00 

SCADA system 200 000.00 100 000.00 

 

Table 4.3: LCOE analysis for the first round of wind farm layouts with 2 different turbine sizes. 
 

2 MW turbine 4 MW turbine 

Capacity (MW) 200 200 

Annual production (MWh/year) 919 884 1 082 573 

Lifetime (years) 25 25 

Number of turbines 

 

100 50 

CAPEX (€) 404 989 119 400 119 119 

O&M (€, +5% annual increase) 790 261 102 930 025 233 

Discount rate (%) 7 7 

LCOE (€/MWh) 67.24 61.12 
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Evident from the comparison, the 4 MW turbine fares better than the 2 MW turbine with 

a lower LCOE and higher annual production. For this reason, and since the offshore wind 

industry tends to explore larger and larger turbines [43], the Siemens SWT-4.0-130 turbine 

was chosen for further analyses. The reason the CAPEX (sum of the upfront cost 

components described in section 3.5) is larger for the smaller turbine is due to the infield 

cable cost, which is much higher when there are 100 turbines that need to be connected, 

instead of 50, meaning almost double the amount of cable needed. This can be seen in 

Figures 4.1 and 4.2. 

 

 

Figure 4.1: CAPEX breakdown of the preliminary wind farm with a 2 MW turbine. 
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Figure 4.2: CAPEX breakdown of the preliminary wind farm with a 4 MW turbine. 

 

4.2 Layout of the Wind Farm 

After having found which turbine suits the project best, the second round of analyses 

focused on comparing the different layouts and choosing the best one as the final version of 

the Faxaflói wind farm. Results are presented in Figure 4.3, where the LCOE for each layout 

is plotted with the total cost of infield cable, including installation. Infield cable cost was 

chosen as this was the only CAPEX cost factor that varied with the physical size of the wind 

farm, the rest were fixed costs, based on either number of turbines or total wind farm 

capacity. 
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Figure 4.3: LCOE (discount rate = 7%) for each wind farm layout along with the total infield cable cost for each 

layout. 

  

From the figure above, the layouts that give the best LCOEs are 12x4, 12x5 and 12x6, 

which is not surprising, as the distance between rows in the prevailing wind direction is most 

important, as explained in Section 2.1.3. However, when looking at the cable cost for the 

three, 12x4 has a significantly lower total cost of cable. Since the difference in LCOE 

between the three is so small (0.02 €/MWh), the cable cost will be the deciding factor, as it 

directly affects capital expenditures and there is no need to invest more if the same result 

can be achieved with a smaller investment.  

In order to underline the small differences between each layout, Figure 4.4 shows the 

same data as Figure 4.3, however, the y-axis is not cut off. Additionally, Figure 4.5 shows 

the difference in simulated energy output for each layout vs the cable cost. Very similar 

results can be explained by all layouts being reasonable and angled toward the prevailing 

wind direction, meaning they are all roughly optimized.  
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Figure 4.4: LCOE (discount rate = 7%) for each wind farm layout along with the total infield cable cost for each 

layout. Y-axis not cut, in order to show how small the differences are. 

 

 

Figure 4.5: Energy output vs cable cost for wind farm layouts. 
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4.3 Details on Final Version 

After having determined the best layout in the previous section, this section will present 

further details on the final version of the Faxaflói wind farm, starting with the wind farm 

power curve in Figure 4.6 and the wind farm specifics in Table 4.4. 

 

 

Figure 4.6: Power curve for the entire wind farm. The blue line shows the average power output from all angles, 

and the green line shows the power output at 30˚, which is one of the two prevailing wind directions. As can be 

seen, the two are nearly identical. 
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Discount Rate (%) 7 

LCOE (€/MWh) 61.80 

 

Total cost in operations and maintenance show to be more than double the cost of the 

initial investment needed, and since O&M is subject to change over the wind farm’s lifetime, 

a sensitivity analysis on its influence will be presented in Section 4.4. A breakdown of the 

capital expenditure for the final version of the wind farm is presented in Table 4.5 and Figure 

4.7. 

Table 4.5: CAPEX cost components shown as costs per kW installed, and per MWh produced. 

Category Total cost (€) €/kW €/MWh 

Turbine cost 138 001 189.23 690.01 130.20 

Foundation cost 99 769 643.51 498.85 94.13 

Substation cost offshore 23 000 000.00 115.00 21.70 

Substation cost onshore 16 000 000.00 80.00 15.10 

Grid connection cost 53 130 486.68 265.65 50.13 

Export cable cost 5 563 800.00 27.82 5.25 

Export cable installation cost 21 780 000.00 108.90 20.55 

Infield cable cost 14 320 000.00 71.60 13.51 

Infield installation cost 4 654 000.00 23.27 4.39 

Design & Project Management 23 800 000.00 119.00 22.45 

SCADA system 100 000.00 0.50 0.09 
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Figure 4.7: Breakdown of capital expenditures for the Faxaflói wind farm, showing the importance of turbine 

and foundation cost. 

 

 

The combined cost for turbines and foundations is by far the greatest cost component, so 

it is therefore important to estimate this cost as accurately as possible for better results.  
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Figure 4.8: Sensitivity analysis showing the behavior of the LCOE when the annual energy production is 

changed. 100% AEP is the result from the WAsP simulation. 
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Figure 4.9: Sensitivity analysis showing the behavior of the LCOE when the discount rate is changed.  

 

The plot shows the changes in LCOE at different discount rates, with more of a linear 

increase in LCOE value. Changes are not too great, with a difference of only 14.10 € between 

the highest and lowest discount rates. 

Lastly, a sensitivity analysis was done on the O&M costs, as shown in Figure 4.10. The 
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Figure 4.10 Sensitivity analysis for O&M and deviation of production from the predicted value at different 

discount rates. The bars show the LCOE sensitivity to changes in annual increase of operation and maintenance 

cost, given different discount rates. 
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first and main method, namely the Gonzalez’ estimation (1). The second method was 

NREL’s estimation (2), and the third was the rough estimation based on the data gathered 

from different European wind farms (3). Table 4.6 shows the result of the calculations. 

Table 4.6: Comparison of the different CAPEX estimation methods. 

Method CAPEX 
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With differences of more than 50%, this table does little to validate the three methods, it 

only proves how difficult it is to come up with a reliable method to calculate the cost of 

building an offshore wind farm. The large difference is hard to explain, though one reason 

could be that Gonzalez looks as European wind farms, and NREL includes a lot of American 

data sources. Another reason could be the level of detail presented by the two methods. 

NREL mainly works with ranges and percentages, whereas Gonzalez gives specific prices, 

e.g. infield cables are listed in a table with costs per meter, this is not done by NREL. 

However, by giving such specific costs, Gonzalez is assuming that the price for commodities 

such as cables are not subject to change. 

 When comparing the CAPEX from method number 1 to the data collected for method 

number 3, it does not stray too far from the rest on a per MW basis and could therefore be 

thought of as a best-case scenario, perhaps even quite reasonable as the cost trends keep 

going down. 

4.5.1 LCOE Comparisons: Gonzalez vs. NREL 
By using the numbers in NREL’s reference project to calculate LCOE for Faxaflói, the 

result is 106.48 €/MWh. This is done by making the same assumption of 7% discount rate, 

as done for the Gonzalez method. The results are presented in Figure 4.11 as a sensitivity 

analysis, followed by Figure 4.12, a sensitivity analysis of the Gonzalez method for 

comparison. 

 



54    

   

  

Figure 4.11: LCOE for Faxaflói wind farm according to NREL’s method with different discount rates and 

capacity factors, where 60% is the original result from the WAsP analysis. 

 

 

Figure 4.12: LCOE for Faxaflói wind farm according to Gonzalez’ method with different discount rates and 

capacity factors, where 60% is the original result from the WAsP analysis. 
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The figures show the behavior of the LCOE at different discount rates, represented by 

lines with different capacity factors. The results are very different, with the highest outcome 

in the Gonzalez estimation being similar to the lowest outcome in the NREL estimation 

(117.49 €/MWh vs 94.84 €/MWh). Even though the NREL estimation is not as detailed as 

the Gonzalez estimation, these results do little to verify either method of estimating the cost 

of an offshore wind farm. If anything, it proves how difficult it is to reach a reliable way of 

estimating cost and underscores the importance of data access. 

 

4.5.2 Verification of Results 

To test the Gonzalez method further, a few extra steps were made: First, the three 

equations from Chapter 3.5 (Equations 3.1-3.3) were applied to each wind farm gathered in 

Table 3.4, based on the capacity of each wind farm. This resulted in turbine cost, foundation 

cost, and grid connection cost for each wind farm. Second, Figure 4.7, the CAPEX 

breakdown of Faxaflói in percentages, was also applied to each wind farm. The three factors 

represented by Equations 3.1-3.1, were then decided by using the percentage found in Figure 

4.7 and compared with the results from the equations. If the Gonzalez method is accurate, 

then it should be possible to take the results from Faxaflói and apply the same CAPEX 

breakdown to different wind farms. Tables 4.7-4.9 show the results of this verification 

process. Note that none of these costs are based on the actual turbine, foundation and grid 

connection cost for each wind farm, as total CAPEX is the only actual cost that could be 

found. 
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Table 4.7: Comparison of turbine cost calculated by two different methods. All costs are in million €. 

Wind farm Capacity Turbine cost Turbine cost Difference 

 
MW EQUATION 34.49 % Abs. value 

FAXAFLÓI 200.00 138.00 138.00 0.00 

Belwind 165.00 116.73 229.29 112.55 

Northwind 216.00 147.56 294.21 146.66 

Nobelwind 165.00 116.73 225.49 108.76 

Rentel 309.00 201.49 372.99 171.50 

Anholt 399.60 252.00 419.52 167.52 

Horns Rev 2 209.30 143.57 177.38 33.81 

Dudgeon 402.00 253.32 590.74 337.42 

Rampion 400.20 252.33 644.26 391.93 

Sheringham Shoal 316.80 205.91 445.31 239.40 

Greater Gabbard 504.00 308.39 685.54 377.15 

Galloper 353.00 226.23 578.88 352.65 

Gemini 600.00 358.90 949.43 590.53 

Eneco Luchterduinen 129.00 94.23 155.59 61.36 

Veja Mate 402.00 253.32 644.26 390.94 

Sandbank 288.00 189.52 406.90 217.38 

Nordsee Oost 295.20 193.64 449.49 255.85 

Trianel Windpark Borkum 1 200.00 138.00 311.19 173.19 

Meerwind Süd/Ost 288.00 189.52 414.87 225.35 

Global Tech 1 400.00 252.22 622.37 370.15 

DanTysk 288.00 189.52 345.76 156.24 

BARD Offshore 1 400.00 252.22 1008.16 755.94 
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Table 4.8: Comparison of foundation cost calculated by two different methods. All costs are in million €. 

Wind farm Capacity Foundation cost Foundation cost Difference 
 

MW EQUATION 24.93 % Abs. value 

FAXAFLÓI 200.00 99.77 99.77 0.00 

Belwind 165.00 81.37 165.77 84.40 

Northwind 216.00 108.25 212.71 104.46 

Nobelwind 165.00 81.37 163.02 81.66 

Rentel 309.00 158.22 269.66 111.44 

Anholt 399.60 207.79 303.30 95.51 

Horns Rev 2 209.30 104.69 128.24 23.55 

Dudgeon 402.00 209.12 427.08 217.96 

Rampion 400.20 208.12 465.77 257.65 

Sheringham Shoal 316.80 162.46 321.94 159.48 

Greater Gabbard 504.00 265.76 495.62 229.87 

Galloper 353.00 182.20 418.51 236.31 

Gemini 600.00 319.70 686.40 366.70 

Eneco Luchterduinen 129.00 62.68 112.49 49.81 

Veja Mate 402.00 209.12 465.77 256.66 

Sandbank 288.00 146.85 294.17 147.33 

Nordsee Oost 295.20 150.74 324.97 174.22 

Trianel Windpark Borkum 1 200.00 99.77 224.98 125.21 

Meerwind Süd/Ost 288.00 146.85 299.94 153.09 

Global Tech 1 400.00 208.01 449.95 241.94 

DanTysk 288.00 146.85 249.97 103.13 

BARD Offshore 1 400.00 208.01 728.86 520.85 
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Table 4.9: Comparison of grid connection (GC) cost calculated by two different methods. All costs are in 

million €. 

Wind farm Capacity GC cost GC cost Difference 
 

MW EQUATION 13.28 % Abs. value 

FAXAFLÓI 200.00 53.13 53.13 0.00 

Belwind 165.00 38.61 88.28 49.67 

Northwind 216.00 60.37 113.27 52.90 

Nobelwind 165.00 38.61 86.81 48.21 

Rentel 309.00 109.39 143.60 34.21 

Anholt 399.60 167.62 161.52 6.11 

Horns Rev 2 209.30 57.29 68.29 11.00 

Dudgeon 402.00 169.30 227.43 58.14 

Rampion 400.20 168.04 248.04 80.00 

Sheringham Shoal 316.80 114.01 171.44 57.44 

Greater Gabbard 504.00 246.42 263.93 17.52 

Galloper 353.00 136.44 222.87 86.43 

Gemini 600.00 329.13 365.53 36.40 

Eneco Luchterduinen 129.00 25.66 59.90 34.25 

Veja Mate 402.00 169.30 248.04 78.74 

Sandbank 288.00 97.33 156.66 59.33 

Nordsee Oost 295.20 101.40 173.05 71.66 

Trianel Windpark Borkum 1 200.00 53.13 119.81 66.68 

Meerwind Süd/Ost 288.00 97.33 159.73 62.40 

Global Tech 1 400.00 167.90 239.61 71.71 

DanTysk 288.00 97.33 133.12 35.79 

BARD Offshore 1 400.00 167.90 388.14 220.24 
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To better visualize the results, the “difference” column for each factor is plotted in Figure 

4.13.  

 

 

Figure 4.13: Graph showing the difference between finding the cost through using equations 3.1-3.3 and by 

splitting the CAPEX into percentages based on figure 4.7. 

 

Difference in turbine cost seems to vary the most, however, it is also the greatest cost 

factor according to Figure 4.7, with 34.49% of CAPEX. Grid connection cost is only 13.28% 

of CAPEX, and the difference is therefore not as great. Two wind farms, Horns Rev 2 and 

Eneco Luchterduinen, stand out with the lowest difference between the two methods, on all 

factors. However, Gemini and Bard Offshore 1 both have extreme differences (except for 

grid connection cost for Gemini), which makes it difficult to verify the Gonzalez method as 

applicable to every wind farm.   
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Chapter 5 

5Discussion 

As presented in Chapter 4, the results of the analysis of an offshore wind farm in Faxaflói 

Bay show that there is great potential for the wind industry in Iceland. However, because 

this is the first time Faxaflói has been looked at as a location for a wind farm, there are 

certain assumptions made and limitations present that affect the outcome of any analysis. 

Uncertainties are presented in this chapter in order to give a better understanding of this 

project’s limitations, along with suggestions for future work. 

5.1 Limitations and Uncertainties of the Analysis 

Companies involved in the planning and building of offshore wind farms generally work 

under confidential agreements, so data is hard to get a hold of. Reports tend to include very 

general cost breakdowns, at best, and are in most cases not detailed enough for a specific 

LCOE analysis. Due to this general lack of transparency, estimations for the same park can 

differ based on who made the estimation, and multiple sources need to be used in the data 

collecting process for it to be more accurate. 

Seeing as steel is the main material used in producing many parts of a turbine, including 

most types of foundation, the price of raw steel will affect the selling price of turbines and 

foundations. Copper is widely used in all type of cables and to an extent in generators and 

transformers found in the nacelle, meaning the raw price of copper will also affect the total 

cost. Should these commodities experience a sudden increase in demand, the price would 

subsequently increase, meaning a rise in the total investment. 

12x4 was the layout chosen as the best layout for the wind farm, because among the three 

layouts that gave the best LCOE, it had the lowest CAPEX. Though it did not produce the 

lowest LCOE, the difference between it and the lowest is 0.02 €/MWh, which is a very small 

difference considering how much guesswork goes into an LCOE analysis. Furthermore, the 

selling price of electricity depends on the market and country specific policies, so the profits 

of two wind farms with identical LCOEs can be very different if the selling price of 

electricity is not the same. In addition, the final layout will take up a slightly smaller space 

than the two options that gave a lower LCOE, which means there is more area to work with, 
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out of the total area deemed suitable in the internship project, should there be an interest to 

add more turbines in the future. 

Larger and larger turbines are trending in the offshore industry, and it would be 

preferable to do this analysis with larger turbines than 4 MW, though this restriction was 

due to lack of information, due to the lack of transparency. 

The cost for operation and maintenance in the Gonzalez estimation is rather high, due to 

the annual increase in cost of 5%. This is a factor that his hard to predict, which is why he 

suggested a rather high value. However, when running the LCOE analysis without the annual 

5% increase in O&M cost, it ends up being 476 977 050 € and the LCOE lands at 50.76 

€/MWh, which is a very good result. A decision was made in this thesis to stick with the 5% 

annual increase in order to stay on the conservative side. 

Competitiveness can be shown by comparing offshore wind to geothermal energy. 

LCOEs for geothermal power plants tend to vary between 41-107 €/MWh [58], and mostly 

overlaps the range of LCOEs calculated for the Faxaflói wind farm which ranges from 54-

117 €/MWh (from the sensitivity analyses in chapter 4.4). However, wind energy and 

geothermal energy should not be seen strictly as competitors, but rather as something that 

complements each other. Geothermal (and hydro) acts as a base load producer, whereas wind 

farms can obviously only produce electricity when the wind is blowing.  

Even though this project is set to Iceland, none of the calculations have been made in 

ISK. This is because with large projects, such as the Faxaflói wind farm, owners and 

developers would seek outside funding and deal with either US Dollars or Euros.  

The capacity factor for the final layout is 60%, which is high as wind farms go. However, 

the sensitivity analysis shows that even when the annual energy production (thus, the 

capacity factor) is manipulated to a lower value, the LCOE is still not unreasonably high. As 

can be seen from the internship project this thesis is based on (summarized in Chapter 1), 

the LCOEs for the different versions of the Faxaflói wind farm in this thesis is significantly 

lower than that of the internship project. The reason for this could be explained by a higher 

accuracy in the annual energy production in WAsP, and more extensive research done for 

the LCOE analysis. 

WAsP does not have an optimization tool when it comes to turbine layout, it has to be 

done manually, or by copy-pasting predetermined coordinates into the program. There is 

also no way to edit the location of the wind farm as a whole, once the turbines are given a 

location, they can only be edited on by one. For this reason, a fairly standard layout was 

chosen. Future work could focus on making the layout more specific to Faxaflói by 

incorporating depths for individual turbines. Though the optimization part is missing from 
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WAsP, the creators of the program, the Technical University of Denmark are along with 

many other companies/universities, such as Ørsted, Vestas, and Cambirdge Environmental 

Research Consultants, to name a few, working on a design tool for optimizing wind farm 

topology and operation [59]. This project, called TOPFARM, aims to combine wind farm 

design and cost components, and should be kept an eye on in the future, as this could be a 

game changer for how wind farms are planned. 

The different ways to estimate cost will always come with a certain level of uncertainty 

in every estimation. Approaches may differ, and creators/authors might not assign the same 

level of importance to the factors included in the estimation. The attention to detail within 

each estimation will also have an impact on the outcome, which becomes evident when the 

rough estimation based on the wind farm data collection (CAPEX of around 800 million €) 

is compared to the results from Gonzalez’ method (CAPEX of just over 400 million €). 

Additionally, the numbers found through 4C Offshore did not seem to be corroborated by 

the owners of each wind farm, and costs were given in a variety of currencies, many of which 

did not correspond with the currency of the country the wind farm was in/owned by. It also 

did not specify if the currency stated is the actual currency used for transactions during the 

planning and building of the project, so the validity of these numbers could be brought into 

question. Cost was also presented as “project cost” in the 4C Offshore database, so an 

assumption was made that this corresponded to the CAPEX for each wind farm. 

5.2 Environmental & Public Factors 

An environmental impact assessment was deemed to be outside of the scope of this 

project, though this would of course be required before any big project gets a green light. It 

is now accepted that the foundations for the turbines tend to increase ocean life in that area, 

however, there will be a disruption of peace during the installation of the turbines [60] [61]. 

Seeing as Faxaflói is a popular area for Icelandic tourist companies to go on whale watching 

tours, it would be beneficial for the public perception of the wind farm if the tour companies 

were allowed to consult the planning of the installation process. Whaling companies are not 

allowed to hunt whales in the inner part of Faxaflói, as shown in Figure 5.1 by the red line. 

However, the local whaling companies should also be consulted, seeing as the area for the 

wind farm is very close to the boundary. 
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Figure 5.1: Faxaflói is currently a protected area for whales, and whaling companies have to go farther than the 

red line if they wish to hunt in the bay [62]. 

 

Fishing is extremely important in Iceland, and cod is the country’s most valuable fish 

resource [63]. The southern part of Faxaflói Bay is one of the areas where cod is being 

fished, as is demonstrated in Figure 5.2, so careful considerations need to be made before 

the start of any construction.  
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Figure 5.2: Distribution of cod caught in Iceland in 2013 [63]. 

 

Though there is a fairly dense concentration of cod catches in Faxaflói, it is also clear 

from the figure that areas in the north-west and east are where most of the cod fishing occurs, 

so the actual impact of a wind farm in Faxaflói might not be directly negative on the fishing 

industry as a whole. It could, however, shift the location of fishing grounds in the area. 
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Chapter 6 

6Conclusion 

Offshore wind energy is growing on a global scale and could prove to play a very 

important role in increasing the amount of renewable energy in the global energy 

consumption from the 3% it is today. This thesis attempted to prove that the conditions in 

Iceland, more specifically Faxaflói, are satisfactory for an offshore wind farm to be built. 

By looking into different aspects, such as wind conditions and economic factors, it was 

determined that a 200 MW wind farm made with the 4 MW turbine from Siemens (SWT-

4.0-130), could produce electricity with an LCOE as low as 61.80 €/MWh, according to the 

Gonzalez method. As there have been no other such studies in the area, these results should 

be considered preliminary. Additionally, different ways of estimating cost have been 

presented, and the results show that it is very difficult to find one method of estimating costs 

for offshore wind farms that can be applied to multiple wind farms and give reliable results. 

It underscores the importance of openness within the industry so that data can be shared. 

Without this it will take even longer before general cost estimations will be accurate.  

There are still multiple points of interest that need to be improved upon for a more 

accurate analysis, as mentioned in the discussion. However, the work presented in this thesis 

should give an impression of both the promising and favorable conditions for the wind 

industry in Iceland, and the uncertainty of economic estimations within the global offshore 

wind industry. 
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7Appendix A 

7.1 Generalized Wind Climate Report 

Produced on 16.5.2018 at 14:28:01 by licensed user: Marie Lovise Ve using WAsP version 

11.06.0028. The generalized wind climate contains data for 5 reference roughness lengths (0.000 m, 

0.030 m, 0.100 m, 0.400 m, 1.500 m) and 5 reference heights (10 m, 25 m, 50 m, 100 m, 200 m) 

above ground level. The roses of Weibull parameters have 12 sectors each. 

 

Table 7.1: Summary or the regional wind climate for Faxaflói 

Height Parameter 0.000 m 0.030 m 0.100 m 0.400 m 1.500 m 

10 m Weibull A [m/s] 

Weibull k  

Mean speed [m/s] 

Power density [W/m²] 

9.4 

2.04 

8.29 

653 

6.8 

1.88 

6.06 

278 

6.0 

1.89 

5.29 

183 

4.7 

1.90 

4.16 

89 

3.1 

1.92 

2.77 

26 

25 m Weibull A [m/s] 

Weibull k  

Mean speed [m/s] 

Power density [W/m²] 

10.2 

2.08 

9.04 

833 

8.1 

1.97 

7.15 

435 

7.3 

1.96 

6.44 

319 

6.1 

1.97 

5.42 

189 

4.7 

1.97 

4.15 

85 

50 m Weibull A [m/s] 

Weibull k  

Mean speed [m/s] 

Power density [W/m²] 

10.9 

2.13 

9.65 

992 

9.2 

2.10 

8.11 

595 

8.4 

2.08 

7.42 

461 

7.3 

2.07 

6.45 

304 

5.9 

2.06 

5.26 

166 

100 m Weibull A [m/s] 

Weibull k  

Mean speed [m/s] 

Power density [W/m²] 

11.7 

2.10 

10.35 

1234 

10.5 

2.26 

9.29 

836 

9.7 

2.27 

8.59 

659 

8.6 

2.25 

7.63 

466 

7.3 

2.21 

6.48 

290 

200 m Weibull A [m/s] 

Weibull k  

Mean speed [m/s] 

Power density [W/m²] 

12.6 

2.05 

11.16 

1583 

12.2 

2.22 

10.81 

1340 

11.3 

2.23 

10.03 

1067 

10.2 

2.25 

9.02 

769 

8.9 

2.27 

7.85 

505 

 

Table 7.2: Sector-wise wind frequencies for roughness length 0.000 m. 

i 1 2 3 4 5 6 7 8 9 10 11 12 

[°] 0 30 60 90 120 150 180 210 240 270 300 330 

f [%] 5,1 15,5 13,7 5,5 9,6 10,0 8,9 9,5 8,5 5,6 4,9 3,2 
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Table 7.3: Sector-wise Weibull distributions for roughness length 0.000 m. 

H i 

° 

1 

0 

2 

30 

3 

60 

4 

90 

5 

120 

6 

150 

7 

180 

8 

210 

9 

240 

10 

270 

11 

300 

12 

330 

10 A 

k 

U 

E 

8.4 

1.87 

7.49 

528 

10.5 

2.54 

9.29 

765 

9.7 

2.46 

8.59 

620 

7.6 

1.81 

6.74 

398 

10.1 

2.14 

8.97 

793 

11.2 

2.18 

9.89 

1044 

9.9 

2.22 

8.75 

711 

9.7 

2.28 

8.56 

652 

9.4 

2.01 

8.30 

668 

6.9 

1.52 

6.18 

384 

5.9 

1.81 

5.27 

191 

5.8 

1.59 

5.19 

215 

25 A 

k 

U 

E 

9.2 

1.91 

8.18 

670 

11.4 

2.58 

10.12 

980 

10.6 

2.51 

9.38 

794 

8.3 

1.87 

7.37 

504 

11.0 

2.17 

9.77 

1011 

12.2 

2.21 

10.77 

1333 

10.8 

2.26 

9.54 

907 

10.5 

2.32 

9.34 

833 

10.2 

2.04 

9.05 

850 

7.5 

1.56 

6.75 

483 

6.5 

1.87 

5.78 

243 

6.4 

1.64 

5.69 

271 

50 A 

k 

U 

E 

9.9 

1.97 

8.74 

795 

12.2 

2.65 

10.80 

1169 

11.3 

2.58 

10.02 

951 

8.9 

1.92 

7.90 

603 

11.8 

2.22 

10.42 

1201 

12.9 

2.24 

11.46 

1583 

11.5 

2.32 

10.18 

1078 

11.3 

2.39 

9.98 

993 

10.9 

2.10 

9.66 

1008 

8.1 

1.60 

7.22 

571 

7.0 

1.92 

6.21 

293 

6.8 

1.68 

6.11 

325 

100 A 

k 

U 

E 

10.6 

1.93 

9.38 

1004 

13.0 

2.61 

11.56 

1449 

12.1 

2.53 

10.76 

1194 

9.6 

1.87 

8.52 

776 

12.6 

2.19 

11.13 

1480 

13.8 

2.23 

12.21 

1922 

12.3 

2.28 

10.89 

1342 

12.1 

2.34 

10.69 

1242 

11.7 

2.06 

10.34 

1255 

8.7 

1.57 

7.78 

734 

7.6 

1.87 

6.73 

383 

7.4 

1.64 

6.62 

427 

200 A 

k 

U 

E 

11.4 

1.87 

10.15 

1312 

14.0 

2.53 

12.45 

1845 

13.1 

2.45 

11.64 

1544 

10.4 

1.81 

9.28 

1043 

13.5 

2.14 

11.95 

1874 

14.7 

2.18 

13.05 

2394 

13.2 

2.22 

11.73 

1714 

13.0 

2.28 

11.54 

1597 

12.6 

2.00 

11.13 

1611 

9.4 

1.52 

8.44 

984 

8.3 

1.79 

7.37 

525 

8.1 

1.58 

7.25 

591 

 

 

 

Figure 7.1: Wind rose for roughness length 0.000 m. 
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Appendix B 

Table 7.4: Details on each turbine in the wind farm. Gross AEP (Annual Energy Production) for each turbine is 

22.44 GWh. The wake loss is based on Gross AEP. 

Site description  X-location 

(m)  

Y-location 

(m) 

Net AEP 

(GWh)  

Wake loss 

(%) 

Turbine site 001 421838.40 7131322.00 21.51 4.14 

Turbine site 002 422206.10 7130954.00 21.27 5.20 

Turbine site 003 422573.80 7130587.00 21.20 5.52 

Turbine site 004 422941.50 7130219.00 21.17 5.64 

Turbine site 005 423309.20 7129851.00 21.17 5.66 

Turbine site 006 423676.90 7129483.00 21.19 5.56 

Turbine site 007 424044.60 7129116.00 21.23 5.36 

Turbine site 008 424412.20 7128748.00 21.31 5.01 

Turbine site 009 424780.00 7128380.00 21.46 4.36 

Turbine site 010 425147.70 7128013.00 21.85 2.60 

Turbine site 011 422941.50 7132425.00 21.27 5.20 

Turbine site 012 423309.20 7132057.00 20.99 6.47 

Turbine site 013 423676.90 7131690.00 20.89 6.91 

Turbine site 014 424044.60 7131322.00 20.85 7.06 

Turbine site 015 424412.20 7130954.00 20.84 7.11 

Turbine site 016 424780.00 7130587.00 20.87 6.99 

Turbine site 017 425147.70 7130219.00 20.93 6.70 

Turbine site 018 425515.30 7129851.00 21.04 6.24 

Turbine site 019 425883.00 7129483.00 21.23 5.40 

Turbine site 020 426250.80 7129116.00 21.68 3.39 

Turbine site 021 424044.60 7133528.00 21.24 5.34 

Turbine site 022 424412.20 7133160.00 20.95 6.65 

Turbine site 023 424780.00 7132793.00 20.84 7.10 

Turbine site 024 425147.70 7132425.00 20.81 7.25 

Turbine site 025 425515.30 7132057.00 20.80 7.28 
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Turbine site 026 425883.00 7131690.00 20.83 7.15 

Turbine site 027 426250.80 7131322.00 20.90 6.86 

Turbine site 028 426618.40 7130954.00 21.00 6.40 

Turbine site 029 426986.10 7130587.00 21.20 5.53 

Turbine site 030 427353.80 7130219.00 21.66 3.47 

Turbine site 031 425147.70 7134631.00 21.30 5.09 

Turbine site 032 425515.30 7134264.00 21.02 6.29 

Turbine site 033 425883.00 7133896.00 20.94 6.68 

Turbine site 034 426250.80 7133528.00 20.91 6.80 

Turbine site 035 426618.40 7133160.00 20.90 6.83 

Turbine site 036 426986.10 7132793.00 20.93 6.70 

Turbine site 037 427353.80 7132425.00 21.00 6.41 

Turbine site 038 427721.50 7132057.00 21.10 5.97 

Turbine site 039 428089.20 7131690.00 21.28 5.16 

Turbine site 040 428456.90 7131322.00 21.72 3.20 

Turbine site 041 426250.80 7135734.00 21.57 3.84 

Turbine site 042 426618.40 7135367.00 21.39 4.68 

Turbine site 043 426986.10 7134999.00 21.33 4.93 

Turbine site 044 427353.80 7134631.00 21.31 5.00 

Turbine site 045 427721.50 7134264.00 21.31 5.00 

Turbine site 046 428089.20 7133896.00 21.33 4.91 

Turbine site 047 428456.90 7133528.00 21.39 4.68 

Turbine site 048 428824.60 7133160.00 21.47 4.32 

Turbine site 049 429192.30 7132793.00 21.61 3.67 

Turbine site 050 429560.00 7132425.00 21.97 2.07 
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Table 7.5: Detailed overview of the LCOE calculation for the elimination round, with 7% discount rate and a 

5% annual increase in O&M costs. 

Year (1+r)^t 

2 MW turbine 4 MW turbine 

Costs (€) Production 

(MWh) 

Costs (€) Production 

(MWh) 

0 1.00 404 989 119.42 0.00 400 119 119.42 0.00 

1 1.07 15 474 684.11 859 704.67 18 211 508.41 1 011 750.47 

2 1.14 15 185 437.68 803 462.31 17 871 106.38 945 561.18 

3 1.23 14 901 597.72 750 899.36 17 537 067.01 883 702.04 

4 1.31 14 623 063.19 701 775.10 17 209 271.37 825 889.76 

5 1.40 14 349 734.90 655 864.58 16 887 602.74 771 859.59 

6 1.50 14 081 515.56 612 957.55 16 571 946.62 721 364.10 

7 1.61 13 818 309.66 572 857.52 16 262 190.61 674 172.06 

8 1.72 13 560 023.50 535 380.86 15 958 224.43 630 067.34 

9 1.84 13 306 565.12 500 355.95 15 659 939.86 588 847.98 

10 1.97 13 057 844.27 467 622.38 15 367 230.70 550 325.22 

11 2.10 12 813 772.42 437 030.26 15 079 992.75 514 322.63 

12 2.25 12 574 262.65 408 439.50 14 798 123.72 480 675.36 

13 2.41 12 339 229.71 381 719.16 14 521 523.28 449 229.31 

14 2.58 12 108 589.90 356 746.87 14 250 092.94 419 840.47 

15 2.76 11 882 261.11 333 408.29 13 983 736.06 392 374.27 

16 2.95 11 660 162.78 311 596.54 13 722 357.82 366 704.93 

17 3.16 11 442 215.81 291 211.72 13 465 865.15 342 714.89 

18 3.38 11 228 342.62 272 160.48 13 214 166.73 320 294.29 

19 3.62 11 018 467.05 254 355.59 12 967 172.96 299 340.46 

20 3.87 10 812 514.40 237 715.51 12 724 795.90 279 757.44 

21 4.14 10 610 411.32 222 164.02 12 486 949.24 261 455.55 

22 4.43 10 412 085.88 207 629.93 12 253 548.32 244 350.98 

23 4.74 10 217 467.45 194 046.66 12 024 510.04 228 365.40 

24 5.07 10 026 486.75 181 352.02 11 799 752.84 213 425.61 

25 5.43 14 335 861.21 169 487.87 16 075 982.14 199 463.18 
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Table 7.6: Detailed overview of the LCOE calculation for the final layout of the wind farm, with 7% discount 

rate and a 5% annual increase in O&M costs. 

Year (1+r)^t Costs (€) Production (MWh) 

0 1.00 400 119 119.42 0.00 

1 1.07 17 830 917.76 990 606.54 

2 1.14 17 497 629.57 925 800.51 

3 1.23 17 170 571.08 865 234.12 

4 1.31 16 849 625.82 808 630.02 

5 1.40 16 534 679.55 755 728.99 

6 1.50 16 225 620.12 706 288.77 

7 1.61 15 922 337.50 660 082.97 

8 1.72 15 624 723.71 616 899.97 

9 1.84 15 332 672.80 576 542.03 

10 1.97 15 046 080.79 538 824.32 

11 2.10 14 764 845.63 503 574.13 

12 2.25 14 488 867.21 470 630.03 

13 2.41 14 218 047.26 439 841.15 

14 2.58 13 952 289.37 411 066.50 

15 2.76 13 691 498.91 384 174.30 

16 2.95 13 435 583.05 359 041.40 

17 3.16 13 184 450.65 335 552.71 

18 3.38 12 938 012.32 313 600.66 

19 3.62 12 696 180.32 293 084.73 

20 3.87 12 458 868.53 273 910.96 

21 4.14 12 225 992.49 255 991.55 

22 4.43 11 997 469.26 239 244.44 

23 4.74 11 773 217.50 223 592.94 

24 5.07 11 553 157.36 208 965.36 

25 5.43 15 833 995.92 195 294.73 
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