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Abstract

This master’s thesis investigates a three-dimensional micro-siting approach for wind farms on the

offshore wind site Southern Northsea II by wind farm simulation in the software WindSim. For this,

two project cases, one with two parts, are made to investigate the approach for different wind speed

regimes. In Project Case 1, the offshore site’s actual wind data is used, including a wind regime

with relatively high wind speeds and a mean wind speed of approximately 10.4 m/s. This project

case includes a simulation with two different turbines with 5 MW and 15 MW installed capacity in

Parts 1 and 2, respectively. The second project case, Project Case 2, is a virtual project case that

includes wind data with lower wind speeds than the previous cases and a wind turbine of 15 MW.

This wind regime includes a mean wind speed of approximately 7.7 m/s.

Three-dimensional micro-siting is an approach for the efficient design of wind farms. In this thesis,

this approach includes variation of wind turbine hub heights. Simulation in the high wind speed

regime originally indicated lower wake loss and higher AEP than simulation in the moderate wind

speed regime. However, these increases are found to be marginal. On the other hand, the proposed

3D micro-siting could enhance the capacity density of prospective wind farms.

Analysis of the results from wind farms with 5 MW and 15 MW turbines indicate lower original wake

losses with the 15 MW turbine. Regardless, the 3D micro-siting approach was more effective on

the wind farms with the smaller turbine, indicating a more significant decrease in wake loss and an

increase in capacity factor. The impact of the approach increased as the capacity density increased

for all cases. In addition, this trend applies to both wake models, where the Larsen wake model

indicated lower wake losses and higher AEP compared to the Jensen wake model. The parameters

also change more significantly with the Larsen wake model.

The thesis’s results indicate that the three-dimensional micro-siting approach is somewhat effective.

This approach allows for the increase of capacity densities without significantly increasing the wake

losses or decreasing the capacity factors. In fact, in some cases, these parameters can stay unaffected

while increasing the capacity density with the 3D micro-siting approach included. Regardless, the

approach in this study requires optimisation to limit the uncertainties in the results. In this way,
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areas for offshore wind utilisation can be designed more efficiently.
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Chapter 1

Introduction

1.1 Background

Today, most of the world’s energy production comes from fossil energy resources. This energy production

causes greenhouse gases to pollute the atmosphere, which feeds global warming. Renewable options for

energy production are necessary to prevent this. Wind is a renewable, clean, and space-efficient energy

resource which can contribute significantly to the green shift. The wind power technology is mature but has

more potential for development [1]. Acceptable rated turbine capacities and efficiencies have been reached

and continue to increase. For good reasons, global wind power capacity has increased significantly in the

last decades. Wind power is consistent in the medium and long term, with low installation and operating

costs compared to other energy sources. The lifetime of a wind farm is increasing, and it can today operate

for 20-25 years with some adjustments and service [1].

Along with the increasing total wind power capacity is the increased capacity for offshore wind installations.

Compared to an onshore wind farm, the main advantages of an offshore wind farm are generally higher wind

speeds with more consistent direction [2]. These parameters generate higher wind farm capacity factors

for offshore wind farms, indicating that fewer turbines are required to produce the same amount of energy

as wind farms on land. Offshore wind turbines may also be more accessible to acceptance from the local

population as they are more environmentally friendly and less visible. In addition, wildlife is less affected by

offshore wind installations than the ones on land [2].

Figure 1.1 shows the historic developments of onshore and offshore wind installations globally from 2001-2023

as presented in the GWEC Global Wind Report 2024 [3]. The onshore installations are marked in green,

and the offshore installations are marked in blue and are measured as installed capacity in GW. The figure

shows that the total wind installations increase yearly, and the increase has been higher for the last couple

of years. The total installations increased by 115 GW capacity from 2022 to 2023, resulting in 1021 GW in

total installations. 11 GW of these 115 GW are offshore installations. This difference is significant compared

to the numbers from 10 years ago, including a tenfold increase in offshore installations in these years.
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Figure 1.1: The historic development of onshore and offshore installations [GW] from 2001-2023. Image

source: [3].

With a long coastline and coastal waters, Norway has large areas for industries at sea and offshore activ-

ities, such as offshore wind utilisation. The target from the Norwegian government is to install 30 GW

of offshore wind capacity by 2040 [4]. To reach this target, the Norwegian Water Resources and Energy

Directorate (NVE), commissioned by the government, has identified 20 new offshore areas usable for wind

energy exploitation. Figure 1.2 shows these 20 offshore areas, placed around the entire Norwegian coastline,

with the largest cluster in the southern part of the Norwegian coastal waters [5]. For each of these areas,

impact assessments have been performed, in cooperation with other industries, on how the installation of

wind turbines would affect the industries and the surrounding environment [4].

Figure 1.3 is a map from NVE [6] showing Norway and the offshore areas around the country. To the left

is the technical suitability in the offshore areas, illustrated with dark colours for low and lighter colours for

high suitability. The technical suitability is illustrated by the left side of the figure, including light colours

close to the Norwegian coastline. The illustration indicates mid-high to high technical suitability for offshore

wind utilisation in these areas. The illustration to the right in Figure 1.3 shows the degree of conflicts of

interest in the same offshore areas. The light colours indicate low conflict, and the map shows generally low

or middle-high conflicts of interest in the Norwegian offshore areas.
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Figure 1.2: The 20 identified areas for offshore wind utilisation. Image source: [5].

Figure 1.3: Maps showing the degree of technical suitability and conflicts of interest for offshore wind

utilisation around the Norwegian coastline. Image source: [6].

The offshore wind farms are to be efficiently designed to exploit offshore wind areas and wind resources

as best. Three-dimensional micro-siting is one approach for wind farm efficient design. Three-dimensional

micro-siting involves changing the layout of a wind farm to maximise energy production and minimise the

levelized cost of energy (LCOE). This process includes identifying the best coordinates at which the turbines
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in a wind farm should be installed to gather the objective of maximised energy production and minimised

LCOE. With increased energy production comes a decreasing wake effect, which causes losses in the wind

farm. An efficient wind farm design includes determining the number of turbines in the wind farm, tur-

bine type, turbine location, and the turbine hub height for each turbine. Because of space limitations, the

turbines should be as close to each other as possible for the best power output in the limited area. For a

three-dimensional micro-siting approach, the turbine type and hub height can vary within the same wind

farm, which increases the wind farm complexity. The complexity will increase since dissimilar installations

lead to different service needs and supply chain management [7].

This thesis deals with a three-dimensional micro-siting approach for efficient offshore wind farm design. The

objective of this approach is to maximise the AEP and minimise the wake losses in offshore wind farms.

This analysis is performed through wind farm simulations using WindSim software at the offshore wind

site Southern Northsea II. NREL’s 5 MW and 15 MW reference wind turbines, along with wind data from

Southern Northsea II and Smøla, are used in the simulations. The simulations also include two wake models:

the Jensen and Larsen wake models.

1.2 Preliminary study

The autumn semester of 2023 contained preparatory work for this master’s thesis through a research project,

resulting in a short report. This research project concerned a recursive micro-siting approach for wind farms

for possible applications in offshore wind projects. The project included research on the micro-siting of wind

farms and the CFD analysis method to get into the topic and learn how to use the WindSim software. The

micro-siting was performed on an onshore site at Smøla in Norway, with varying elevations in the terrain.

This approach could resemble a three-dimensional micro-siting approach with a turbine hub height variation.

This preliminary study included a 5 MW turbine and wind data from Smøla, also included in this thesis.

1.3 Contribution to the Field

This master’s thesis concerns the three-dimensional micro-siting of an offshore wind farm using the CFD-

based software WindSim. Previous literature on micro-siting has mostly been analysed on onshore wind

farms, but the literature on micro-siting of offshore wind farms is currently scarce. This thesis can enlighten

the topic and investigate how micro-siting can benefit offshore wind farms, not only onshore farms, which is

a more researched topic. Therefore, three-dimensional micro-siting on offshore wind farms, including turbine

hub height variation, is to be further researched.
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Chapter 2

Literature review

This chapter reviews previous studies on the micro-siting of wind farms and various aspects to consider in

such wind farm design. Firstly, this chapter briefly describes the wake effect in wind farms. The following

sections include a literature review of wake models for wind farm planning, a comparison of wake models,

and a review of the micro-siting topic. Lastly, different methods for optimising these micro-siting approaches

and previous studies in turbine hub height variation are reviewed.

2.1 Wake Effect

Wind energy exploitation includes extracting energy from the wind using a wind turbine [8]. This energy

extraction reduces the wind speed and swirls the airflow behind the rotor. This reduction in wind speed is

called the wake effect of a wind turbine, which affects the surrounding wind turbines in a wind farm and gives

so-called wake losses. Wakes are characterised as near and far wakes. The far wake is the most important in

a wind farm as wake losses reduce the energy production potential, meaning the turbines produce less energy

than they would have initially [8]. The wake effect for one wind turbine is described in Figure 2.1. Equation

2.1 formulates the normalised wind speed deficit [9]. The figure shows that the wake expands as the distance

behind the wind turbine rotor increases. U represents the free stream wind speed and V represents the wind

speed at a distance x behind the turbine rotor [10]. In calculations of losses due to the wake effect, reduced

wakes is calculated off hub height as the wake is modelled rotational symmetric with the x-axis.

δV =
(U − V )

U
(2.1)
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Figure 2.1: The wake effect behind a wind turbine. Figure inspired by [9].

Figure 2.2 shows the wake effect in an offshore wind farm [11]. Turbine A disrupts the airflow, which causes

reduced wind speed behind the turbine in the region where Turbine B is placed. The lower wind speed for

Turbine B due to wake leads to a lower power output. Offshore areas include limited surface roughness,

meaning less elevation in the sea bottom for bottom fixed turbines and the water surface for the floating

turbines. Due to limited surface roughness in offshore areas, less turbulence is produced in offshore wind

farms compared to wind farms on land. With lower turbulence, there is a slower recovery of wakes, in

addition to making the wakes longer. Because of this, the wake effect can be especially enhanced for offshore

wind farms and requires more efficient design of the wind farms and optimisation [11].

Figure 2.2: The wake effect in an offshore wind farm. Image source: [11].
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2.2 Wake models for wind farm planning

Wake modelling is significant in wind resource assessment and wind farm planning. A wake model simulates

the wake losses by each turbine in near and far wake and is significant in wind farm planning to decrease the

power loss [8]. The suitability of the wake models varies depending on the wind conditions at the wind site.

The following sections review some common wake models and studies that compare these models against

actual wind farm measurements of wake loss.

2.2.1 The Jensen wake model

The Jensen wake model is a simple and relatively accurate wake model commonly used for wake simulations

[8]. The Law of Momentum Conservation implies a linearly expanding wake behind the turbine, and the

wake speed deficit depends on the axial distance and wake decay [8] [12]. The diameter of the wake (Dw)

as it expands behind the turbine rotor dependent on the downstream turbine distance (x) is formulated in

Equation 2.2 [12]. In this equation, D is the turbine diameter, and kw is the wake decay. In [13] kw=0.04

for offshore wind farms.

Dw(x) = D
(
1 + 2kw

x

D

)
(2.2)

Section 4.1.1 in Chapter 4 elaborates on the Jensen wake model and how it is implemented in the simulations

in WindSim for this study.

The Jensen wake model with a Gaussian improvement

The Jensen wake model is commonly used for its simplicity and accuracy and since it captures the overall

behaviour of airflow behind a turbine rotor well but neglects the details [14]. However, the wake model is less

effective at low wind speeds and near wakes and fails to capture the radial dependence of wake. Therefore,

the energy production predictions in a wind farm are sensitive to wind direction [14]. Researchers work on

developing the wake model to be better in all aspects. The Jensen-Gaussian wake model is a version of the

Jensen wake model where the top-hat distribution in a Gaussian wake model replaces the Jensen top-hat

distribution [15]. This change results in a Jensen wake model with a Gaussian-shaped speed deficit, which

is two-dimensional [14]. The wake radius calculation is similar to the Jensen wake model, but the coefficient

k is corrected for turbulence intensity [16].

2.2.2 The Larsen wake model

With the Larsen wake model, wakes are simulated as a linear perturbation on the mean wind field but

include individual modelling of the wake flow field termed by non-linear simulations [17]. The simulation

of the wakes includes an approximation of the shear layer and symmetric wake flow field. Also, a function

of axial and radial distance, x and r, respectively, indicate the model’s wind speed deficit [12] [17]. This

indicates a more complex wake model than the Jensen wake model, as the wake deficit is only dependent

on the axial distance [17]. Equation 2.3 presents the wake expansion behind the rotor with the Larsen wake

model [12].
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Dw(x) = 2

(
35

2π

) 1
5

(3c21)
1
5 [CT (Uin)Ax]

1
3 (2.3)

In this equation, c1 represents a mixing length, CT is the thrust coefficient, Uin is the inflow wind speed,

and A is the cross-section area. Section 4.1.2 in Chapter 4 elaborates on the Larsen wake model and its

implementation in the WindSim simulation software.

2.2.3 The Frandsen wake model

The Frandsen wake model is based on momentum analysis, including the Momentum Conservation Law of

flow over a control volume for one or several wind turbines [18]. In this analysis, the wake speed is directly

related to the thrust coefficient and a given thrust coefficient is calibrated by the expansion of the wake area.

The control volume is cylindrical with a constant cross-sectional area, equal to the wake area and horizontal

axis parallel to the mean wind vector [13]. The wake expansion behind the rotor with the Frandsen wake

model is formulated in Equation 2.4 [12]. In this equation, the wake expansion is formulated as a function of

the downstream turbine distance, where α=0.7, D is the turbine diameter, and k=3 in [12]. In this equation,

β is the wake expansion parameter formulated in Equation 2.5, where CT is the thrust coefficient and Uin is

the inflow wind speed.

Dw(x) = D
(
β

k
2 + α

x

D

) 1
k

(2.4)

β =
1 +

√
1− CT (Uin)

2
√

1− CT (Uin)
(2.5)

2.3 Comparison of wake models

In [19], the three wake models, Frandsen, Larsen and Jensen wake model, are compared to actual lidar mea-

surements from an onshore wind farm in China and evaluated at different distances from the turbine rotor.

Figure 2.3 presents this study graphically with the normalised wind speed at different downstream distances

ranging from 2D-6D. As shown in the figure, the velocity lateral distribution in the wake for the Jensen

and Frandsen wake models is assumed uniform, which is not the case in actual measurements. Therefore,

in this case, a modification of the Jensen wake model is needed to match the measurements. For the Larsen

model, the velocity deficit in the wake centre is underestimated but describes the radial variation of velocity.

The prediction of the wake models has higher precision in far wake. The Larsen and Frandsen wake models

predict generally wider wake widths than the actual measurements. The three wake models underestimate

the velocity deficit but are more accurate for the far wakes [19].
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Figure 2.3: The comparison of normalised wind speed for the Frandsen (grey line), Larsen (black line) and

Jensen (red line) wake models and real measurements (black dots) at different downstream distances. Image

source: [19].

Four wake models are compared to SCADA measurements from turbine pairs in the Gasiri wind farm in [20].

Figure 2.4 presents the relative wind direction versus relative power comparison for the Jensen, Frandsen,

Larsen and Jensen-Gaussian wake models for wind speeds from 6-9 m/s. The distance between the turbines

is 3.8D, wind direction θa=30◦ and turbulence intensity equal 0.14. Figure 2.4 shows that the Jensen wake

model generally underestimates the wind speed, but the power deficit is calculated as larger than the wind

speed deficit. Because of this, the Jensen wake model can give satisfactory results in simulation. In this

study, the Larsen wake model generally calculates a lower power deficit than the other three wake models.

The Jensen and Jensen-Gaussian wake models agree the best with the SCADA data in Figure 2.4, and they

get more accurate as the wind speed increases [20].
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Figure 2.4: Comparison of power deficits for different wake models and SCADA from Gasiri wind farm at

wind speeds from 6-9 m/s: (a) U0=6 m/s, (b) U0=7 m/s, (c) U0=8 m/s and (d) U0=9 m/s. Image source:

[20].

2.4 Micro-siting

Micro-siting has been a common method for efficiently designing wind farms for the last couple of years

[21]. Micro-siting can happen in a two-dimensional and three-dimensional approach. Two-dimensional (2D)

micro-siting deals with wind farm optimisation by changing the turbine position in X and Y directions.

For the three-dimensional approach (3D), the optimisation also concerns the change in the position of the

Z-direction, meaning changing the turbine hub height. This approach will extract more power than the 2D

approach with less capital cost. The main goal of this method is to minimise the total wake loss of a wind

farm, maximise the annual energy production, and decrease the costs [21]. Today, 2D micro-siting is the

more common method, meaning that 3D micro-siting requires more testing for the future.

In addition to changing the turbine hub height and position, it can be advantageous to a non-uniform wind

farm, including varying the turbine type, meaning size and power output, and the number of turbines in the

wind farm [22][23]. With bigger turbines, fewer turbines are needed at a site to gather the same installed

capacity as smaller ones [22]. Using bigger turbines would, therefore, be advantageous since fewer turbines

result in higher capacity factors and less wake effect. On the other hand, a non-uniform wind farm can

increase the complexity of a wind farm since different types of turbines have different service needs, and the

supply chain management is different. The choices for a non-uniform wind farm also depend on the costs,

as bigger turbines cost more than smaller ones [22].
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2.4.1 CFD based micro-siting

Some studies have been on CFD-based micro-siting before, but for onshore sites and often with a complex

terrain [24] [25]. These studies use the RANS equations with the k-ϵ turbulence model as the turbulence

closure. These studies implement versions of the Jensen wake model for the wake loss simulations, such as

the Jensen-Gaussian [24] and the Jensen-Katic wake model [25]. For example, CFD simulations have been

evaluated in [24] to actual measurements in a wind tunnel and gave good results with a small number of

errors with an average of 2.6 % [24]. This result means that the CFD-simulated wind speeds correspond

to the measured wind speeds in the wind tunnel. Therefore, CFD is evaluated as accurate in simulating

the vertical distribution of the mean wind speed along with the surface, which is a natural complex [24].

WindSim is a CFD-based software, which is elaborated on in sections 4.9 and 4.10.

2.5 Previous studies in variable hub heights

In [26], three-dimensional micro-siting is performed by using CFD analysis in WindSim. In this thesis, both

two-dimensional and three-dimensional micro-siting were researched in complex terrain. The 2D micro-siting

included turbine placing, one by one, at the points with the highest power densities. This 2D micro-siting

resulted in a capacity factor of 31 % and a minimum wake loss of 5.6 %. For the 3D micro-siting, the hub

heights varied between 119-166 m. The highest turbines gathered the biggest energy production, and the

turbines with lower hub heights had a marginal decrease in efficiency compared to the other turbines. The

lower turbines, on the other hand, cost less than bigger turbines. The conclusion included, by analysing

the simulation results, that 3D micro-siting may not be necessary for energy production output in complex

terrains with lots of variation in elevation. However, lower towers indicate reduced costs [26].

2.5.1 Optimisation methods for micro-siting

The optimisation of wind farm layout and turbine hub height with a novel wake model using a genetic

algorithm has yielded good results. In [27], the created model increased the power output by 154 % by

optimising the turbine hub height and wind farm layout simultaneously. For comparison, an optimisation

of the two factors independently could increase the power output by 55 % and 79 %, respectively [27]. A

simultaneous wind farm and turbine hub height optimisation could, therefore, severely impact the wind

farm power output, such as in study [27]. In this case, the wake model was improved by 3D artificial neural

network (3D-ANN) technology for more accuracy and reduced computational time and costs [27].

Micro-siting can be performed using a two-level approach to optimise a wind farm even more. In [28], a two-

level approach is used to find the optimal wind farm solution easier. In this study, a wind farm is separated

into blocks of the same size, with a multi-objective algorithm to optimise each block. A multi-objective

algorithm can solve problems with multiple objective functions and optimise these simultaneously [29]. This
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algorithm creates different block candidates for each block, which is used as a compound-level algorithm

to optimise the entire wind farm [28]. The study included 24 cases with different wind conditions, number

of turbines, choices and objective combinations. The approach gave good results and is an improvement

compared to the usual one-level approach.

2.6 The use of WindSim

A team from WindSim AS have validated the WindSim software by validating the mean wind speed and

turbulence model used for actual measurements at Bolund Hill [30]. Risø provides the input data and mea-

surements. This project showed that WindSim generally underestimates turbulence. Other than that, the

errors were among the lowest gathered for this type of test for Bolund Hill [30]. Figure 2.5 shows the results

of different models in the Bolund experiment submitted to the Bolund Blind Comparison. The figure shows

the normalised wind speed from a wind direction of 239◦ at a 5-meter height. The black boxes are the actual

measurements, the pink line is the results from WindSim, and the remaining lines are from other models in

this experiment. The figure shows that the WindSim results correspond to the actual measurements [30].

In [31], the WindSim software performs CFD analysis to compare analytical wake and actuator disc models.

The compared models are an old actuator disc implementation with uniform force distribution, a new actuator

disc model where the forces and power are calculated directly for each disc cell, and the other two models, the

Jensen and Larsen wake models. Figures 2.6 and 2.7 show the results from this comparison on normalised

power production for two rows in the wind farm, meaning Rows 3 and B [31]. In both figures, 3/4 of models

generally underestimate the power production. The New ACD model corresponds to some measurements

and overestimates the rest. In the cases in Figures 2.6 and 2.7, the Larsen wake model underestimates less

than the other models, with the best correspondence in Figure 2.6.

Figure 2.5: The normalised wind speed in the Bolund experiment, at a 5-meter height and wind direction

of 239◦. Image source: [30].
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Figure 2.6: Normalised power production for

Row 3 Lillgrund wind farm from a 120◦ wind di-

rection, including measured and modelled data.

Image source: [31].

Figure 2.7: Normalised power production for

Row B in the Lillgrund wind farm from a 222◦

wind direction, including measured and modelled

data. Image source: [31].

2.7 Conclusion

Through this literature review, several common wake models have been presented and compared to each

other, in addition to actual measurements at different sites. However, the Jensen wake model, or a version

of the model, is commonly used in studies that include micro-siting and CFD analysis. The reviewed

literature indicates that the fit of the different wake models varies depending on the wind conditions at the

specific site and method used, and the Larsen wake model also gathered acceptable results in some of the

studies. Through several reviewed studies on onshore wind farms, CFD implementation, including WindSim

simulations, has been validated as suitable for onshore wind resource assessment with values corresponding

to actual measurements. This includes the actuator discs function in WindSim. The 3D micro-siting with

the variable hub height concept has yielded good results in the simulation of onshore wind farms. In most

cases, this includes optimisation of the wind farm layout using different algorithms, which is shown to be

better than the implementation of the variable hub height concept alone. There is a lack of studies on

implementing 3D micro-siting on offshore wind farms in the current literature, which needs further research.
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Chapter 3

Objectives of the Study

3.1 Problem definition

This study’s objective is to maximise offshore wind farm’s annual energy production (AEP) using a three-

dimensional micro-siting approach. This approach includes placing turbines at a wind site in the areas with

the highest power density, one by one, according to the wake effects. Further, the wind farm layout will be

changed by varying the turbine hub heights to reduce the effect of the wake. The approach includes the

turbine hub height variation in wind farms with different capacity densities and characteristics.

The three-dimensional micro-siting in this study uses the offshore area Southern Northsea II as the basis for

the simulations, including its technical and wind data and the 5 MW and 15 MW NREL reference turbines.

A virtual case with lower wind speeds is also performed to investigate the method further, using onshore

wind data from a site at Smøla in northwestern Norway with the geographical data from Southern Northsea

II. For all cases, the wind resources are analysed using two different wake models: the Jensen and Larsen

wake models. The research questions formulated for the study are given below.

3.2 Research questions

This master’s thesis will focus on the following research questions:

RQ1: How can the wake loss be minimised and annual energy production (AEP) be maximised by applying

the three-dimensional micro-siting in high and moderate wind speed regimes?

RQ2: How do the wind farm’s capacity density and the turbine’s rated capacity affect the AEP and wake

losses in a three-dimensional micro-siting approach?

RQ3: How would the above analysis on three-dimensional micro-siting be affected by the model chosen for

the wake estimation?
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Chapter 4

Theory

This chapter describes the theoretical considerations significant to this thesis. The coming sections include

theory on wake modelling, actuator discs, wind speed distribution, CFD analysis, the WindSim software,

and significant characteristics in wind resource assessment. This includes equations used to calculate the

implemented parameters in the WindSim simulations.

4.1 Wake Modelling

Mathematical wake models have been developed for wind farm studies and simulation to predict the wake

size and energy losses due to the wake effect. In this way, predictions of the energy production of a wind

turbine can be made. The sections below describe the available options for wake simulation in WindSim:

the Jensen, Larsen, and Frandsen wake models. These are called Wake Models 1, 2 and 3, respectively,

in WindSim. A wind farm includes several wind turbines, which indicate different wakes for each turbine

and multiple wakes affecting each other. The multiple wake model is based on the sum of squares in the

simulations.

4.1.1 Wake Model 1: The Jensen wake model

The Jensen wake model is commonly used in studies for both onshore and offshore wind farms [28] [32]. The

reason for this is that the model gives low computational costs and is simple in computation [22]. The model

accuracy is also relatively high, especially in the far wake region [8] [33]. The Jensen wake model assumes

a linearly expanding wake with a velocity deficit dependent on the distance behind the rotor. The model

also assumes a turbulent wake and neglects tip vortex contribution. The Jensen wake model is derived by

downstream wind momentum conservation since the model handles wake as turbulent [33]. Figure 4.1 shows

the linearly expanding wake with the Jensen wake model. Equation 4.1 presents the velocity in the wake

with the Jensen wake model. In the figure and equation, CT is the trust coefficient, z is the turbine hub

height, z0 is the roughness height, D0 is the rotor diameter, Dw is rotor diameter at distance x, A=0.5, and

u is the velocity of the free stream. The wake decay in the Jensen wake model is represented by α and can

be calculated by Equation 4.2 [13]. The wake decay typically range from 0.04 to 0.075 [9].
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Figure 4.1: Schema for the Jensen Wake Model. Image source: [13].

δv =
(1−

√
(1− CT ))

(1 + ( 2αxD0
))2

(4.1)

α = A/ln(
z

z0
) (4.2)

4.1.2 Wake Model 2: The Larsen wake model

The Larsen wake model considers a wind turbine wake a disturbance of a mean wind flow [17]. This distur-

bance of the mean wind flow may include wake shear from upstream emitted wakes and conventional shear.

Due to the conventional shear and wake shear, downstream in the wind farm is developed, which decreases

as the distance from the wind turbines increases but simultaneously expands in space [17]. Figure 4.2 shows

the expansion of the wake with the Larsen wake model. In the figure, z is the turbine hub height, z0 is the

roughness height, and x and r are axial and radial coordinates, respectively [13].

Figure 4.2: Schema for the Larsen Wake Model. Image source: [13].
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Equation 4.3 presents the velocity in the wake in the Larsen wake model [9]. The equation includes the

parameters calculated by Equations 4.4, 4.5, 4.6, 4.7, and 4.8 [9].

δV =
1

9
(CTArx

−2)
1
3 [r

3
2 (3C2

1CTArx)
−1
2 − (

35

2π
)

3
10 (3C2

1 )
−1
5 ]2 (4.3)

Ar = π
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2

4
(4.4)
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D0
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5
2 (CTArx0)

−5
6 (4.5)

x0 = 9.5
D0

4

(2R95)3
− 1 (4.6)

R95 = 0.5(Rnb +min(z,Rnb)) (4.7)

Rnb = max(1.08D0, 1.08D0 + 21.7D0(Ia − 0.05)) (4.8)

In these equations, CT is the thrust coefficient, Ar is the rotor swept area, D0 is the rotor diameter, Ia is the

ambient turbulent intensity at hub height, Rnb is a corrected wake radius, and z is the turbine hub height.

4.1.3 Wake Model 3: The Ishihara wake model

The Ishihara wake model is based on the momentum of axial symmetry flow and the turbine drag force-loss

of momentum flux relation [34]. In addition, the model considers the turbulence effect on the wake recovery,

which depends on the turbulence generated by the turbine [34] [35]. The Ishihara wake model depends on

the downstream distance from the wind turbine, the Atmospheric and rotor-generated turbulence, and is not

constant [35]. Equations 4.9, 4.10, 4.11, and 4.12 present the velocity in the wake in Ishihara wake model

[9].
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p = k2(Ia + Iw) (4.11)

Iw = k3(
CT

max(Ia, 0.03)
)(1− exp(−4(

x

10D
)2)) (4.12)

In these equations, CT is the thrust coefficient, D is the rotor diameter, Ia is the ambient turbulent intensity

at hub height, Iw is the mechanical turbulence generated, k1=0.27, k2=6, and k3=0.004 [9]. p is regarded

as a function of turbulence and shows the rate of wake recovery [34].
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4.2 Actuator discs

An actuator disc is often used to simplify wind farm modelling, especially in CFD simulations. An actuator

disc is a penetrable disc for the air to pass through, representing a wind turbine’s swept rotor area (A) [36].

The forces directed against the axial wind direction are used by the cells that cover area A [37]. The thrust

force Fi in the actuator disc model is calculated from Equation 4.13.

Fi =
1

2
ρAi(

U1,i

1− ai
)2CT (U1,i) (4.13)

In this equation, U1,i represents the wind speed at the i-th cell of the disc perpendicular to the disc, Ai is the

specific surface area, ai is the axial induction factor, CT (U1,i) is a modified version of the thrust coefficient

dependent on the disc velocity U1,i, and ρ is the air density. The thrust coefficient CT and U1 is presented

in Equations 4.14 and 4.15, which lead to Equation 4.16 [37].

CT = 4a(1− a) (4.14)

U1 = (1− a)U∞ (4.15)

U1 =
1

2
U∞(1 +

√
1− CT (U∞) (4.16)

This thesis implements actuator discs to refine non-AD simulations to implement losses and give more

realistic simulations.

4.3 Rotor Thrust and Power

Equation 4.17 presents the relationship between the power coefficient and axial induction factor [38]. The

power coefficient (CP ) is the ratio between the extracted wind turbine power and the available energy in the

wind stream [39]. Equation 4.18 presents the relationship between the thrust (CT ) coefficients and the axial

induction factor (a) [40]. The thrust coefficient describes the relationship between the thrust and dynamic

forces.

CP = 4a(1− a)
2 (4.17)

CT = 4a(1− a) (4.18)

Factor a in the equations represents the axial induction factor and indicates how much the turbine slows the

upstream wind velocity [38]. Both coefficients are a number between 0-1 [41]. The maximal theoretical CP

is 16/27 or 59.26 %, which is also called Betz’ limit [42]. At maximum power output, which includes the

axial induction factor (a) equal to 1
3 [41]. The thrust coefficient CT is equal to 8/9 in this case [41].
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4.4 Turbulence

The occurrence of turbulence in the wind is defined as fluctuations in wind speed caused by the dissipation

of wind energy from kinetic to thermal energy [43]. This dissipation includes the creation and destruction of

small wind gusts. Turbulence can seem random but happens distinctly. Therefore, the turbulence occurrence

and behaviour can be modelled with different wind characterisation properties like fluid density, turbulence

intensity (TI), turbulent kinematic viscosity, kinetic energy, and dissipation rate [43]. Turbulence in an

airflow reduces the available power and creates fatigue loads on a wind turbine [44]. Equation 4.19 presents

the turbulence intensity, which includes the standard deviation (σu), presented by Equation 4.20 [43].

TI =
σu

U
(4.19)

σu =

√√√√ 1

Ns − 1

Ns∑
i=1

(ui − U)2 (4.20)

4.4.1 K-ϵ turbulence model

The k-ϵ turbulence model is a commonly used Eddy viscosity model to simulate mean flow characteristics in

turbulence flow conditions [45]. An Eddy viscosity model, such as this one, is also used for Reynolds stresses

calculation. The k-ϵ turbulence model is described in Equations 4.21, and 4.22 [37].

(ρk), t+ (ρUik − ρvt
PRT (k)

k, i), i = ρ(Pk − ϵ) (4.21)

(ρϵ), t+ (ρUiϵ− ρvt
PRT (ϵ)

ϵ, i), i =
ρϵ

k
(C1Pk − C2ϵ) (4.22)

In this turbulence model, ρ is the fluid density, and vt is the turbulent kinematic viscosity. Cµ, C1, C2,

PRT(k), and PRT(ϵ) is the model constants. k is the turbulent kinetic energy, determining the energy in

turbulence, ϵ is the dissipation rate, determining the dissipation rate of turbulent kinetic energy [45]. These

factors are presented in Equations 4.23 and 4.24.

k =
U2
τ√
cµ

(4.23)

ϵ =
U3
τ

κd
(4.24)

4.5 Blockage Effect

The blockage effect reduces the upstream wind speed while extracting energy from a wind turbine or a wind

farm [46]. The area around the wind turbine affected by this effect is called the induction zone. The blockage

effect in a wind farm leads to less energy production than the initial energy potential [46]. In the simulations

in this thesis, the blockage effect is implemented like a refinement type in the Terrain Module in WindSim

as a file with blockage at the site included. In wind farm simulation, the blockage effect is often neglected,

which can lead to an overprediction of the energy production.
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4.6 Annual Energy Production (AEP)

In this case, Annual Energy Production (AEP) considers the energy a wind turbine or a wind farm can

produce in a year [24]. For wind farm evaluation, AEP is significant for estimating the wind farm quality

according to the amount of energy it can produce. The AEP for a wind turbine is calculated by Equation

4.25 [24].

AEP =

Ntur∑
j=1

N∑
i=1

P (Uj(xturbine,i)) · Prated ·
8760h

Nh
(4.25)

Where (Uj(xturbine,i)) is the wind velocity i at the hub height of wind turbine j. Nh is the sample hour,

Ntur is the total number of turbines, Prated is the rated turbine power. The number 8760 h represents the

number of hours in a year.

4.7 Wind farm capacity factor

The capacity factor of a wind farm describes how much energy it produces compared to the installed wind

farm capacity [47]. Therefore, this ratio describes how efficient the wind farm is compared to how much

energy that is available in the wind. Equation 4.26 presents the calculation of wind farm capacity factor

[48].

η =
PT

Pin
=

AEP/year
h/year

Pin
· 100% (4.26)

In this equation, PT is the power output, and Pin is the power input, measured in kW. AEP is the annual

energy production in kWh/year, and h/year is the number of hours a year, equal to 8760 h.

4.8 Wind Speed Distribution

A wind speed distribution is used for wind resource assessment to map the wind potential at a specific

site and to further plan, design, construct, and operate a wind farm [49]. Several models for wind speed

distribution, with different focus points, have been used for wind farm analysis. The following sections

describe the Weibull wind distribution used in this study.

4.8.1 Weibull Wind Distribution

The Weibull wind distribution is flexible, simple, and has efficient computing parameters [49]. Therefore,

the Weibull distribution is commonly used in various fields, such as physics and material science. In this

way, the distribution is known as the most popular wind distribution model. The Weibull distribution is

especially advantageous in areas affected by temperate depressions, but the distribution is not as effective

at low wind speeds. The Weibull distribution is characterised by two functions describing the variations

in wind speed: the Weibull probability density function and the Weibull cumulative distribution function

[44]. Equations 4.27 and 4.28 present the probability density and cumulative distribution functions for the

Weibull distribution [44].
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f(V ) =
k

c
(
V

c
)k−1 · e−(V

c )k (4.27)

F (V ) =

∫ α

0

f(V ) dV = 1− e−(V
c )k (4.28)

In Equations 4.27 and 4.28, V is the wind speed, and k and c are the Weibull shape and scale factor,

respectively. Equations 4.29 and 4.30 present the Weibull factors k and c [50]. In these equations, Vm

represents the average wind speed and σv is the standard deviation.

k = (
σv

Vm
)−1.090 (4.29)

c =
2Vm√

π
(4.30)

4.9 Computational Fluid Dynamics (CFD) analysis

Computational Fluid Dynamics (CFD) is a numerical method for solving fundamental fluid flow equations

[51]. The CFD method is useful in several industries, including oil, gas, and automotive. CFD analysis

can also be used in renewable energy industries such as wind. In CFD analysis, the Reynolds Averaged

Navier-Stokes (RANS) equations describe the fluid flow behaviour, which is time-averaged for the speed

fluctuations. The equations are closed by a turbulence model (k-ϵ) in this analysis. Equations 4.31, 4.32,

4.33 and 4.34 present the RANS implemented in this thesis through the simulation in WindSim [52]. In

these equations, U is the wind speed, x is the positional component, P is pressure, ρ is the density, v is the

kinematic viscosity, vt is the turbulent kinematic viscosity, and the subscripts i and j are defined unit vectors.

∂Ui

∂xi
= 0 (4.31)

Uj
∂Ui

∂xj
= −1

ρ

∂P

∂xi
+

∂

∂xj
(v(

∂Ui

∂xj
+

∂Uj

∂xi
)− (uiuj)) (4.32)

vt = Cµ
k2

ϵ
(4.33)

uiuj = −vT (
∂Ui

∂xj
+

∂Uj

∂xi
) +

2

3
δijk (4.34)

4.10 WindSim

WindSim is a Wind Farm Design Tool (WFDT) based on Computational Fluid Dynamics (CFD) [53].

The software can be used for wind farm planning and optimisation to maximise energy production. This

procedure is done by locating the areas with the highest wind speeds and considering this in the wind turbine

placement. WindSim optimisation happens while keeping the turbine loads under an acceptable limit by

calculating numerical wind fields over a digitalised terrain. WindSim covers the whole wind farm lifecycle
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through six modules, which include preparatory modules with the implementation of the terrain and wind

fields at the wind site and the wind farm design. The last three modules include calculation and simulation

of the results for the wind resources and power forecasting. The modelling in WindSim is 3D. This modelling

involves wind field characteristics, like wind shear, inflow angle, and turbulence, that affect the loads on the

wind turbines [51]. The different modules are described in the sections below.

4.10.1 Terrain module

The Terrain module includes generating a 3D model of the wind site of interest [54]. This 3D model is based

on the roughness and elevation data implemented from a file in a .gws format in a regular grid. Equation

4.35 [54] specifies the roughness height in this grid.

U

Uτ
=

1

κ · ln( z
z0
)

(4.35)

In this equation, the wind velocity, κ, is the von Karmans constant equal to 0.435, z is the coordinate in

the vertical direction, and z0 is the roughness height. The friction velocity Uτ is presented in Equation 4.36

including the shear stress τ0 and the air density ρ [54].

Uτ = (
τ0
ρ
)0.5 (4.36)

4.10.2 Wind Fields module

The determining of the wind field in the Wind Fields module is based on the 3D model in the Terrain

module, in addition to CFD [37]. The generation happens by solving the Reynolds Averaged Navier-Stokes

equations (RANS) for an incompressible fluid and applying the turbulence closure, which is the k-epsilon

model in this case. The procedure in the Wind Fields module is iterative because of non-linear equations.

The wind fields are generated in different wind direction sectors with angles from 0-330◦ [37].

The RANS Equations in this thesis are presented by Equations 4.31-4.34, which are the ones implemented

in WindSim. The RANS equations, in this case, are closed by the standard k − ϵ turbulence model for

turbulence closure in the simulations and are described by Equations 4.21-4.24 in section 4.4.1 [37].

4.10.3 Objects module

The Object module in WindSim is where the wind farm design process happens. Firstly, the wind site

climatology data is imported. With this data, the wind turbine positioning can happen, and the wind farm

can be visualised in the 3D terrain model [55]. The placing is done in a coordinate system of choice. The

turbine type and parameters like the power curve file (.pws) and turbine size are imported and specified in

this process.
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4.10.4 Results module

The Results module uses the database from the Wind Fields module and extracts the 2D horizontal planes

from this [56]. A normalisation variable has to be implemented, along with the height from which the results

should be gathered.

4.10.5 Wind Resources module

The Wind Resources modules give an overview of the wind parameters at the site by weighting the wind

database against the climatology [9]. This module provides wind resource maps, including an illustration

of the magnitude of the wind speed and a map that forecasts the power production at the site. The Wind

Resources module also includes an illustration of the wake for all the wind turbines in the relevant wind

farm. Therefore, this model implements a wake model of choice, and the choice is between the three wake

models Jensen, Larsen and Ishihara wake models [9].

4.10.6 Energy module

In the Energy module, results like AEP, wake loss and power density for each wind turbine, and the wind

farm totals and averages are calculated [57]. Along with these calculations are illustrations of the climatology

data, such as wind rose and wind distributions. The results are calculated with the Frequency table and the

Weibull wind distribution [57].

4.11 WindSim Express

WindSim Express is software for data preparation for WindSim, including creating and converting different

WindSim input files. This software allows users to create WindSim power curve files (.pws), including a

power curve and a thrust coefficient curve, and object files (.ows) with input details from the desired turbine

and the chosen wind farm layout.
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Chapter 5

Methodology

This chapter includes the study methodology, which involves all the steps in the before, during, and after

simulations to gather the results. The following sections include the description of the input data preparation,

how the simulations are performed in WindSim, and the method for Project Cases 1 and 2. In addition,

information on the wind sites and the turbines used to perform the simulations and gather results is provided.

5.1 Preparation of input data

Firstly, the offshore areas up for auction in Norwegian waters were detected in the Norwegian Water Re-

sources and Energy Directorate’s identification of Norwegian areas for offshore wind utilisation [5]. Southern

Northsea II was chosen as the working area. This choice is based on the technical suitability of the site

and because the site is already planned for offshore wind utilisation. The weather data at the site open-

meteo.com creates a csv-file that includes significant wind data parameters, like wind speed and direction,

by inserting the coordinates of the site. With this data, a WindSim wws-file was made and further used as

the climatology data file.

For the turbine, some preparation had to be done to put in the relevant power and thrust data. The power

data is gathered from NREL and the NREL page at Git Hub [58] [59]. The thrust data was calculated using

Equations 4.17 and 4.18 for the power and thrust coefficient. Further, the power data and thrust coefficient

for the different wind speeds were plotted into WindSim Express 10.0 to make the turbine power curve file

in a WindSim pws-file format, which includes both the thrust coefficient and power curve.

5.2 WindSim

WindSim includes several modules for defining the wind site data and further simulating the production of

the wind turbines inserted at the site. The first two modules include the terrain and wind field modules as

preparatory modules to define the terrain and wind field data. Further, the Objects module includes the

wind farm design process, with the variation of turbine hub heights for some cases. The last three modules

are for obtaining results on the wind resources at the site and calculating several wind turbine results, such

as the total AEP, wake loss, and power density for each wind turbine and wind farm. The modules are in a
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specific order, meaning the first module needs to run correctly for the second to run.

This master’s thesis contains an offshore micro-siting approach. The entire procedure will contain several

simulations in the different modules in WindSim to include all the necessary parameters for an offshore

simulation to be as realistic as possible. The procedures in the different modules are specified in the sections

below.

5.2.1 Preparatory modules

Terrain module

The first module in WindSim is the Terrain module. Before this module, while setting up the wind farm

project, the grid.gws file is implemented. This file includes the global coordinates of the wind site and

terrain information, such as the terrain roughness and information about vegetation, etc. The outcome of

the Terrain module is a 3D terrain model containing this information. Since the site is offshore, the variation

in roughness at this site is limited.

Wind Fields module

The site’s wind fields are generated in the Wind Fields module. This generation is based on the 3D terrain

model from the previous module and determined by resolving the Reynolds Averaged Navier-Stokes (RANS)

equations. The standard k-ϵ turbulence model is implemented as turbulence closure. The RANS equations

are described in Equations 4.31-4.34, and the k-ϵ model is described in Equations 4.21-4.24. The wind fields

are generated in different wind direction sectors in a uniform distribution of the sector angle, with angles

from 0-330◦. This wind field generation is an iterative procedure.

Objects module

After the Wind fields module comes the Objects module. In this module, the climatology is determined by

adding the climatology.wws file as a cup anemometer in the Park Layout page of the Object module. Then,

a wind turbine with the highest power density was placed at the site area. This design leads to an object.ows

file and exporting it to the Terrain module. This file is called object1 and will be used further in simulation.

5.2.2 Including actuator discs

For the simulation of an offshore wind farm, actuator discs will be implemented to include the blockage effect

so the simulation will be as realistic as possible. From here, four projects are made:

• Project with actuator discs (AD) in a high wind speed regime

• Project with actuator discs (AD) in a low wind speed regime

• Project with high wind speed (no AD)

• Project with low wind speed (no AD)
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The AD projects are created by defining the actuator disc as the refinement type in the Terrain module. The

other projects use the refinement file from the Terrain module in the AD project as the refinement type and

input it as a blockage file. The wind regimes are input in the wind fields module, as the wind speed above

the boundary layer is set at 500 m, with a wind speed of 7 m/s representing the low wind speed and 20

m/s representing the high wind speed. The methodology of this part, including actuator discs and blockage

effect refinement, is a version of the method from a WindSim workshop about this topic, presented in [60].

5.2.3 Wind Farm Design process

The first design process in this study begins with placing 5 MW turbines, one by one, with the starting point

of the area with the highest power density at the site and facing the most frequent wind direction. The

turbines are placed at a minimum distance of seven times the rotor diameter (7D), with the total annual

energy production as the objective function. With this objective function comes the minimisation of the

wake losses, and the turbine placement is performed with this in mind. The design process also uses a

guidance of approximately 5 MW per square kilometre for offshore wind farms, but it is also set higher to

investigate the micro-siting approach. This design process is executed in the Objects module in WindSim,

with an evaluation of the AEP and wake loss in the Wind Resources and Energy modules.

The following sections include the methodology for the 5 MW turbine, but the procedure is also adopted

for simulation with the 15 MW turbine. The 15 MW turbine characteristics are different from the 5 MW

turbine characteristics. The sections about the project cases present a specific description of the simulation

methodology in the different cases with the two turbines.

Results module

Next up is the Results module. This module includes a 3D analysis of the wind speed in the different wind

direction sectors. In this module, the wanted property is chosen. In this case, the normalisation variable is

the Speed scalar XYZ, and the plane heights for analysis are 70, 90 and 120 m. The 90 m plane is the main

plane height since this is the original turbine hub height. These inputs result in visualisation, in the form of

figures, of the 3D wind speed in the different wind direction sectors.

Wind Resources Module

The Wind Resources module includes the implementation of a wake model along with plane heights. In this

case, Wake Models 1 and 2, the Jensen and Larsen wake models are implemented in different cases, with the

same plane heights in the Results module (70, 90 and 120 m). These implementations lead to several heat

maps describing the 2D wind speed, power density, wake deficit, and mean wind speed for the wake deficit

at the wind site with the wind farm.

Energy module

The last WindSim module is the Energy module. This module implements the heights of reference produc-

tion, the wake model and density correction. In this case, the chosen wake models are numbers 1 and 2, the

Jensen and Larsen wake models, and the density correction is pitch-regulated. The multiple wake model is
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based on the sum of squares. These inputs result in AEP calculations for the wind farm and each wind tur-

bine in the wind farm, along with other calculations such as wake loss and full load hours. The climatology

will also be visualised with a wind rose and probability distributions. These probability distributions are

calculated for the Frequency table and Weibull distribution. The Weibull results are used for evaluation in

this thesis since it is a commonly used wind distribution.

5.3 Project Case 1-Southern Northsea II

Project Case 1 includes three-dimensional micro-siting procedures using the terrain and wind data from the

Southern Northsea II wind site. In this project case, two different turbines with different installed capacities,

hub heights and sizes are implemented, but the terrain and wind data are the same. The following sections

include information on the Southern Northsea II wind site, wind data, and the two turbines used in this

project case.

5.3.1 Wind resources at Southern Northsea II

The offshore area, Southern Northsea II, is outside the south coast of Norway, and it has been auctioned and

planned for offshore wind utilisation. Southern Northsea II has high technical suitability and low conflict of

interest for offshore wind [61]. The data for the offshore area is presented in Table 5.1. Figure 5.1 shows

the geographical placement of the chosen site, Southern Northsea II. From the newest NVE report on the

offshore wind areas in Norway, the Southern Northsea II area is desired to be larger than before, but a part

of the original area from 2012, with a size of 100 km2, is used in this study [6].

Table 5.1: Data for Southern Northsea II [6].

Parameter Magnitude

Size 2589 km2

Average wind speed (At 149 m:

15 MW turbine’s hub height)

10-10.5 m/s

Significant wave height 2 m

Extreme wave height 11-12 m

Average depth 60 m
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Figure 5.1: Placement of Southern Northsea II on the map.

In Project Case 1, the terrain and wind data from the offshore site at Southern Northsea II are used for

simulation. The wind farms are simulated and investigated for layouts with the original turbine hub height

and the variation in hub height, which is increased or decreased from the original. Figure 5.2 shows the mean

wind speed [m/s] at a 149 m height at the relevant part of the wind site. As described by the spectrum to

the left in the figure, the mean wind speed at the site is approximately 10.4 m/s. The part to the lower right

of the measurement station is used for all wind farm layouts. This area is 25 km2 big. The simulated power

density in this part of the Southern Northsea II offshore wind site is shown in the heat map in Figure 5.3.

As shown in the spectrum to the left in the figure, the power density at the site varies from 1141.9-1158.4

W/m2. Figures 5.2 and 5.3 are simulated at the original turbine hub height of 149 m since this is the original

turbine hub height of the 15 MW turbine.

Figure 5.2: The heat map for the wind speeds

[m/s] at Southern Northsea II, at a height of 149

m.

Figure 5.3: The power density [W/m2] heat map

for the relevant part of Southern Northsea II, at

a height of 149 m.
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5.3.2 Part 1: Wind farms with 5 MW turbines

Part 1 of Project Case 1 includes a three-dimensional micro-siting procedure using NREL’s 5 MW reference

turbine. Table 5.2 shows the turbine properties of this wind turbine, including the original hub height of 90

m and the rotor diameter of 126 m. Figure 5.4 shows the power and thrust coefficient curve for this wind

turbine. The thrust coefficient curve in red increases rapidly at a wind speed of approximately 2.5 m/s, is

stable around 0.88 from 3-7 m/s and decreases evenly after 7 m/s before it evens out at around 25 m/s. The

black power curve increases evenly at approximately 3 m/s, peaks at 15 m/s, and maintains stability before

decreasing slowly from 19 m/s.

Table 5.2: Pre-set properties for the 5 MW NREL Baseline Wind Turbine [62].

Property Magnitude

Rating 5 MW

Rotor Orientation, Configuration Upwind, 3 Blades

Control Variable Speed, Collective Pitch

Drivetrain High Speed, Multiple-Stage Gearbox

Rotor, Hub Diameter 126 m, 3 m

Hub Height 90 m

Cut-In, Rated, Cut-Out Wind Speed 3 m/s, 11.4 m/s, 25 m/s,

Rated Tip Speed 80 m/s

Figure 5.4: The power and thrust coefficient curve for the 5 MW NREL reference turbine.

33



Three-dimensional micro-siting approach

This three-dimensional micro-siting approach includes wind farm simulation with a certain capacity density,

including 5 MW turbines with the original hub height of 90 m. Firstly, a wind farm with a 5.4 MW/km2

capacity density is designed at a 25 km2 area at the wind site, Southern Northsea II. This capacity density is

a guidance value for offshore wind farms. Further, a version of this layout was made by varying the turbines’

hub height, ranging from 80 to 120 m. This procedure happens by changing the hub height of the turbines,

one by one, in the Objects module in WindSim. The AEP and wake loss are evaluated after every hub

height variation to see if the results improved and decide which turbine to change next. This procedure was

performed until the AEP did not increase further, and the wake loss did not decrease, indicating satisfaction

with the results. The described approach was performed for capacity densities between 5.4-8 MW/km2. The

capacity density is increasing by adding more 5 MW turbines to the 25 km2 area. Figure 5.5 is an example

of a wind farm layout with 5 MW turbines, included in the study. This layout has a 6 MW/km2 capacity

density, including 30 turbines of 5 MW, with a minimum turbine distance of approximately 7D.

Figure 5.5: The 6 MW/km2 capacity density wind farm with 30 turbines of 5 MW.

5.3.3 Part 2: Wind farms with 15 MW turbines

Part 2 of Project Case 1 also includes the wind data from Southern Nortsea II and follows the procedure in

Part 1. However, the difference is that this part uses the NREL’s 15 MW reference turbine. The NREL 15

MW reference turbine properties are presented in Table 5.3. This turbine has an original rotor diameter of

248 m and a hub height of 149 m. The table shows that this turbine has a cut-in wind speed of 4 m/s and

is rated at 11 m/s. The cut-out wind speed is 25 m/s, a typical value for wind turbines. Figure 5.6 presents

the power and thrust coefficient curve for the NREL 15 MW reference turbine created in WindSim Express.

The power curve increases from 0-15000 kW in the wind speed range of 4-11 m/s and is kept stable at 15000

kW until the cut-out wind speed, which is 25 m/s. The thrust coefficient curve increases drastically from

0 to approximately 0.89 between 3-7 m/s and is stable before it decreases evenly at 12 m/s and decreases

drastically to 0 at the cut-out wind speed.
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Table 5.3: Pre-set properties for the 15 MW NREL Baseline Wind Turbine [58].

Property Magnitude

Rating 15 MW

Rotor Orientation, Configuration Upwind, 3 Blades

Control Variable Speed, Pitch regulated

Drivetrain Direct drive

Rotor Diameter 248 m

Hub Height 149 m

Cut-In, Rated, Cut-Out Wind Speed 4 m/s, 11 m/s, 25 m/s

Figure 5.6: The power and thrust coefficient curve for the 15 MW NREL reference turbine.

Three-dimensional micro-siting approach

The three-dimensional micro-siting is performed from the capacity density starting point of 5.4 MW/km2,

including the 15 MW turbine with a 149 hub height. From this layout, a new layout is created with the

turbine hub heights varied one by one in a range of 135-179 m. Between every variation is an evaluation

of the AEP and wake loss, and the hub height variation happens until satisfaction. Further, this procedure

was performed for wind farms with capacity density between 6-15 MW/km2 in the 25 km2 area. Figure

5.7 shows an example of a wind farm layout with the 15 MW turbine. This layout contains nine turbines,

constituting a wind farm capacity density of 5.4 MW/km2 and a 7D distance between the turbines.
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Figure 5.7: The 5.4 MW/km2 wind farm layout with 9 turbines of 15 MW.

5.4 Project Case 2-Virtual wind farms

In addition to Project Case 1 at Southern Northsea II, Project Case 2, a virtual wind farm case, is performed

to investigate the impact of three-dimensional micro-siting at a site with lower wind speeds and different

wind conditions. The project case is virtual since the geographical site of Southern Northsea II is used,

together with the wind data from the Smøla wind site. Project Case 2 uses the 15 MW turbine and is

performed in the same way as the second part of Project Case 1. Firstly, the wind farm layouts are designed

with an original turbine hub height of 149 m for different capacity densities. Then, the turbine hub heights

are varied, with heights ranging from 135 to 179 m. This procedure is done for capacity densities from 6-15

MW/km2. The wind conditions at the site are described in the following section.

5.4.1 Wind resources at Smøla wind site

Project Case 2 includes the same offshore site as in Project Case 1 with the 15 MW turbine, but the wind

data is gathered from Smøla in northwestern Norway, an onshore wind site. This wind data generally

has lower wind speeds than the original at Southern Northsea II and has different frequencies in the wind

directions. Figures 5.8 and 5.9 show the heat maps for mean wind speeds and power density for the wind site

in Project Case 2, including the blockage refinements. Figure 5.8 shows that the mean wind speed at this

site is approximately 7.7 m/s. This wind speed is 2-3 m/s lower than the mean wind speed in Project Case

1. The wind speed in Project Case 2 is strongest in places with the darkest colours, which are around the

edges and in the centre of Figure 5.8. The spectrum to the left in Figure 5.9 shows that the power density

at the site is originally between 686-700 W/m2. Figures 5.8 and 5.9 are simulated at the original turbine

hub height of 149 m.
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Figure 5.8: The heat map for the wind speeds

[m/s] in Project Case 2 at a height of 149 m.

Figure 5.9: The power density [W/m2] heat map

for the site in Project Case 2 at a height of 149

m.

5.4.2 The Project Cases

Table 5.4 is an overview of the different project cases in this thesis. The table includes information about

the turbine, wind resources and wake models used in the different project cases. All project cases used the

same wake models, but the turbine and wind resources could vary.

Table 5.4: Description of the different project cases.

Project Case Turbine Wind resource Wake model

Project Case 1, part 1 5 MW Southern Northsea II (Mean: 10.4 m/s) Models 1 and 2

Project Case 1, part 2 15 MW Southern Northsea II (Mean: 10.4 m/s) Models 1 and 2

Project Case 2 15 MW Smøla wind site (Mean: 7.7 m/s) Models 1 and 2

5.5 Computational parameters

Table 5.5 presents some of the input parameters in WindSim. These parameters are put in the different

modules in WindSim and chosen as best for the site criteria. For example, the number of iterations is chosen

because of the computational time for the simulation. For the area size in WindSim, a 100 km2 big area

is the starting point, but to decrease the total number of turbines, a quarter of this area is used, which

means 25 km2. In addition to WindSim and WindSim Express, Excel has been used to sort the results and

perform calculations, and Python has been used to plot the graphs in this study. In the writing process, the

Grammarly app was used to correct the spelling of words and grammar in the sentences.
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Table 5.5: Input parameters in WindSim.

Category Value

X-range (UTM coordinates) 428436.443; 438436.443

Y-range (UTM coordinates) 490220.208; 500220.208

Refinement Refinement file from project with AD

Turbulence model Standard k-ϵ

Number of iterations 70

Normalisation variable Speed scalar XYZ

Wake models Wake models 1 and 2: the Jensen and Larsen wake models
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Chapter 6

Results and Discussions

This chapter presents the results and discussions of this thesis, including the three-dimensional micro-siting

approach through wind farm simulation in WindSim. These simulations encompass several project cases

to investigate the procedure of three-dimensional micro-siting using different wind data, turbines, and wake

models. The wind farms featuring 5 MW and 15 MW turbines are created to investigate the approach,

including different capacity densities and wake models. The wake models included are Wake Models 1 and

2, which represent the Jensen and the Larsen wake models, respectively.

Performance of the three-dimensional wind farms with turbines of 5MW and 15 MW rated capacities are

being analysed at capacity densities ranging from 5.4 to 15 MW/km2. Both wind turbines considered are

the National Renewable Energy Laboratory (NREL) reference turbines. The following sections present the

results from these simulations.

6.1 Southern Northsea II

Project Case 1 in this thesis includes terrain and wind data from the Southern Northsea II area. The wind

data for the site is illustrated by the wind rose in Figure 6.1 and the wind speed distributions in Figure 6.2.

The wind rose includes the site’s different wind speeds, direction, and frequency of the wind speeds in the

different wind directions. The figure shows that the wind direction is most frequent for the angles between

approximately 190-350◦. As mentioned earlier, the mean speed at the site is 10.4 m/s, but the wind rose

shows that this value is often exceeded. The darker colours in the figure indicate the higher wind speeds,

which occur a considerable amount of the time in the Southern Northsea II area.

Figure 6.2 indicates the Weibull distribution of wind at Southern Northsea II depicted by the red, dotted

line. The figure also includes the actual data represented by the bars. The Weibull distribution fitted over

the actual data closely aligns with the real observations collected from the wind site. This analysis shows

that the most probable wind speed at the site is 11 m/s, 10 m/s for the Weibull distribution, and the chances

of extreme wind speeds above 25 m/s are very rare.
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Figure 6.1: The wind rose for the Southern Northsea II wind site, used in Project Case 1.

Figure 6.2: The Weibull distribution of wind (red line) fitted over the actual wind data (grey bars) at

Southern Northsea II, used in Project Case 1.

6.2 Onshore wind site at Smøla

Project Case 2 of this thesis includes implementing the wind data from an onshore wind site at Smøla. Fig-

ure 6.3 presents the wind rose in this virtual project, including the wind speeds and wind directions at the

site. The wind rose in the figure shows that the wind speeds at the Smøla wind site are primarily between

4-10 m/s. Furthermore, the most frequent wind direction is clearly in a west-southern direction, indicating

a direction of approximately 240-260◦, with a frequency of approximately 18 %. The wind direction also

includes high wind speeds.

Figure 6.4 presents the Weibull distribution of wind at the Smøla wind site. In this figure, the red line
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representing the Weibull distribution is fitted to the bars, representing the site’s actual wind data. The

actual data indicates that the most probable wind speed at the site is 5 m/s. For the Weibull distribution,

the most probable wind speed is 4 m/s. The analysis shows that the Weibull wind distribution is not

as aligned with the actual data as desired for the lower wind speeds, which confirms the weakness of the

distribution at lower wind speeds. But the most probable wind speed is almost the same. This analysis also

shows that the chances of extreme wind speeds over 25 m/s are rare.

Figure 6.3: The wind rose for the Smøla wind site used in Project Case 2.

Figure 6.4: The Weibull distribution of wind (red line) fitted over the actual wind data (grey bars) at Smøla

wind site, used in Project Case 2.
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6.3 Three-dimensional micro-siting with 5 MW turbines

The next sections present the results for the wind farm layouts with the 5 MW turbine. The 5 MW turbine

is only implemented in Project Case 1. The results include the estimated total AEP, capacity factor, and

wake loss with the two wake models at different capacity densities. The exact estimated values for wind

farm AEP, capacity factors, and wake loss are presented in Appendix A.

6.3.1 Project Case 1: Part 1

Annual Energy Production (AEP) evaluation

Figure 6.5 shows the estimated annual energy production (AEP) at different capacity densities for the orig-

inal (2D) and varying (3D) hub height wind farms in the first part of Project Case 1. The figure includes

the results for both Wake Models 1 and 2. Analysis of the figure indicates a linear increase of AEP as the

number of turbines and the capacity density increase for the implemented scenarios. The analysis of the

AEP also indicates that the AEP of the wind farms with 3D siting is higher than the conventional 2D siting

in the case of all the capacity densities with both wake models. The difference between the 2D and 3D

AEP increases as the capacity density increases. With Wake Model 1 implemented, the AEP increases by

7743.6-13989.4 MWh/y for the included capacity densities: 5.4-8 MW/km2. Similarly, the AEP with Wake

Model 2 increases by 7866.4-14772.2 MWh/y in the same case.

In this project case, implementing the variable height concept does not seem to result in a significant

enhancement in the AEP of the wind farms. The reason for this can be that the wind site used in this

project case has a relatively strong wind spectrum, with a mean wind speed of 10.4 m/s. By analysing the

cumulative distribution of wind at the site, a considerable amount of the time, the wind speed is above the

Figure 6.5: The total AEP [MWh/y] at different capacity densities for the first part of Project Case 1. Both

Wake Models 1 and 2 are included in the figure.
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rated wind speed of the turbine. Hence, any reduction in the wake losses will, therefore, not be reflected in

the AEP because the turbine already works in the rated wind speed region. However, the AEP will increase

as the capacity density is improved.

Capacity factor evaluation

Figure 6.6 presents the capacity factor for the capacity densities between 5.4-8 MW/km2 in Project Case

1 with 5 MW turbines. The estimated capacity factors with Wake Models 1 and 2 are presented in the

figure, including the original and varying hub height scenarios. The figure shows that the capacity factor

decreases as the capacity density increases for all scenarios since the number of turbines increases; therefore,

more energy loss is naturally considered. Analysis with Wake Model 1 indicate that the capacity factor

increases by 0.65-0.87 % for all capacity densities by varying the turbine hub heights. With Wake Model 2,

the capacity factor increases by 0.67-0.89 % for all capacity densities in the same scenario.

The figure indicates significantly higher capacity factors with Wake Model 2 than with Wake Model 1. The

impact of the variable hub height concept is also greater in the Wake Model 2 scenario. As the capacity

density exceeds 6 MW/km2, analysis with Wake Model 1 indicates a steeper decrease than with Wake Model

2, which decreases less in this area.

The findings with Wake model 1 indicate that the wind farm capacity density can be increased from 5.4-7

MW/km2 by varying the turbine hub heights. This way, the capacity factor of 56.5 % at this point is

maintained, but the wind farm can gather a better energy output. Analysis with Wake Model 2 indicates

that the capacity density can be increased from 5.7-8 MW/km2 and still have the same capacity factor by

varying the turbine hub heights. But in this scenario, the capacity factor is 0.5 % higher than for Wake

Model 1, indicating a capacity factor of 57 %. The difference between the capacity factors for the 2D and

Figure 6.6: The capacity factor [%] at different capacity densities for the first part of Project Case 1. Both

Wake Models 1 and 2 are included in the figure.
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3D micro-siting in these scenarios with 5 MW turbines is marked, meaning that the turbines can be closer,

and the capacity factor can stay the same, including an increase in the AEP.

Even though the capacity factor increases by varying the turbine hub height, the increase is under 1 % for

both wake scenarios. As previously mentioned, this can be due to the wind turbine’s rated wind speed being

close to the most frequent wind speed at the wind site, including the wind speeds being over the rated wind

speed in a considerable amount of time. This similarity can affect the capacity factor change and prevent

significant increases by implementing the 3D micro-siting approach in wind farms.

Wake loss evaluation

Figure 6.7 shows the wake loss for capacity densities between 5.4-8 MW/km2 in the first part of Project

Case 1. The figure includes original and varying hub height layouts and both Wake Models 1 and 2. Analysis

of wake loss with both wake models indicates that the wake loss increases as the capacity density and the

number of turbines increase. By hub height variation, the wake loss with Wake model 1 decreases by 0.31-

0.46 % for the implemented capacity densities. With Wake model 2, the wake loss decreases by 0.32-0.52 %

by varying turbine hub height for the same capacity densities. In both wake scenarios, the hub height varia-

tion positively impacts the wake losses, including a more significant decrease as the capacity density increases.

In this project case, the wake loss is significantly higher for the original and varying hub height scenarios

with Wake model 1 implemented than with Wake model 2. Similarly to the capacity factors in this case,

the variable hub height concept has a greater impact on the wake loss with Wake Model 2 than on the wake

loss with Wake Model 1. This includes a more significant decrease in the wake losses by hub heigh variation

with Wake Model 2 compared to Wake Model 1 for all capacity densities.

Figure 6.7: The wake loss [%] at different capacity densities for the first part of Project Case 1. Both Wake

Models 1 and 2 are included in the figure.
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The analysis of the wake losses in this project case indicates a possibility for an increase in the capacity

density of a wind farm, including maintenance of the wake loss by including the variable hub height concept.

For the scenario with Wake Model 1, this can concern a capacity density increase from 6.4 MW/km2 to

7 MW/km2 capacity and maintaining the wake loss of 4.5 %. For this scenario with Wake model 2, the

capacity density can increase from 6 MW/km2 to 7 MW/km2, and the original wake loss of 3 % can be

maintained. These results indicate that the turbine spacing can be decreased from the included minimum

distance of 7D by implementing the variable hub height concept according to the wake loss.

6.4 Three-dimensional micro-siting with 15 MW turbines

The sections below present the results for the wind farm layouts with the 15 MW turbine. This 15 MW

turbine is implemented in both Project Cases 1 and 2, including wind farms with original and varying turbine

hub heights. The project cases are conducted with two different wake models for wake simulation, Wake

Model 1 and 2, which correspond to the Jensen and the Larsen wake models.

6.4.1 Project Case 1: Part 2

The results from the second part of Project Case 1, including the 15 MW turbine, are shown in the sections

below. The objectives in the project case are the total AEP, capacity factor, and wake loss for different

capacity densities, including the two different wake models. The exact numbers for AEP, capacity factors,

and wake loss are presented in Appendix B.

Annual Energy Production (AEP) evaluation

Figure 6.8 shows the total AEP for Project Case 1 with 15 MW turbines, including original and varying

hub heights. Wake Models 1 and 2 are implemented in this figure for capacity densities between 5.4-15

MW/km2. The analysis with Wake Model 1 indicates that the total AEP with Wake Model 1 for original

and varying hub heights are similar at the start and separate as the capacity density exceeds 10 MW/km2.

From 10.2-15 MW/km2, the AEP increases by 7768.5-14664.8 MWh/y with Wake Model 1 due to hub height

variation. The analysis with Wake Model 2 indicates that the AEP has no significant increase by hub height

variation for the capacity density between 5.4-10 MW/km2. As the capacity density increases, the hub

height variation impacts the AEP more, including an increase of 9605.2-17884.7 MWh/y for the capacity

densities between 10.2-15 MW/km2.

Analysis of the figure, including the two wake models, indicates that for the lower capacity densities (5.4-10

MW/km2), the AEP have no significant difference between the wake scenarios. As the capacity density and

the AEP increase, the difference between the wake scenarios also increases. The analysis of the two wake

models indicates higher AEP with Wake Model 2, with a more significant difference as the capacity density

increases.

In this project case, the implementation of variable hub heights did not indicate a significant enhancement

of the AEP of the wind farms with the two wake models. However, the AEP increases with the increasing
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Figure 6.8: The total AEP [MWh/y] at different capacity densities for the second part of Project Case 1.

Both Wake Models 1 and 2 are included in the figure.

capacity density for both wake scenarios. By increasing the turbine hub heights, the wind turbines will

catch higher wind speeds as the higher wind fields hold higher wind speeds. In this way, the AEP naturally

increase with variable hub heights without the wake loss, and prospective wake loss decreases, constituting

much.

Capacity factor evaluation

The capacity factor is plotted against the capacity density for Project Case 1 with the 15 MW turbine in Fig-

ure 6.9. The figure shows the capacity factors for the original and varying hub height wind farms, including

Wake Models 1 and 2. Both scenarios are performed with wind farms with capacity densities between 5.4-15

MW/km2. In the figure, the capacity factor decreases as the capacity density increases for the implemented

scenarios. Analysis with the two wake models indicates a capacity factor increase of 0.3-0.45 % and 0.33-0.54

%, respectively, by including 3D micro-siting to the wind farms with Wake Model 1 and 2.

The capacity factors gathered by Wake model 2 implementation are significantly higher than for Wake model

1. After the 10.2 MW/km2 capacity density, the capacity factor drops significantly for both Wake model

1 scenarios. This drop leads to a more significant difference between the capacity factors of the two wake

models as the capacity density increases above 10.2 MW/km2. The Wake model 2 capacity factors drop for

capacity densities between 9.6-10.2 MW/km2 but stabilise slightly as the capacity density increases further.

The effect of hub height variation is also more significant for the Wake model 2 scenarios, meaning that the

capacity factor increases more by varying the hub heights for the Wake model 2 scenarios than the Wake

model 1 scenarios. The dropping capacity factors for Wake Model 1 at higher capacity densities can be due to

the simplicity of Wake Model 1. The simplicity makes the wake model more accurate in far-wake regions than

near-wake regions. For the higher capacity densities, the turbines are placed much closer than lower capacity
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Figure 6.9: The capacity factor [%] at different capacity densities for the second part of Project Case 1.

Both Wake Model 1 and 2 are included in the figure.

densities with a minimum distance of 4D-5D, which can be identified as the near-wake region. Wake Model

2 is a more complex model, which can cause more stabilised capacity factors as the turbine spacing decreases.

For the original 6.6 MW/km2 capacity density layout with Wake Model 2, the capacity factor is 59.62 %.

This capacity factor is also gathered by a layout of approximately 8 MW/km2 in capacity density with

hub height variation. This result indicates that in this case, the wind farm capacity density can increase

by 1.4 MW/km2 with varying the turbine hub heights, including reduction of the turbine distances from

a minimum of 7D to approximately 6D. The turbines will, therefore, be significantly closer to each other,

with the same wind farm capacity factor but higher capacity density. These factors make it possible to add

more turbines to the wind farm and, therefore, increase the installed capacity and energy production. For

the same case with Wake Model 1, the capacity density could have increased by 1.4 MW/km2, and the

capacity factor would have stayed the same. However, this capacity factor is lower than for Wake Model 2

and, therefore, equal to 58.84 %.

Wake loss evaluation

Figure 6.10 shows the wake losses for each wind farm capacity density in Project Case 1 with the 15 MW

turbine. The figure includes the wake loss for the original and varying hub height layout with both Wake

Models 1 and 2. For all scenarios, the wake losses increase as the capacity density increases. Analysis of wake

loss with Wake Model 1 for original and varying hub heights shows that the wake loss is not significantly

enhanced by hub height variation for the lower capacity densities. As the capacity density increases to 12 and

15 MW/km2, the original wake loss drastically increases from the previous capacity densities. Therefore,

there is also a more significant decrease in wake loss by varying the hub heights in the wind farms with 0.11

% and 0.32 % decrease for the 12 MW/km2 and 15 MW/km2. For Wake Model 2 analysis, the wake losses
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decrease by hub height variation is not significant for the capacity densities between 5.4-10.2 MW/km2. As

for Wake Model 1, the wake loss increases as the capacity density increases in both the original and varying

hub height scenarios. As the capacity density exceeds 11 MW/km2, the wake loss decreases by variation in

hub heights is more considerable, including a decrease of 0.36-0.47 %. These results indicate that the 3D

micro-siting approach is more beneficial for higher capacity densities for both wake models.

The wake loss with Wake Model 2 is significantly lower than Wake Model 1, and the difference between

them increases as the capacity density increases. For the Wake Model 2 scenarios, the decrease in wake loss

between the original and varying hub height is more significant than for Wake Model 1. With both wake

models, the wake loss decrease is small for capacity densities lower than 10 MW/km2, including differences

of less than 0.2 %. As the capacity density exceeds 10 MW/km2, the wake loss increases more than before,

but the increase is more drastic for the Wake model 1 case than for Wake model 2. The Wake Model 2 wake

loss almost stabilises as the capacity density increases.

As in the first part of Project Case 1, the implemented wind regime is a wind regime with relatively high

wind speed, including a mean of 10.4 m/s. The cumulative distribution of the site also indicates that for a

considerable amount of time, the wind speed exceeds the wind turbine’s rated wind speed. The prospective

wake loss reduction may not be reflected in the results, as the turbine already works at the wind speed it is

controlled to work at.

Although the wake losses, in this case, do not decrease much by varying turbine hub heights, there is no

significant increase in the original wake loss for the lower capacity densities. As mentioned, the capacity

density can be increased with the benefits of a better AEP and keeping the capacity factor. Therefore, this

capacity density increase can happen without the wake losses increasing significantly, and overall, the wind

Figure 6.10: The wake loss [%] at different capacity densities for the second part of Project Case 1. Both

Wake Models 1 and 2 are included in the figure.
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farm layout may benefit from a capacity density increase for both wake models in this case.

The total wind farm AEP in Project Case 1, with 15 MW turbines, does not significantly increase by

varying the turbine hub heights. In addition, the decrease in wake loss is small for both wake model cases.

By implementing the 3D micro-siting approach, the AEP will increase automatically without the wake loss

counting much. This automatic increase is due to higher wind speeds at higher wind fields, which leads to

an automatic increase in AEP. These results indicate that the wake loss decrease due to hub height variation

may not count much in this case, and the increase in AEP can result from the turbines catching higher wind

speeds. However, the capacity factor only decreases slightly for lower capacity densities. The wake losses

barely increase for the same capacity densities, leading to the possibility of increasing the capacity density

by varying the hub heights, and the AEP can increase. In addition, the wind speeds at Southern Northsea

II often exceed the turbine’s rated wind speed. This aspect can affect the effect of hub height variation in a

wind farm.

6.4.2 Project Case 2

The following sections present the results from Project Case 2. These results focus on total wind farm AEP,

wake loss and capacity factor. The exact values for these parameters are presented in tables in Appendix C.

Annual Energy Production (AEP) evaluation

Figure 6.11 shows the total AEP for Project Case 2, including the simulation results with the two different

wake models, Wake models 1 and 2. The figure includes capacity densities between 6-15 MW/km2. The

AEP with Wake Models 1 and 2 indicates no significant increase by implementing the variable hub height

concept. The analysis with Wake Model 1 indicates an AEP increase of 4000-6400 MWh/y for the capacity

densities below 10.2 MW/km2 by varying the hub heights. However, the impact of the hub height variation

is more pronounced for the higher capacity densities, resulting in an increase of 11020.8 MWh/y for the 15

MW/km2 layout. For the Wake Model 2 wind farms, the figure indicates an AEP increase of 4800-8700

MWh/y for the capacity densities under 10 MW/km2 by including hub height variation. However, with

Wake Model 2, the impact of the approach also increases with the increasing capacity density, indicating an

increase of 14316.5 MWh/y in AEP for layout with 15 MW/km2 capacity density.

The AEP in the two wake scenarios are similar initially, but as the capacity density increases, the estimated

AEP with Wake Model 2 increases from the Wake Model 1. The gap between the results is biggest at the

highest capacity density: 15 MW/km2. The AEP increases because of hub height variation in both wake

scenarios, but the increase is not significant. However, the AEP naturally increases as the capacity density

increases, and the increase is close to linear.
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Figure 6.11: The total AEP [MWh/y] at different capacity densities for Project Case 2. Both Wake Models

1 and 2 are included in the figure.

Capacity factor evaluation

The capacity factors for Project Case 2 are plotted versus capacity density in Figure 6.12. The figure includes

both original and varying hub height scenarios, and concerns wind farms with capacity densities between

6-15 MW/km2. Both Wake Models 1 and 2 are also included. The capacity factor decreases continuously

as the capacity density increases for all the implemented scenarios. By analysis with Wake Model 1, the

capacity factors increased by 0.28-0.34 % for all capacity densities by varying the turbine hub heights, with

the more significant increase for the wind farm with a capacity density of 15 MW/km2. For the Wake model

2 scenarios, the capacity factor increases by 0.37-0.44 % due to hub height variation for all capacity densities.

The figure indicates significantly higher capacity factors with Wake Model 2 than Wake Model 1 in Project

Case 2, and the difference between the models increases as the capacity density increases. After a capacity

density of 10 MW/km2, the capacity factors decrease for both original and varying hub height. However,

the decrease is more drastic for the Wake Model 1 case than for the Wake Model 2 case. For all capacity

densities, the impact of the 3D micro-siting is considerably greater for the Wake Model 2 case than for the

Wake Model 1 case.

According to the capacity factor for the Wake Model 1 scenario, the capacity density can be increased from

approximately 6-7 MW/km2 by implementing the 3D micro-siting approach. An increase in capacity density

includes a reduction of the distance between the turbines, which in this case consists of a decrease of 150 m.

In this case, the capacity factor can stay the same with a simultaneous increase in AEP. For Wake Model

2, the capacity density can increase from 6 MW/km2 to approximately 7.5 MW/km2 in the same case,

including a 200 m reduction in turbine spacing. This change can considerably affect a wind farm’s energy

production and capacity factor.
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Figure 6.12: The capacity factor [%] at different capacity densities for Project Case 2. Both Wake Model 1

and 2 are included in the figure.

Wake loss evaluation

Figure 6.13 compares the wake loss for the original and varying hub height wind farms in Project Case 2

for capacity densities between 6-15 MW/km2. Both Wake Models 1 and 2 are included in the figure. The

figure shows that the wake loss increases evenly as the capacity density increases for both wake scenarios

with original and varying turbine hub heights. Analysis with Wake Model 1 indicates a wake loss decrease of

0.2-0.32 % by varying the turbine hub heights, with the biggest decrease by the wind farm with the highest

capacity density: 15 MW/km2. For the Wake Model 2 scenario, the wake loss decreases by 0.33-0.53 % by

hub height variation for capacity densities between 6-10.2 MW/km2. For higher capacity densities such as

15 MW/km2, the wake loss decreases by 0.79 % by implementing the approach. These results indicate an

increasing benefit of the 3D micro-siting approach with increasing capacity density.

The wake losses for Project Case 2 are substantially higher with Wake Model 1 than Wake Model 2, and the

difference grows as the capacity density increases. The wake loss with Wake Model 1 increases from around

6 % to approximately 18 % for the implemented capacity densities. For Wake Model 2, this case concerns a

wake loss increase from under 4 % to approximately 12 %. The figure indicates that the impact of the hub

height variation is more significant for the Wake Model 2 scenarios than for the Wake Model 1 scenarios,

meaning that the wake loss decreases more with Wake Model 2 by performing the 3D micro-siting approach.

The wake loss for both scenarios with Wake Model 1 also increases slightly faster as the capacity density

increases compared to the Wake Model 2 scenarios.

The wake loss change due to hub height variation is small in this project case. As previously discussed, an

increase in capacity density, including hub height variation, would not lead to a significant increase in wake

loss, especially with Wake Model 1 implemented. With Wake Model 2, the increase in wake loss is more

52



Figure 6.13: The wake loss [%] at different capacity densities for Project Case 2. Both Wake Models 1 and

2 are included in the figure.

considerable than for the Wake Model 1 scenarios by hub height variation. In a potential capacity density

increase of a wind farm, both capacity factors and wake losses should be considered. For this increase, a

compromise of the two parameters may be necessary. The AEP will increase with an increase in capacity

density.

6.5 Results evaluation

By comparing the two main project cases in this study, the results show that the capacity factors in Project

Case 2 are significantly lower than in Project Case 1. Both project cases include the 15 MW turbine, meaning

the difference between them is the implemented wind regimes. For that reason, the lower capacity factors

in Project Case 2 come from considerably lower wind speeds in its wind data. Despite the difference in

capacity factor, the increase caused by hub height variation is approximately the same in both project cases

for the lower capacity densities. However, for higher capacity densities, the increase in capacity factor is

more pronounced for Project Case 1, which includes the high wind speed regime.

Project Case 1 in this study includes two parts with two different turbines implemented. Even though some

capacity densities are the same, the results have clear differences. The wind farm capacity factors are higher

for the wind farms with 15 MW turbines than the wind farms with 5 MW turbines. For a 5.4 MW/km2

wind farm with 15 MW turbines, original hub heights, and implementation of Wake Model 1, the capacity

factor is equal to 59.39 %. In the same case with 5 MW turbines, the capacity factor is equal to 56.47 %.

There is a 3 % difference in capacity factor between the same capacity density with dissimilar turbines. The

reason for this can be the significant difference in the number of turbines in the two cases since the wind

farms with the 5 MW turbine need more turbines to achieve the same capacity density as with the 15 MW

turbine. Simultaneously, this can also be a part of why the 3D micro-siting approach has more impact on
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the wind farms with the 5 MW turbine, including more significant changes in the wake loss and capacity

factor.

The results from the simulation with Wake Model 2 implemented for wake simulation showed that the

total AEP and capacity factors were generally higher than with the implementation of Wake Model 1,

including lower wake loss. By implementing the Wake Model 2, the impact of hub height variation was also

more significant. Implementing Wake Model 2 to this three-dimensional micro-siting approach gave more

considerable results according to the study’s objective to minimise wake losses and maximise AEP. This

finding can be due to the simplicity of Wake Model 1, and weakness in near-wake regions.

6.6 Uncertainties

There are several uncertainties in this kind of study, including simulation and testing. One uncertainty is

that the wind farm layouts are not optimised. This means that the turbines’ placement is not necessarily the

best to gather the highest AEP and lowest wake losses. This study is performed within a time-limited period.

Wind farm layout optimisation would have required more time and work to create an algorithm for the best

layout. The wind farm layouts are designed with the same starting point: the power density at the site.

However, as turbines were added, the layouts for each capacity density became quite different, considering

the layout pattern. This difference can impact the variation in AEP and wake loss by varying hub heights.

The comparison between original and varying hub height layouts can differ between the capacity densities.

Similarly, the wake models employed in the simulations are not tailored to the specific wind farms and

wind conditions at the site, further adding to the uncertainties. The wake models used in this thesis are

pre-implemented in WindSim and are quite simple and general for different wind farms with different wind

conditions. Therefore, an optimisation of the wake models, including an increased complexity to the wake

modelling, is necessary to fit the specific wind conditions. Non-optimised wake models can lead to inaccurate

energy production and wake loss calculations, giving uncertainties to the results. High-fidelity wake models,

such as CFD models like PyWakeEllipSys, can be relevant to the proposed approach. With this kind of wake

model, a wider insight into the propagation of wake in wind farms can be gathered.

There are also uncertainties regarding the software’s use and setup in WindSim. The simulation setup

attempts to be as realistic as possible for an offshore wind farm, with the terrain, wind fields, etc. The

chosen area represents the wind site well, but parameters like wave heights should be added, which was

challenging to implement. The WindSim software is also still developing, which means that all effects (which

create energy losses) that provide realism to the simulation could not be implemented.
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Chapter 7

Conclusions

This thesis concerns a three-dimensional micro-siting approach of offshore wind farms at the auctioned wind

site for wind energy utilisation at Southern Northsea II. The study implements two sets of wind data to test

the approach in different wind conditions with different wind speeds. The first data set includes wind data

from Southern Northsea II, with a high wind speed regime and a mean wind speed of 10.4 m/s. The second

is from the Smøla wind site, with a moderate wind speed regime and a mean wind speed of 7.7 m/s. Two

wind turbines with 5 MW and 15 MW installed capacity and two wake models, the Jensen and Larsen wake

models, were implemented to perform the simulations. The simulations are performed using the CFD-based

software WindSim.

While addressing the research question, the following conclusions are derived under this study:

RQ1: How can the wake loss be minimised and annual energy production (AEP) be maximised by applying

the three-dimensional micro-siting in high and moderate wind speed regimes?

The wind farms with the high wind speed regime gather severely lower wake losses and higher AEP

than the wind farms with moderate wind speed regimes. By varying the turbine hub heights in the wind

farms, the wake loss will decrease, and the AEP will increase in both wind regimes. This improvement

in AEP is due to the reduction in wake losses caused by the variable hub height installation of the

wind turbines. The reduction in the wake losses and improvement in AEP are more prominent in

higher capacity densities.

RQ2: How do the wind farm’s capacity density and the turbine’s rated capacity affect the wake losses and

AEP in a three-dimensional micro-siting approach?

In this study, the original wind farms with 15 MW turbines have lower wake loss and higher AEP

than the original wind farms with the 5 MW turbines. Nevertheless, it is seen that the proposed 3D

micro-siting is more beneficial for the 5 MW turbine. Analysis of the wake loss in the 15 MW tur-

bine wind farms indicates no significant change with 3D micro-siting for the lower capacity densities.

The impact did increase as the capacity increased in simulation with both turbines. The wake loss

and AEP in the study indicate the three-dimensional micro-siting approach is more beneficial as the

capacity density of a wind farm increases.

56



In other words, with the three-dimensional micro-siting approach, the capacity density of wind farms

could be increased without a substantial increase in the wake losses. Thus, with 3D micro-siting, the

turbine spacing can be reduced, thereby increasing the possible nameplate capacity in a given area of

a prospective wind farm.

RQ3: How would the above analysis on three-dimensional micro-siting be affected by the model chosen for

the wake estimation?

By analysis of the different wake models, results indicated that the Larsen wake model generally gath-

ered higher capacity factors and lower wake losses than the Jensen wake model in the two-dimensional

and three-dimensional micro-siting. As the capacity density increased, the difference between the es-

timated values for the two wake models increased. The analysis also indicated that the cases with the

Larsen wake model were more affected by a three-dimensional micro-siting than the opponent wake

model, as the wake losses decreased and capacity factors increased by a more considerable amount.

According to the simulation results in this thesis, it is reasonable to consider moving the turbines in wind

farms closer to each other and increasing their capacity density by implementing a three-dimensional micro-

siting approach, including turbine hub height variation. By performing this method, the capacity factor and

wake losses could stay the same, but the annual energy production of a wind farm will increase. This way,

one can exploit the available offshore wind sites more efficiently. However, the micro-siting approach, wind

farm layouts, and wake models must be optimised to exploit the areas as best as possible.

7.1 Further Research

Several points are worth considering in further research on the three-dimensional micro-siting topic of this

thesis. These points include optimising the wind farm layouts and the implemented wake models. An opti-

misation of the layout would include using algorithms and different tools to gather the optimal placement of

the turbines in a wind farm, which leads to an optimal wind farm layout. The fit of wake models will vary

because of different wind conditions at different sites, and the precision of the models change compliantly.

It would also be relevant to use high-fidelity wake models, for instance, CFD wake models such as PyWa-

keEllipSys, which can give more insights into the wake propagation pattern within the wind farm.

Since this thesis includes the micro-siting of offshore wind farms, other considerations should be included

compared to onshore wind farms. In simulations of offshore wind farms, significant wave heights at the

site and motion in the turbines should be included to create more realistic simulations. These properties

could not be implemented in the simulations in this thesis. The actuator discs (AD) function in WindSim

could have been used, but AD implementation would go at the expense of increased computational time

and resources. This also concerns implementing the blockage effect using ADs, which was not completely

developed in the used software and was not a priority in this time-limited process.
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Appendix A

Project Case 1 with 5 MW turbines

A.1 Wake Model 1 results

Tables A.1 and A.2 present the results from Project Case 1 with 5 MW turbines, with Wake Model 1. The

tables present the results with original and varying hub heights, respectively, with capacity densities from

5.4-8 MW/km2.

Table A.1: Results for Project Case 1 wind farms with 5 MW turbines with original hub height, including

Wake Model 1 for wake simulation.

Parameter

Capacity density

[MW/km2] 5.4 6 6.4 7 8

Total installed capacity [kW] 135 000 150 000 160 000 175 000 200 000

Total AEP [MWh/y] 667789.9 736543.2 785021.5 853750.4 963962.5

Wake loss [%] 3.69 4.36 4.45 4.98 6.1

Capacity factor [%] 56.47 56.05 56.01 55.69 55.02

Table A.2: Results for Project Case 1 wind farms with 5 MW turbines with varying hub height, including

Wake Model 1 for wake simulation.

Parameter

Capacity density

[MW/km2] 5.4 6 6.4 7 8

Total installed capacity [kW] 135 000 150 000 160 000 175 000 200 000

Total AEP [MWh/y] 675533.5 747909.8 796707.2 866363.2 977951.9

Wake loss [%] 3.38 3.96 4.09 4.52 5.64

Capacity factor [%] 57.12 56.92 56.84 56.51 55.82
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A.2 Wake Model 2 results

Tables A.3 and A.4 present the original and varying hub height results for Project Case 1 with 5 MW

turbines and Wake Model 2 included as wake simulation. The results include capacity densities between

5.4-8 MW/km2.

Table A.3: Results for Project Case 1 wind farms with 5 MW turbines with original hub height, including

Wake Model 2 for wake simulation.

Parameter

Capacity density

[MW/km2] 5.4 6 6.4 7 8

Total installed capacity [kW] 135 000 150 000 160 000 175 000 200 000

Total AEP [MWh/y] 675683.5 747083 796189.3 867818.7 983782.4

Wake loss [%] 2.55 2.99 3.09 3.41 4.17

Capacity factor [%] 57.14 56.86 56.81 56.61 56.15

Table A.4: Results for Project Case 1 wind farms with 5 MW turbines with varying hub height, including

Wake Model 2 for wake simulation.

Parameter

Capacity density

[MW/km2] 5.4 6 6.4 7 8

Total installed capacity [kW] 135 000 150 000 160 000 175 000 200 000

Total AEP [MWh/y] 683549.9 758806.2 808563 880744.4 998554.6

Wake loss [%] 2.23 2.57 2.66 2.94 3.65

Capacity factor [%] 57.8 57.75 57.69 57.45 57
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Appendix B

Project Case 1 with 15 MW turbines

B.1 Wake Model 1 results

Tables B.1 and B.2 present the results for the Project Case 1 wind farms with the 15 MW turbine with

original and varying hub heights. In this case, Wake Model 1 is used for the wake simulation. The tables

include the total installed capacity, total AEP, wake loss and capacity factor for the wind farms with the

capacity densities from 5.4-10.2 MW/km2.

Table B.1: Results for Project Case 1 wind farms with 15 MW turbines with original hub height, including

Wake Model 1 for wake simulation.

Parameter

Capacity density

[MW/km2] 5.4 6.6 8.4 9.6 10.2

Total installed capacity [kW] 135 000 165 000 210 000 240 000 255 000

Total AEP [MWh/y] 702316.1 845217.8 1061571.2 1205018.2 1266115.9

Wake loss [%] 3.56 5.03 6.28 6.92 7.95

Capacity factor [%] 59.39 58.48 57.71 57.32 56.67
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Table B.2: Results for Project Case 1 wind farms with 15 MW turbines with varying hub height, including

Wake Model 1 for wake simulation.

Parameter

Capacity density

[MW/km2] 5.4 6.6 8.4 9.6 10.2

Total installed capacity [kW] 135 000 165 000 210 000 240 000 255 000

Total AEP [MWh/y] 705950.1 850459.7 1067198 1212029.1 1273884.4

Wake loss [%] 3.53 4.97 6.24 6.89 7.89

Capacity factor [%] 59.69 58.84 58.01 57.65 57.03

In addition to the mentioned capacity densities, wind farms with 12 and 15 MW/km2 have been simulated

to investigate when the wake losses increase and the capacity factor decreases drastically. The results from

the 12 and 15 MW/km2 wind farms are presented in Tables B.3 and B.4. The tables include the total

installed capacity and AEP, wake loss and capacity factor for original and varying hub heights, and the case

difference.

Table B.3: Results from the wind farm layout with 12 MW/km2 and 15 MW turbines.

Parameter Original hub height Varying hub height Difference

Total installed capacity [kW] 300000 300000 -

Total AEP with wake losses [MWh/y] 1441218.2 1451049.9 9831.7

Wake loss [%] 10.91 10.80 -0.11

Capacity factor[%] 54.84 55.21 0.3741

Table B.4: Results from the wind farm layout with 15 MW/km2 and 15 MW turbines.

Parameter Original hub height Varying hub height Difference

Total installed capacity [kW] 375000 375000 -

Total AEP with wake losses [MWh/y] 1746233 1760897.8 14664.8

Wake loss [%] 13.65 13.33 -0.32

Capacity factor[%] 53.16 53.60 0.44
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B.2 Wake Model 2 results

Tables B.5 and B.6 present the results from Project Case 1 with the 15 MW turbine for both original and

varying turbine hub height. Larsen’s wake model is used for the wake simulation for these results. The

tables include the installed capacity, total AEP, wake loss and capacity factor for capacity densities between

5.4-10.2 MW/km2.

Table B.5: Results for Project Case 1 with Wake Model 2, including the 15 MW turbine with original hub

height.

Parameter

Capacity density

[MW/km2] 5.4 6.6 8.4 9.6 10.2

Total installed capacity [kW] 135 000 165 000 210 000 240 000 255 000

Total AEP [MWh/y] 711548 861767.1 1086807.1 1294879.4 1294879.4

Wake loss [%] 2.3 3.18 4.05 4.43 5.85

Capacity factor [%] 60.17 59.62 59.09 58.85 57.97

Table B.6: Results for Project Case 1 with Wake Model 2, including the 15 MW turbine with varying hub

height.

Parameter

Capacity density

[MW/km2] 5.4 6.6 8.4 9.6 10.2

Total installed capacity [kW] 135 000 165 000 210 000 240 000 255 000

Total AEP [MWh/y] 715462 867659.9 1093610.2 1246344.4 1304484.6

Wake loss [%] 2.23 3.05 3.92 4.26 5.59

Capacity factor [%] 60.5 60.03 59.45 59.28 58.4

Tables B.7 and B.8 present the results for the 12 and 15 MW/km2 wind farms, including the 15 MW turbine

with original and varying hub height. The tables include the total installed capacity, total AEP, wake loss,

and capacity factor for the wind farms with original and varying, as well as the difference between them.
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Table B.7: Results from the wind farm layout with 12 MW/km2 and 15 MW turbines.

Parameter Original hub height Varying hub height Difference

Total installed capacity [kW] 300000 300000 -

Total AEP with wake losses [MWh/y] 1501651.8 1515763.6 14111.8

Wake loss [%] 7.18 6.82 -0.36

Capacity factor[%] 57.14 57.68 0.54

Table B.8: Results from the wind farm layout with 15 MW/km2 and 15 MW turbines.

Parameter Original hub height Varying hub height Difference

Total installed capacity [kW] 375000 375000 -

Total AEP with wake losses [MWh/y] 1842050.2 1859934.9 17884.7

Wake loss [%] 8.92 8.45 -0.47

Capacity factor [%] 56.08 56.62 0.54
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Appendix C

Project Case 2 with 15 MW turbines

C.1 Wake model 1 results

Tables C.1 and C.2 present the results from Project Case 2 with Jensen’s wake model for the original hub

height and varying hub height, respectively, for the different capacity densities. For both cases, the results

include total AEP, wake loss and capacity factor for the capacity densities 6-15 MW/km2.

Table C.1: Results for the Project Case 2 wind farms with original hub heights and Jensen’s wake model

included.

Parameter

Capacity density

[MW/km2] 6 8.4 10.2 15

Total installed capacity [kW] 150 000 210 000 255 000 375 000

Total AEP [MWh/y] 436205.4 591540.9 701617.5 942315.4

Wake loss [%] 5.59 8.54 10.66 13.65

Capacity factor [%] 33.2 32.16 31.41 28.69

Table C.2: Results for the Project Case 2 wind farms with varying hub heights and Jensen’s wake model

included.

Parameter

Capacity density

[MW/km2] 6 8.4 10.2 15

Total installed capacity [kW] 150 000 210 000 255 000 375 000

Total AEP [MWh/y] 440316.8 597613.1 707974 953336.2

Wake loss [%] 5.39 8.3 10.40 13.33

Capacity factor [%] 33.51 32.49 31.69 29.02
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C.2 Wake model 2 results

The Project Case 2 results for the original and varying hub height, with Wake Model 2 as the wake simulation

is presented in Tables C.3 and C.4. The tables contain the total installed capacity, AEP, wake loss and

capacity factor for the capacity densities between 6-15 MW/km2.

Table C.3: The original hub height results for Project Case 2 with Wake Model 2.

Parameter

Capacity density

[MW/km2] 6 8.4 10.2 15

Total installed capacity [kW] 150 000 210 000 255 000 375 000

Total AEP [MWh/y] 445644.4 611020.6 731052.2 1012040.9

Wake loss [%] 3.54 5.53 6.91 12.35

Capacity factor [%] 33.92 33.21 32.72 30.81

Table C.4: The varying hub height results for Project Case 2 with Wake Model 2.

Parameter

Capacity density

[MW/km2] 6 8.4 10.2 15

Total installed capacity [kW] 150 000 210 000 255 000 375 000

Total AEP [MWh/y] 450472.8 618938.8 739723.6 1026357.4

Wake loss [%] 3.21 5.03 6.38 11.56

Capacity factor [%] 34.28 33.65 33.12 31.24
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