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Abstract. As we cluster wind turbines in wind farms to gain energy from sites with high
wind speeds, wake losses occur within the wind farm. Wake loss is a term used to describe
the lower energy production of a downwind turbine that is totally or partially in the wake of
an upwind turbine. To decrease wake losses inside the wind farm, the wind farm’s layout is
optimized. However, a variety of factors constrain the wind farm layout optimization, such
as the size of the lease area relative to the number of turbines to be placed, or the shape of
the lease area. Therefore, many wind farms end up with a regular grid layout, such as the
Horns Rev 1 wind farm in the North Sea. The ability of a floating offshore wind turbine
(FOWT) to change its position based on the wind direction and its mooring system design
presents an opportunity to further decrease wake losses in floating wind farms. In this work,
we integrate the design of the FOWT mooring systems with the floating wind farm layout
design with the goal of increasing the farm’s annual energy production. We use the Horns
Rev 1 wind farm as a case study to demonstrate our method. The results show that
allowing the FOWT to relocate can decrease wake losses up to 18%. Moreover, the newly
developed mooring systems are less stiff and therefore allow larger motion of the FOWT;
hence, the material cost of the mooring system decreases by an estimated 17%.

1 Introduction
As an upwind turbine extracts energy from the wind field, it decreases the speed and increases the
turbulence of the wind. This slower and more turbulent wind field behind the rotor is known as wake.
Because the wake has lower mean wind speed, a downwind turbine will produce less energy compared to
the upwind turbine in the free flow. The difference between the energy produced by the upwind turbine
and the downwind turbine is known as wake losses. When designing a wind farm, the goal is to
optimize the wind farm’s layout to increase annual energy production (AEP) by decreasing wake losses,
while considering the levelised cost of energy (LCOE) of the farm. Wind farm layout optimization aims
to position turbines out of each other’s wakes for the dominant wind directions to minimize wake losses.
However, the optimization process is constrained by a number of factors, which hinders the performance
of the optimization. These constraints include the wind farm’s lease area relative to the number of
turbines to be placed and the shape of the lease area. Such constraints cause many wind farms to have
a regular grid layout like the Horns Rev 1 and Horns Rev 2 wind farms in the North Sea.
The ability of floating offshore wind turbines (FOWTs) to change their position to move out of the
wake of upwind turbines can benefit AEP. This was discussed in the work of Kheirabadi and Nagamune
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[1, 2, 3], who used an active yaw and induction-based controller to move downwind FOWTs out of the
wakes of upwind turbines. Yawing the FOWT’s nacelle created a larger crosswind component of the
aerodynamic forces acting on the rotor, leading to the movement of the FOWT out of the wake.
Considering only one wind direction and one wind speed, the method increased the farm efficiency by
22%. Additionally, Rodrigues et al. [4] used pulleys to change the mooring line length according to the
inflow wind direction to relocate FOWTs out of the wake. The farm’s efficiency increased by 4.4%.
Both of these methods depend on active controllers to move FOWTs out of the wake.
The mooring system is responsible for the stationkeeping of a FOWT by providing stiffness in surge,
sway, and yaw degrees of freedom. Therefore, changing the mooring system design will change the
horizontal displacements of the FOWT at each wind direction. Hence, it is possible to design the
mooring system to govern the offsets of the FOWT according to the inflow wind direction. In our work
in [5] we designed a different, customised mooring system for each FOWT in the wind farm to increase
the farm’s AEP by passively relocating FOWTs out of the each other’s wakes. The results showed that
the AEP for a wind farm of 19 FOWTs increased by 1.6%. The novelty of the current work comes from
presenting a new methodology to design a mooring system to passively relocate the FOWTs in the wind
farm while incorporating real-world considerations.
In this work, we integrate the mooring system design as part of the wind farm layout design to increase
the floating wind farm’s AEP. We do so by using the Horns Rev 1 wind farm as a case study to achieve
the following research objectives: First, we take into account the current constraints that limit
conventional floating wind farm layout optimization and mitigate the impact of these constraints using
the mooring system’s ability to relocate FOWTs to minimize wake losses. Second, our design process
includes considerations of the mooring system material and installation; we design identical mooring
systems for all FOWTs within the wind farm. Finally, the mooring system design is checked for fatigue
loads.
The paper is organised in the following structure: We first introduce the Horns Rev 1 wind farm as a
case study and the baseline mooring system design. Next, we introduce the method used for designing
the novel mooring system designs. Finally, we present the results of the steady-state analysis as well as
the dynamic analysis for fatigue calculations of the mooring system designs.

2 Case study - Horns Rev 1 wind farm
The Horns Rev 1 wind farm [6] off the cost of Denmark consists of 80 fixed-bottom offshore wind
turbines each with a capacity of 2 MW and 80 m rotor diameter (D). The layout and the wind rose of
the wind farm is illustrated in Figure 1. In this work, we used the IEA 15 MW reference wind turbine
coupled with the semisubmersible floating platform Activefloat introduced in [7], [8] as a reference
FOWT. The 15 MW reference wind turbine has a rotor diameter of 240 m and was chosen to be more
representative of future offshore wind farms. Therefore, we updated the Horns Rev 1 layout and
increased the absolute distances between the turbines to keep the distance between the turbines relative
to the wind turbine rotor diameter constant. We used Horns Rev 1 as a realistic case study to
demonstrate our first research objective to mitigate the layout optimization constraints of a real wind
farm.
For the baseline floating wind farm design, we used the baseline mooring system design we introduced
in [9], shown in Table 1. We assumed the water depth to be constant all over the farm and equal to 200
m, which is representative of future lease areas in Europe. The maximum allowable displacement of the
FOWT when attached to the baseline mooring design is 25 m (12% of the water depth) for all wind
directions. The baseline mooring system is a catenary three-line mooring system made of steel chain.
The wind farm layout with the baseline mooring system is shown in Figure 2.

Table 1: Parameters of baseline mooring design
# of Lines Anchoring radius Fairlead radius Line type Line length Line diameter

(m) (m) (m) (m)
3 600 42.5 Chain 623.3 0.1902

Looking at the wind rose and the wind farm layout in Figure 1, we can see that the wind farm layout is
not optimized for the second most probable wind direction from west to east. To check the wake losses,
we used the steady-state wake modelling tool FLORIS to calculate the AEP of the farm [10]. The wake
models used were the Gaussian velocity deficit model based on the works of [11, 12] and the Gaussian
deflection model based on the works of [11, 13]. The turbulence model used was the Crespo-Hernandez
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Figure 1: Horns Rev 1 wind farm layout and wind rose

model [14]. The wake deflection in FLORIS only accounts for the horizontal wake deflection due to
yawing the wind turbines. In this work, yaw angles are always defined to be zero for all wind turbines
(no wake deflection routine) within the wind farm; hence, no horizontal wake deflection occurs for all
calculations done using FLORIS. The wake losses (Wloss) are calculated using Equation 1, where
AEPfarm is the AEP of the farm considering wake losses, while AEPopt is the optimal AEP assuming
no wake losses. The losses at each wind direction are shown in Figure 3. The baseline wind farm design
has a total wake loss of 11%, and the wake loss at the wind heading due east is 4%.

Wloss =
AEPfarm −AEPopt

AEPopt
(1)

By integrating the mooring system design as part of the wind farm layout design, we can passively

Figure 2: A top view of the Horns Rev 1 wind farm layout with the baseline mooring system
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Figure 3: Wake losses of the Horns Rev 1 layout at each wind direction (left). A top view of the flow
field at hub height with ambient wind speed of 10 m/s (right).

relocate the FOWTs for the wind directions where the losses are high (west to east and east to west) to
decrease the losses. The method used to achieve this goal is presented in the following section.

3 Methodology
To verify the potential of relocating FOWTs in the wind farm, we manually relocated the FOWTs for
the two wind directions with highest wake losses (west to east and east to west) by a distance of 120 m
(i.e., 0.5D) in the crosswind direction. For the other wind directions, the FOWTs were kept fixed in the
baseline wind farm layout position. Relocating the wind turbines by this distance in the crosswind
direction decreased the wake losses to 7% instead of the 11% of the baseline layout wake losses. The
relocation is done manually, and the achieved layout in this step is theoretical, as it represents the
maximum AEP the wind farm can achieve by relocating the FOWTs for these two wind directions. We
will refer to this layout as the targeted layout.
Our approach was to design a single mooring system that can move the FOWTs in the crosswind
direction to create a layout as close as possible to the targeted wind farm layout. The goal of the
mooring system design was to move the turbines in the crosswind direction for the west to east and east
to west wind directions while having minimum crosswind movement in all other wind directions.
We used the database we developed in our work in [15, 5] to find a mooring system design that achieved
the required objective. The database was created using the quasi-static tool MoorPy [16]. The mooring
database had fixed parameters for all mooring system designs and other iterative parameters.
Three-line mooring systems were assumed, the water depth was fixed to 200 m, and the material of the
mooring lines was steel chain. The iterative parameters included the following:

• The mooring line diameters d were allowed to have three values (0.12, 0.15, and 0.18 m).

• The headings of the mooring systems had 72 variations.

• Two values of the anchoring radius, Ranc, were used (2.5D and 3.5D).

• For each value of the anchoring radius, three values of the mooring line length were allowed and
defined as a percentage of the anchoring radius, with β equal to 0.4, 0.6, and 0.8, as shown in
Equation 2. In Equation 2, Lmin is the minimum length of the mooring line, Lmax is the
maximum length of the mooring line, and dfair and Rfair are the fairlead depth and fairlead
radius, respectively. The mooring line length and the anchoring radius for the mooring systems in
the database are shown in Figure 4.
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Lmin =
√
(depth− dfair)2 + (Ranc −Rfair)2

Lmax = (depth− dfair) + (Ranc −Rfair)

L = Lmin + β(Lmax − Lmin)

(2)

We chose a mooring system design with the objective of maximizing the AEP of the wind farm. The
following constraints were considered when choosing the mooring system from the database:

• No mooring line should be placed upwind of the most probable wind directions. This constraint
was used to decrease the fatigue loads on the mooring system. A mooring line upwind of the most
probable wind direction will suffer from higher fatigue loads, as shown in [9].

• Only one mooring system design can be chosen for all the wind turbines in the wind farm. This
choice was made to simplify the installation process and incorporate the manufacturing advantage
of a standard design, improving the real-world viability of the floating wind farm design.

• The mooring system designs were allowed to have different rotations within the wind farm.

• At wind speed of 10 m/s the mean value of the platform yaw angle has to be lower than ±5◦.

There are no constraints on the equilibrium position of the mooring systems, hence the unloaded
position depends only on the mooring system design. The unloaded position is considered when placing
the wind turbines inside the wind farm layout. Additionally, as the weight of the mooring system is
negligible compared to the weight of the FOWT, the FOWT’s are not re-ballasted for each mooring
design. The unloaded heave displacement changes with the change of the weight of the mooring system,
this change is negligible as the weight of the mooring system is small compared to the overall weight of
the FOWT. Currently, the state-of-the-art mooring system designs do not allow the FOWTs to move
more than 30% of the water depth (i.e., 60 m for a depth of 200 m) for power cable considerations. This
is the total allowable displacement; hence, the crosswind movement is expected to be smaller. To
incorporate these realistic offset limitations, we chose multiple mooring systems with varied maximum
allowable displacements, which enabled us to show the minimum displacement required to increase the
farm’s AEP. The cases are introduced in Table 2.

4 Results
The mooring system design of each case is presented in Table 3. Figure 5 shows the top view of the
Horns Rev 1 layout with the mooring system designs for cases 3 and 5. In this section we show the
results of the steady-state wake model and the loads on the FOWTs in fatigue analysis using dynamic

Figure 4: Mooring system line length and anchor radius
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Table 2: Cases investigated with different constraints on the maximum allowable displacements

Case Total FOWT Displacement
(m)

Case 1 60 (30% depth)
Case 2 80 (40% depth)
Case 3 100 (50% depth)
Case 4 120 (60% depth)
Case 5 no constraint on movement

models. We can see in Figure 5 that the mooring system design in each case is similar for all FOWTs in
the wind farm. However, the mooring systems in the second row in each case are rotated by 180◦ when
compared to the first row of the farm. The orientation (angle) of each line presented in Table 3 is the
orientation of the first row of FOWTs; to obtain the orientation of the second row, we add 180◦ to each
mooring line heading (angle).

Table 3: Mooring system design for each case

C
as
e Line 1 Line 2 Line 3

Angle d Ranc L Angle d Ranc L Angle d Ranc L
[◦] [m] [m] [m] [◦] [m] [m] [m] [◦] [m] [m] [m]

1 270 0.18 840 884 30 0.18 840 884 150 0.18 600 649
2 270 0.18 840 884 30 0.12 840 884 150 0.12 840 884
3 270 0.15 840 916 30 0.12 840 884 150 0.12 840 884
4 270 0.15 840 916 30 0.12 600 649 150 0.12 840 916
5 25 0.12 840 945 155 0.12 840 945 295 0.18 840 884

Figure 5: Top view of the Horns Rev 1 layout coupled to the mooring system design of case 3 (left) and
case 5 (right)

4.1 Steady-state results
This section presents the AEP gain and the change of the mooring line cost between the new mooring
designs and the baseline mooring system designs. The cost of the mooring systems is calculated using
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Equations 3 and 4 [17]. The minimum breaking load (MBL) is calculated as shown in Equation 5 and
assumes all mooring systems are made of steel with grade R4S. The anchors of all mooring systems are
drag embedment anchors (DEA) with no vertical loads acting on them. The cost of each mooring system
of each case is normalised by the cost of the baseline mooring system design and introduced in Table 4.
We can see that the cost of all mooring systems in all cases is smaller than the baseline except for the
mooring system in case 1 with a maximum displacement of 60 m. This case has a small AEP gain and
an increase in mooring system cost; hence, it will have either no effect or a negative effect on the LCOE.

Chaincost = (0.0591 ·MBL · 10−3 − 87.6)L (3)

DEAcost = 10.198 ·MBL · 10−3 (4)

MBL = 30.2 · d2(44− 80 · d) · 106 (5)

The gain in AEP from using the new mooring system designs in each case is calculated using Equation
6 and shown in Table 4. The table also shows the maximum crosswind displacement of each mooring
system design for each case also as a fraction of the rotor diameter D. We put a constraint on the total
displacement for each case, but the gain in AEP is only due to the displacement of the FOWTs in the
crosswind direction. The component of FOWT displacement in the wind direction has almost no effect
on the AEP. Changing the orientation of the mooring systems by 180◦ allows us to achieve double the
maximum crosswind displacement of each mooring design for two aligned FOWTs. As FOWTs in the
first row move in the crosswind displacement to the right, the FOWTs in the second row will move to
the left. Therefore, the total relative displacement is double the displacement of each case. As an
example, for case 3 with maximum displacement 42 m, the absolute relative displacement between two
turbines in the crosswind direction becomes 84 m.
The gain in AEP is calculated using FLORIS which does not capture the platform motions and their
effect on wake. The work done in [18] shows the movement of the FOWT has some effects on the wake.
First, the pitching of the platform deflects the wake upwards. Second, the movement of the rotor of the
FOWT increases the turbulence which increases the mixing of the wake making the wake recovery
faster. Therefore, using a higher fidelity tool that can capture the FOWT’s motions can lead to a
decrease in the value of the expected AEP gain.
The results in Table 4 agree with the findings in [19], which stated that the turbines should displace by
at least 0.5D in the crosswind direction to have a significant reduction in the wake losses. This is
achieved in case 3 where the absolute relative crosswind direction is 104 m, which is 0.43D. In the cases
where the crosswind displacement is small, like case 1, the energy gain due to relocating the FOWTs is
negligible. The results shown here are for the 15 MW wind turbine with a rotor diameter of 240 m.
Using a wind turbine with a smaller diameter will lead to higher AEP gain from relocating the FOWTs.
This means that relocating the FOWTs will be more beneficial, and the AEP gains for all cases will be
higher.
Although the decrease of the wake losses in cases 2 and 3 is small at 4% and 7%, respectively, the
decrease in the mooring cost is significant and will decrease the total LCOE of the wind farm. The
costs of the mooring system in case 2 decrease by 19%, and for case 3 the costs decrease by 29%
compared to the baseline mooring system design. Therefore, without a full cost model of the FOWT it
is hard to tell which case will lead to the highest decrease in the LCOE.

AEPgain =
AEPnew −AEPbaseline

AEPbaseline
(6)

Currently, the state-of-the-art mooring system design limits the motions of the FOWT. These limits
come from the influence of the oil and gas industry where the motions on floating platforms were
limited. Another reason is the fatigue loads on the dynamic cable. However, there is limited research on
the effect of higher FOWT platform motion on the cable design loads and cable cost.

4.2 Fatigue analysis
A fatigue analysis was conducted to analyse the effect of relocating the FOWT on the mooring system
fatigue loads as well as the fatigue loads on the tower and the blades. Since the mooring systems
designed are less stiff, they allow larger motions in the yaw degree of freedom (DoF) of the FOWT,
which leads to higher pitch and roll amplitudes. As the amplitudes of roll and pitch DoFs increase, the
amplitudes of the tower base moments also increase. Therefore, the goal is to check the effect of these
higher motions on the fatigue loads of the blade roots and tower base of the turbine.
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Table 4: Normalised mooring system costs, normalised wake losses, and AEP gain of the new mooring
system designs for each case

Case Normalised Costs Normalised Wloss AEPgain Max Crosswind Displacement
Case 1 1.13 0.99 0.13% 17 m (0.07D)
Case 2 0.81 0.96 0.44% 30 m (0.125D)
Case 3 0.71 0.93 0.83% 42 m (0.175D)
Case 4 0.67 0.89 1.25% 52 m (0.217D)
Case 5 0.83 0.82 2.12% 125 m (0.52D)

We used 252 combinations of environmental conditions for the fatigue analysis covering the 12 wind
directions in the wind rose and 21 wind speeds from 4 m/s to 24 m/s. Due to the lack of wave data and
wave rose for the Horns Rev 1 site, we assumed the waves are always aligned with the wind direction,
and we used the wave height that was used while designing the Activefloat platform [7]. Therefore, the
significant wave height is fixed to 2 m, and the wave period is equal to 6 s. These values are also
representative of the Horns Rev 1 site where the wave height and wave period do not change
significantly with the wind speeds [20]. The waves are modelled as stochastic waves, and the wind field
is turbulent with a turbulence intensity of 6%. The wind field was created using the Mann model
[21, 22], and the duration of the turbulent wind field created was 3600 s. OpenFAST [23, 24] was used
for the time domain simulations, and the duration of the simulation was 4200 s, with the first 600 s
omitted to decrease transient effects. The 252 load cases were used for the fatigue analysis of each
mooring system in the five design cases as well as the baseline mooring system design.

N = k(
T

MBL
)1/m (7)

Figure 6: 25-year mooring system fatigue damage

The mooring system 25-year damage was calculated using the T-N curve (Equation 7) for studless chain
mooring lines as defined within the American Petroleum Institute Recommended Practice 2SK standard
[25], with slope m = 3 and intercept k = 316. T is the fairlead tension of the mooring lines, and N
represents the cycles to failures. Figure 7 shows the 25-year damage of each mooring line in each
mooring system. The patterns of the bars show the different mooring line diameters. The fatigue
damage is low for all mooring system designs, and the values are all comparable to the baseline mooring
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system. The damage is lowest for design case 1 with maximum total displacement of 60 m. As it is clear
from Figure 7, the fatigue damage is highly dependent on the mooring line diameter—a low diameter
has higher damage, and vice versa.
To evaluate the effect of the movements on the loads of the tower and blades, we used the 1 Hz damage
equivalent loads (DELs). We evaluated the DELs at the tower base bending moments in the x and y
directions and the blade root moments in flapwise and edgewise DoFs. To be able to compare the DELs
between all cases, we calculated the lifetime DEL (DELlifetime) by multiplying the DELs with the
probability of occurrence of each load case and then summing them up. Figure 7 shows the percentage
difference between each of the five design cases and the baseline design; the difference is normalised
using the baseline DELlifetime. The results show that the motions have no significant effect on the
fatigue loads of the blades. However, the bending moments at the tower base are decreased by up to 2%
for the first three cases. For the fifth case, where the FOWT is allowed to move freely, the tower fatigue
loads increased.
The fatigue loads increase in the fifth case due to the low stiffness of the mooring system design, which
allows the FOWT to yaw more freely. The low stiffness in the yaw DoF of the floating platforms leads
to high yaw misalignment (up to 30◦) for wind speeds higher than 21 m/s. This is because pitching the
blades creates a higher aerodynamic torsional moment acting on the rotor, causing the rotation of the
FOWT in the yaw DoF. The high yaw misalignment leads to higher amplitudes for the pitch and roll
DoFs, which increases the bending moments at the tower base. There are two methods to decrease the
yaw misalignment at high wind speeds. The first is to use an independent pitch controller to decrease
the aerodynamic torsional moment as shown in [26, 27]. The other solution would be to increase the
stiffness of the mooring system design, which would decrease the FOWT’s motions, similar to the first
four cases presented in this work.

5 Conclusion
In this work, we integrated the mooring system design as part of the floating wind farm layout design.
We have shown five cases with different maximum allowable displacements and the effect of each case
on the AEP of the farm, the cost of the mooring system, and the fatigue loads of the mooring system,
tower, and blades. The goal is to mitigate wake losses and add a new DoF while designing the wind
farm layout to increase the AEP of the farm and overcome the limitations on the wind farm layout
optimizations process. We used the actual layout of the Horns Rev 1 wind farm in the North Sea as a

Figure 7: The normalised difference between the DELlifetime of the new mooring designs and the
baseline mooring design
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baseline for comparison. Additionally, to account for the limitations in the supply chain, we designed
one mooring system for the entire wind farm to ensure that the design is realistic and manufacturable.
The results show that with a total displacement of 30% of the water depth (60 m) [28], the gain in AEP
is 0.13%. An AEP gain of 0.44% is achieved for 80 m total displacement. The AEP gain becomes
significant (0.83%) at a total displacement of 100 m, which is 50% of the water depth. At a maximum
allowable displacement of 120 m, the AEP gain is 1.25%. When the FOWT is allowed to move freely
with no limitation on the maximum allowable displacement, the AEP gain is 2.12%. The AEP gain
values are for the IEA 15 MW reference turbine. Using a smaller FOWT with a smaller mooring line
diameter will increase the AEP gain in all cases.
The fatigue analysis shows that all the mooring designs are capable of withstanding the lifetime fatigue
damage. Allowing the FOWT to relocate decreases the fatigue loads acting on the mooring system,
which allows us to use mooring lines with smaller diameters and hence decrease the overall cost of the
mooring system. Despite having a small AEP gain, the decrease in the mooring system design as the
system is allowed to relocate plays a significant role, with case 3 having 29% decrease in the mooring
system costs. This decrease will lead to decreasing the overall LCOE of the floating wind farm.
Analysing the effect of the FOWT motions on the tower base and blade root bending moments showed
that allowing the FOWT to relocate led to a slight decrease in the lifetime DELs for all designs except
for the mooring system design that allows the FOWT to move freely without constraints on the
maximum allowable displacement. In this case, the mooring line stiffness in the yaw DoF is low, and as
the aerodynamic torsional moment increases at high wind speeds due to the blade pitch control, the
yaw misalignment increases, leading to higher loads at wind speeds above 21 m/s. This can be
mitigated in future work by using an independent pitch controller or by adding more constraints on the
mooring line stiffness in the yaw DoF.
Finally, the work shows that integrating the mooring system design as part of the wind farm layout
design has potential to decrease the wake losses, especially for case 3 and case 4. However, more
analysis is needed to understand the limitations on FOWT motion due to the dynamic cable.
Answering this question will decide how much AEP gain we can achieve by relocating the FOWTs.
Moreover, effect of the larger motion on the cable cost is not considered. We are planning to extend this
work in the future to include the dynamic cable design to answer these questions. Additionally, we plan
to investigate the AEP gain for the Horns Rev 1 wind farm if we use two mooring system designs for
the FOWTs in the farm instead of one, as shown in this paper.
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