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Abstract. This paper examines wake effects for floating wind farms with shared
anchors. Three 20-turbine farms are examined: a grid-formation baseline with
no shared anchors, a farm based on 3-line anchors, and a farm based on 6-line
anchors, governed by a wind turbine spacing of 8 rotor diameters. The IEA 15
MW reference turbine on the UMaine semisubmersible platform was used with a
taut mooring system in deep- water depths representative of U.S. west coast
lease areas. A steady-state wake model showed that, when evaluating a sweep of
wind headings, the baseline design had the lowest wake losses, with a value of
11.7 %, followed by the 6-line at 12.9% and the 3-line at 13.8%. Dynamic
simulations were run in FAST.Farm to analyse the effects of wakes on mean
anchor loads for wind headings that showed significant wake losses. The
baseline farm showed the largest anchor load reductions due to wake effects (up
to 16%), followed by the 3-line farm (up to 8%), and the 6-line farm, which
showed relatively consistent load magnitudes on the 6-line anchors across all
headings.

1. Introduction

When comparing wind farm layouts, it is important to evaluate the overall power output, which
is impacted by wake losses. Wakes reduce the wind velocity and increase turbulence behind
turbine rotors [1]. Larger distances between turbines allow for more wake recovery and
therefore lower wake losses. This becomes an optimization problem for floating wind farms that
aim to generate as much power as possible while considering other factors such as lease areas,
power cables, and mooring lines. Turbine spacings of 6-10 times the turbine rotor diameter (D)
are typically recommended to minimize wake effects and costs [2].

Shared, or multiline, anchors have the potential to significantly reduce the number of
anchors needed for a farm, thereby reducing anchor material costs and the number of anchor
installations [3,4]. They are being considered by developers, as evidenced by the use of shared
anchors in the Hywind Tampen farm. Balakrishnan et al. [5] evaluated wake effects on multiline
anchors for the 5 MW National Renewable Energy Laboratory reference spar for a five-turbine
farm. They used OpenFAST, a wind turbine simulation tool, to evaluate several environmental
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loading directions. The Jensen wake model was used to manually input wake effects by changing
wind velocities and turbulence intensities of downstream turbines. They found that the reduced
thrust force due to wake effects decreased mooring line tensions, which in turn lowered net
multiline anchor forces. When more downstream turbines were connected to the same anchor,
this created a larger reduction in multiline anchor forces. However, the decreases were modest,
ranging from 1.4% to 5.1% for peak multiline force. This and other previous studies for 3-line
and 6-line multiline anchors [3,4,6] were performed for an intermediate water depth of 200 m
with catenary mooring systems. As more lease areas are opening up in deeper waters, such as
on the U.S. west coast, taut mooring systems are increasingly being evaluated [7] due to their
lower seabed footprint and techno-economic advantages. Therefore, the benefits of shared
anchors need to be reassessed for taut mooring systems. For floating wind farms, shared
anchors are an aspect of the mooring system that define the farm layout for a given turbine
spacing.

Both wakes and shared anchors are important design considerations for floating wind
farms. This study compares how multiline anchor configurations define farm wake patterns and
how the wakes influence anchor loading, using taut mooring systems in deep waters. Three farm
layouts are compared: a baseline single-anchor farm, a 3-line shared anchor farm, and a 6-line
shared anchor farm.

2. Methodology

The IEA 15 MW reference turbine and the UMaine Volturn-US semisubmersible platform [8]
were used for this study. A 3-line non-redundant mooring system design was selected, which is
applicable to 3-line and 6-line shared anchors. Three farm layouts were designed: a baseline
farm with single-line anchors, a 3-line shared anchor farm, and a 6-line shared anchor farm.

2.1 Wind farm layout and mooring design
A farm size of 20 floating offshore wind turbines (300 GW using 15 MW turbines) was selected
as it is large enough for wake effects to develop and be evaluated but small enough to be
computationally feasible. The defining characteristic of the three farms is a minimum turbine
spacing of 2000 m, or approximately 8D. The farms are presented in Figure 1, with the quasi-
static mooring line model MoorPy used to plot the mooring lines [9]. A grid formation was used
for the baseline farm, which resulted in a seabed footprint of 96 km?2 and a power density of 3.6
MW /mz2. Platform orientations were alternated by row to prevent mooring system overlap;
platforms with a mooring line pointed in the negative x direction are referred to as Orientation 1
(rows 1, 3, and 5) and platforms with a mooring line pointed in the positive x direction are
referred to as Orientation 2 (rows 2 and 4). The 3-line design resulted in equilateral triangle
spacings between turbines, reducing the seabed footprint in the x-direction between the
baseline and 3-line farms which resulted in a seabed footprint of 70 km2 and a power density of
3.9 MW/m2. To keep the minimum turbine spacing of 2000 m, the 6-line design had to have an
anchor radius of 2000 m due to the geometry. This means that the 6-line farm had turbine
spacings of both 2000 m and 4000 m, and therefore occupied the largest area, with a seabed
footprint of 125 km2 and a power density of 2.4 MW /mz2. Power densities were calculated by
dividing the rated farm capacity (300 GW) by the seabed footprint, thus mooring footprints are
included in this calculation.

Taut chain-polyester-chain mooring systems were designed for a previous study on the
Humboldt Bay lease area located on the west coast of the United States, which used a
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representative water depth of 850 m. While the same mooring system was used for the baseline
and 3-line farms, the polyester length for the 6-line design had to be increased to account for the
increased anchor radius; chain lengths were kept constant across all designs (100 m) at both the
fairlead and anchor. Therefore, the 6-line design had a smaller taut angle (23°) than the 3-line
design (36°); the taut angle is the vertical angle between the seafloor and the mooring line in the
static equilibrium position. Three IEC design load cases (DLCs) [10] were evaluated to ensure
that the maximum line tensions remained below 50% of the minimum breaking load (MBL) and
platform offsets remained within 5% of the water depth. This resulted in the 6-line design
having chains and polyester with smaller diameters than the 3-line design. Farm properties are
summarized in Table 1.

Table 1. Farm properties.

Metric Baseline 3-line 6-line
Number of anchors 60 29 17

Anchor radius (m) 1155 1155 2000
Seabed footprint (km?2) 96 70 125
Power density (MW /m?2) 3.6 3.9 2.4
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Figure 1. Farm layouts.

3. Farm wake patterns

Wake losses for each farm were determined for a full sweep of wind directions. The results were
then used to guide which wind headings to evaluate for the anchor loading simulations.

3.1 Simulation approach

Wake losses were evaluated in FLORIS, a tool used for steady-state wake modelling [11]. Wind
directions were evaluated in 15° increments with an input wind velocity of 10 m/s, which is just
below the turbine’s rated velocity of 10.6 m/s. Uniformly distributed wind directions were
assumed to identify favourable and unfavourable wind directions for the entire farm and allow
for a fair comparison between the farms. In the FLORIS model, the floating platform motions due
to environmental loading are neglected, but platforms tend to offset in the direction of their
environmental loading, thus the impact on wake losses should be negligible.
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3.2 Results

FLORIS simulations were completed for all three farms. The wake model used was the Gaussian
velocity deficit model based on the works of Bastankhah and Porté-Agel [12] and Niayifar and
Porté-Agel [13]. Assuming a uniform probability of occurrence for all wind directions, annual
energy production values were calculated with and without wakes, which were then used to
calculate percent wake loss, as presented in compass plots in Figure 2. The compass plots show
percent wake loss for each wind direction. The wind direction west to east is correlated with a
wind heading of 0°, and south to north is correlated with a wind heading of 90°, as seen in plots
later in this paper. In terms of overall losses, the 3-line farm had the greatest wake losses
(13.8%). The single-line farm had the lowest wake losses (11.7%), and the 6-line farm was in
the middle with a value of 12.9%. The turbine locations for each farm strongly influenced which
directions were favourable. For the baseline case, 45° increments were unfavourable; 90°
headings (0°,90°, 180°, and 270°) were the most unfavourable, with wake losses around 1.5%,
followed by 45° headings (45°, 135°, 225°, 315°), with wake losses of 0.9%. The 45° headings
exhibited less wake losses because the distance between waked turbines is greater (12D
compared to 8D). However, the 3-line and 6-line farms showed wake losses for all 30° intervals.
For the 3-line farm, 90° and 270° were the most unfavourable, with losses of 1.6%; losses for the
other 30° increments ranged from 0.6% to 1.4%. For the 6-line farm, 0° and 180° were the most
unfavourable, with losses of 1.3%; losses for other 30° increments ranged from 0.7% to 1.2%.
Slight differences in wake losses for directional increments were present due to the
asymmetrical layout of the farm (4x5), as the rows and columns have different numbers of

turbines.
N
| s
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5 \ 1.5 \
[ \ [
j E wi ) E Wi
J / \
% SW / SW

(a) baseline (b) 3-line (c) 6-line

Figure 2. Percent wake losses for the three farms.

4. Anchor loads analysis

This section covers the dynamic simulation approach, the environmental parameters, and
environmental headings evaluated for each farm. The mean anchor loads are presented and
compared across the three farms.

4.1 Simulation approach

Simulations were run in FAST.Farm v3.3.0, a time-domain wind farm simulation tool [14], to
evaluate the effects of wakes on anchor loads. Currently, FAST.Farm is only capable of modelling
a wind direction of 0°. To work around this, the wind farm layouts were rotated to model the
different wind headings. For each farm, 1-hour simulations were run for headings at which wake
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effects were present. For the baseline farm, 0°, 45°, and 90° headings were considered, and for
the multiline farms, 0°, 30°, 60°, and 90° headings were considered, which capture the critical
headings identified in the previous section due to farm symmetry. To stay consistent with the
farm wake loss analysis, an average wind velocity of 10 m/s at hub height (Vi) was selected. A
turbulence intensity (TI) of 0.06 was selected and a shear exponent (a) of 0.14 was selected,
which are representative values for offshore wind sites [15]. The polar wake model was used,
which uses polar coordinates to capture wake characteristics, capturing radial and angular
variations [14]. FAST.Farm couples a low-resolution wind grid, which covers the entire farm,
with high-resolution grids at each turbine. The low-resolution grid had spacings of
approximately 32 m, while the high-resolution grid had spacings of approximately 16 m. These
high-resolution spacings are larger than recommended but were necessary for computational
efficiency and should not have an impact on the mean anchor loading metrics studied in this
paper. For computational efficiency, 10-minute wind files were generated and repeated for an
hour-long simulation. Using 10-minute wind files instead of 1-hour wind files can cut out low-
frequency responses [16], but again it should not have an effect on the metrics studied in this
paper.

General environmental conditions were based on DLC 1.2 [10], in which the turbine is
operating in a normal sea state. Wave parameters were provided from a previous study for
Humboldt Bay [17] and were selected for a wind speed bin ranging from 9 to 10 m/s. Wind and
waves were modelled as co-directional, while current was neglected. A summary of the
environmental parameters is provided in Table 2.

Table 2. Wind and wave parameters.

Metric TI(-) a(-) Vhub (m/s) Hs (m) Tp (s) Y()
Value 0.06 0.14 10 2.09 12 1.84
4.2 Results

In the following subsections, a plot displaying anchor loads is presented for each farm and
heading (Figure 4, Figure 5, and Figure 6). Mooring line forces were summed at each anchor, and
the mean anchor load is displayed. For each farm and heading, the anchor loads were
normalized by the largest mean anchor load and converted into percentages which are shown in
the figures next to each anchor. Coloured circles are used to indicate the magnitude (kN) of each
mean anchor load; colour bars are bounded by the largest mean anchor load across all headings
for a farm and therefore kept consistent for each farm.

To provide visual examples and context for wakes, sample wake plots were generated for 0°
headings for all farms using FAST.Farm outputs, as presented in Figure 3; they show how the
downstream wind velocities are decreased and recover with distance. For this heading, the
farms have turbine spacings of 2000 m (baseline), 3464 m (3-line), and 2000 and 4000 m (6-
line), which are driven by the requirements of the shared anchors. The implications of these
varied spacings are discussed further in the subsections.
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Figure 3. Wake plots for all three farms.

4.2.1 Baseline

For the 0° heading (Figure 3a and Figure 4a), the average wind velocity for all downstream
turbines was reduced by 1.6 m/s for an average of 8.4 m/s. For both mooring orientations, this
reduced all upwind anchor forces for downstream turbines by 14% and increased downwind
anchor forces by 2-3%.
For the 45° heading (Figure 4b), the distance between turbines experiencing wakes
increased from 2000 m to 2828 m, or approximately 12D. This allowed the downstream wind
more time to recover, resulting in downstream turbine average wind velocity reduction of 1.1
m/s, for an average of 8.9 m/s. For downstream platforms with Orientation 1, this results in a
decrease in force on the primary loaded anchor of 10%, a decrease in force on the secondary
loaded anchor of 7%, and an increase in force on the downwind anchor of 1-2%. For
downstream platforms with Orientation 2, this results in a decrease in force on the primary
loaded anchor of 10%, a decrease in force on the secondary loaded anchor of 1%, and an
increase in load on the downwind anchor of 1-2%.
For the 90° heading (Figure 4c), downstream wind velocities were the same as the 0°
heading, which has the same downstream turbine spacing. In this farm, both mooring system
orientations have lines at the same angles from the environmental heading, which means that
they exhibit the same loading patterns. For the downstream turbines, the force on the primary
loaded anchor was reduced by 16%, the secondary loaded anchor force was reduced by 6%, and
the downwind anchor force increased by 3%.
Overall, this shows that the changes in anchor forces due to wakes vary based on the
environmental heading. The normalization was relatively uniform across the headings, as all
headings had maximum mean anchor forces between 3014 and 3069 kN. The 90° heading

showed the largest reduction in anchor forces due to wake effects.
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Figure 4. Baseline farm mean anchor loads for all headings, with percentages normalized by the largest

mean anchor load per heading.

4.2.2 3-line

For the 0° heading (Figure 3b, Figure 5a), downstream turbines were spaced 3464 m (14.5D)
from upstream turbines and experienced a mean wind velocity reduction of 0.8-0.9 m/s. Single-
line upwind anchors experienced the largest mean anchor loads. The 3-line anchors without
downwind platforms attached had a 5% decrease in mean anchor force from the single-line
upwind anchors, exemplifying the trend of anchor load reduction observed in previous 3-line
anchor studies [3,4]. Three-line anchors with a downwind turbine attached had a 5% decrease
in mean anchor force from their other 3-line counterparts. Two-line anchors on the perimeter
experienced larger loads than their neighbouring 3-line anchors due to less mooring line force

cancellation.

For the 30° heading (Figure 5b), downstream turbines were located 2000 m from their
corresponding upstream turbines, resulting in a mean wind speed reduction of 1.6 m/s. The
perimeter upwind 2-line anchor experienced the largest mean load. The column of 3-line
anchors towards the left of the plot has only one downstream platform attached, while the other
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3-line anchors are made up of all downstream platforms. There is a 3% difference between

these two groupings of 3-line anchors.

For the 60° heading (Figure 5c), downstream turbines were spaced 3464 m apart as in the
0° heading. Similarly, the perimeter upwind 2-line anchor experienced the largest mean load.
Three-line anchors with three downstream platforms attached had a force reduction of 8%
compared to 3-line anchors with no downstream platforms.

In the 90° heading (Figure 5d), with a downstream turbine spacing of 2000 m, the majority
of the turbines are downstream; only the turbines at the bottom of each column are not. Once
again, the perimeter upwind 2-line anchor experienced the largest load. All 3-line anchors are
connected to at least one downstream platform; 3-line anchors experienced a load reduction of

3% from 3-line anchors with one downstream platform to 3-line anchors with three

downstream turbines.
Overall, the 60° anchors experienced the largest loads, with a maximum mean load of 3660
kN, because in this heading there are two upwind mooring lines that equally share the load.
Three-line anchor loads were affected by how many downstream turbines were connected to
them, which matches the findings of Balakrishnan et al. [5].
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4.2.3 6-line

For all headings, the upwind perimeter anchor with the largest number of lines attached had the
largest mean anchor load, and the upwind perimeter anchors had larger forces than the other
anchors. Overall, the 6-line mean anchor loads were relatively consistent across all 6-line
anchors and headings, varying by 1% within each heading and by 262 kN between headings.
This is most likely because the 6-line anchors have more attached turbines and thus more force
cancellation due to the geometry. All 6-line anchors in all headings had a minimum of two
downstream turbines attached.

Two headings resulted in turbines oriented 2000 m downstream from each other: 0°
(Figure 3c and Figure 6a) and 60° (Figure 6¢). Two headings resulted in turbines oriented 3464
m (14.5D) downstream from each other: 30° (Figure 6b) and 90° (Figure 6d). Headings with the
closer turbine orientation had mean 6-line anchor loads that were about 150 kN larger than
ones with the farther orientation, which is still a relatively small difference.
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Figure 6. Six-line farm mean anchor loads for (a) 0°, (b) 30°, (c) 60°, and (d) 90° headings, with
percentages normalized by the largest mean anchor load per heading.

4.2.4 Farm comparison

To compare anchor loads across all farms and headings, all mean anchor loads from Figure 4,
Figure 5, and Figure 6 are plotted together in Figure 7. As the mean anchor loads are plotted as
transparent, this allows for the observation of anchor clusters and densities based on the change
in transparency. For example, the changes in loading due to wakes for 3-line anchors in the 3-
line farm is observed by tracking the range of yellow markers for each heading.
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The upwind perimeter anchors in all three farms received the largest loads, and the
downwind perimeter anchors received the smallest loads. For downwind turbines, wakes
caused upwind mooring line loads to decrease and downwind mooring line loads to increase,
which in turn affected the loading of the anchors that they were connected to. The baseline farm
had an average anchor load range of 2810 kN across all headings and a maximum mean load of
3072 kN. While the anchor load magnitudes varied by heading, the load ranges were relatively
consistent. The 3-line farm had, on average, slightly higher loads than the baseline farm and
showed the most sensitivity to headings, with an average range of 2994 kN and a maximum
mean load of 3660 kN. The 6-line farm anchors exhibited larger loads than the other two farms
because they were receiving loads from six platforms, with an average range of 4498 kN and a
maximum mean load of 5197 kN, but showed less sensitivity to headings than the 3-line farm.
Overall, wakes created the largest percent differences for mean anchor loads in the baseline
farm (up to 16%) and the smallest percent differences in the 6-line farm (up to 2%), showing
how the number of downwind platforms connected to an anchor influences its sensitivity to
wake effects. Heading behaviours are assumed representative of other directional increments as
identified in the farm wake effects section due to farm symmetry.
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Figure 7. Mean anchor load comparison for all anchors, farm layouts, and environmental headings.

5. Conclusions

This study provides insight into the benefits and drawbacks of two shared anchor layouts in
terms of wake effects compared to a traditional single-anchor layout. The key takeaways are:

o Farm wake losses were sensitive to power density and layout geometry. For example, the
6-line farm had the lowest power density, but had larger wake losses than the baseline
farm with a higher power density because the baseline farm had wake losses for all 45°
intervals while the 6-line farm had wake losses for all 30° intervals based on their
respective layouts, resulting in more headings with wake losses.

o Differences in mean anchor forces due to wakes were sensitive to the number of
downwind turbines connected to the anchor as well as the environmental heading,
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which influenced the load magnitudes of the connected mooring lines based on their
orientation with respect to the environmental heading.

e As expected, wake effects were most significant for headings with the smallest distances
between downstream turbines. For these wind parameters, wake model, and turbine, a
reduction in mean wind velocity was observed for turbine spacings up to 14.5D, but not
for spacings of 16D.

This work highlights the impact that shared anchors have on farm layout and consequent
wake losses. showing the coupled nature of shared anchor layouts, wake effects, and mean
anchor loads. If considering these farm designs for a specific site, a wind rose should be used
and the configurations should be rotated in order to determine an optimal orientation. While
this study uses uniform, symmetric layouts, non-uniform layouts and optimization frameworks
have the potential to yield higher power densities and less wake losses and are being considered
for shared anchors [18]. Future work could consider different turbine minimum spacings (larger
or smaller than 8D), different wake models, and other metrics such as maximum values,
standard deviations, load inclinations, and load directions.
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