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Abstract. This work presents the systematic development of three open-source reference floating wind array
designs. The designs are tailored to representative site conditions for three regions of the United States: Humboldt
Bay off the coast of California, the Gulf of Maine, and the Gulf of America. We adopted existing reference
designs for the individual 15 MW turbines, semisubmersible floating platforms, substations, mooring systems,
and power cables — integrating and adapting them as needed for each location. We adapted existing dynamic
cable designs to use larger conductor sizes to meet the arrays’ power transmission requirements, and we set up
redundant mooring systems for each substation. The layout of each array is a uniform-grid design optimized to
approximately minimize the levelized cost of energy (LCOE) within a square lease area while satisfying spatial
constraints. These constraints ensure adequate clearances between adjacent turbines and between underwater
components during the layout optimization to prevent clashing and ensure that all components reside within
the lease boundaries. Substations are included to allow accounting for intra-array cable costs. They are placed
within the uniform grid to maintain the navigability of the arrays. For each feasible layout considered, annual
energy production and cable routing costs are calculated and updated in the LCOE objective function. After
the optimization, we refined the cable routing with a mix of algorithmic and manual methods to ensure that the
cables avoid mooring system components and approach the substation with adequate clearances. We confirmed
the suitability of each reference array’s layout by comparing the wake losses at each wind heading angle to the
wind rose, observing that the optimized layouts largely avoid wake losses in the predominant wind directions.
These reference arrays provide open-source baseline designs to enable future research and innovation of floating

wind technology at the array scale.
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1 Introduction

Floating wind turbines can access strong and consistent wind
resources while also positioning wind farms farther from
shore, reducing visual impacts and conflicts with other ocean

co-users; however, floating wind is still a developing tech-
nology, and there are no existing large-scale floating wind
arrays. The largest floating wind array, Hywind Tampen, has
11 turbines with a combined capacity of 94.6 MW, whereas
fixed-bottom wind farms have advanced to gigawatts of ca-
pacity. Floating wind array design has only recently become
an area of significant research.

Reference designs — open-source definitions of representa-
tive systems — have helped floating wind research and devel-
opment by giving researchers a common starting point and
baseline for comparison. Research at the single-turbine level
has produced various reference designs at increasing sizes as
turbine technology advances over time. The earliest widely
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used examples are the National Laboratory of the Rockies
(NLR) 5 MW reference wind turbine (Jonkman et al., 2009)
and the Offshore Code Comparison Collaboration (OC3)-
Hywind spar-buoy reference platform (Jonkman, 2010). An-
other widely used reference floating platform developed for
the 5 MW turbine is the Offshore Code Comparison Collab-
oration Continuation (OC4)-DeepCWind semisubmersible
(Robertson et al., 2014). Both floating system reference de-
signs also include definitions of the tower, control system,
and catenary chain mooring system. Reference turbine ca-
pacity increased with the Technical University of Denmark
10 MW reference wind turbine (Bak et al., 2013), which was
used in research on a range of floating platforms, includ-
ing public semisubmersible designs in the LIFES50+ project
(Yuetal., 2018). The INO WINDMOOR base case reference
wind turbine system (Silva de Souza et al., 2021) — including
a turbine, semisubmersible floating platform, and mooring
system — was developed with a capacity of 12 MW.

The most widely used reference floating system at present
is the International Energy Agency (IEA) Wind Technol-
ogy Collaboration Programme (IEA Wind) 15 MW refer-
ence wind turbine (Gaertner et al., 2020) and the Univer-
sity of Maine (UMaine) VolturnUS-S semisubmersible float-
ing platform (Allen et al., 2020). Several other floating plat-
form designs were developed to work with the IEA Wind
15 MW reference turbine as well, including the Windcrete
spar and the ActiveFloat semisubmersible reference designs
(Mahfouz, 2020). All three of these support structure refer-
ence designs were developed with a chain catenary mooring
system. In recent years, larger reference wind turbines have
been developed, such as the IEA Wind 22 MW reference tur-
bine (Zahle et al., 2024), which includes a semisubmersible
design based on the UMaine VolturnUS-S semisubmersible
but is tailored to fit the 22 MW turbine.

In general, considerations for underwater components —
such as moorings, dynamic cables, and anchors — were lim-
ited in the aforementioned reference systems. The mooring
systems were basic catenary designs with uniform lengths
of chain. Anchors and dynamic power cables were rarely
specified. More complete underwater component reference
designs have been developed in recent years. Janocha et al.
(2024) developed reference power cable design definitions
for floating wind systems, including a set of reference ca-
ble properties. Lozon et al. (2025) designed mooring and
dynamic power cable reference designs for shallow, moder-
ate, and deep water for three representative locations in the
United States, including catenary, semitaut, and taut moor-
ing configurations; however, reference definitions of floating
wind arrays consisting of multiple floating wind turbines and
their associated underwater components have not yet been
published.

To aid floating wind research at the array level, there is a
need for reference floating array designs comprising moor-
ing systems, dynamic power cables, static cable routing, and
the full layout of these items in the array. Reference designs
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serve future research by providing a baseline and starting
point for further exploration.

Previous studies have developed several fixed-bottom ref-
erence wind farm designs. The Norwegian Research Cen-
tre for Offshore Wind Technology reference wind farm de-
veloped a 1.2 GW fixed-bottom uniform-grid array design
based on the Dogger Bank Creyke Beck A sizing and lo-
cation (Kirkeby and Tande, 2014). The reference farm in-
cluded cable routing and a study on the use of 33kV versus
66 kV collector systems. The Norwegian Centre for Offshore
Wind Energy developed a uniform grid and an irregular (non-
gridded) 0.8 GW reference fixed-bottom wind farm for con-
ditions in the North Sea (Bak et al., 2017), including cable
layouts, operations and maintenance activities, and cost anal-
yses. The IEA Wind Task 55 project developed a set of refer-
ence fixed-bottom wind farm arrays based on the Borssele II1
and IV lease areas off the coast of Belgium and the Nether-
lands, where they optimized a uniform-grid array layout and
an irregular array layout (Kainz et al., 2024). The IEA Wind
Task 55 reference farm included cable routing and conductor
sizing, and the layout optimization accounted for the water
depth of the site. There are currently no floating open-source
reference wind array designs to the authors’ knowledge, rep-
resenting a significant gap in floating wind research.

To develop floating wind reference arrays, layout op-
timization methodologies specific to floating systems are
needed. Floating farm layouts require a wide variety of con-
siderations to ensure a feasible and holistic design, including
the design and constraints of components that are specific to
floating wind, array layout optimization, and intra-array ca-
ble routing. Considering all these factors in a floating wind
farm layout optimization represents a significant challenge.
Mooring systems for floating wind farms — which often have
a large, site-specific footprint — must fully reside within the
lease area boundaries; therefore, floating array layout opti-
mization must consider the spatial constraints for mooring
design and orientation. Varied bathymetry and sediment in
the array can also affect the design of specific mooring lines,
anchors, and dynamic cables, which can affect the overall
costs and mooring footprints. Moorings, platforms, and ca-
bles must also not clash with each other. Further consider-
ations for navigability, installation, operations and mainte-
nance, and supply chain availability can also factor into the
feasibility of a floating wind layout.

Floating wind layout optimization techniques require an
optimization algorithm, an objective function, and floating-
specific constraints. There are a variety of optimization algo-
rithms, and research has not yet converged on a specific algo-
rithm to best optimize wind farm layouts. A comparison of
optimization algorithms for fixed-bottom wind farm layouts
revealed that various different techniques produced similar
levelized costs of energy (LCOEs) (Thomas et al., 2023).

The development of constraints and objective functions
for floating wind layout optimization has been approached
with a variety of priorities and considerations using a wide
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range of optimization algorithms. Lerch et al. (2021) used
particle swarm optimization to optimize the electrical lay-
out of a floating wind farm for LCOE. Eikrem et al. (2023)
used an ensemble optimization method, a form of stochas-
tic optimization that uses an ensemble of controls to approx-
imate a gradient, which is often used in oil reservoir opti-
mization problems. Though ensemble methods often cannot
handle constraints, they include them by breaking the prob-
lem into subproblems that apply penalty functions to opti-
mize a floating wind farm layout for LCOE and annual en-
ergy production (AEP) using a minimum spanning tree algo-
rithm to determine the intra-array cable layout. Rapha (2023)
developed an optimization technique for floating wind lay-
outs that algorithmically adjusted the moorings and cables
based on bathymetry to account for their changing spatial
footprints and costs. Mahfouz et al. (2024) considered the
mooring design for wake steering in the layout optimization
process. Heitanen et al. (2024) developed a layout optimiza-
tion tool that included a binary anchor choice based on the
soil type and added buffer zones along the mooring lines. The
tool maximizes the net present value with a random search
optimization algorithm, specifically modeling costs that are
affected by the layout of the array. Hall et al. (2024a) de-
veloped a layout optimization approach that included anchor
selection based on the soil type and mooring adjustment for
bathymetry. They used a sequential least-squares gradient-
based optimization algorithm. This tool was further devel-
oped by Sirkis et al. (2025) to add intra-array cable rout-
ing and sizing with a minimum spanning tree algorithm and
anchor sizing. They used a particle swarm optimization and
a sequential least-squares gradient-based optimization algo-
rithm.

In this paper, we develop reference floating wind array
designs for three regions in the United States: Humboldt
Bay, the Gulf of Maine, and the Gulf of America. We di-
rectly use the mooring and dynamic cable designs devel-
oped in Lozon et al. (2025) for these same regions in com-
plete gigawatt-scale array designs. We approximately opti-
mize each array layout with an approach that builds on the
layout optimization tool developed in Hall et al. (2024a) and
Sirkis et al. (2025) to include novel cable routing techniques
and improved layout optimization methods. These array de-
signs will serve as some of the first open-source reference
floating array designs, with fully shared design details to fa-
cilitate future use and application. The full definition files
for these designs are available on GitHub at https://github.
com/FloatingArrayDesign/ReferenceDesigns (last access: 16
March 2026).

The layout of this paper is as follows: Sect. 2 describes the
general array design process methodology; Sect. 3 defines
the component and array designs for Humboldt Bay, the Gulf
of Maine, and the Gulf of America, respectively; and, finally,
Sect. 4 describes conclusions and future work.
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2 Array design methodology

The floating wind array design methodology presented in this
paper builds on the techniques in Hall et al. (2024a) and
Sirkis et al. (2025) to include improvements to the layout
optimization approach and cable routing techniques. We ap-
plied the same array design methodology to the development
of a reference array design for each of three United States re-
gions. The overall reference array design process, shown in
Fig. 1, can be described in six general steps:

1. site parameter selection

2. component type selection

3. component design optimization
4. intra-array cable design

5. layout optimization

6. cable routing adjustment.

We based the site parameter selection on the three ref-
erence site condition sets developed in Biglu et al. (2024a)
based in Humboldt Bay, the Gulf of Maine, and the Gulf of
America. These reference site definitions include meteoro-
logical ocean (metocean) characteristics for extreme and fa-
tigue load analysis as well as bathymetry and soil type infor-
mation representative of several United States regions. Com-
ponent type selection and design optimization were com-
pleted in Lozon et al. (2025). That work used reference
metocean, depth, and soil parameters based on Biglu et al.
(2024a). The depth and soil information informed the anchor
type, the mooring configuration, and the cable type selec-
tions. These components were then optimized to minimize
cost and meet critical constraints for these conditions.

The present work builds on the site conditions and com-
ponent designs from previous work to create full floating
wind array designs. We select cable conductor sizes needed
to meet power requirements for an initial layout and cable
routing of a 1 GW farm. We adapt the 300 mm? dynamic ca-
ble designs from Lozon et al. (2025) for the selected con-
ductor sizes and ensure that they still satisfy the design con-
straints. We then apply the mooring designs and cable sizes
within a layout optimization to create layouts of the wind tur-
bines, the mooring lines, and the power cables that minimize
LCOE considering the spatial dependencies from wind rose
data, lease area boundaries, and required array cables. After
the layout is optimized, we implement the 3D dynamic cable
designs and adjust the chosen layout’s cable routing algorith-
mically with limited manual adjustments to prevent clashes
between the cables and moorings or anchors. This completes
the reference floating wind array design for each region.

To serve as general reference designs, each site’s charac-
teristics are simplified to use a uniform seabed and square
lease area, and the export cable to shore is not included.
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Figure 1. Array design process overview.

2.1 Site parameter selection

We considered representative site-specific seabed and meto-
cean conditions when developing the reference array designs.
These inputs are based on reference site conditions defined
by Biglu et al. (2024b), which combine metocean data for
each site from several sources — including the National Data
Buoy Center, NLR’s National Offshore Wind Dataset, and
the High Frequency Radar Network — and include extrapo-
lated extreme metocean parameters at different return peri-
ods and a set of “fatigue bins” that represent the joint prob-
ability distribution of the site’s wind and wave conditions.
The methodology used to develop the datasets in Biglu et al.
(2024b) is described in Biglu et al. (2024a). As detailed in
Sect. 2.2.3, the mooring systems were designed for both ul-
timate and fatigue loads, relying on the processed extreme
and fatigue metocean data from Biglu et al. (2024a). The dy-
namic power cables were designed for extreme loads.

In the present work, we developed wind roses for each site
from the same site condition dataset (Biglu et al., 2024b) for
use during the array layout optimization process. We also
used the extreme metocean data in load cases to check dy-
namic power cable designs and the floating substation de-
signs. By adhering to the existing well-defined reference site
conditions, additional research on the reference designs can
look more deeply into various load cases of interest.

The reference array designs are meant to be representa-
tive of the general regions they were designed for rather than
fitting in a specific lease area; therefore, we assume that all
lease areas have a constant depth and soil type representative
of the region and that the area boundaries are square. The rep-
resentative depth and soil type are based on the bathymetry
and soil data found in Biglu et al. (2024b). The size of each
area is loosely based on the size of the lease areas in each
region.

2.2 Subsystem and component design

The reference arrays use reference component and subsys-
tem designs developed in previous work when available and
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Figure 2. RAFT model of VolturnUS-S semisubmersible and IEA
Wind 15 MW wind turbine.

relevant to the needs of each site. The following subsections
detail the design selections and the nature of any design adap-
tations.

2.2.1 Floating wind turbine

The floating wind turbine assumed for the reference array
designs is the IEA Wind 15 MW reference turbine (Gaert-
ner et al., 2020). It is a widely used reference wind turbine
design, developed through a collaborative effort as part of
the IEA Wind Task 37 on Wind Energy Systems Engineer-
ing. The platform is the University of Maine VolturnUS-S
reference semisubmersible (Allen et al., 2020), which was
specifically designed for the IEA Wind 15 MW turbine. The
VolturnUS-S is a generic steel semisubmersible with three
radial columns and a central column that holds the tower.
The platform and wind turbine are shown in Fig. 2, and their
properties are summarized in Table 1. The VolturnUS-S plat-
form with the IEA Wind 15 MW turbine provides a well-
established floating wind turbine system for the reference ar-
ray designs.
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Table 1. VolturnUS-S and IEA 15MW reference wind turbine
properties.

Parameter Value
Turbine rating (MW) 15
Hub height (m) 150
Rotor diameter (m) 240
Rated wind speed (m s_l) 10.59
Freeboard (m) 15
Draft (m) 20
Platform mass (t) 17 839
Tower mass (t) 1263
RNA mass (t) 991
Hull displacement (m3) 20206

Table 2. Floating offshore substation design developed by Jorge Al-
cantara (2023).

Parameter Value
Platform length (m) 54.78
Platform width (m) 54.78
Cable deck height above mean water level (m) 12.00
Draft (m) 22.00
Mass (mT) 29084
Vertical center of gravity below mean water level (m) 5.63

The VolturnUS-S was originally designed with a chain
catenary mooring system for a 200 m depth. We replaced the
mooring system with designs from Lozon et al. (2025) to suit
the water depths of the reference array designs. Section 2.2.3
discusses the mooring designs in more detail. We also added
dynamic power cables (Sect. 2.2.5), which were not included
with the original VolturnUS-S design.

2.2.2 Floating substation

The floating offshore substation design used in these ar-
rays is a rectangular semisubmersible high-voltage alternat-
ing current (HVAC) substation developed by Jorge Alcantara
(2023). This design has a capacity of 1.2 GW. The platform
comprises four square columns connected in a square with
four pontoons. The dimensions and mass properties of the
floating substation platform are shown in Table 2. The geom-
etry of the floating substation platform is visualized in Fig.
3.

As with the floating wind turbine, we applied the moor-
ing line and dynamic cable designs developed in Lozon et al.
(2025) to the floating substation; however the substations fea-
ture a larger number of mooring lines to ensure redundancy
of the design. A substation failure would have a more signifi-
cant impact on farm revenue than a single turbine failure, so a
redundant mooring system is of greater importance. We veri-
fied the performance of each mooring system and substation
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Figure 3. RAFT model of floating substation.

under a 500-year return period of extreme wind, wave, and
current loading in the open-source frequency domain mod-
eling tool RAFT (Hall et al., 2022a) to ensure acceptable
platform offsets for the dynamic cable designs. The dynamic
performance of the substation platform, which was designed
and evaluated in Jorge Alcantara (2023), is not a focus of the
present work. All substations feature intra-array cable con-
nections on a maximum of three of the four sides; one side is
free of cables to allow maintenance vessel access.

2.2.3 Mooring system

The mooring systems in the reference array designs were pre-
viously developed in Lozon et al. (2025) for the same sets
of site conditions. These designs each have a different con-
figuration (catenary, semitaut, and taut in order of increas-
ing depth). They were optimized for the extreme and fatigue
site conditions in a multifidelity modeling process consist-
ing of (1) the optimization of line dimensions to minimize
costs subject to initial constraints checked in the quasi-static
mooring model MoorPy (Hall, 2024), (2) extreme and fa-
tigue load analyses using the dynamic floating wind turbine
modeling tool OpenFAST (Jonkman et al., 2023), and (3)
adjusting tuning factors in the quasi-static optimization and
iterating until all constraints were satisfied. The design con-
straints included maximum tensions, fatigue life of chain sec-
tions, avoiding polyester rope contact with the seabed, yaw
stability, avoiding vertical loading on drag-embedment an-
chors, and platform offset. The extreme load analysis applied
aligned wind and wave directions to obtain peak loading on
the mooring system, while the fatigue load cases considered
site-specific wind—wave misalignment. The fatigue and ex-
treme load cases are provided in Biglu et al. (2024b), and
the methodology used to develop these datasets is described
in Biglu et al. (2024a). This design process and the resulting
designs are detailed further in Lozon et al. (2025).

We used these mooring system designs directly for the
floating wind turbines in the reference array designs, rely-
ing on the extreme and fatigue load analyses and constraint
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checks that were performed in Lozon et al. (2025); however,
for the floating substations, we used the same mooring line
designs but increased the number of mooring lines to six
or eight to provide increased restoring stiffness and redun-
dancy. We verified that the substation mooring systems keep
the platform offsets within acceptable limits under extreme
current loading.

2.2.4 Anchors

Detailed anchor design was not a focus of this work, but an-
chor costs significantly contribute to the overall array cost;
therefore, approximate anchor masses were directly pulled
from Lozon et al. (2025), which sized anchors based on max-
imum anchor loads from extreme load cases performed in
OpenFAST and general soil types. We input these approxi-
mate anchor masses into our anchor cost modeling assump-
tions described in Sect. 2.3.3 to estimate the anchor material
costs.

2.2.5 Power cables

The reference array designs include intra-array cables be-
tween the turbines and from the turbines to the substation.
Each intra-array cable connecting two floating wind turbines
or a floating wind turbine and a substation consists of a dy-
namic cable on either end to connect to the platform and a
static cable routed along the seabed between the dynamic ca-
bles.

The dynamic cable designs were developed in Lozon
et al. (2025) following a similar design process to the moor-
ings. That work initially optimized the cable dimensions and
checked constraints in MoorPy, and then it checked the dy-
namic cables in OpenFAST against constraints for extreme
tensions and allowable curvature in extreme load cases, it-
erating until all constraints were met. More details on the
design process of the dynamic cables can be found in Lozon
et al. (2025).

For the gigawatt-scale reference floating wind farms, ad-
ditional dynamic cable designs were needed for larger con-
ductor sizes. These larger conductor sizes are necessary to
meet the power transmission needs when many turbines are
connected in series within the wind farm. We adapted the
dimensions of the initial designs from Lozon et al. (2025),
which use a cable with a 300 mm? conductor cross-sectional
area, for larger conductor sizes (630 and 1000 mm?) by in-
creasing the number of buoyancy modules to compensate for
the increased cable weight. This approach maintains approx-
imately the same cable profile shapes and ranges of motion.
We then simulated these additional cable designs in conjunc-
tion with the floating wind turbine and mooring system for
extreme load cases in OpenFAST to ensure compliance with
the allowable cable tensions and curvatures. The extreme
load cases featured aligned wind and waves to obtain peak
loading.
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The properties for each dynamic cable are shown in Table
3. For all dynamic cable designs, we assumed a buoyancy
module with a volume of 0.57 m?, consistent with the orig-
inal reference designs. The buoyancy module properties are
shown in Table 4.

The static cables are represented by their routing along
the seabed and their cross-sectional properties. Cable burial
and environmental loadings are beyond the reference design
scope. The properties for each static cable are shown in Table
5.

2.3 Layout

To develop the reference array layouts, we used and ex-
panded on an NLR-developed layout optimization tool de-
scribed in Hall et al. (2024a) and Sirkis et al. (2025) to min-
imize the LCOE. This tool considers moorings, anchors, and
cables, and it is capable of interfacing with a variety of opti-
mizers. Figure 4 summarizes the array layout design process,
which is described in the following subsections.

2.3.1 Layout design parameterization

Each reference array layout follows a uniform-grid approach
with seven key design variables that control the grid geome-
try. We chose a uniform grid to maintain navigability within
the array, following the United States Coast Guard recom-
mendations (United States Department of Homeland Secu-
rity and United States Coast Guard, 2024). The design vari-
ables we used for these uniform-grid layout optimizations are
as follows:

D, D;,: grid x, y spacing (m)

X0, yo: grid x, y translation from centroid (m)

— o grid rotation (°)

B: grid skew (°)

y: platform rotation (°).

The grid variables are shown in Fig. 5. The platform rota-
tion variable, y, is defined as 0° when one platform leg (or
mooring line) is due north. Platform rotation definitions are
independent of the grid rotation angle «. All angles are mea-
sured clockwise positive.

The substation rotation is defined at 0° when one pontoon
faces each cardinal direction. We set the substation heading
after the optimization process based on the spatial require-
ments of the array and the direction of the incoming dynamic
cable strings.

We altered the uniform-grid layout optimization method-
ology in Sirkis et al. (2025) to improve the computational
efficiency and give more consistent results. The previous
method tested each potential platform location against spa-
tial constraints before adding that grid location to the layout,
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Table 3. Dynamic cable properties.
Parameter Cable type 1  Cable type 2  Cable type 3
Conductor size (mm?) 300 630 1000
Outer diameter (m) 0.161 0.184 0.203
Linear density (kg m~1) 36.66 55.76 75.74
Axial stiffness (MN) 469 658 854
Bending stiffness (kN m2) 19.92 42.47 68.73
Min bearing load (kN) 383.2 537.4 698.4
Min bending radius (m) 2.41 2.76 3.05
+ Mooring system Array Layout Optimization
+ Cable sizes
* Lease area bounds ] ™ . Sum costs, run Algorithmic Manual cable
. Win_d rose L, <Set array layout >—> Generate g.rl.d of Posn.lon Check spahal Route Ll FLORIS fory AEP, | || cable routing [ routing
+ Optimization parameters turbine positions substation(s) constraints cables X .
setings compute LCOE adjustments adjustments
* Substation general I
location(s)

Figure 4. Array layout design process.

Table 4. Buoyancy module properties.

Parameter Value
Displaced volume (m3) 0.566
Mass (kg) 270.68
Overall density (kg m3) 500
Length (m) 0.90
Diameter (m) 0.865

and it stopped adding points when the required number of
platforms was met. In the current method, we develop a grid
of all possible platform location points inside the lease area
without determining if the constraints are met. In cases where
more grid points than the required number of platforms fit
inside the boundary, points closest to the boundary are re-
moved until the required number of platforms remain. This
ensures that the array layout is approximately centered within
the lease area.

Platforms closest to the boundary are generally most at
risk of violating spatial constraints, such as mooring system
components crossing the boundary; therefore, when generat-
ing the layouts, we keep the platform locations with the best
chance of passing spatial constraint checks without check-
ing the constraints of every possible grid point. Layout con-
straints are checked all together at a later step for the grid
platforms to improve efficiency. When less than the required
number of platforms fit in the boundary, the layout is ex-
cluded from consideration.
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2.3.2 Substation placement and preliminary cable
routing

Cable routing within the array is dependent on the location
of the substation(s), and the intra-array cables are an impor-
tant contributor to cost; therefore, it is important to accu-
rately represent the substation placement during the layout
optimization.

To maintain navigability of the array, we assume that sub-
stations must be positioned on the same uniform grid as the
turbines. The approach in Sirkis et al. (2025) kept the substa-
tion location constant during the optimization process, which
does not allow the substation location to be part of the grid.
Our current approach places substations in the uniform grid
at the grid points closest to the user-inputted substation po-
sitions. This allows the user to choose the general substa-
tion locations while ensuring that the substations fit within
the layout’s uniform grid. The total number of grid points
maintained when developing the platform locations, as de-
scribed in Sect. 2.3.1, includes the total number of turbines
plus the number of substations to accommodate substations
in the grid.

Once the substation positions are defined, an approximate
cable routing is automatically performed within the opti-
mization loop. This cable routing allows for an approxima-
tion of the cable costs during the optimization. We then re-
fine the cable routing after the optimization is finished, as
discussed in Sect. 2.3.6.

When there are multiple substations in the array, we first
assign each turbine to a substation before determining the
cable routing. This differs from Sirkis et al. (2025), which
only supported one substation. To support multiple substa-
tions, we use an assignment algorithm that allocates turbines
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Table 5. Static cable properties.

L. H. Sirkis et al.: Reference floating wind array designs for three representative regions

Parameter Cable type 1  Cable type 2  Cable type 3
Conductor size (mm?) 300 630 1000
Outer diameter (m) 0.154 0.177 0.197
Linear density (kg m_l) 30.18 45.33 60.87
Axial stiffness (MN) 287 417 551
Bending stiffness (kN m2) 7.68 17.60 29.59
Min bearing load (kN) 183.7 260.5 342.8
Min bending radius (m) 2.31 2.66 2.95
Array grid
N Lease boundary ,orientation
e
| Array grid
translation
.J,I ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
Xo
"""""" , Platform/mooring
Lease area * reference heading
centroid L/ Yo (heading independent of
T—»x grid rotation)

Figure 5. Grid design variables, adapted from Hall et al. (2024b).

to their closest substation to reduce cable costs. If the number
of turbines connected to a substation exceeds the substation’s
capacity, turbines that have the smallest difference in dis-
tance to an alternate substation from the overwhelmed sub-
station are re-allocated to the alternate substation until each
is at or below capacity.

After each turbine is assigned to a substation, we apply
the cable routing approach described in Sirkis et al. (2025)
for the pool of turbines assigned to each substation. First,
the clusters of turbines to be connected in series are deter-
mined using spectral clustering around the substation. Then,
the routing within the clusters is determined using Prim’s
algorithm (Prim, 1957), a minimum spanning tree method.
Sirkis et al. (2025) describe this intra-array cable routing al-
gorithm in detail. The conductor size for each cable is de-
termined based on the power requirements from the number
of upstream turbines, which affects the cost, as described in
Sect. 2.3.3.

2.3.3 Optimization objective function

The objective of the layout optimizations is to minimize the
LCOE. To improve computational efficiency, the optimiza-
tion framework only calculates the LCOE for layouts that
meet all constraints described in Sect. 2.3.4. The LCOE can
be described as
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FCR x CapEx + OpEx
AEP

LCOE =

, ey

where FCR is the fixed charge rate, defined as the fraction
of capital expenditure (CapEx) that will be paid each year;
CapEx is the total capital expenditure for the array, includ-
ing the installation and component costs; OpEx is the annual
operational expenditure; and AEP is the annual energy pro-
duction.

The array AEP is calculated using the Gaussian curl hy-
brid wake model within the steady-state wake modeling tool
FLORIS (v4.2) (Gebraad et al., 2014). The wind roses we
used in the AEP calculations cover each direction at inter-
vals of 5° for every wind speed at intervals of 1 ms™!.

For the layout optimization, all CapEx costs except for
those of the intra-array cables are assumed constant through-
out the optimization. The intra-array cable material costs
are updated for each feasible layout considered in the opti-
mization based on the output cable routing. During the op-
timization, these cable costs are approximated by the two-
dimensional distance between turbines multiplied by the dy-
namic cable cost per meter. This simplification is used to
improve computational efficiency. It results in shorter cable
lengths than a three-dimensional representation; however, the
cost reduction is partially offset by the higher dynamic cable
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cost in comparison with static cables. The cable cost per unit
length for a 66 kV dynamic cable is modeled as

Costiae = (0.7845USDmm™>m~")A+257.3USDm™!, (2)

where Costjyc is the dynamic intra-array cable cost per unit
length, and A is the cable conductor area. The dynamic ca-
ble cost values are based on a linear regression of the costs
provided in Hall et al. (2024b).

The mooring material cost is calculated as follows:

Costehain = (2.585USDkg ' m™Hym, 3)
Costpoly = (23USDMN ™' m~')MBL, 4)

where Costchain 18 the mooring chain cost per unit length, m
is the linear mass density of the chain, Cost,oly is the moor-
ing polyester cost per unit length, and MBL is the minimum
breaking load of the polyester. The chain cost coefficient is
based on the value provided in Hall et al. (2022b), and the
polyester cost coefficient is based on industry-provided esti-
mates.

The anchor material costs are determined based on the ma-
terial cost per kilogram as follows:

Costpga = (5.705USDkg ™ ym, (5)
Costgpa = (4.435USDkg ™ m, (6)

where Costpga is the material cost of the drag-embedment
anchors, Costgpa is the material cost of the suction pile an-
chors, and m is the anchor mass. These material cost coeffi-
cients are based on the average cost per mass value provided
in Hall et al. (2024b). Because of the constant bathymetry
in the arrays, one mooring and anchor design is used for all
platforms in a given array, so the mooring and anchor cost
remains constant for each array optimization.

The remaining CapEx costs and the OpEXx costs are based
on the data and assumptions provided in Housner and Mu-
las Hernando (2024). The CapEx costs excluding moor-
ing, cable, and anchor materials are calculated at a rate of
3749 USDkW! of capacity. Annual OpEx costs are calcu-
lated at a rate of 62.5 USDkW ! of capacity. The FCR is set
at 5.82 %.

After the optimization, we implement realistic three-
dimensional cable designs with lazy-wave cable configura-
tions at each platform connected to static cable sections along
the seabed, as described in Sect. 2.2.5. Additionally, we re-
fine the cable routing around the substation and to avoid
moorings and anchors, which is described in Sect. 2.3.6.
The additional component cost calculations used in the three-
dimensional representation of the cables are described in the
following.

Buoyancy module costs are calculated as

Costhuoy = (8590USDm™~3) V + USD 3080, )

where Costyuoy is the buoyancy module cost, and V' is the
buoyancy module volume. These values were determined
from industry estimates.
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Static cable costs are calculated as
Costgaic = (0.719USDmm>m~ ) A
+239.57USDm™ !, (8)

where Costgagic 1S the cost per unit length, and A is the cable
conductor area.

The estimated costs of the cable connectors, which include
bend stiffeners, are as follows for each cable:

Costeomnectors = (212.22USDmm2) A + USD 139831, (9)

where Costconnectors 1S the cable connector cost per cable.

Cable joints, found at the transition between the dynamic
and static cable sections, are modeled as a constant cost of
237 x 103 per turbine. The static cable, cable connectors, and
cable joint costs are based on the data provided in Hall et al.
(2024b). The static cable and cable connector costs are a lin-
ear regression of the data provided in Hall et al. (2024b).

We have collected cost data from various sources to com-
pare the assumed component costs with values from a lim-
ited literature search. The limited number of publicly avail-
able cost estimates for different components is a challenge
when comparing cost estimates, as is the wide range of costs
reported for certain component types. Table 6 summarizes
costs gathered from the literature compared to the cost val-
ues used in this work. Where possible, we have attempted
to use data sources that allow for fair comparisons between
components, and converted costs to 2024 US dollars (USD).
In the process of developing these cost comparisons, we have
included some assumptions to allow for consistent cost com-
parisons when the only component costs available were re-
ported using different units of measure than those used in
the present work. The discussion following the table provides
more details on these assumptions.

Dynamic cable cost data are particularly challenging to
find, especially cost data that vary with conductor size. A
2007 study (Green et al., 2007), which gathered cable costs
from two companies, reported intra-array cable cost ranges
for a variety of conductor sizes. The cost values reported in
Table 6 from Green et al. (2007) have been adjusted for infla-
tion from 2007 USD to 2024 USD. Note that this literature
source does not differentiate between static and dynamic ca-
ble costs, so the same values are applied to the static and
dynamic cables for the purposes of comparison. The cost val-
ues from Green et al. (2007) are higher than the utilized cost
in general. Significant supply chain development and inno-
vation in the offshore intra-array cable industry since 2007
may have led to reduced costs.

Buoyancy modules are another component with limited
cost data available. Hall et al. (2024b) provide buoyancy
module costs per cable for an array of conductor sizes. To
compare costs with those used in this work, we assumed the
cable (which has two dynamic cable sections, one to connect
to each platform) has the same volume of buoyancy mod-
ules as the dynamic cable designs used in this work. We es-
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Table 6. Component cost comparison between utilized values and values from the literature.

Component Unit Utilized cost  Utilized source Costs from literature  Literature source

Dynamic cable 300 mm? USDm™! 493  Hall et al. (2024b)  486-847 Green et al. (2007)

Dynamic cable 630 mm? USDm™! 752  Hall et al. (2024b)  821-1033 Green et al. (2007)

Dynamic cable 1000 mm? USDm~! 1042  Hall et al. (2024b)  1196-1240 Green et al. (2007)

Static cable 300 mm? USDm™! 455 Hall et al. (2024b) 486847 Green et al. (2007)

Static cable 630 mm?2 USDm™! 693 Hall etal. (2024b) 821-1033 Green et al. (2007)

Static cable 1000 mm? USDm™! 959 Halletal. (2024b) 1196-1240 Green et al. (2007)

Buoyancy modules USDm—3 11670 Industry estimate 12560-14 035 Hall et al. (2024b)

Cable connectors 300 mm? USD per cable 203500 Halletal. (2024b) NA NA

Cable connectors 630 mm? USD per cable 273500 Halletal. (2024b) NA NA

Cable connectors 1000mm?  USD per cable 352000 Halletal. (2024b) NA NA

Cable joints USD per turbine 237000 Halletal. (2024b) NA NA

Suction pile anchor USD kgfl mass 4.435 Halletal. (2024b) 4.11 van Koten (2021)

Drag-embedment anchor USD kg_1 mass 5.705 Hall et al. (2024b)  4.15 Davies et al. (2025)
5.30 Quoceant (2016)

Chain USD kg*1 mass 2.585 Halletal. (2022b) 2.54-6.34 Hall et al. (2024b)
4.28 Davies et al. (2025)
1.68 Quoceant (2016)

Polyester USDMN~!'m~! 23 Industry estimate  16.5 Hall et al. (2024b),
43 Davies et al. (2025)

NA —not available.

timated the cost per volume of buoyancy module from the
cable buoyancy module cost divided by the total buoyancy
module volume for each dynamic cable size. The range of
buoyancy module costs is based on the minimum and maxi-
mum values from the three cable sizes used in this work. The
buoyancy module costs estimated from Hall et al. (2024b)
are somewhat higher than the values used in this work, but
it is difficult to directly compare them due to the required
assumptions.

Relevant cost data for cable connectors and joints, espe-
cially for conductor sizes similar to those used in this work,
were not found in the limited literature review. Quoceant
(2016) provided costs for static and dynamic bend stiffen-
ers, which convert to approximately USD 120000 in 2024
USD for all required bend stiffeners in one cable. However,
this cost is not comparable to the value used in this work be-
cause it is for a different cable conductor size and does not
include costs of other cable connection parts. It is therefore
not included in Table 6.

van Koten (2021) provided a cost estimate of suction pile
anchors, which was obtained from an industry estimate. We
converted the value to USD using 2021 exchange rates and
adjusted for inflation from 2021 to 2024 USD. Van Koten’s
reported cost coefficient is similar to the value used in this
work.

Two cost sources were found for drag-embedment an-
chors in addition to the source used in this work. Hall et al.
(2024b) provided a range of drag-embedment anchor cost
coefficients, and the average value was used in this work.

Wind Energ. Sci., 11, 1429-1460, 2026

Davies et al. (2025) reported a lower cost coefficient, while
a report from Wind Energy Scotland (Quoceant, 2016) pro-
vided an approximate cost coefficient closer to the utilized
value after converting to 2016 USD and adjusting for infla-
tion to 2024 USD.

Three chain cost per mass coefficients are reported in Ta-
ble 6 in addition to the value used in this work. Hall et al.
(2024b) reported a cost range of 2.54-6.34 USDkg~!, and
Davies et al. (2025) reported a cost coefficient near the center
of this range. Quoceant (2016) provided a lower estimate at
1.68. The value used in this work, 2.585, is within the range
of other reported values.

The polyester cost coefficient used in this work is in be-
tween the cost coefficient values provided in Hall et al.
(2024b) and Davies et al. (2025).

2.3.4 Spatial constraints

Spatial constraints are checked during the array layout opti-
mization to ensure realistic and feasible designs. The spatial
constraints apply buffer zones around the mooring lines, an-
chors, and platforms to ensure that these components do not
cross each other and stay within the boundaries of the lease.
Figure 6 shows the buffer zones that are applied around a
single floating wind turbine.

We use the same approach to buffer zones as laid out in
Hall et al. (2024a). Anchor buffer zones have a 100 m diam-
eter centered around the anchor, which ensures that no two
anchors are less than 100 m apart, per ISO (2005). The moor-
ing buffer zones have a 40 m diameter centered along the axis
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of the mooring line. Mooring buffer zones may not cross an-
chor buffer zones or other mooring buffer zones, and anchor
buffer zones may not cross other anchor buffer zones. Plat-
forms also have a buffer zone with a 400 m diameter. The
spacing between turbines is set to a lower limit of 0.6 nau-
tical miles or 1111 m, but the platform buffer zone ensures
a minimum distance from the lease boundary edge. Mooring
line and anchor buffer zones may cross the platform buffer
zone. To keep the design within the lease area boundaries, no
buffer areas are permitted to cross a boundary.

We do not check if cables cross mooring lines or other
components in the optimization process because the cable
routing developed in the optimization is designed to estimate
cable costs by simply determining the shortest distance be-
tween connected platforms rather than determining the ex-
act route of a cable between two platforms; therefore, cables
do not have buffer zones within the optimization. This sim-
plification is used to improve the computational efficiency
of the optimization. After the optimization is completed, a
full three-dimensional representation of the cables is imple-
mented. The dynamic cable headings and the static cable
routing points are then adjusted to avoid mooring and an-
chor clashing, as described in Sect. 2.3.6. As discussed in
Sect. 2.3.3, the cost difference is limited and does not greatly
affect the total.

2.3.5 Optimization approach

The layout optimization, where the grid parameters are ad-
justed to minimize the LCOE while meeting spatial con-
straints, can be done with many types of optimizers. We
chose a particle swarm optimizer for its ability to find the
global minimum even when there are discontinuities and
many local minima. A particle swarm optimizer is a gradient-
free optimization method developed by Kennedy and Eber-
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hart (1995), based on the natural phenomenon of animals’
collective behavior in a swarm, such as schooling fish. An
initial randomized group (swarm) of particles, each repre-
senting a potential solution in the design space, is evaluated,
and each particle moves within the design space at each it-
eration. Each particle considers its best known solution and
the swarm’s best known solution at the end of each iteration
when new particle positions are generated. If a particle’s po-
sition fails any constraints, the particle’s best position will
not be updated, and the particle is not considered when up-
dating the overall swarm’s best position at the end of the it-
eration. Therefore, the optimizer does not allow the solutions
of non-feasible positions to influence the future velocity of
the particle or swarm. This method requires many function
evaluations per iteration, but it allows the optimizer to move
past local minima.

For this work, we used a swarm size of 200 evaluated for
a minimum of 100 iterations. The Gulf of Maine and Gulf of
America optimizations were run for 100 iterations, while the
Humboldt Bay optimization was run for 364 iterations due
to the increased complexity of the layout, which increased
the required number of iterations to achieve a general con-
vergence.

The evolution of the particle positions and best solution
were monitored throughout the optimizations. In the case of
the Gulf of Maine and Gulf of America optimizations, the
optimization was consistently unable to find better solutions
well before 100 iterations, and the swarm’s particle positions
were concentrated around the swarm’s best known solution,
so only 100 iterations were used for those designs. In the case
of the Humboldt Bay optimization, new best solutions were
frequently being discovered by the optimization at around the
100 iteration mark, so the optimization run time and number
of iterations were increased until new iterations were consis-
tently unable to determine a better solution.

Note that the goal of this work is to develop and present de-
tailed, open-source array layout designs that approximately
minimize the LCOE while meeting the constraints and de-
sign requirements of each region; therefore, a detailed study
of the optimization algorithms, settings, and convergence cri-
teria that lead to the global minimum LCOE is out of scope.

2.3.6 Post-optimization cable routing and adjustment

After the layout optimization is completed, we refine the pre-
liminary intra-array cable routing with an algorithmic ap-
proach that identifies and adjusts cables that are at risk of
clashing with mooring lines. We apply an angular buffer on
all mooring lines along the mooring line heading, and we
examine if a dynamic cable heading lies within the angular
buffer zones of the platform it is attached to. A 30° angle
is used by default, but we adjust this value to fit the unique
spatial requirements of each array. The angular buffer begins
at the center of the platform and extends for 500 m past the
cable attachment point on the platform. Cables that cross the
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buffer are adjusted to follow the outside of the angular buffer
for 500 m from the cable attachment point or for the horizon-
tal span of the dynamic cable, whichever is longer.

After this distance, cables begin routing toward the next
turbine, even if the mooring radius is larger than 500 m,
because the angular buffer increases the distance from the
mooring with length. Continuing the angular buffer for the
entirety of the mooring line length could cause the cable to
interfere with the moorings of other turbines for locations
with large mooring footprints, such as Humboldt Bay. Figure
7 shows this process.

If a static cable overlaps with an anchor buffer zone, we
reroute the cable around the anchor with an additional rout-
ing point placed 100 m from the anchor point in a direction
perpendicular to the initial cable heading, as shown in Fig. 8.

We also apply some manual routing adjustments to cables
at the substation. Cables attaching to a substation are rerouted
to ensure that one side of the substation is clear of cables and
to avoid acute angles when possible for the static cable rout-
ing. The headings of the dynamic cables entering the substa-
tion are spaced at 5° intervals to prevent clashing between
dynamic cables.

3 Reference array designs

We developed reference array designs for reference site con-
ditions representative of three regions: Humboldt Bay, the
Gulf of Maine, and the Gulf of America. Each region dis-
tinctly varies in water depth and metocean conditions. Fol-
lowing the methodology outlined in Sect. 2, we applied the
mooring system and dynamic cable designs and developed
optimized array layouts and cable routing for each region.

The Humboldt Bay and Gulf of America reference arrays
feature 67 turbines for approximately 1 GW of installed ca-
pacity, while the Gulf of Maine reference array features 132
turbines for approximately 2 GW of installed capacity. The
Gulf of Maine array is larger to match the capacities of the
proposed lease areas in that region.

A summary of the design characteristics for each region is
shown in Table 7.

The following subsections further describe each reference
array design.

3.1 Humboldt Bay

The Humboldt Bay array design uses taut mooring systems,
which are suitable for the deep-water depth of 800 m, and
lazy-wave dynamic cables. The array consists of 67 turbines,
resulting in a capacity of 1.005 GW. There is a single sub-
station, located near the center of the array, with nine cable
strings. We chose a central location prior to the optimiza-
tion to reduce the required length of the large-conductor-size
intra-array cables. The optimizer then placed the substation
at the grid point closest to the center of the array. The ar-
ray design was challenged by large anchoring radii for the
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mooring systems and long dynamic cable spans, which re-
quired more careful positioning of elements within the full
wind farm to maintain the necessary clearances.

3.1.1 Site conditions

Humboldt Bay is located off the coast of California. The wa-
ter depths in the Humboldt Bay lease areas range from 550
to 1100m (Cooperman et al., 2022), with a uniform 800 m
reference depth assumed for the array design. We selected a
square lease area of 256 km? based on the size of the Hum-
boldt Bay northeast lease area.

The Humboldt Bay area has large extreme current speeds,
ranging from 0.92 to 1.44 ms~!. The wind rose is mostly uni-
directional, with the wind coming predominantly from the
north. The wind, wave, and current roses for the Humboldt
Bay reference site conditions are shown in Fig. 9. The ex-
treme load case conditions, including the design load cases
(DLCs) 1.6 and 6.1 and a survival load case (SLC), are shown
in Table 8.

3.1.2 Mooring and cable design

The Humboldt Bay mooring design, developed in Lozon
et al. (2025), is taut with suction pile anchors. In this work,
we assume lazy-wave cables throughout the array. Figure 10
shows the Humboldt Bay mooring and dynamic cable con-
figuration.

The Humboldt Bay mooring design is taut, consisting
mostly of polyester rope with chain sections at the anchor
and fairlead connections. The anchoring radius of the moor-
ing system is 1400 m, which is significantly larger than the
Gulf of Maine and Gulf of America designs. The mooring
design is summarized in Table 9. Further details on the Hum-
boldt mooring design performance can be found in Lozon
et al. (2025).

The Humboldt Bay dynamic cable configuration is a lazy
wave. The initial dynamic cable design for a 300 mm? cable
was optimized by Lozon et al. (2025) with a cable span of
800 m (the horizontal distance between the platform connec-
tion and the joint or transition point to the static cable) and a
buoyancy section length of 400 m. When evaluating the ca-
ble routing within the full array, we found that the large cable
span made it difficult to fit mooring lines and cables with-
out crossing. To address this, we decreased the cable span
from 800 to 500 m while keeping the other cable dimensions
the same. This effectively reduced the length of the dynamic
cable that is always lying on the seabed. The dynamic ca-
ble designs for the 630 and 1000 mm? conductor areas have
the same span, total cable length, buoyancy section length,
and buoyancy section midpoint location; however, we opti-
mized the number of buoyancy modules, and consequently
the buoyancy module spacing, for each design. The 300, 630,
and 1000 mm? designs require 34, 50, and 74 buoyancy mod-
ules, respectively. The buoyancy module spacing ranges from
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12.1 to 5.5 m. The three dynamic cable designs are summa-
rized in Table 10.

3.1.3 Optimized layout

We optimized the Humboldt Bay array layout to maximize
the LCOE. The parameters of the optimized array design
are listed in Table 11. The x and y spacings are 1847.2 and
1431.3 m, respectively, and there is a small amount of skew.
The grid is rotated 36.7°, maximizing spacing in the predom-
inant wind direction of due north. The substation is located
in the center of the array.

The Humboldt Bay mooring system has a large anchor-
ing radius of 1400 m, which required careful positioning of
the mooring systems to fit 67 turbines within the area. As
a result, the turbine rows alternate between two opposite
mooring orientations to fit the turbines more closely together.
To avoid interference with mooring lines that run along the
columns, we used an angular buffer of 30° to reroute the
lazy-wave cables away from the mooring line heading, as
described in Sect. 2.3.6. In some locations, the static cable is
routed beneath the mooring lines. This maintains acceptable
clearances because the taut mooring system is mostly sus-
pended. The array layout and cable routing are shown in Fig.
11. The static cables were automatically rerouted to avoid in-
tersecting with anchors, as shown in Fig. 12. The rerouting
follows the logic outlined in Fig. 8.
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The Humboldt Bay substation design features six moor-
ing lines, with two corners supported by two mooring lines
and the opposite corners supported by one mooring line each.
Though it would be preferable to have two mooring lines
on each corner for improved symmetry, we implemented a
six-line design for Humboldt Bay due to spatial constraints.
This mooring design adheres to the maximum allowable off-
sets dictated by the dynamic cable designs when modeled
under extreme current loading. To provide sufficient clear-
ances around this mooring system, we rerouted the dynamic
cables to two sides of the substation with headings 5° apart,
as shown in Fig. 13.

We designed the Humboldt Bay array layout to avoid the
predominant wind direction of north—south, as shown by the
wake plot in Fig. 14a. Figure 14b shows the wake losses for
the array with a 12ms~! wind speed for every wind head-
ing at 1° intervals. The wake losses are at a maximum of
approximately 30 % when the wind is oriented along the
columns (i.e., northwest to southeast). The wake losses are
slightly less along the rows because the spacing is larger. The
wind rose shows that the wind is predominantly coming from
the north to northwest directions, which have minimal wake
losses. This shows that the Humboldt Bay array layout was
well designed to minimize wake effects.

To understand how different wind rose discretizations af-
fect the AEP calculations, we investigated the sensitivity of
the number of wind directions to the output AEP for the
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Table 7. Summary of design characteristics for each region.

Reference floating wind array designs for three representative regions

Parameter Humboldt Bay  Gulf of Maine Gulf of America
Number of turbines 67 132 67

Array capacity (MW) 1005 1980 1005

Total lease area (kmz) 256 504.5 280

Number of substations 1 2 1

Water depth 800 200 80

Mooring type Taut Semitaut Catenary

Cable type Lazy wave Lazy wave Lazy wave
Anchor type Suction pile Drag embedment Drag embedment
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Figure 9. Humboldt Bay (a) wind, (b) wave, and (c) current roses (Biglu et al., 2024a).

Figure 10. Humboldt Bay mooring and dynamic cable system (Lo-

zon et al., 2025).
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Table 8. Humboldt Bay extreme load case conditions.

Parameter DLC1.6 DLCG6.1 SLC
Hg (m) 10.5 11.8 13.7
Tp (s) 18.7 198 214
Current speed (ms~1) 0.92 1.09 144
Wind speed (ms™1) 10.59 3944 4297
Turbulence intensity 0.06 0.05 0.05

Humboldt Bay array. Figure 15 shows the AEP for 12, 18, 36,
72, 180, and 360 wind directions, which corresponds to inter-
vals of 30, 20, 10, 5, 3, 2, and 1°. The highest granularity, 360
directions, produced a 0.007 TWh (0.13 %) decrease in AEP
compared to the chosen granularity (72 directions, starred in

Fig. 15). Lower numbers of wind directions produced more
varying results, with 12 directions producing a largely un-

derestimated AEP compared to the smallest discretization.
While a wind rose discretization with 360 wind directions
may produce a slightly more accurate AEP than the chosen

https://doi.org/10.5194/wes-11-1429-2026
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Figure 11. Humboldt Bay array layout and cable routing in (a) plan view and (b) three dimensions.
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Figure 12. Humboldt Bay array cable rerouting to avoid anchors.

discretization of 72 wind directions, the chosen granularity
produces a reasonably close result for significantly less com-
putational expense.

The final values affecting the LCOE calculations in the
optimization process are described in Table 12. These cost
values are based on the cost curves in Sect. 2.3.3 and reflect
the final design, which includes the refined cable routing. The
cable material costs are significantly higher than the mooring
and anchor material costs. Although there are more moor-
ing lines than cables, the cost per length of cable is approx-

https://doi.org/10.5194/wes-11-1429-2026

—— Dynamic Cable 1000 mm? e  Substation

imately 2—4.5 times that of polyester (which composes the
majority of each mooring line) depending on the conductor
size.

3.2 Gulf of Maine

The Gulf of Maine array design features semitaut mooring
systems and lazy-wave dynamic cables. It has 132 turbines
for a total capacity of 1.98 GW. Two substations are located
in the array to handle the additional capacity. Each substation

Wind Energ. Sci., 11, 1429-1460, 2026
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Figure 13. Final routing of intra-array cables into substation for the Humboldt Bay array in (a) plan view and (b) three dimensions.
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Figure 14. Humboldt Bay optimized array layout: (a) wakes with a wind speed of 12 m s~1 from due north and (b) percent wake losses with
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a wind speed of 12ms™ " at each wind heading direction.

is the terminus of nine cable routes, for a total of 18 cable
routes in the array.

3.2.1 Site conditions

The Gulf of Maine wind energy call area features water
depths of approximately 100-300 m (Musial et al., 2023). We
chose a constant water depth of 200 m for this reference ar-

Wind Energ. Sci., 11, 1429-1460, 2026

ray. The wind, wave, and current roses for the Gulf of Maine
reference site conditions are shown in Fig. 16. The extreme
load case conditions are described in Table 13.

3.2.2 Mooring and cable design

Figure 17 shows the mooring and dynamic cable configura-
tion for the Gulf of Maine.

https://doi.org/10.5194/wes-11-1429-2026
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Table 9. Humboldt Bay mooring line design adapted from Lozon

et al. (2025).

Parameter Value
Anchoring radius (m) 1400
Fairlead radius (m) 58
Fairlead depth (m) 14
Pretension (kIN) 1704
Declination angle (°) 36.6
Line section 1 material 120 mm R4 studless chain
Line section 1 length (m) 80
Line section 2 material 184 mm polyester
Line section 2 length (m) 1378.9
Line section 3 material 120 mm R4 studless chain
Line section 3 length (m) 80

Sensitivity of AEP to No. of Wind Directions for Humboldt Bay

4.90 1 T_‘/\= L
4.85 A
£
= 4.80 A
a
w
<
4.75 A
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J. * Utilized value
0 50 100 150 200 250 300 350

Number of Wind Directions

Figure 15. Humboldt Bay layout AEP sensitivity to discretization
of wind directions for wind rose.

The Gulf of Maine array design uses a three-line semitaut
mooring system consisting of chain and polyester with drag-
embedment anchors from Lozon et al. (2025). The chain sec-
tion is approximately 500 m long, and the polyester section
is 200m long, with an anchoring radius of 700 m. Table 14
details the mooring configuration.

The dynamic cable is a lazy-wave configuration, also
adopted from Lozon et al. (2025). We directly implemented
the 300 mm? cable conductor size from Lozon et al. (2025),
and then we adapted the number of buoyancy modules for the
larger conductors sizes. The 300 mm? cable includes 6 buoy-
ancy modules over the buoyancy section, while the 630 mm?
cable includes 10, and the 1000 mm? cable includes 14. All
cables have a constant buoyancy section length of 60m,
meaning the buoyancy module spacing decreases as the con-
ductor size increases. The design parameters for the three dif-
ferent cable conductor sizes are shown in Table 15.

https://doi.org/10.5194/wes-11-1429-2026

3.2.3 Optimized layout

We optimized the Gulf of Maine reference array to minimize
the LCOE for 132 turbines within a 504.5 km? area. Table 16
shows the grid transformation design variables for the Gulf
of Maine optimized reference array layout. The spacing in
the x direction is 1442 m, and the spacing in the y direction
is 2564 m. The grid has a 180° rotation with a skew of —18°,
and all turbines are rotated to 60°.

The optimized reference array layout is shown in Fig. 18.

There are two substations in this array to accommodate
the larger number of turbines. The substations are located at
a slight offset from the center of the farm, with one closer to
the northwest corner and one closer to the southeast corner.
We chose these locations prior to the optimization to reduce
the lengths of cables connected in series. The optimizer then
placed the substations at the grid points closest to the user-
defined locations.

Each substation mooring system features eight lines, with
two on each corner spaced 20° apart. One side of each substa-
tion is free of cables to allow space for a maintenance vessel
to approach. The intra-array cables enter at headings spaced
5° apart for each side. The substations are rotated 25°, which
is 35° less than the turbine platforms. We chose this heading
after the optimization process to prevent sharp angles when
rerouting the cables entering the substation. Figure 19 shows
a close-up view of this rerouting on the northwest substation.

The algorithm described in Sect. 2.3.6 rerouted the dy-
namic cables to be at least 25° offset from the mooring line
headings of their associated platforms to avoid clashing, and
then it rerouted the static cables to follow the dynamic ca-
ble heading for an additional 300 m before routing toward
the next platform to ensure that the mooring lines and cables
would not cross.

Figure 20a visualizes the FLORIS wake model with winds
at 12ms~! from the predominant wind direction, 205°
clockwise from due north. Figure 20b shows a polar plot of
the wake losses for a wind speed of 12ms~! at each angle
with a 1° interval. Though some directions produce signifi-
cant wake losses, the wake losses dramatically decrease with
even slight changes in the wind direction. When comparing
the major wake loss directions in subplot (b) to the uniform-
grid layout in subplot (a), the largest wake losses are along
the east—west directions at up to 35 % loss due to the small
grid spacing in this direction. Figure 16a shows that the wind
resource is limited in this direction, so there is limited impact
on the AEP.

There are also notable wake losses in the northwest—
southeast and northeast—southwest directions, which can be
attributed to the cross-wise grid direction; however, these
wake losses are less than 10 %. Near the predominant wind
direction, there is a wake loss of less than 1 %. The layout
largely avoids wake losses in directions with significant wind
resource. The wind rose of the Gulf of Maine is more spread
than that of Humboldt Bay, making it difficult to completely

Wind Energ. Sci., 11, 1429-1460, 2026
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Table 10. Dynamic power cable design parameters for Humboldt Bay.

Parameter Value

Conductor size (mm?) 300 630 1000
Cable span (m) 500 500 500
Fairlead radius (m) 5 5 5

Total cable length (m)

Length of cable below buoyancy section
Midpoint of buoyancy section (m)
Buoyancy section length (m)

1070.43  1070.43 1070.43
297.98 297.98 297.98
497.98 497.81 497.98

400 400 400

Length of cable above buoyancy section (m) 372.45 372.45 372.45

Number of buoyancy modules 34 60 89
Buoyancy module spacing (m) 12.07 6.76 4.52
Averaged diameter of buoyancy section (m) 0.290 0.377 0.451

Averaged mass of buoyancy section (kgm™ D) 59.17 96.63 136.5

S
Wind speed (m/s) at 150 (m) height Significant wave height (m) Surface current speed (m/s)
= [02:79) ==[23.4:312) = [0.0:2.3) =m=[6.9:9.3) = [0.0:02) ==([0.7:1.0)
m([7.9:157) =[31.2:39.0) = [2.3:4.6) =[9.3:11.6) = [0.2:0.5) =[1.0:1.2)
= [15.7:234) =>39.0 = [4.6:69) =>116 = [0.5:07) =>1.2

(a) (b)

(c)

Figure 16. Gulf of Maine (a) wind, (b) wave, and (c) current roses (Biglu et al., 2024a).

Table 11. Humboldt Bay reference array layout design variables.

Parameter Value
Grid x spacing, D} (m) 1847.2
Grid y spacing, D' (m) 1431.3
Grid x translation, xq (m) —494.8
Grid y translation, yg (m) —3552.0
Grid rotation, « (°) 36.7
Grid skew, B8 (°) 7.3

Platform rotation, y (°) 3.1,63.1

avoid wake losses in all relevant wind directions. Notably, the
wind rose data used to calculate AEP used 5° direction inter-
vals to balance computational efficiency with AEP accuracy.
When those same 5° intervals are used to calculate wake loss
percentages, no wake losses appear in the interval covering

Wind Energ. Sci., 11, 1429-1460, 2026

Table 12. Humboldt Bay reference array layout AEP and mooring,
cable, and anchor CapEx.

Performance metric Value
AEP (GWh) 4873
Cable CapEx (x10° USD) 202.2
Mooring lines CapEx (x10°USD)  93.8
Anchor CapEx (x 10° USD) 66.1

the predominant wind direction due to the drastic decay in
the wake losses around a specific angle. This suggests that
a more granular wind rose discretization might be needed to
better capture the wake losses in the AEP calculations within
layout optimizations.

https://doi.org/10.5194/wes-11-1429-2026
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Table 13. Gulf of Maine extreme load case conditions.

Parameter DLC1.6 DLC6.1 SLC
Hg (m) 7.11 11.86 14.19
Tp (s) 12.2 1575 17.23
Current speed (ms™1) 0.71 088 1.34
Wind speed (ms~1) 10.59 40.59 4296
Turbulence intensity 0.06 0.05 0.05

Figure 17. Gulf of Maine mooring and dynamic cable system (Lo-
zon et al., 2025).

We repeated the AEP sensitivity analysis for the Gulf of
Maine design, applying the same wind direction discretiza-
tions as in Sect. 3.1.3. The highest granularity, 360 direc-
tions, produced a 0.01 TWh (0.1 %) decrease in AEP com-
pared to the chosen granularity (72 directions, starred in Fig.
21). Lower numbers of wind directions produced more vary-
ing results, while the chosen granularity produces an ade-
quate result for significantly less computational expense.

The final values affecting the LCOE calculations in the
optimization process are described in Table 17. These cost
values reflect the final design, which includes the refined ca-
ble routing. The Gulf of Maine total anchor material costs are
an order of magnitude less than the total cable material costs.
The cable material costs are similar to the mooring system
material costs, unlike the Humboldt Bay design. These costs
are based on the cost curves in Sect. 2.3.3. The AEP, at nearly
10 TWh, is significantly larger than that of the Humboldt Bay
design due to the increased number of turbines.

3.3 Gulf of America

The Gulf of America array design features catenary mooring
systems and lazy-wave dynamic cables. It has 67 turbines for
a total capacity of 1.005 GW. The substation, located in the
center of the array, is the terminus of nine cable routes.

https://doi.org/10.5194/wes-11-1429-2026
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Table 14. Gulf of Maine mooring line design adapted from Lozon
et al. (2025).

Parameter Value
Anchoring radius (m) 700
Fairlead radius (m) 58
Fairlead depth (m) 14
Pretension (kN) 1205
Declination angle (°) 38.33

Line section 1 material 181.8 mm polyester

Line section 1 length (m) 199.8

Line section 2 material 155 mm R4 studless chain
Line section 2 length (m) 497.7

3.3.1 Site conditions

The Gulf of America has a wide range of water depths within
the federal exclusive economic zone. The wind energy call
area developed for the Gulf of America is mostly shallow wa-
ter suitable for fixed-bottom wind turbines, but some portions
are deep enough (greater than 60 m) to require floating wind
(Fuchs et al., 2023). We chose a water depth of 80 m for the
Gulf of America reference array. The wind, wave, and cur-
rent roses are shown in Fig. 22. The extreme load cases used
to evaluate the mooring and cable designs are described in
Table 18. The extreme load case parameters in this reference
site dataset use the same approach as the other sites in Biglu
et al. (2024a). This approach, which involves fitting probabil-
ity distributions to the maxima or peaks in time series data,
is a simplification that is not well suited for the extreme trop-
ical cyclone conditions that can occur in this region. Design-
ing specifically for tropical cyclone conditions was left for
future work because the intent of the reference array designs
is to suit the already-defined reference site conditions.

3.3.2 Mooring and cable design

We adopted the three-line catenary chain mooring system
with drag-embedment anchors and lazy-wave dynamic ca-
bles developed in Lozon et al. (2025) for use in the Gulf of
America reference array. The anchoring radius is 400 m with
a total line length of 364.5 m. Figure 23 shows the mooring
and dynamic cable configurations used in the Gulf of Amer-
ica reference array.

The dynamic cables used in the Gulf of America refer-
ence array are 80 m depth lazy-wave cable designs adopted
from Lozon et al. (2025). From the original optimized design
for the 300 mm? cable conductor size, we adapted the num-
ber of buoyancy modules for the larger sizes. The 300 mm?
cable includes 5 buoyancy modules over the buoyancy sec-
tion, while the 630 mm? cable includes 8, and the 1000 mm?
cable includes 12. All cables have a constant buoyancy sec-
tion length of 50 m, meaning the buoyancy module spacing

Wind Energ. Sci., 11, 1429-1460, 2026
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Table 15. Gulf of Maine lazy-wave dynamic cable designs.

Parameter Value

Conductor size (mm?) 300 630 1000
Anchor point (m) 205 205 205
Total cable length (m) 35351 353,51 35351
Length of cable below buoyancy section (m) 12153  121.53 121.53
Buoyancy section length (m) 60 60 60
Midpoint of buoyancy section (m) 151.53 151.53 151.53
Length of cable above buoyancy section (m) 17198 17198 171.98
Number of buoyancy modules 6 10 14
Buoyancy module spacing (m) 11.23 6.38 4.53
Averaged diameter of buoyancy section (m) 0.30 0.40 0.46

Averaged mass of buoyancy section (kg m~1) 60.85 103.22 140.73
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Figure 18. Gulf of Maine array layout and cable routing in (a) plan view and (b) three dimensions.

Table 16. Gulf of Maine optimized reference array layout design Table 17. Gulf of Maine reference array layout AEP and mooring,

variables. cable, and anchor CapEx.
Parameter Value Performance metric Value
Grid x spacing, D} (m) 1442.0 AEP (GWh) 98595
Grid y spacing, Dy, (m) 2563.7 Cable CapEx (x 105 USD) 250.9
Gr%d X translagon, xp (m)  —1562.2 Mooring lines CapEx (x10°USD)  270.7
Grid y translation, yg (m) 2359.9 Anchor CapEx (x 105 USD) 215
Grid rotation, « (°) 180.0
Grid skew, B (°) —18.3
Platform rotation, y (°) 60.0
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Figure 19. Final routing of intra-array cables into substation for the Gulf of Maine array in (a) plan view and (b) three dimensions.
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Figure 20. Gulf of Maine optimized array layout: (a) wakes with a wind speed of 12ms~! from the predominant wind direction and (b)

wake losses at each direction with a wind speed of 12 m s7L

decreases as the conductor size increases. The cable design
parameters are shown in Table 20.

3.3.3 Optimized layout

We optimized the Gulf of America reference array layout to
minimize the LCOE for 67 turbines in a 280.7 km? square

https://doi.org/10.5194/wes-11-1429-2026

lease area. The layout is a uniform grid with 1189 m spac-
ing in the x direction and 3991 m spacing in the y direction.
There is no grid rotation, but there is a 6° skew. Each tur-
bine platform has a heading of 60.3°. Table 21 shows the
grid transformation variables for the Gulf of America refer-
ence array layout. The predominant southeast wind direction

Wind Energ. Sci., 11, 1429-1460, 2026
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Sensitivity of AEP to No. of Wind Directions for Gulf of Maine
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Figure 21. Gulf of Maine layout AEP sensitivity to discretization of wind directions for wind rose.

Wind speed (m/s) at 150 (m) height
mm [0.1:6.2) == [18.2: 24.3)
mm [6.2:12.2) =[24.3:30.3)
== [12.2:18.2) = >30.3

(a)

Significant wave height (m)
wm [0.0:1.4) em[4.2:57)
mm[1.4:28) == [57:71)
m [2.8:4.2) =>7.1

S

Surface current speed (m/s)
mm [0.0:0.3) == [09:1.2)
mm [0.3:0.6) =[1.2:1.5)
mm [0.6:0.9) =>15

(c)

Figure 22. Gulf of America (a) wind, (b) wave, and (c¢) current roses (Biglu et al., 2024a).

led to a significantly larger spacing in the y direction than in
the x direction.

The optimized layout for the Gulf of America reference
array is shown in Fig. 24.

It is notable that there are extra grid locations without tur-
bines. The location of the unused grid points is based on the
optimization process’s method of filling in the grid, which
removes turbines closest to the lease area boundary until the

Wind Energ. Sci., 11, 1429-1460, 2026

correct number of turbines are remaining. It is possible that
the placement of these unused grid points and the substation
in another part of the grid could improve the AEP; however,
these considerations are an additional variable that is out of
the scope of this optimization. We placed the substation in
the center of the array to reduce the cable lengths and sizes.
The substation mooring system features eight mooring
lines, with two on each corner of the substation spaced 20°

https://doi.org/10.5194/wes-11-1429-2026
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Table 18. Gulf of America extreme load case conditions.

Parameter DLC1.6 DLC6.1 SLC
Hg (m) 5.5 6.8 7.4
Tp (s) 10.8 119 125
Current speed (ms~1) 0.71 0.88 1.34
Wind speed (m s7h 10.59 29.8 315
Turbulence intensity 0.06 0.05 0.05

Figure 23. Gulf of America mooring and cable configuration (Lo-
zon et al., 2025).

apart. Figure 25 provides a close-up view of the rerouting
around the substation. Cables are routed to three sides, with
three cables on each. In each side, cable headings entering
the substation are spaced 5° apart to prevent clashing be-
tween cables. The substation is rotated 35.3°, 25° less than
the turbine platforms. We chose this heading after the opti-
mization process to prevent sharp angles when rerouting the
cables entering the substation.

Figure 26a visualizes the Gulf of America FLORIS wake
model with winds at 12ms~! from the predominant south-
east wind direction. Figure 26b shows a polar plot of the
wake losses, where the array wake losses were calculated
for every angle at an interval of 1° when the wind speed is
12ms~!. When comparing the major wake loss directions in
subplot (b) to the uniform-grid layout in subplot (a), it is clear
that the main wake loss directions are east-west along the x
direction of the grid, as this direction affords the least dis-
tance between turbines. Comparing subplot (b) with the wind
rose in Fig. 22a, the predominant southeast wind direction
does not align with the major wake loss directions. Though
there is significant wind coming from the south, which aligns
with the y direction of the grid, there is no significant wake
loss due to the large north—south spacing in the grid.

We replicated the AEP sensitivity analysis for the Gulf of
America array design, with results shown in Fig. 27. The
highest granularity, 360 directions, produced a 0.002 TWh

https://doi.org/10.5194/wes-11-1429-2026

Table 19. Gulf of America mooring line design adapted from Lozon
et al. (2025).

Parameter Value
Anchoring radius (m) 400
Fairlead radius (m) 58
Fairlead depth (m) 14
Pretension (kN) 748
Declination angle (°) 52.0
Line material 160 mm R4 studless chain
Line length (m) 364.5

(0.05 %) decrease in AEP compared to the chosen granu-
larity (72 directions, starred in Fig. 27). Therefore, the cho-
sen granularity produces a reasonably close AEP estimate for
significantly less computational expense.

The final values affecting the LCOE calculations in the
optimization process are described in Table 22. The cable
material costs are similar to the total mooring material costs.
These costs reflect the material cost of the final design, in-
cluding the refined cable routing. The AEP is less than that
of Humboldt Bay, which has the same total capacity, consis-
tent with the reduced wind resource in the Gulf of America.

4 Conclusions

Floating wind reference array designs were developed for
three representative regions of the United States while ac-
counting for the site conditions of each area. Each design
has a uniform-grid array layout that is optimized to ap-
proximately minimize the LCOE. The designs include three-
dimensional definitions of major components and systems
— such as mooring lines, anchors, dynamic cables, turbines,
floating platforms, and substations — as well as the layout of
these components and the routing of the static array cables.
The design approach combines the adaptation of the exist-
ing component designs and the optimization of the array lay-
out along with additional fine-tuning steps. All designs use
the common VolturnUS-S 15 MW reference floating wind
turbine system and an existing floating substation design.
Reference mooring lines, dynamic cables, and anchors were
adopted from previous work. We adapted the dynamic cable
designs for the larger conductor sizes needed by these ar-
rays. We developed an array layout methodology that built
upon previous work to improve efficiency, integrate substa-
tions in the uniform grid, and route to multiple substations
in an array optimization. Spatial constraints were used to en-
sure the output array design was feasible. Intra-array cable
routing was developed using three different conductor sizes
for the unique layout of each array. Further routing adjust-
ments were made with an algorithm developed to prevent ca-
bles from clashing with moorings and anchors, and manual
adjustments were made to connect the intra-array dynamic

Wind Energ. Sci., 11, 1429-1460, 2026
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Table 20. Gulf of America lazy-wave dynamic cable designs.

Reference floating wind array designs for three representative regions

Parameter Value

Conductor size (mm?) 300 630 1000
Anchor point (m) 125 125 125
Total cable length (m) 170.215 170.215 170.215
Length of cable below buoyancy section (m) 52.101 52.101 52.101
Buoyancy section length (m) 50 50 50
Midpoint of buoyancy section (m) 77.1 77.1 77.1
Length of cable above buoyancy section (m) 68.114 68.114 68.114
Number of buoyancy modules 5 8 12
Buoyancy module spacing (m) 11.88 7.23 4.59
Averaged diameter of buoyancy section (m) 0.290 0.386 0.463
Averaged mass of buoyancy section (kg m~1) 59.53 99.09 140.83
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Figure 24. Gulf of America array layout and cable routing in (a) plan view and (b) three dimensions.

Table 21. Gulf of America optimized reference array layout design

variables.

Table 22. Gulf of America reference array layout AEP and moor-

ing, cable, and anchor CapEx.

Parameter Value
Grid x spacing (m) 1188.9
Grid y spacing (m) 3991.2
Grid x translation (m) —414.7
Grid y translation (m) —3878.1
Grid rotation (°) 0.0
Grid skew (°) 6.0
Platform rotation (°) 60.3

Wind Energ. Sci.,

11, 1429-1460, 2026

Performance metric Value
AEP (GWh) 3681.9
Cable CapEx (x 100 USD) 112.5
Mooring lines CapEx (x10°USD)  100.8
Anchor CapEx (x 100 USD) 13.2
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Figure 25. Final routing of intra-array cables into substation for the Gulf of America array in (a) plan view and (b) three dimensions.
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Figure 26. Gulf of America optimized array layout: (a) wakes with a wind speed of 12m s~ ! from the predominant wind direction and (b)

percent wake losses with a wind speed of 12ms™

cables to the substation at 5° intervals. These cable routing
adjustment techniques create more realistic cable routing in
the array layout designs. We confirmed the layout optimality
of each array by checking the wake losses at each wind head-
ing, and we found that the arrays largely avoid wake losses
in the predominant wind directions.

https://doi.org/10.5194/wes-11-1429-2026

1 at each wind heading direction.

The reference designs, and especially their optimized array
layouts, provide examples of effective design characteristics
for each region. The Humboldt Bay design uses taut moor-
ing systems for cost efficiency in deep water. The large an-
choring radius necessitates similar turbine spacings in each
direction, despite the very directional wind resource. Wake
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Figure 27. Gulf of America layout AEP sensitivity to discretization
of wind directions for wind rose.

losses are instead minimized by orienting the array layout at
a diagonal to the predominant wind direction. The Gulf of
Maine design uses semitaut mooring systems for cost effi-
ciency in moderate water depths. Given the larger size of the
proposed lease areas in the Gulf of Maine, we used a larger
array capacity and two substations. The Gulf of Maine wind
resource is relatively spread compared to Humboldt Bay, re-
quiring avoidance of wake losses in multiple different direc-
tions. The wake losses are minimized with a larger y spacing
and a significant grid skew angle. The Gulf of America de-
sign uses catenary mooring systems due to the shallow depth.
The fairly directional wind resource and small anchoring ra-
dius allowed platforms to be tightly packed in the x direction,
leaving large spacing in the y direction to avoid wake losses
in the dominant wind direction.

The three reference designs are described in detail by pub-
licly available design definition files, making the designs
available for use in floating wind research and development
projects where array-level scenarios are needed. These refer-
ence designs can serve as baselines for evaluating various
floating wind innovations at the array scale or comparing
with commercial-scale floating wind array designs. The de-
signs can also be built upon or adapted, with portions of the
design substituted to fit different locations, requirements, and
research focuses.
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The scope of the presented reference design methodology
is limited to approximately optimizing uniform-grid array
layouts of selected floating turbine systems, including power
cable design and layout, with a representative wind rose,
lease area, water depth, and soil type for each region. Spatial
constraints account for navigability and potential component
clashing. Though this methodology was carefully chosen to
yield practical reference designs for a variety of purposes,
there are a few clear limitations to the presented approach.
One limitation is the relatively coarse discretization of the
wind rose directions, which was found to not capture all rele-
vant wake losses due to their specific directionality. Another
limitation is the superficial analysis of the optimization ap-
proach performance; although the layouts perform well, it is
likely that the optimizer did not find the true global minimum
LCOE. Further, some highly site-specific factors relevant to
commercial-scale floating wind array designs, such as grid
interconnection details, were not in the scope of these refer-
ence designs.

Future work could evaluate the reference designs for many
real-world factors that were not considered in detail for the
presented methodology, such as varied bathymetry and sed-
iment, export cable routing, installation, maintenance, and
supply chain availability. The designs can be applied and
altered as necessary for a specific location within the re-
gion; for example, the mooring and cable designs used in the
present work can be used as a standardized baseline design
to be altered for site-specific bathymetry. Mooring designs
can be adapted for small changes in water depth by increas-
ing section lengths while maintaining horizontal pretension,
and dynamic cable designs can be adapted for bathymetry
by increasing cable length and adjusting buoyancy sections
to maintain cable profile. The scope of the reference design
approach could be expanded to consider these drivers for a
more holistic design. For example, installation and mainte-
nance techniques can be simulated and optimized for these
layout designs, and constraints or estimations can be added
to the design methodology to consider these factors in future
array layout optimizations. Optimization approaches and set-
tings can be compared and adjusted to achieve a more opti-
mal or faster optimization.
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Appendix A: Humboldt Bay platform positions Table A1. Continued.
The Humboldt Bay array layout platform positions are listed Platform x position  y position  Orientation (°)
in Table Al. The mooring orientation is counterclockwise Turbine 46 2482 9629 63
relative to a mooring line due north for turbines. For sub- Turbine 47 2418 6011 63
stations, the mooring orientation is relative to one pontoon Turbine 48 2354 2393 63
facing each cardinal direction. Turbine 49 12785 13739 63
Turbine 50 4543 2240 3
Table A1. Humboldt Bay array layout platform positions. Turbine 51 10596 13892 3
Turbine 52 6733 2087 63
. . : . o Turbine 53 8406 14045 63
Platform X position y position  Orientation (°) Turbine 54 8027 1934 3
Turbine 1 9051 9170 3 Turbine 55 14074 3989 63
Turbine 2 8278 6809 63 Turbine 56 14138 7606 63
Turbine 3 6861 9323 63 Turbine 57 6217 14198 3
Turbine 4 9759 7913 63 Turbine 58 14202 11224 63
Turbine 5 6088 6962 3 Turbine 59 11112 1781 63
Turbine 6 6797 5705 63 Turbine 60 1774 10886 3
Turbine 7 8342 10427 63 Turbine 61 1709 7268 3
Turbine 8 8986 5552 3 Turbine 62 4027 14351 63
Turbine 9 10467 6656 3 Turbine 63 1645 3651 3
Turbine 10 10532 10274 3 Turbine 64 13301 1628 3
Turbine 11 6153 10580 3 Turbine 65 1838 14504 3
Turbine 12 5380 8219 63 Turbine 66 14782 2731 3
Turbine 13 11176 5399 63 Turbine 67 14267 14 842 63
Turbine 14 11240 9017 63 Substation 7569 8066 3
Turbine 15 4672 9476 3
Turbine 16 4607 5858 3
Turbine 17 5316 4601 63
Turbine 18 9823 11531 63
Turbine 19 7505 4448 3
Turbine 20 7634 11684 3
Turbine 21 9695 4295 63
Turbine 22 5444 11837 63
Turbine 23 11884 4142 3
Turbine 24 11949 7760 3
Turbine 25 12013 11378 3
Turbine 26 3963 10733 63
Turbine 27 3899 7115 63
Turbine 28 3835 3497 63
Turbine 29 11304 12635 63
Turbine 30 6024 3344 3
Turbine 31 12657 6503 63
Turbine 32 12721 10121 63
Turbine 33 3255 11990 3
Turbine 34 9115 12788 3
Turbine 35 8214 3191 63
Turbine 36 3190 8372 3
Turbine 37 3126 4754 3
Turbine 38 6925 12941 63
Turbine 39 10403 3038 3
Turbine 40 4736 13094 3
Turbine 41 12593 2885 63
Turbine 42 13365 5246 3
Turbine 43 13430 8864 3
Turbine 44 2546 13247 63
Turbine 45 13494 12482 3
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Appendix B: Gulf of Maine platform positions Table B1. Continued.
The Gulf of Maine array layout platform positions are listed Platform x position  y position  Orientation (°)
in Table B1. The mooring orientation is counterclockwise Turbine 46 21204 13590 60
relative to a mooring line due north for turbines. For sub- Turbine 47 19762 13590 60
stations, the mooring orientation is relative to one pontoon Turbine 48 18320 13590 60
facing each cardinal direction. Turbine 49 16878 13590 60
Turbine 50 15436 13590 60
Table B1. Gulf of Maine array layout platform positions. Turbine 51 13994 13590 60
Turbine 52 12552 13590 60
. . . . ° Turbine 53 11110 13590 60
Platform X position y position  Orientation (°) Turbine 54 9668 13590 60
Turbine 1 21549 21282 60 Turbine 55 6784 13590 60
Turbine 2 20107 21282 60 Turbine 56 5342 13590 60
Turbine 3 18 665 21282 60 Turbine 57 3900 13590 60
Turbine 4 17223 21282 60 Turbine 58 2458 13590 60
Turbine 5 15781 21282 60 Turbine 59 1016 13590 60
Turbine 6 14339 21282 60 Turbine 60 20609 11027 60
Turbine 7 12897 21282 60 Turbine 61 19167 11027 60
Turbine 8 11455 21282 60 Turbine 62 17725 11027 60
Turbine 9 10013 21282 60 Turbine 63 16283 11027 60
Turbine 10 8571 21282 60 Turbine 64 14 841 11027 60
Turbine 11 7129 21282 60 Turbine 65 13399 11027 60
Turbine 12 5687 21282 60 Turbine 66 11957 11027 60
Turbine 13 4245 21282 60 Turbine 67 10515 11027 60
Turbine 14 2803 21282 60 Turbine 68 9073 11027 60
Turbine 15 1361 21282 60 Turbine 69 7631 11027 60
Turbine 16 20953 18718 60 Turbine 70 6189 11027 60
Turbine 17 19511 18718 60 Turbine 71 4747 11027 60
Turbine 18 18 069 18718 60 Turbine 72 3305 11027 60
Turbine 19 16627 18718 60 Turbine 73 1863 11027 60
Turbine 20 15185 18718 60 Turbine 74 21455 8463 60
Turbine 21 13743 18718 60 Turbine 75 20013 8463 60
Turbine 22 12301 18718 60 Turbine 76 18571 8463 60
Turbine 23 10859 18718 60 Turbine 77 17129 8463 60
Turbine 24 9418 18718 60 Turbine 78 15687 8463 60
Turbine 25 7976 18718 60 Turbine 79 12803 8463 60
Turbine 26 6534 18718 60 Turbine 80 11361 8463 60
Turbine 27 5092 18718 60 Turbine 81 9919 8463 60
Turbine 28 3650 18718 60 Turbine 82 8477 8463 60
Turbine 29 2208 18718 60 Turbine 83 7035 8463 60
Turbine 30 766 18718 60 Turbine 84 5593 8463 60
Turbine 31 21800 16 154 60 Turbine 85 4151 8463 60
Turbine 32 20358 16154 60 Turbine 86 2709 8463 60
Turbine 33 18916 16154 60 Turbine 87 1267 8463 60
Turbine 34 17474 16 154 60 Turbine 88 20859 5899 60
Turbine 35 16032 16154 60 Turbine 89 19417 5899 60
Turbine 36 14 590 16154 60 Turbine 90 17975 5899 60
Turbine 37 13148 16154 60 Turbine 91 16533 5899 60
Turbine 38 11706 16154 60 Turbine 92 15091 5899 60
Turbine 39 10264 16154 60 Turbine 93 13650 5899 60
Turbine 40 8822 16154 60 Turbine 94 12208 5899 60
Turbine 41 7380 16154 60 Turbine 95 10766 5899 60
Turbine 42 5938 16154 60
Turbine 43 4496 16154 60
Turbine 44 3054 16154 60
Turbine 45 1612 16154 60
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Table B1. Continued.

Platform x position y position  Orientation (°)
Turbine 96 9324 5899 60
Turbine 97 7882 5899 60
Turbine 98 6440 5899 60
Turbine 99 4998 5899 60
Turbine 100 3556 5899 60
Turbine 101 2114 5899 60
Turbine 102 672 5899 60
Turbine 103 21706 3335 60
Turbine 104 20264 3335 60
Turbine 105 18822 3335 60
Turbine 106 17380 3335 60
Turbine 107 15938 3335 60
Turbine 108 14496 3335 60
Turbine 109 13054 3335 60
Turbine 110 11612 3335 60
Turbine 111 10170 3335 60
Turbine 112 8728 3335 60
Turbine 113 7286 3335 60
Turbine 114 5844 3335 60
Turbine 115 4402 3335 60
Turbine 116 2960 3335 60
Turbine 117 1518 3335 60
Turbine 118 21110 772 60
Turbine 119 19668 772 60
Turbine 120 18226 772 60
Turbine 121 16784 772 60
Turbine 122 15342 772 60
Turbine 123 13900 772 60
Turbine 124 12458 772 60
Turbine 125 11016 772 60
Turbine 126 9574 772 60
Turbine 127 8132 772 60
Turbine 128 6690 772 60
Turbine 129 5248 772 60
Turbine 130 3806 772 60
Turbine 131 2364 772 60
Turbine 132 923 772 60
Substation 1 8226 13590 25
Substation 2 14245 8463 25
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The Gulf of America array layout turbine positions are listed
in Table C1. The mooring orientation is counterclockwise
relative to a mooring line due north.

Table C1. Gulf of America array layout platform positions.

Platform X position  y position  Orientation (°)
Turbine 1 411 508 60
Turbine 2 1599 508 60
Turbine 3 2788 508 60
Turbine 4 3977 508 60
Turbine 5 5166 508 60
Turbine 6 6355 508 60
Turbine 7 7544 508 60
Turbine 8 8733 508 60
Turbine 9 9922 508 60
Turbine 10 11111 508 60
Turbine 11 12300 508 60
Turbine 12 13488 508 60
Turbine 13 14677 508 60
Turbine 14 15866 508 60
Turbine 15 830 4500 60
Turbine 16 2018 4500 60
Turbine 17 3207 4500 60
Turbine 18 4396 4500 60
Turbine 19 5585 4500 60
Turbine 20 6774 4500 60
Turbine 21 7963 4500 60
Turbine 22 9152 4500 60
Turbine 23 10341 4500 60
Turbine 24 11530 4500 60
Turbine 25 12719 4500 60
Turbine 26 13907 4500 60
Turbine 27 15096 4500 60
Turbine 28 16285 4500 60
Turbine 29 1249 8491 60
Turbine 30 2437 8491 60
Turbine 31 3626 8491 60
Turbine 32 4815 8491 60
Turbine 33 6004 8491 60
Turbine 34 7193 8491 60
Turbine 35 9571 8491 60
Turbine 36 10760 8491 60
Turbine 37 11949 8491 60
Turbine 38 13138 8491 60
Turbine 39 14326 8491 60
Turbine 40 15515 8491 60
Turbine 41 479 12482 60
Turbine 42 1668 12482 60
Turbine 43 2857 12482 60
Turbine 44 4045 12482 60
Turbine 45 5234 12482 60
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Table C1. Continued.

Platform X position y position  Orientation (°)
Turbine 46 6423 12482 60
Turbine 47 7612 12482 60
Turbine 48 8801 12482 60
Turbine 49 9990 12482 60
Turbine 50 11179 12482 60
Turbine 51 12368 12482 60
Turbine 52 13557 12482 60
Turbine 53 14745 12482 60
Turbine 54 15934 12482 60
Turbine 55 2087 16473 60
Turbine 56 3276 16473 60
Turbine 57 4464 16473 60
Turbine 58 5653 16473 60
Turbine 59 6842 16473 60
Turbine 60 8031 16473 60
Turbine 61 9220 16473 60
Turbine 62 10409 16473 60
Turbine 63 11598 16473 60
Turbine 64 12787 16473 60
Turbine 65 13976 16473 60
Turbine 66 15164 16473 60
Turbine 67 16353 16473 60
Substation 1 8382 8491 35

Data availability. Complete reference array design descrip-
tions, along with links to site conditions for the three re-
gions, are available at https://github.com/FloatingArrayDesign/
ReferenceDesigns  (last access: 16 March 2026) and
https://doi.org/10.5281/zenodo.19055044 (Sirkis et al., 2026).
The arrays are described using the IEA Wind Task 49 Ontology.
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