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Abstract 

This project explored the feasibility of shared mooring lines to lower the cost of floating wind farms in 

deep water. These unconventional floating array configurations feature mooring lines that run directly 

between adjacent turbines, reducing the number of anchors. A novel shared-mooring floating wind array 

design was developed and optimized. State-of-the-art modeling tools were expanded to allow simulation 

of the couplings created by shared mooring lines. Simulations showed that the shared lines caused no 

resonance issues and gave favorable characteristics in line-failure events. The optimized array design was 

analyzed in comparison to a baseline array design that featured conventional, individual mooring lines. 

The results demonstrate how shared mooring systems can reduce overall mooring system material and 

installation costs, thereby improving the feasibility and lowering the cost of wind farms in deep waters. 
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Executive Summary 

The project Shared Mooring Systems for Deep-Water Floating Wind Farms explored the feasibility of 

inter-turbine mooring lines to lower the cost of floating wind farms in deep waters. Shared mooring 

systems feature mooring lines that run directly between adjacent turbines, reducing the number of anchors 

in a floating wind farm. The project developed and optimized a first-of-its-kind shared-mooring floating 

wind array, and then conduct an analysis comparing it to a baseline array featuring conventional, 

individual mooring systems. The results demonstrate how shared mooring systems can reduce overall 

mooring system material and installation costs, thereby improving the feasibility and lowering the costs of 

wind farms in deep waters. 

Conceptual Design 

A systematic process for preliminary design of shared mooring systems was developed, combining linear 

optimization at the array level with nonlinear mooring component-level optimization. The process 

accounts for various constraints and design considerations, including ensuring that quasi-static loads are 

within recommended safety factors for mooring lines and anchors. The design process was successfully 

applied to a wide variety of shared-mooring array layouts in the process of seeking a conceptual design.  

A staggered linear array of 10 turbines with 9 shared mooring lines was found to be the best-performing 

array layout after considering over 40 options. The chosen layout couples the turbines together 

sequentially with alternating perpendicular shared lines to minimize propagation of coupling effects 

through the array. Taut polyester mooring lines were found to be the most cost effective for this 

configuration. The anchor lines use suction piles to support the vertical loads. The shared lines feature 

two clump weights to tune the restoring properties.  

The conceptual design meets all constraints and performance goals, as analyzed with the current quasi-

static models, and is estimated to have a similar cost to an equivalent individually moored array design. 

However, the shared-mooring design also supports shared anchors, which can introduce significant cost 

reductions to this array layout. 

Modeling Tool Development 

Shared mooring systems are known to have unique system dynamic behaviors due to the mechanical 

coupling between floating platforms caused by the shared mooring lines. A capability for modeling this 
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coupling did not previously exist in state-of-the-art floating wind simulation tools. NRELôs OpenFAST 

modeling suite, including FAST.Farm for array simulation, was modified to provide the required new 

capabilities.  

HydroDyn, the hydrodynamics model in FAST.Farm, was modified to simulate the propagation of waves 

across a floating wind farm. This allows the timing of the wave loads on the floating platforms to be 

accurately accounted for, which provides accurate relative motions between turbines so that tensions on 

shared mooring lines are estimated properly. 

MoorDyn, the mooring system dynamics model in FAST.Farm, was modified to operate across all 

turbines in the array and to allow coupling between each of the floating platforms. This change required 

significant restructuring to the time stepping routines in FAST.Farm and was essential for allowing 

simulation of the coupling effects caused by shared mooring lines. 

Together, the two improvements to FAST.Farm allow accurate coupled simulation of floating wind farms 

with shared mooring lines for the first time. The model improvements are publicly available on GitHub. 

Design Refinement and Cost Analysis 

Using the new FAST.Farm modeling capability, the shared mooring design was analyzed across a range 

of load cases representative of U.S. West Coast conditions. Mooring system design constraints were 

checked, and the mooring system design was iteratively adjusted and reevaluated until achieving a final 

design that minimized mooring system cost while satisfying all technical constraints. A similar 

optimization process was undertaken for a conventionally moored array with three lines per turbine to 

provide a baseline for comparison.  

A loads comparison of the shared-mooring and baseline designs showed that the shared mooring system 

did not introduce problematic responses. In fact, it had significantly better performance in the event of 

mooring line failures, with much smaller offsets than a conventional three-line mooring system. A 

comparison of the costs shows that the shared-mooring design reduces the total mooring system costs 

from between 3% to 34% depending on whether shared anchors are used and whether comparing to a 

three- or four-line baseline design. The shared mooring system also has significantly fewer anchors, 

reducing disturbance on the seabed. These findings demonstrate the feasibility and significant cost-saving 

potential of shared mooring systems. 
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1 Introduction  

The project Shared Mooring Systems for Deep-Water Floating Wind Farms explored the feasibility of 

using shared mooring linesðwhich run directly between adjacent platformsðto lower the cost of floating 

wind farms in deep water. A shared mooring arrangement sees mooring lines in the interior of the farm 

running directly between adjacent floating platforms, rather than running to anchors. This reduces the 

number of mooring lines reaching the seabed, thus reducing total mooring material, and reduces the 

number of anchors used by the farm. It also enables a reduction in per-turbine mooring line and anchor 

requirements as the number of turbines in the farm increases. However, shared mooring lines add 

complexity to a floating wind farm by creating couplings between the floating turbines. Little was known 

about how to design these mooring arrangements or how they would affect the system performance. To 

answer these questions, the project developed and optimized a shared-mooring floating wind turbine array 

design, then evaluated its performance and cost relative to conventional mooring system approaches. In 

doing so, it assessed how shared mooring systems could reduce overall stationkeeping system material 

and installation costs, thereby lowering the levelized cost of energy (LCOE) of wind farms in deep 

waters. 

1.1 Background 

Stationkeeping system component and associated installation processes are a significant cost and 

technical challenge to deep-water floating wind farms. In deeper waters, longer mooring lines are required 

and anchor installations can be more difficult, increasing stationkeeping costs and raising the LCOE. 

Anchor layout can also become more challenging due to the potential for interference between adjacent 

turbinesô moorings. As such, the total wind farm stationkeeping system cost and design complexity 

increases with both water depth and farm size. 

Sharing stationkeeping components among floating wind turbines in an array is one means of reducing 

the stationkeeping system cost. As illustrated in Figure 1, sharing components can take the form of shared 

anchors or shared mooring lines. Shared anchors see multiple floating wind turbines moored to common 

anchor points, meaning a given anchor may have multiple lines attached. Shared moorings see mooring 

lines running directly between adjacent floating turbines, bypassing anchoring in these locations.  
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Figure 1. Individual moorings, shared anchors, and shared mooring lines 

 

Existing literature on shared stationkeeping systems is limited. Research on shared anchors, where a 

single anchor serves mooring lines to multiple turbines, was pioneered by Fontana et al. [1]. They 

explored how this multiline anchor approach could reduce the number of anchors required for a wind 

farm and also potentially reduce the magnitude of anchor loads, depending on the choice of layout and 

mooring configuration. For shared mooring lines, Goldshmidt and Muskulus [2] simulated three different 

prototypical shared mooring farms, each with three to five turbines, and explored how the number of 

turbines affects the accumulation of thrust loads in the upwind mooring lines of the farm. In the first study 

focused on shared-moorings design, Connolly and Hall [3] did a parametric analysis of three pilot-scale 

shared-mooring floating wind farm designs over a range of water depths and found significant cost 

savings at depths greater than 500 m.  

Other work has looked at the coupled dynamics of shared mooring systems. Hall and Connolly [4] created 

a preliminary dynamic modelling capability and analyzed a four-turbine, four-anchor array under 

stochastic wind and wave conditions. This study found that the relative magnitude of the extreme and 

fatigue mooring loads was significantly reduced by using a shared rather than individual mooring 
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configuration. More recently, Liang et al. [5] studied the restoring and dynamic response characteristics 

of a two-spar array with one shared line and four anchor lines. While these studies provide initial thoughts 

on shared mooring arrays, none provide guidance on the design process or promising shared mooring 

designs at the desired scale for this project. 

At the time of writing, one floating wind project is under development that features shared stationkeeping 

system components. It is the Hywind Tampen array, with 10 turbines and shared anchors. This will also 

be the largest floating wind farm built once it is completed. 

1.2 Project Approach  

To shed light on the feasibility and potential benefits of shared mooring systems, this project pursued the 

preliminary design and optimization of a floating wind farm of similar scale to the Hywind Tampen array, 

but instead featuring shared mooring lines and designed for the deeper waters found off the U.S. West 

Coast. The project was arranged to explore the potential of shared mooring systems through development 

of a conceptual design under specific conditions and comparing that design with a conventional, 

individually-moored floating array under the same conditions.  

The project was organized into three tasks (Figure 2), with Task 1 developing the conceptual design, Task 

2 improving the dynamics modeling tools to support shared-mooring arrays, and Task 3 using the updated 

modeling tools to refine and evaluate the shared-mooring design. 

 

Figure 2. Project tasks 

 

The project made extensive use of open-source software toolsðincluding FAST.Farm, OpenFAST, 

MoorDynðand a range of new models and scripts that were created during the project in the Python 
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programming language. All software developments that were taken to an adequate level of maturity for 

sharing with others have been made publicly available through NRELôs GitHub online platform. A new 

library for quasi-static analysis of mooring systems, MoorPy, was developed in large part from the project 

and is available at https://github.com/NREL/MoorPy [6].  

1.3 Design Basis 

The project used assumptions about the site conditions, the farm size, and the floating wind turbine 

designs to form the basis for the mooring design work. The site conditions were chosen to be 

representative of a deep-water site on the U.S. Pacific coast with a depth of 600 m. The target array size 

was 100 MW, with individual 10 MW turbines on spar floating platforms similar to those of Equinor's 

Hywind design. The mooring systems were designed to allow a mean offset of at most 60 m, 10% of the 

water depth, to ensure compatibility with dynamic power cables. The strength of the mooring lines and 

anchors was set according to the guidelines in API RP-2SK [7]. 

1.3.1 Array Size and Site Conditions 

The project site conditions are based on the Bureau of Ocean Energy Management (BOEM) Humboldt 

call area, near Humboldt Bay in California. This is also a location that was previously studied by NREL 

for offshore wind (Figure 3). The depth in this area ranges up to 870 m [8] and it is relatively well 

characterized for offshore wind purposes, with information about wind and wave conditions from nearby 

locations available. 

https://github.com/NREL/MoorPy
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Figure 3: Offshore wind reference sites studied off California (this project used site 5) 

 

To reduce the number of variables in later stages of the project, the water depth was simplified to a 

uniform 600 m, which is within the range of the Humboldt call area. Little information on the seabed soil 

type is known, but studies of nearby regions suggest that sand or clay is expected, meaning that the 

conventional anchoring solutionsðdrag-embedment anchors and suction pilesðare applicable. 

Metocean data and statistics for near the site are available from several sources. An NREL study at a 

nearby reference site gives a mean annual wind speed of 9.7 m/s and mean annual significant wave height 

of 2.7 m [8]. A separate study for wave energy devices in the area provide a thorough characterization of 

the wave conditions, including 100-year storm condition with significant wave heights of 8ï13 m and 

peak wave periods around 17 seconds [9]. Data from the ERA 5 hindcast database [10], and data from a 

nearby wave buoy, NOAA Station 46022 [11], were also considered. From these data, load case 

parameters can be specified based on the probability distributions of wave periods, wave heights, and 

mean wind speeds. Load cases are discussed more in Section 4.1. 
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1.3.2 Baseline Floating Wind Turbine 

The intention of the baseline floating wind turbine design is to represent a system similar to a 10 MW 

Hywind spar design, and to serve as a reference point from which to try new mooring system 

configurations.  

The wind turbine selected for use in the project is the DTU 10 MW Reference Wind Turbine [12], which 

has been used by researchers since 2013 and is well understood. Its key properties are reviewed in Table 

1. Of particular importance to the mooring system design is the turbineôs peak thrust of 1.5 MN, which 

poses the dominant load for the mooring system to counteract.  

Table 1. DTU 10 MW Reference Wind Turbine properties 

Parameter Value 

IEC Wind Class 1A 

Rated speed 11.4 m/s 

Rated power 10 MW 

Peak thrust 1.5 MN 

Rated rotor speed 9.6 rpm 

Rotor diameter 178.3 m 

Hub height 119 m 

Shaft tilt angle 5° 

Rotor mass 228 t 

Nacelle mass 446 t 

Tower mass 628 t 

 

The spar-buoy floating substructure was sized specifically for this project. It was first sized using existing 

spar-sizing tools at NREL and then its ballasting was tuned based on results from steady-state analysis 

tools with inclusion of the turbine structure and the wind thrust force. The spar is a conventional steel 

design with internal ballast and a tapered section below the waterline to reduce wave loads. It is based 

loosely on the proportions of existing Hywind spar designs. It has a draft of 90 m and a diameter of 14.75 

m, tapering to an 8 m diameter near the surface. The sparôs total displacement is 13,781 m3 and it has a 

total mass of 12,510 tonnes. Its overall dimensions and properties are given in Table 2 and it is illustrated 

in Figure 4. 
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Table 2. General spar substructure properties 

Parameter Value 

Draft 90 m 

Freeboard 13 m 

Taper depth 5-20 m 

Base diameter 14.75 m 

Upper diameter 8 m 

Displacement 13781 m3 

Steel mass 2024 t 

Ballast mass 10,486 t 

Center of mass depth 78.2 m 

 

                            

(a) Spar and tower model representation                (b) Spar geometry mesh 

Figure 4. Baseline spar floating system design 

 

Small ballast adjustments to balance the mooring system weight for different mooring designs were 

applied throughout the project. 

1.3.3 Initial Baseline Mooring System 

The initial mooring system for the baseline design was a three-line, semi-taut synthetic system with 150-

mm diameter polyester rope and suction-pile anchors spaced at a radius of 656 m from the spar centerline. 

It is necessary for the spar design to have a bridle attachment to the mooring lines to provide stiffness 

against yaw motions. As each line approaches the spar, it is split into two separate lines that attach to the 

spar at spread positions. The attachment depth is 21 m, and the azimuthal location for evenly arrayed 

mooring lines is set based on the number of mooring lines. For instance, the spacing is 120° for three 
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lines, and 90° for four lines, as shown in Figure 5. This bridle attachment approach provides increased 

yaw stiffness to compensate for the small moment arm provided by the sparôs 7.875 m radius at the 

fairleads. The attachment radius of the mooring lines was increased later in the project to improve 

dynamic stability, assuming features protruding from the spar similar to those seen on Hywind designs. 

 

Figure 5. Top view of bridle mooring line attachment to spar for 3- and 4-line systems. 

 

The original mooring design was adjusted later in the project using the same optimization algorithms we 

used for shared mooring systems to provide a fair basis for comparison of shared-mooring alternatives. 

Details of the updated baseline mooring system are provided in later sections alongside the properties of 

the conceptual share mooring system for ease of comparison. 
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2 Shared Moorings Design Approach 

Because of the novelty of shared mooring systems, no applicable design approaches already existed to 

guide the exploration of shared-mooring concepts for floating wind farms. To fill that gap, this project 

developed an integrated approach to shared mooring system preliminary design consisting of three 

processes that work together. As detailed in the following sections, the first process performs an idealized 

optimization of mooring properties across the array, the second process performs a component-level 

optimization of each mooring line within the array, and the third process couples the two previous 

processes together to synchronously optimize both the overall array and its individual mooring lines. 

Later in this section, cost models used to evaluate the designs are presented and an initial comparison is 

made of the baseline and shared-mooring designs. 

2.1 Linear System-Level Shared-Mooring Optimization 

Shared mooring systems create unique additional design challenges compared to conventional mooring 

systems because of the inter-platform couplings that are introduced. One challenge is accounting for the 

coupled effect on the floating wind turbinesô stationkeeping properties, in terms of their resistance to 

wind- and wave-induced offsets. The other challenge is ensuring that the design keeps the array in the 

desired positions in equilibrium. 

Both these challenges were addressed by developing a design approach that is based on a linearized 

model of a shared-mooring floating wind turbine array [13]. This model approximates each mooringôs 

force-displacement properties as linear (an adequate assumption for most situations at the conceptual 

design stage), which allows efficient methods of adjusting design variables and achieving design 

requirements. The coupled stationkeeping properties are represented by creating a system-wide stiffness 

matrix, which represents the horizontal force-displacement relationships of the entire array. This allows 

direct computation of each turbineôs offsets, or watch circles, under loaded conditions. 

The most challenging step is ensuring the design provides ñlayout equilibriumòðbeing in equilibrium at 

the desired positions in the absence of external forcing. The complexity of this constraint for shared 

mooring systems necessitated a novel solution. The methodology incorporates theory from other 

disciplines into an algorithm that calculates the required ratios of mooring line tensions or weights within 

the array to achieve the constraint. This significantly reduces the optimization process, so that the least-

cost solution can be easily found by comparing different combinations of feasible mooring weight ratios.  
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This process relies on assumptions about the linearized properties of each mooring within the array, in 

terms of horizontal tension, horizontal effective stiffness, and weight. These assumptions are handled as 

inputs, which can be adjusted to account for different mooring line properties. The other input is the array 

layout, which includes the mooring attachments. The mooring lines are divided into groups based on 

having identical properties and roles within the array. The process of the linear system optimization is 

shown in Figure 6. More information about this approach is available in [13]. 

 

Figure 6: Linear shared mooring system optimization 

 

2.1.1 Array Layout 

To best explore the potential of shared mooring systems, a wide variety of array layouts were considered. 

The target array size is 10 turbines, but layout sizes from 2 turbines up to 13 turbines were explored to 

capture the range of options that could be most effective. If smaller shared arrays were advantageous, a 

10-turbine array could be realized by combining multiple smaller arrays. 

To compare layouts fairly, the spacing parameters were fixed. The spacing between turbines in an array is 

set at 1,600 m, roughly 9 times the assumed rotor diameter. The spacing strikes a balance between wake 

effects and sprawl, and is the approximate value used in the Hywind Scotland project. Initial layouts used 

an anchor radius of 1,800 m, which is three times the water depth. Later, anchor spacings were adjusted to 

best suit the selected layout and mooring arrangement.  
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An array layout defines the platform and anchor positions, the mooring line attachments between those 

positions, and the grouping of mooring lines that are to have identical properties. Using a template-based 

approach for layout generation, over 40 layouts were analyzed for stationkeeping efficiency. A main 

determinant of stationkeeping efficiency is the roundness of the watch circles. Examples of some of the 

array layouts considered are shown in Figure 7. 

  

Figure 7. Example array layouts analyzed using the linear method 

 

2.1.2 Selected Array Layout  

After performing initial shared-mooring optimizations of the most promising layout concepts and 

comparing their estimated costs, a 10-turbine layout consisting of two staggered rows of turbines with 

shared mooring lines that cross back and forth between the rows (Figure 8) was selected. This layout had 

one of the lowest costs of all arrays considered, and the lowest cost of any 10-turbine arrays. This can be 

explained by its ability to provide even, omnidirectional stationkeeping (indicated by the round watch 

circles) for 8 out of ten turbines, meaning the mooring system is very efficient. The other competitive 
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layouts were smaller arrays with only 2ï4 turbines, making them less suitable for the desired ~100 MW 

array design.  

 

Figure 8: Conceptual shared-mooring array layout 

Shared and anchor lines are differentiated by color, and watch circles are shown at 10X magnification. 

 

The shared-mooring array layout had the anchor spacings reduced to 1,600 m to eliminate mooring line 

overlaps and position pairs of anchors at coincident points. This meant that the layout could utilize shared 

anchors as well as shared mooring lines, to allow exploration of potential advantages from anchor 

sharing. 

A baseline array layout was also created to match the shared-mooring layout. For comparability, the 

turbine positions are identical so that the wake effects are equivalent between the baseline and shared-

mooring arrays. However, for the three-line mooring systems, the mooring line headings had to be 

adjusted to avoid interference issues between the mooring lines of adjacent turbines. The baseline array 

with these adjusted mooring line headings is shown in Figure 9. 
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(a) Array layout (b) Array visualization 

Figure 9. Baseline array layout showing mooring orientations to avoid interference 

 

 

2.2 Nonlinear Component-Level Mooring Sizing 

Designing physically plausible mooring lines requires nonlinear modeling of the quasi-static behavior of 

each segment within the mooring line, accounting for weight, elasticity, and seabed contact. Design 

methods for these are well-established for anchor lines, but not for shared lines. Furthermore, the shared-

mooring design methodology developed in this project requires automated sizing scripts that can be called 

ñin the loopò during array-level optimization runs. As such, a solution for nonlinear analysis and sizing of 

individual moorings was needed. 

The model basis for the nonlinear mooring sizing approach is a new quasi-static mooring model 

developed within this project, MoorPy. MoorPy is a versatile, Python implementation of well-established 

quasi-static mooring approaches that have been used previously at NREL [14], with additional 

capabilities to ease array-level mooring analysis and design.  

The design optimization basis for the nonlinear mooring sizing approach is an object-oriented mooring 

line design framework build on top of MoorPy. This framework considers various mooring design 

parameterizations as well as specific design criteria and constraints. At the top level is an optimization 

algorithm that is tailored to the mooring design problem, which works in conjunction with the cost 

models to identify the least-cost sizing of any given mooring arrangement while adhering to technical 

constraints. 
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The mooring design framework includes typical mooring arrangements for anchored mooring lines as 

well as arrangements for shared mooring lines that we selected in this project. An example of an 

arrangement for a shared mooring with two weights is shown in Figure 10, with the design variables 

labeled in blue and the constraints labeled in red.  

 

Figure 10: Example mooring arrangement showing design variables (blue) and constraints (red) 

The full set of configurations considered in this project, along with their design variables and constraints, 

are discussed in Sections 2.2.1 and 2.2.3. The cost models used in these mooring optimizations are 

presented in Section 2.4. 

2.2.1 Mooring Configurations 

Multiple mooring line arrangements are possible for any given shared or anchored mooring line within an 

array. The most likely arrangements for anchor lines are well established [15], ranging from all-chain 

catenary lines to lines that combine chain and wire rope, to lines that consist of synthetic line material 

with chain only at one or both attachment points. 

For this project, the dominant considerations are the overall mechanical properties of the mooring line 

that impact the stationkeeping response and the need to prevent seabed contact of delicate line materials. 

In practice, this means that all weight and elasticity factors should be considered when computing 

mooring line forces, and chain must be used for any line portions that contact the seabed. It is common to 

also use chain at the tops of mooring lines to facilitate mooring tension adjustment. This upper chain 

portion is neglected in the current work because short chain segments at the top of mooring lines will 

have a relatively small impact on mooring system static response and cost. The bridle attachment was not 

modeled in the mooring sizing optimizations since it will have minimal effect on individual mooring line 
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characteristics. Instead, the bridles were added after the system is sized, for inclusion in the full-system 

stiffness analysis. 

Two anchor types were considered in this stage of the project: drag embedment anchors and suction piles. 

These represent the most common anchor solutions for floating wind, with drag embedment anchors 

being the more affordable option suitable for catenary moorings, and suction piles being more expensive 

option and suitable for semi-taut and taut moorings. Using the two common anchor types provides for a 

balanced evaluation of shared mooring system performance and cost. The specific anchored mooring line 

configurations considered in the project are listed in Table 3. 

Table 3: Anchored mooring line configuration options 

Catenary chain 

This is a conventional all-chain catenary 
mooring system, designed to keep some 
chain on the seabed at all times to avoid 
vertical anchor loads and allow cost-
effective drag-embedment anchor. 

 Design variables: 

¶ Chain size  

¶ Chain length 

¶ (Anchor spacing) 

Taut synthetic rope 

This is a taut mooring arrangement that 
gets its compliance from the elasticity of 
the mooring line (polyester in this case). 
It has vertical anchor loads so it requires 
anchors with vertical load capability. 

 Design variables: 

¶ Rope size 

¶ Rope length 

¶ (Anchor spacing) 

Semi-taut chain-rope 

This is a hybrid arrangement that uses 
the light weight of polyester rope but has 
chain at the bottom to allow seabed 
contact. In some cases, the mooring can 
maintain seabed contact and allow drag-
embedment anchors. 

 Design variables: 

¶ Chain size  

¶ Chain length 

¶ Rope size 

¶ Rope length 

¶ (Anchor spacing) 

 

The specific shared mooring line configurations considered in the project are given in Table 4.  
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Table 4: Shared mooring line configuration options 

Catenary chain 

This catenary all-chain line is the 
simplest shared mooring arrangement, 
where its stiffness is determined by the 
chain weight and the shape of the 
catenary. 

 Design variables: 

¶ Chain size  

¶ Chain length 
 

Chain with float 

This arrangement uses a float in the 
middle of a chain line to enable a more 
compliant shared mooring while reducing 
the weight on the turbines.   

 

Design variables: 

¶ Chain size  

¶ Chain length 

¶ Float buoyancy 

Chain with weights 

This arrangement adds two clump 
weights to the chain line to increase the 
mooring stiffness without increasing the 
chain size or increasing the mooringôs 
depth. 

 Design variables: 

¶ End chain size  

¶ End chain length 

¶ Mid chain size 

¶ Mid chain length 
 

Semi-taut chain-rope 

This hybrid arrangement uses a length of 
polyester in the middle to reduce the 
mooring weight for a given distance. It 
also reduces the mooring stiffness. 

 

 Design variables: 

¶ Chain size  

¶ Chain length 

¶ Rope size 

¶ Rope length 
 

Rope with weight 

This semi-taut shared mooring 
arrangement uses a single clump weight 
to tune the stiffness properties, lower the 
depth, and provide compliance for a 
polyester mooring line.  

 Design variables: 

¶ Rope size  

¶ Rope length 

¶ Weight  

Rope with 2 weights 

This semi-taut arrangement uses two 
clump weights to provide a more cost-
effective tuning of the polyester lineôs 
compliance while keeping most of the 
shared line at a near-constant depth. 

 Design variables: 

¶ End rope size  

¶ End rope length 

¶ Mid rope size 

¶ Mid rope length 

¶ Weight 
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2.2.2 Modeling of Mooring Loads and Stationkeeping Response 

Mooring positions and loads were measured using MoorPy, which computes the quasi-static response of 

the full moored floating system including couplings between different floating platforms and the 

nonlinear geometric response of individual mooring segments. MoorPy includes representation of rigid 

bodies with hydrostatic properties so that the floating wind turbines can be modeled in the coupled quasi-

static solution. Mean loads were applied to the platform objects in MoorPy to represent the combined 

wind thrust force and wave-induced mean drift force. 

Because this stage of the design process caters to steady or quasi-static system performance, the peak 

turbine thrust force of 1.5 MN was increased by 33% to conservatively represent the total short-term 

surge force that any one turbine may experience, for a total load of 2 MN. In the design process, mooring 

system stationkeeping targets were built around supporting the 1.5 MN mean thrust force, while the 

additional forces are added to provide safety margin for inclusion of dynamic effects on the mooring 

lines. These assumptions were removed during the next stage of the project, which involved a full 

dynamic analysis. 

2.2.3 Mooring Design Constraints 

Design constraints were used to ensure that an optimized design met certain physical criteria. Each 

mooring configuration requires a given set of constraints, plus another set of constraints specific to the 

physical system that it is in. At the highest level, the overall mooring system was sized to achieve a 

maximum mean offset (or watch circle radius) of 60 m, which is 10% of the water depth. 

All mooring  lines were sized to meet tension, stiffness, and strength constraints. The horizontal tension 

of the mooring must match a specific target value that is determined by the linearized array-level mooring 

optimization. The effective horizontal stiffness of the mooring must meet or exceed a target stiffness, that 

has also been set by the linearized array-level optimization, to ensure each platformôs offsets are within 

the specified limit.  

In accordance with API RP-2SK [7], a safety factor of 2 was used for sizing the mooring lines based on 

the largest tension predicted using quasi-static analysis. In other words, quasi-static tensions cannot 

exceed 50% of the minimum breaking load (MBL) of each line segment in a mooring line.  
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Anchored mooring lines were subject to up to two anchored-mooring-specific constraints depending on 

the configuration: a minimum lay length constraint, and a zero-rope contact constraint. The minimum lay 

length constraint was applied to anchored mooring configurations with a drag-embedment anchor because 

a drag-embedment anchor cannot support vertical loads. It requires that a specified amount of mooring 

line length be left on the seabed so that a mooring line does not produce any vertical loads on the anchor. 

This is considered in the undisplaced and extreme conditions of the mooring line. In other words, when 

the platform is at its farthest position away from the anchor, there will still be a minimum line length left 

on the seabed. 

The zero-rope contact constraint was applied to anchored mooring line configurations that include a 

section of rope in the mooring line. The configuration could either have a drag-embedment or a suction 

pile anchor. For example, the taut synthetic rope configuration has only synthetic rope and a suction pile 

anchor, while the semi-taut chain-rope configuration has rope connected to a chain section on or near the 

seabed connected to a drag-embedment anchor. This constraint was applied to always keep the rope at a 

minimum height above the seabed to avoid abrasion from the seabed. Again, this was considered in the 

undisplaced and extreme conditions of the mooring line. In contrast to the lay length constraint, when the 

platform is at its closest position to the anchor, the mooring line was designed so that the rope section of 

the mooring will always be at least the minimum height above the seabed. 

Similar to the safety factor applied to the tension of the mooring line, a safety factor was applied to the 

load capacity of the anchors. The anchor capacity for any given anchored mooring line is calculated based 

on the maximum force vector seen at the mooringôs anchor end during quasi-static analysis. This force 

vector was increased by 20% to compensate for the quasi-static modeling approach and then scaled by the 

safety factors listed in API RP-2SK. 

Shared mooring lines include two shared-mooring-specific constraints based on the depth of the lowest 

point of the mooring: a minimum clearance from the waterline and a maximum allowable depth. The 

minimum clearance, or minimum sag, was applied to shared mooring configurations to allow depth 

clearances from the waterline for shipping and navigation. Rope mooring lines can be neutrally buoyant 

so this constraint would ensure that the shared mooring ropes stay a certain depth below the waterline. 

The second shared mooring line constraint is similar to the minimum clearance, but in the opposite 

direction. A maximum allowable depth constraint was applied to all shared mooring configurations to 
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prevent the lowest point of the mooring line from coming too close to the seabed. In practice with, this 

constraint was never active when optimizing the mooring designs for cost. 

Table 5 shows a list of the mooring line configurations considered in this project and which constraints 

were applied to each. 

Table 5: Constraints considered for each mooring line configuration 

 Configuration Fx Kx FoS Lay Rope Min Sag Max 
Sag 

Anchored 

Catenary chain X X X X    

Taut rope X X X  X   

Semi-taut chain-
rope 

X X X X X   

Shared 

Catenary chain X X X   X X 

Chain with float X X X   X X 

Chain with weights X X X   X X 

Semi-taut chain-
rope 

X X X   X X 

Rope with weight X X X   X X 

Rope with 2 weights X X X   X X 

Legend: 

 

¶ Fx: horizontal tension constraint 

¶ Kx: horizontal stiffness constraint 

¶ FoS: tension safety factor constraint  

¶ Lay: minimum line length constraint 

¶ Rope: minimum height above the seabed constraint 

¶ Min Sag: minimum depth below surface constraint  

¶ Max Sag: maximum depth of shared mooring constraint 

 

 

2.3 Iterative Shared-Mooring Optimization 

To create an optimized shared mooring array with internally consistent assumptions, a separate design 

algorithm was developed to bring together the linear array optimization and the nonlinear mooring sizing 

processes. It begins with a linear array optimization based on initial mooring property assumptions. Then, 

the optimized linear mooring properties are passed as target values to the nonlinear mooring optimizer. 

The nonlinear optimizer then optimizes each mooring, considering the selected mooring arrangements 

and all applicable constraints, to achieve the lowest cost mooring design that meets the criteria.  

Next, the properties of each optimized mooring are linearized and used to update the assumptions in the 

linear mooring system optimizer, which can then be rerun to initiate a new iteration. Repeating in this 
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way, the two optimization processes are iterated between until the mooring properties and assumptions 

converge and a true least-cost mooring system design is achieved. The process is illustrated in Figure 11. 

 

Figure 11: Iterative system-level shared mooring optimization process 

 

Applying this optimization process to various array layouts and using various mooring arrangements 

showed that the computation time needed to optimize more complicated mooring arrangements can result 

in the overall process to become quite slow (hours rather than minutes). Furthermore, different 

arrangements pose different requirements on the linear array optimization stage, so changing 

arrangements mid-optimization disrupts the iteration process. Lastly, the linearizing assumptions in the 

linear system sub-optimization requires a multiplier to leave room for nonlinear effects that can increase 

offsets, and this requires manual tuning at this stage. With these practical considerations in mind, the 

following general design process was used when optimizing the mooring system for a given shared-

mooring array layout: 

1. Define the layout and general design parameters. 

2. Run the system-level mooring optimization process (Figure 11) for generic mooring 

arrangements (e.g., single-component chain catenary moorings). 

3. Verify the offsets using nonlinear coupled analysis and adjust the nonlinear multiplier as needed 

until the linear offset predictions align with the nonlinear ones. 

4. Extract mooring design target values from the optimized system. 

5. Run independent nonlinear mooring optimizations with different arrangements to determine the 

most cost-effective arrangement for each mooring group in the system. 

6. Re-run the full system-level mooring optimization using the selected mooring arrangements. 








































































































































