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Summary

Offshore wind energy has become a important contributor to global renewable energy efforts, partic-
ularly as the industry seeks to expand into deeper waters where traditional fixed-bottom turbines are
no longer feasible. In these deeper waters, floating offshore wind turbines (FOWTs) offer a promising
solution, allowing for the generation of renewable energy in locations with stronger, more consistent
winds. However, with the increasing use of FOWTs comes a set of logistical challenges that need to be
addressed to ensure their commercial viability and large-scale deployment. One of these challenges
is the large-scale production of floating foundations.

One significant challenge to the commercial success of FOWTs is the slow fabrication rate of semi-
submersible floaters, which require extensive welding and assembly. In contrast to faster monopile
fabrication, these floaters are more complex and take longer to produce. Since installation campaigns
are typically limited to favorable weather periods, especially in the summer months, many floaters
need to be ready in advance, placing strain on fabrication yards and causing space constraints. Wet
storage provides a viable solution by allowing temporary storage of floaters in coastal areas, freeing
up space in fabrication yards for continuous production. This research explores the existing literature
on wet storage mooring systems and identifies key design criteria, environmental considerations, and
components such as mooring lines, anchors, and auxiliary equipment.

To evaluate mooring system designs, a Multi-Criteria Decision Analysis (MCDA) framework was devel-
oped, facilitating structured comparisons and trade-offs between various design objectives. Although
the MCDA enables informed decision making, dynamic analysis is essential to obtain deeper insights
into system performance. In this study, frequency domain (FD) analysis was employed for rapid evalu-
ations of the behavior of the mooring system. FD analysis proved sufficient for preliminary studies and
is an ideal tool for exploring design variations. It efficiently captures first-order loading effects, which
are typically dominant in expected wet storage conditions. However, for detailed design stages, to ac-
count for nonlinear behaviors such as slow drift and mooring line stiffness, time domain (TD) analysis
are recommended to validate final configurations and ensure compliance with design codes.

Dynamic analysis of the mooring systems compared catenary and taut configurations under various
environmental conditions. Concept-specific constraints such as maximum fairlead tension, uplift al-
lowance, mooring line angles, and minimum anchor distances were incorporated into each mooring
concept. Furthermore, diffraction analyzes were conducted with varying water depths and floater drafts
to accurately define floater behavior under different conditions, and a mesh validation was performed
to ensure that the mesh was fine enough for this study. Further validation of the full model was done by
comparing the calculated Load Response Amplitude Operators (RAOs) and natural frequencies with
the reference turbine to ensure model accuracy. Tidal ranges and line diameters significantly influenced
mooring performance, impacting tensions, loads, and floater displacements. The results indicated that
the catenary system consistently met these constraints and demonstrated resilience across the full tidal
range, where a clear trade-off between tensions and displacements can be observed. However, the
taut system experienced tension overloads, particularly at high tide, where it often exceeded line break-
ing strength, with only a single taut configuration yielding valid results. Despite being more spatially
efficient, the taut system’s reliability was compromised compared to the catenary system.

Several recommendations for future research are identified to further the understanding of mooring
systems in wet storage applications. These include conducting TD analyzes to capture non-linear
behaviors, exploring alternative mooring configurations such as Honeymooring or pile fields, refining
design standards, and evaluating the economic and logistical feasibility of wet storage solutions. Addi-
tionally, investigating different storage locations is essential, as this study focused on a single location,
and variations in environmental conditions could significantly influence mooring performance.
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1
Introduction

1.1. Background
The shift from fossil fuels to renewable energy sources is essential in mitigating climate change, with
offshore wind energy playing a key role. Offshore wind turbines (OWTs) have benefits that include
access to robust and consistent wind resources, as well as reduced onshore noise and visual impact.
Floating offshore wind turbines (FOWTs) augment these advantages by enabling deployment in deeper
waters, thereby harnessing greater wind resources where bottom-fixed structures are not practical.

1.1.1. Growth of offshore wind
The offshore wind market is growing rapidly. Europe, driven by favorable conditions and the grow-
ing need to harness offshore wind resources, has seen significant expansion. In 2023, wind power
accounted for 19% of Europe’s electricity consumption, with contributions from both offshore and on-
shore installations [102]. Asia, especially China, has shown rapid growth, adding 6.3 GW of offshore
wind energy in 2023 [44]. Advances in wind turbine technology have led to larger and more powerful
turbines. The largest operational prototype currently is capable of generating 18 MW, and reference
turbines of 22 MW have been proposed [108].

The growth of offshore wind capacity has been rapid, as illustrated in Figure 1.1, which shows the
increasing cumulative and annual installations of offshore wind turbines in Europe over the past decade.

Figure 1.1: Growth of wind capacity in Europe [102]
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1.1.2. Types of offshore wind turbines
Offshore wind turbines are classified into two main categories: bottom-fixed and floating, each with
unique characteristics, technological readiness, advantages, and feasible water depths. Figure 1.2 il-
lustrates various wind turbine foundations, highlighting the most prevalent ones within these categories.

Figure 1.2: Types of offshore wind foundations [56]

Bottom-fixed turbines are suitable for shallow waters and can be installed at rates that are steadily
increasing as the industry scales up. Fabrication yards are aiming to handle tens to hundreds of turbines
per year to meet rising demand, which enhances the scalability and commercial viability of bottom-fixed
turbines [55, 71]. These turbines are installed in the seabed using structures like monopiles, jackets,
or tripods, making them stable and easier to install in depths of up to 50-65 meters [19].

In contrast, FOWTs are potentially more cost-effective in deeper waters where bottom-fixed turbines
become excessively expensive [106, 9, 63]. FOWTs are deployable in depths greater than 65 me-
ters and offer site flexibility and access to stronger winds. However, they face distinct installation and
mooring challenges due to their complex substructures, such as semi-submersibles, spar-buoys, and
tension-leg platforms (TLPs).

Currently, there are only a few operational FOWT projects worldwide, highlighting the pre-commercial
stage of this technology [54]. Pioneering projects like Hywind Tampen [35] andWindFloat Atlantic [103]
have demonstrated the potential of FOWTs. To achieve commercial viability, it is crucial to address
supply chain issues. Wet storage can mitigate risks, enhance asset utilization, and aid in managing
installation schedules [22].

1.1.3. Installation procedure of semi-submersibles
However, the fabrication rate for FOWTs is slower as a result of larger and more complex founda-
tions. Foundations such as semi-submersible platforms require large amounts of steel and have larger
dimensions than bottom-fixed structures. In addition, semi-submersibles require a number of differ-
ent subcomponents and a considerable amount of welding to assemble [66]. This leads to reduced
fabrication rates and increased strain on supply chains. This challenge needs to be addressed for
commercialization.

Due to the immaturity of floating offshore wind, the industry has not yet consolidated towards a single
installation procedure [54, 60]. Figure 1.3 shows one of the expected installation procedures for semi-
submersible FOWTs [50]. In the fabrication harbour, the semi-submersibles are assembled through a
process that involves welding subcomponents into the full floater, as illustrated in Figure 1.4. Once the
subcomponents are welded together to form the complete floater, the structure undergoes a load-out
or float-out procedure. This involves transferring the floater from the assembly platform to the water,
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as depicted in Figure 1.5. This can be done using a Self-Propelled Modular Transporter (SPMT) onto a
Heavy Transport Vessel (HTV) or a submersible barge [22]. TheHTV then transports the substructure to
the fit-out quay where it submerges and the semi-submersible is floated off. After the float-out process,
the turbine is integrated by a quay-side crane. Finally, the entire structure, including the turbine, is
towed to the offshore location for mating with the pre-laid mooring system.

Figure 1.3: Final assembly and tow-out of FOWTs [50]

1.1.4. Wet storage of floating offshore wind foundations
Efficient logistical management is required for the commercial viability of FOWTs. Crane operations
for turbine integration are highly weather-dependent, creating uncertainty in installation timelines. This
adds pressure to the slow fabrication rate of floaters, which are expected to be produced at no more
than one per week, leading to a supply chain bottleneck. As wind farms scale up in size and com-
plexity, it becomes logistically useful to have a buffer of floaters stored in advance to manage these
scheduling challenges. The less weather-dependent tow-out process allows for quicker installations
once integration is complete.

Due to their large size, storing these foundations on land presents significant challenges. Fabrication
yards typically lack space with sufficient load-bearing capacity to accommodate the semi-submersible
floaters. Land-based storage is insufficient for the number of floaters that need to be stored, and the
increasing scale of floating offshore wind projects exacerbates this issue.

Figure 1.4: Final assembly of the primary structure of a steel semi-submersible [83]
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This is where wet storage becomes an option. Wet storage involves the temporary mooring of FOWTs
in coastal waters before their final deployment, effectively creating additional storage space on water
rather than on land. This can be useful for managing installation schedules, optimizing harbor space,
and ensuring that floaters are ready for integration when conditions allow. However, wet storage re-
quires robust and adaptable mooring systems to secure the floaters against environmental forces such
as wind, waves, and currents.

In summary, wet storage can be useful to create a logistical buffer to manage unpredictability and
ensure continuous operations. The limitations of land-based storage make wet storage a practical and
efficient solution to the challenges of FOWT fabrication and deployment.

Figure 1.5: Load-out process of a semi-submersible foundation [3]

Possible wet storage locations are expected to be in harbors and bays, where conditions differ from
offshore deployment sites. These differences which include water depths, tidal ranges and accessibility
requirements impact mooring strategies and costs. While wet storage is a promising solution for man-
aging the logistical challenges of FOWTs, there are currently no comprehensive studies addressing its
implementation. This research aims to address this gap by investigating potential wet storage locations
and assessing their suitability through dynamic analysis and other evaluations.

1.2. Knowledge gap
Though FOWTs are increasingly used to harness deep-water wind resources, wet storage for these
structures is underexplored. A few knowledge gapsmust be addressed to advancewet storagemooring
systems for FOWTs.

Mooring system dynamics for nearshore wet storage have not been extensively analyzed, primarily
because wet storage has not yet been applied in real-world scenarios. However, with the increasing
likelihood of its use in the future, understanding these dynamics is important. Current mooring sys-
tem designs are optimized for deep-water conditions [10, 106]. While the performance of mooring
systems has been studied under offshore conditions, interactions with tidal ranges, wind, and waves
in nearshore wet storage remain understudied, and the mooring of floaters in these environments re-
quires further investigation [22]. Addressing this gap will support the commercialization of floating
offshore wind turbines.

Second, while previous studies have examined floating offshore wind systems with integrated turbines
[9, 54, 6], the behavior of standalone floaters is less understood. The absence of the turbine alters
weight distribution, affects static offsets, and decreases floater draft, necessitating a reevaluation of
the mooring system.
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1.3. Problem statement
The rapid growth of offshore wind turbine installations creates significant challenges, particularly in the
use of harbor space, both on land and in the water. As the demand for renewable energy increases, the
efficient use of port spaces becomes critical [71]. This challenge is further intensified by the larger and
heavier floating offshore wind turbines (FOWTs), which introduce new design and logistical complexities
[58, 54]. A proposed solution to alleviate these pressures is wet storage, which temporarily keeps these
structures afloat in sheltered locations, such as harbors or bays, using their buoyancy until turbine
integration or offshore deployment. Wet storage not only relieves pressure on harbor space but also
offers flexibility in scheduling installation and maintenance activities.

The feasibility of wet storage relies on the development of mooring systems that can securely anchor
FOWTs under various environmental conditions. These mooring systems must be cost-effective, easy
to deploy and retrieve, environmentally friendly, and occupy a minimal footprint. Although there has
been substantial research on mooring systems for FOWTs with turbines [10, 106, 9, 54, 6], there is a
lack of research on standalone floaters in nearshore conditions. Addressing this gap is essential for
developing mooring solutions that support wet storage, ensuring a reliable FOWT supply chain and
facilitating the large-scale deployment of offshore wind energy.

1.4. Research objectives and questions
The primary objective of this research is to develop a framework for designing and evaluating mooring
systems for the temporary wet storage of floating offshore wind foundations. This framework aims
to ensure technical feasibility and efficient spatial utilization, addressing the unique challenges posed
by wet storage. The study intends to fill critical knowledge gaps in the application of FOWT mooring
systems, particularly under different environmental conditions and operational states.

The main question guiding this thesis is formulated in the overarching research question:

How can mooring systems for the temporary wet storage of floating offshore wind founda-
tions be designed to ensure technical feasibility and efficient spatial utilization?

To comprehensively address the overarching question, the research is guided by the following subques-
tions:

• What are the key design objectives and criteria mooring system used in wet storage?
• Which environmental conditions at potential wet storage sites need to be considered when de-
signing mooring systems?

• What are viable mooring system concepts for the wet storage of floating offshore wind founda-
tions?

• How can different mooring configurations be modeled and verified?
• How do different mooring system designs compare quantitatively, and what are the associated
trade-offs?

• How can the mooring design approach developed for semi-submersible platforms be applied to
other floating offshore wind foundation types?

These research questions investigate various aspects of the implementation of wet storage in floating
offshore wind projects and form the foundation upon which the methodologies of this thesis are built.

1.5. Approach and methodology
Figure 1.6 shows the steps that the research has followed to develop and evaluate mooring systems
for the wet storage of floating offshore wind foundations.
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Figure 1.6: Research approach and methodology

The process begins with a review of the available literature, followed by the definition of the research
questions that guide the subsequent steps. The next phase involves the derivation of a design basis,
which includes listing all requirements for the mooring systems. This is followed by the ideation phase,
where different mooring types and concepts are explored to identify potential solutions.

In themodel definition phase, models of themooring systems are developed, incorporating environmen-
tal conditions and floater characteristics. Potential flow-based diffraction analysis is used to calculate
the loading and response of wet bodies as a result of surface water waves. This analysis defines the
load response amplitude operators (RAOs), added mass, stiffness, and damping coefficients. This
step is needed before proceeding to the frequency domain (FD) analysis, which assesses the dynamic
behavior of the mooring systems. Dynamic analysis is used to understand how mooring systems re-
spond to various environmental forces. FD analysis allows for rapid assessment of multiple mooring
configurations, enabling adjustments of the designs based on initial results.

Upon achieving satisfactory results in the FD analysis, the study progresses to the Multi-Criteria De-
cision Analysis (MCDA) phase. This phase evaluates the mooring systems against multiple criteria
to identify the most promising configurations. Further iterations may be required to refine the designs
based on MCDA outcomes.

By following this methodology, the research aims to develop robust and efficient mooring systems for
the temporary wet storage of FOWTs, addressing both theoretical and practical challenges.

1.6. Demarcation and scope
This thesis focuses on the semi-submersible foundations, examining the feasibility of wet storage for
these structures. The emphasis is on storing floaters without turbines due to logistical reasons.

Excluded from the study’s scope are financial modeling and economic analysis of installation methods,
as these are not central to the technical exploration of FOWTs. The research also does not cover less
developed turbine technologies like hydraulic, vertical-axis, and airborne wind turbines or multi-turbine
platforms. Instead, it focuses on the established design of a 15 MW reference semi-submersible floater.
This focus on larger turbines aligns with industry trends towards increasing turbine sizes for floating
wind projects and the anticipated feasibility of floating offshore wind (FLOW) being more viable for
high-capacity turbines.

This study does not explore the mathematical optimization of foundation designs specifically for wet
storage, nor does it modify the fundamental design of the floaters. The floaters are designed for their
full operational lifetime in offshore environments. Wet storage is considered a temporary solution to
address land use constraints and is not intended for long-term use. Therefore, the focus is on designing
mooring systems that work with the unaltered floater design.

Additionally, this research considers scenarios involving multiple floaters stored simultaneously but
does not discuss specific assembly or maintenance activities during the storage phase. The primary
focus is on the design and operational aspects of mooring systems for wet storage.

By defining these constraints, the research ensures a focused and detailed exploration of the critical
aspects of the design of the mooring system for temporary wet storage, providing a solid foundation for
subsequent studies and practical implementations.
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1.7. Report structure
This thesis is structured to systematically explore the development and evaluation of mooring systems
for the temporary wet storage of floating offshore wind foundations.

Chapter 1 provides the background, problem statement, knowledge gap, research objectives and ques-
tions, approach and methodology, demarcations, and an overview of the report structure.

Chapter 2 offers a comprehensive literature review covering the design basis for floater designs, off-
shore wind logistics, environmental loads and body motions, and mooring systems.

Chapter 3 details the development of a MCDA framework used to evaluate and compare different
mooring system designs.

Chapter 4 describes the model setup, including the environmental conditions at the case study location,
and details of the VolturnUS-S floater, along with the diffraction analysis and mesh validation.

Chapter 5 presents the findings from the dynamic analysis of different mooring systems and the results
of the MCDA, discussing the performance of various configurations.

Chapter 6 summarizes the primary findings, answers the research questions, and discusses practical
implications.

Chapter 7 provides recommendations for further research and future work based on the findings of the
thesis.

The References lists all sources referenced throughout the thesis, and the Appendices include addi-
tional data, detailed calculations, and supplementary material.



2
Theoretical background

2.1. Mooring systems
Floating offshore wind turbines (FOWTs) are secured to the seabed using mooring systems. These sys-
tems keep turbines in place despite dynamic environmental forces. Compliant support structures such
as semi-submersibles can use catenary or taut mooring systemsmade of chain, wire, or fiber ropes [29].
For semi-submersibles and spars, mooring systems are not designed to counteract first-order wave-
induced motions, as this causes excessive fatigue and is unnecessary for FOWT operation. Mooring
systems are classified as temporary, semi-permanent, or permanent, each with specific challenges.
Semi-permanent moorings, used for wet storage, require flexibility and robustness for station-keeping
and easy retrieval and redeployment. Permanent installations need higher redundancy to ensure long-
term safety according to DNV-ST-N001 [30].

2.1.1. Mooring profiles
The most common types of mooring profiles used for floating offshore wind turbines are [107, 98, 58]:

• Catenary mooring system
• Tension-leg (TLP) mooring system
• Taut mooring system
• Semi-taut mooring system

The catenary mooring system has a catenary-shaped profile with a part of the mooring line lying on the
seabed in a static equilibrium position [11]. The self-weight of the mooring line forms the profile and
generates the necessary restoring forces to counteract the FOWTs static offset and dynamic motions.
The catenary mooring system is the most widely used in the oil and gas industry in shallow to medium-
depth waters [68].

Tension-leg platforms (TLPs) use vertical moorings anchored to the seabed under constant tension.
The high axial stiffness of the tubular steel pipe tendons minimizes vertical displacements, enhancing
FOWT performance and longevity. Unlike chain moorings, TLP tendons demand precise installation
and handling due to the required tension. Before tensioning, the platform is unstable, making them
unsuitable for wet storage.

The taut leg mooring system does not have mooring lines lying on the seabed in the static equilibrium
position. The mooring lines are taut from the anchor to the fairlead. This has the advantage that the
anchor footprint is smaller and the mooring system uses less line material. This difference in anchor
footprint is schematically shown in Figure 2.1. As the mooring lines are taut, the compliance to floater
offset and dynamic response is mostly generated by line tensile stretch.

8
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Figure 2.1: Schematic of three mooring systems: (A) Catenary, (B) TLP, (C) Taut [107]

The mooring system configuration can be selected by varying the system parameters until a system is
found that complies with regulatory and functional requirements. This is typically done by iteration and
varying parameters such as anchor radius, line size and number, grouping, and spread angles [68].

Catenary mooring system
For a simple catenary line configuration, the following equations are set up by Barltrop [8]. The ratio of
the line length S and the line height H, with the tangent to the bottom at the line lower end, is given by:

S

H
=

√
2

T

ωH
− 1 (2.1)

Where T is the fairlead tension and ω is the unit weight. The ratio S/d is the line slope, i.e., the ratio of
the line length S to the water depth d, which can then be determined by:

S

d
=

√
2

scoef
· Q

ωrd
− 1 (2.2)

Where scoef is the minimum safety coefficient, ωr is the line unit weight in water, and Q is the line
breaking load [11][12]. For catenary mooring lines, a purely horizontal load at the anchor is often used,
allowing drag embedded anchors (depending on seabed conditions) as detailed in subsection 2.1.5.
This determines the allowable top load when the catenary is fully elevated.

The line breaking load Q for an R3 stud link chain cable, according to DNV-OS-E302 [24], is a function
of the chain nominal diameter dc (mm) and unit weight in air ω (kN/m):

Q = 103.84ω(44− 0.08dc) (2.3)

The mooring footprint is the horizontal distance between the anchor point and the fairlead when the
catenary line is fully developed. This footprint defines the seabed area used by the mooring system
and affects how many floaters can be accommodated in wet storage.

Figure 2.2: Characteristic points of a catenary line [11]
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The horizontal projection Df of the curve is reached when the allowable platform offset ∆xadm is
reached by the most elongated line, in the plane with the lowest angle α to the motion direction. This
angle α is shown in Figure 2.2. Therefore, the horizontal catenary length Dv in equilibrium under static
forces only is:

Dv = Df

√
sin2 α+

(
cosα− ∆xadm

Df

)2

(2.4)

Therefore, to minimize line weight, the following relationship must be satisfied:

γmeanTc,mean + γdynTc,dyn < Sc (2.5)

Here, the characteristic line capacity Sc, defined as 95% of the minimum breaking load Q, must exceed
the sum of the mean line tension (Tc,mean) multiplied by its load factor (γmean) and the dynamic contribu-
tion (Tc,dyn) multiplied by its load factor (γdyn). These load factors are determined by the consequence
class of the mooring lines. The catenary systems counteract the offset caused by the turbine’s mean
thrust force during operations, resulting in mooring line uplift. In wet storage, without the mean thrust
force, shorter catenary lines might be feasible.

Effect of shallow water on catenary mooring system Xu’s research [105, 106] extensively covers
the effects of shallow water on catenary mooring systems at depths of 50-80 m, unlike most studies on
larger depths. This is relevant as wet storage is expected in even shallower waters.

The horizontal, geometric, in-elastic stiffness kG of a catenary mooring line can be expressed as:

kG =
∂TH

∂x
= ω

− 2√
1 + 2TH

ωh

+ cosh−1

(
1 +

ωh

TH

)−1

(2.6)

where ω is the unit weight of the mooring line, x is the horizontal offset, h is the water depth, and TH is
the horizontal line tension [37]. For constant TH , horizontal mooring stiffness decreases with increasing
water depth, as shown in Xu’s paper (Figure 2.3). In shallow waters, horizontal stiffness is relatively
high. Horizontal wave-frequency motions of the floating wind turbine are mainly due to inertial forces. A
stiffer mooring system results in higher natural frequencies for horizontal motions, potentially bringing
them closer to the range of difference-frequency wave loads [106]. This can increase the likelihood of
resonance and poses a design challenge for catenary mooring systems in shallow waters.

Figure 2.3: Influence of water depth on horizontal mooring stiffness for a specific case study [106]

Catenary mooring top angles α and β (see Figure 2.4) differ significantly in shallow waters. The cate-
nary shape diminishes and stretches as shown in Figure 2.4.b. These angles are determined by the
horizontal span s, effective water depth h, and the length of the suspended mooring line ls. Thus, the
following equations apply:

β = atan

(
sinh

2sh

l2s − h2

)
α =

π

2
− β (2.7)
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(a) Top angles α and β in shallow and deep water (b) Influence of x-offset on top angles

Figure 2.4: Top angles of catenary lines in shallow waters [106]

Taut mooring system
A taut mooring system employs tensioned lines, typically made from synthetic ropes or steel wire, to
connect the floating substructure to the seabed anchors. Unlike catenary systems that rely on the
weight of the lines for the restoring force, the restoring force in taut systems comes from the tension
in the mooring lines. These lines run more vertically compared to catenary systems, allowing for a
smaller mooring footprint. The compliance in the system is primarily provided by the elasticity of the
ropes and, in some cases, load-reduction devices such as buoys or springs may be used to dampen
loads and reduce tension peaks [19]. Due to the tension in the lines, vertical loads at the anchor points
are significantly higher, often necessitating high-capacity anchors like piles or vertical load anchors to
maintain stability.

The footprint radius of a taut mooring system is typically about twice the water depth, significantly
smaller than that of catenary moorings, making it advantageous in areas with limited seabed space.
This is useful in areas near fabrication yards, where the footprint reduction becomes more significant.
However, the system requires a sufficient amount of tension to ensure stability under varying environ-
mental conditions.

Effect of shallow water on taut mooring system Taut mooring systems are affected by shallow wa-
ter conditions. In shallow waters, the proximity of the mooring lines to the seabed increases interactions
with both the seabed and environmental forces such as currents and waves. These increased interac-
tions generate higher dynamic loads on the system, which can complicate the design and performance
of the mooring lines.

One key factor in the performance of taut mooring systems is line stiffness, which is determined by
the material properties of the lines and the tension applied to them. In shallow waters, the stiffer the
lines, the greater the resistance to displacement, but this comes at the cost of higher peak loads during
dynamic events like storms or large waves. These peak loads can stress both the mooring lines and
the anchors, leading to potential fatigue or failure over time.

On the other hand, using more flexible lines can help reduce these peak loads by allowing more move-
ment and absorbing some of the energy from dynamic forces. However, the downside is that greater
displacements can occur, which may result in the floating structure moving outside its operational lim-
its. This is especially problematic in shallow water, where there is less space for movement before the
structure comes into contact with the seabed or other obstacles.

Balancing these two factors, stiffness and flexibility, is required for the design of taut mooring systems
in shallow waters. The system must be designed to minimize the dynamic loads while keeping the
floater within its desired operational range.
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Semi-taut mooring system
Certain designs use a semi-taut mooring system, combining catenary and taut features. These lines
sag under their weight, allowing more vertical and horizontal movement than taut systems, reducing
fatigue and needing shorter lines than catenary systems [46, 43].

Ji et al. propose adding clump weights to the bottom of the mooring lines to create a catenary shape
near the bottom of the mooring line [59]. Therefore, the advantages of both mooring systems can be
applied. This is shown in Figure 2.5.

Figure 2.5: Clump weights added in taut mooring lines [59]

Single point mooring
Another notable mooring system is the Single Point Mooring (SPM), frequently used in the oil and gas
industries [100]. SPM systems offer a central pivot for the floater, allowing it to rotate freely while
maintaining its position. This configuration uses one main anchor connected to the floater, allowing
weathervaning, which helps reduce mooring line loads. SPM systems are generally simpler in design
compared to multi-point moorings, but they may offer less stability for certain applications. However, in
sheltered environments, such as nearshore wet storage sites, SPM could be a suitable option depend-
ing on the site’s environmental conditions.

Honeymooring
A novel approach that has been explored in the literature is the Honeymooring concept [49, 64]. This
system arranges mooring lines in a honeycomb pattern, reducing spatial footprint while maintaining
structural integrity. Honeymooring is particularly attractive for nearshore wet storage applications be-
cause it optimizes the use of limited space and reduces material costs. Its design aims to accommodate
large numbers of floaters within a confined area, which is critical for optimizing wet storage logistics.
While not yet widely implemented, Honeymooring represents a promising future direction for efficient
mooring configurations in offshore wind energy.

2.1.2. Mooring components
Mooring systems are composed of components like mooring lines, anchors, and connectors that sta-
bilize structures by resisting environmental forces. Their design considers environmental conditions,
water depth, seabed characteristics, and dynamic loads. This section addresses key mooring compo-
nents, their functions, types, and roles within the system.

2.1.3. Mooring lines
Mooring lines, integral to the stability and safety of marine structures, are designed based on the ma-
terial’s response to oceanic forces. Material choice is dictated by the application, each offering distinct
advantages in their operational environment. Mooring lines are usually composed of metallic chains,
metallic wires, or synthetic ropes [20, 106]. Mooring line materials can be classified by material type
as shown in Figure 2.6.
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Figure 2.6: Mooring line types according to construction material [20]

Metallic chains Metallic chains, made primarily of steel, are durable and resistant to seabed contact.
They come in studless and stud link varieties [98]. Stud link chains, with a bar (or ’stud’) across the
link, are used for shallow water mooring, offering ease of handling and a strong connection. Studless
chains, lacking the bar, are preferred for permanent mooring due to their lighter weight and longer
fatigue life, which is crucial in deep water applications where chain weight affects mooring dynamics
and economics.

Metallic wires Steel wire ropes, due to their elasticity, are ideal for tensioned mooring systems, espe-
cially in deepwater applications where chain weight is prohibitive. Available in single-strand and multi-
strand forms, their flexibility and stiffness can be customized. Protective coatings like polyurethane or
zinc reduce corrosion and increase longevity.

Synthetic fiber ines Synthetic ropes made from nylon, polyester, polypropylene, Kevlar, or high-
density polyethylene are highly elastic. Their stretchability under load provides damping beneficial for
deepwater mooring with dynamic loads. This elasticity and their lightweight make them suitable for
deepwater tether applications where traditional chain weight is a disadvantage.

Elastomeric lines Elastomeric mooring lines, made from natural or synthetic rubber, excel in elonga-
tion under load but are prone to abrasion and cutting, needing special attention in harsh environments.

A summary of the features of various line materials is given in Table 2.1.
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Table 2.1: Mooring line materials, adapted from the oil and gas industry [20]

Material Features Comments

Chain - Broad use experience
- Readily available

- Unsuitable for water depths greater
than about 450 m

- Susceptible to corrosion
- Good abrasion resistance

Steel Wire Rope - Broad use experience
- Readily available

- Unsuitable for water depths greater
than about 900 m

- Susceptible to corrosion

Polyester

- High dry and wet strength
- Moderate stretch

- Frequent use in deep water
taut moorings

- Most durable of all fibre line
materials

- Moderate cost

Nylon - High dry strength
- High stretch

- Wet strength about 80% that of dry
- Low fatigue life
- Moderate cost

Polypropylene and
Polyethylene

- Low weight
- High stretch

- Low strength
- Low melting point

- Susceptible to creep
- Low cost

HMPE
- Low stretch

- High strength to weight
ratio

- Replacing wire for towing-increased
handling safety
- High cost

Aramid
- Very low stretch

- High strength to weight
ratio

- Minimum bending radius similar to
steel wire rope

- Low abrasion resistance
- High cost

Elastomer
- Low weight

- High elongation capacity
- High tear strength

- Susceptible to cutting and breaking

Falkenburg SYrope Model
Mooring system design must consider the stiffness of the mooring lines, as this parameter plays a crit-
ical role in determining the dynamic response of the system. The Falkenburg SYrope model provides
an analytical framework for understanding the stiffness characteristics of mooring lines, with particu-
lar focus on synthetic fiber ropes such as nylon and polyester, which are commonly used in offshore
applications. This model is especially relevant to Floating Offshore Wind Turbines (FOWTs), where
environmental loads lead to significant elongation of the mooring lines.

As shown in Figure 2.7, the stiffness of polyester mooring lines is highly variable, depending on the
amount of stretch. This variability is important for mooring systems subjected to both static and dynamic
loads, as the stiffness will influence how the system responds to these different conditions.
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Figure 2.7: Variable stiffness characteristics of polyester mooring lines according to the Falkenburg SYrope model [36]

The Falkenburg model emphasizes the need to use dual stiffness values when analyzing mooring
systems. In this approach, different stiffness parameters are applied for static offsets and for dynamic
elongation, improving the predictive accuracy of mooring line behavior under varying load conditions.
This dual-stiffness approach is particularly useful in scenarios involving large displacements, such as
those experienced by FOWTs. Future studies should explore the application of this model in wet storage
scenarios, where the static offset is typically smaller, to determine if multiple stiffness values are needed
to enhance modeling accuracy in these conditions.

However, in the models used for this study, a single axial stiffness is employed, which is based on
the line diameter. This simplified approach is common in early-stage analyses, where computational
efficiency is a priority. As noted by Chang (2019), a frequency-domain approach with second-order
transformations can be used to incorporate nonlinear dynamic effects in fully coupled analyses. Still,
this study opts for a more streamlined model using a single stiffness value, recognizing that while
this simplification may reduce accuracy, it remains sufficient for preliminary evaluations of mooring
performance.

Both polyester and nylon mooring lines exhibit highly nonlinear axial stiffness, which is influenced by
several factors:

• Mean loads acting on the mooring line
• Amplitude of dynamic loads
• Loading frequency

For polyester ropes, the influence of load amplitude and frequency on axial stiffness is relatively minor,
allowing the stiffness to be approximated within reasonable bounds. Nylon ropes, on the other hand,
are far more sensitive to these factors, necessitating the use of a nonlinear hysteretic stiffness model
to accurately capture their behavior. This distinction is important in dynamic analysis, as nylon’s lower
stiffness can reduce peak loads during dynamic events, leading to smaller mooring components and
potential cost savings [81].

Depalo (2022) further highlights the complexity of modeling dynamic stiffness in nylon ropes. His study
shows that using a quasi-static stiffness model tends to underestimate peak mooring tensions by 30%–
40% when compared to dynamic models that account for stiffness changes under varying loads. In sim-
ulations of a taut-moored wave energy converter (WEC), nylon ropes produced lower mooring tensions
and allowed for greater WEC motions compared to polyester ropes, demonstrating nylon’s advantages
in certain applications. This underscores the importance of using dynamic stiffness models—especially
for nylon ropes—to prevent underestimating the loads on mooring systems.

When selecting mooring line materials, it is important to consider not only the immediate performance



2.1. Mooring systems 16

but also the long-term effects of usage. Synthetic fiber ropes, such as nylon and polyester, can expe-
rience stiffness changes over time due to factors like cyclic loading, internal heat generation, and fiber
wear. These long-term effects must be accounted for in the design process, often necessitating con-
servative safety factors to ensure the durability and reliability of the mooring system over its operational
life.

2.1.4. Auxiliary equipment
Auxiliary equipment such as buoyancy aids, clump weights, connectors, and tensioners can enhance
the functionality and reliability of mooring systems. Buoyancy aids, such as in-line mooring buoys, help
transfer loads through the connection system, enhancing overall fatigue resistance. However, while
these aids improve fatigue resistance globally, they can also cause localized stress concentrations,
potentially leading to fatigue reduction at specific points [7]. Clump weights assist in providing restoring
forces and limiting floater displacements, but their use requires caution due to the risk of line failure at
critical points such as the crown [38]. Additionally, in-line mooring load reduction devices are employed
to lower peak tension, thus improving the durability and performance of the mooring system. Examples
of such solutions include those offered by Dublin Offshore and TFI Marine [31, 95].

2.1.5. Anchors
At the end of a mooring line, various anchors can be used. The angle between the mooring line and the
seabed determines the suitable anchor. A key difference between catenary and taut mooring systems
is the vertical load on the anchor in taut mooring systems. An overview of a few anchor types is given
in Figure 2.8.

A drag embedment anchor (DEA), shown in Figure 2.9a penetrates the seabed, generating holding
capacity through soil resistance. DEAs are widely used and can resist large horizontal but not vertical
loads. They are suitable for catenary mooring systems where the mooring line meets the anchor at a
shallow angle [98].

Figure 2.8: Overview of six different anchor types [98]

A vertical load anchor (VLA), shown in Figure 2.9b penetrates the seabed more deeply to resist vertical
loads, making it ideal for taut leg mooring systems where the mooring line approaches at steep angles,
like 45°.
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(a) Illustration of traditional drag embedment anchor (b) Illustration of vertical load anchor

Figure 2.9: Comparison of drag embedment and vertical load anchors [74]

TLP systems depend largely on tendons and soil conditions. To improve them, redundant mooring lines
and soil-insensitive anchors, such as concrete gravity anchors, suction, and pile-driven type anchors,
can be used [63].

Suction pile anchors are hollow steel cylinders with a closed top and open bottom. They are installed
by creating a pressure difference in the pipe, driving the pile to its target depth. Friction along the pipe
walls and lateral soil resistance provide the holding capacity for horizontal and vertical loads [96].

Torpedo piles rely on kinetic energy to embed themselves at a target depth, making them suitable for
deep water moorings due to their ability to withstand vertical and horizontal loads without mechanical
handling [98].

Gravity or dead weight anchors rely on their weight and friction with the seabed for holding capacity
and do not embed themselves into the seabed. Driven piles are installed using hammers or vibrators,
and like suction piles, they rely on friction and lateral soil resistance for holding capacity [98].

Innovative anchors in development include dynamic tethers with springs, drilled anchors, and seabed
anchored foundations templates (SAFT) [45]. As all anchors interact with the seabed, understanding
soil mechanics is required. Standards like DNV-ST-N001 [30], DNV-RP-E301 [26], DNV-RP-E302 [27],
DNV-RP-E303 [28], and EN 1537 [33] should be consulted for compliance. Choosing between anchors
and piles is mostly an economic decision. Piles cost about 40% of equivalent capacity anchors but have
higher installation costs. See Table 2.2 for a cost comparison.

Table 2.2: Cost comparison between anchors and piles, in which plus means less expensive and minus means more
expensive, adapted from [98]

Pile Suction pile Anchor
Soil survey - - +
Procurement + - -
Installation spread - - +
Installation time - - +
Pile hammer - + +
Follower - + +
Pump unit + - +
Pretensioning + - -
Extra chain + + -
Rest value pile/anchor - + +
Removal of anchor point - + +
ROV + - +

Another type of mooring used in nearshore settings is the pile field. This approach, more common
in traditional harbor setups, involves a series of piles or dolphins arranged to secure vessels in place.
When adapted for offshore or wet storage mooring, pile fields can provide robust and reusable anchor-
ing points. This system is particularly suitable for shallow water locations where seabed penetration
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is feasible. While less flexible compared to mooring line-based systems, pile fields offer stability and
durability, especially in protected, low-energy environments.

Shared anchors
Offshore wind turbines are typically arranged so that multiple mooring lines can connect to a single
anchor point. This setup, beneficial for wet storage, allows turbines to be placed closer together, re-
ducing procurement costs and the number of offshore geotechnical investigations needed per anchor
[23]. Additionally, a multiline anchor system increases redundancy in the mooring design at a relatively
minor additional cost. By connecting each turbine to four anchors, as opposed to the more common
three-anchor configuration, the system offers higher redundancy and improved load distribution. This
additional anchor reduces the risk of mooring failure.

Figure 2.10: Potential wind farm configurations using multiline anchors [40]

Figure 2.10 shows wind farm configurations using multiline anchors, studied by Fontana et al. [40].
Their research shows anchor reductions up to 60% for 3-line and 79% for 6-line systems in a 100-turbine
floating wind farm. Fontana’s later study [39] with the NREL 5 MW turbine and OC4-DeepCwind semi-
submersible found that multiline anchors affect the average maximum anchor force: 16% decrease
for 3-line and 20% increase for 6-line anchors compared to single-line anchors. This impacts design
strength due to multidirectional loading. The study calculated anchor forces using vector summation
of line tensions at the shared anchor, considering both horizontal and vertical components. However,
assumptions like large fairlead-to-anchor distances, minor platform motions, FOWT spacing over 500
meters, and independent wave fields may not apply to wet storage scenarios.
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Figure 2.11: V-shape four-line mooring system for 14 turbines [104]

Wu et al. [104] propose a V-shape mooring system, shown in Figure 2.11, connecting mooring lines
from all sides of a floater to one anchor, forming a honeycomb pattern. This system, with similar tension
and platform offsets, and more stable yaw and heel angles, was tested in water depths of 250 to 1000
meters. Its use and behavior in shallower waters, relevant to wet storage, need further investigation.

2.2. Modelling of floating offshore wind foundations
This section outlines the techniques used for modeling mooring systems of floating offshore wind tur-
bines (FOWTs), focusing on rigid body dynamics, hydrodynamics, and diffraction analysis.

Modeling FOWTs is commonly done in the time domain due to the nonlinearities involved, such as
slow drift effects [87, 110, 29, 88]. Time-domain simulations are effective at capturing these nonlinear
behaviors, leading to a more accurate representation of FOWT dynamics. Therefore, the equations
of motion (EoMs) for FOWTs incorporate these nonlinearities to provide a complete description of the
system’s behavior [37, 86].

While frequency-domain modeling offers the advantage of reduced computation time, it requires the
linearization of the system. This method is useful for initial assessments and comparative studies of
mooring systems, as it allows for rapid evaluations. However, frequency-domain analysis can under-
estimate loads and responses because it neglects low-frequency second-order effects. A contributing
factor to this underestimation is the use of the Newman approximation, which is known to undervalue
the second-order response [94].

2.2.1. Hydrodynamics
The hydrodynamic behavior of floating platforms is governed by fluid-structure interactions, which in-
clude both forces acting on the structure and the motions of the structure in response. These interac-
tions can be categorized into two primary components: diffraction, which accounts for the fluid’s effect
on the structure, and radiation, which considers the waves generated by the movement of the struc-
ture. Hydrostatics, on the other hand, deals with buoyancy and restoring forces that act to maintain the
stability of the platform.

To estimate hydrodynamic loads, various theoretical models can be applied depending on the char-
acteristics of the floating structure. For slender bodies such as SPAR platforms, where the diameter
is much smaller than the wavelength, the Morison equation is often appropriate. This equation sim-
plifies the hydrodynamic force into two components: drag and inertia, assuming that wave diffraction
effects are minimal. However, for larger structures like semi-submersibles, diffraction and radiation
effects dominate, making potential flow theory more suitable to accurately model the wave-structure
interaction [97].

In deep water, the wave exerting hydrodynamic loads can can be modeled using a harmonic function,
and the wave dispersion relation is given by:
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ω2 = gk tanh(kh) (2.8)

where ω is the angular frequency, g is gravitational acceleration, k = 2π
λ is the wave number, and λ is

the wavelength.

The classification of water depth into shallow, intermediate, and deep waters depends on the ratio
between water depth (h) and wavelength (λ):

Shallow water: d

λ
< 0.05

Intermediate water: 0.05 ≤ d

λ
< 0.5

Deep water: d

λ
≥ 0.5

(2.9)

Understanding these classifications is essential for the selection of appropriate wave theories to model
the behavior of floating structures in different environments. The applicability of wave theories is illus-
trated in Figure 2.12, which shows the range of non-dimensional wave heights and water depths where
various wave theories apply. In the context of wet storage, extreme sea states are typically avoided,
so not all wave theories will be relevant to this study. The figure serves as a guide to the selection of
appropriate wave models for different hydrodynamic conditions.

Figure 2.12: Applicability of wave theories [16]

In this thesis, wave loads are modeled using potential flow-based diffraction analysis, as it is well-suited
for large offshore structures like semi-submersibles, where both diffraction and radiation play significant
roles. The analysis incorporates wave interactions with the structure and their impact on platform
motions, ensuring that the hydrodynamic response is well-represented for the expected environmental
conditions in the wet storage site.

Potential flow theory
Potential flow theory describes the flow around a body as incompressible (though incompressibility is
not strictly necessary), inviscid, and irrotational. The velocity field is represented as the gradient of a
scalar function, known as the velocity potential.
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The velocity potential ϕ is used to describe the fluid velocity vector V (x, y, z, t) = ⟨u, v, w⟩ at time t at
the point x = ⟨x, y, z⟩ in a Cartesian coordinate system fixed in space [37].

V = ∇ϕ = i
∂ϕ

∂x
+ j

∂ϕ

∂y
+ k

∂ϕ

∂z
(2.10)

i, j, and k are unit vectors along their respective axes. The velocity potential does not have physical
meaning by itself but is used for the mathematical analysis of an irrotational fluid. This characterization
of an irrotational velocity field stems from the fact that the curl of the gradient of a scalar is zero ev-
erywhere in the fluid. The vorticity vector ω is obtained using the gradient operator ∇ and the velocity
vector V .

ω = ∇× V = 0 (2.11)

For floating structures, hydrodynamic loading typically consists of first-order and second-order wave
loads.

First-order wave loads First-order wave loads, or linear wave loads, are the primary forces exerted
on floating offshore structures due to incident waves. These loads cause the structure to oscillate with
the same frequency as the waves, including incident, diffraction, and radiation wave loads. Mathemat-
ically, these forces are expressed as follows [37, 109]:

Fwave = Fincident + Fdiffraction + Fradiation (2.12)

where:

• Fincident: force due to the incident wave potential.
• Fdiffraction: force due to diffraction potential, caused by wave field disturbance due to the structure.
• Fradiation: force due to radiation potential, from waves generated by the structure’s oscillations.

The incident and diffraction wave forces can be represented by:

Fincident + Fdiffraction = −iωρ

∫
S

ϕincidentn ds− iωρ

∫
S

ϕdiffractionn ds (2.13)

The radiation wave force is given by:

Fradiation = −Aq̈−Bq̇ (2.14)

Here, ω is the wave frequency, ρ the water density, ϕincident and ϕdiffraction are the incident and diffraction
potentials, n is the normal vector to surface S, A is the added mass matrix, B is the radiation damping
matrix, and q̈ and q̇ are the acceleration and velocity vectors of the structure.

Diffraction analysis Diffraction analysis examines wave-structure interactions to assess hydrody-
namic forces on floating offshore wind turbines (FOWTs). OrcaWave, utilizing potential flow theory,
computes wave-induced loads and structural responses [67]. Linear diffraction methods, as used in
OrcaWave, assume small wave amplitudes, whereas nonlinear methods handle large amplitudes but
are computationally intensive [72].

In OrcaWave, the velocity potential ϕ is computed across mesh panels to evaluate the pressure on
the structure’s surface, leading to results such as added mass, damping, Load Response Amplitude
Operators (RAOs), and Quadratic Transfer Functions (QTFs). These parameters inform the dynamic
response of FOWTs under various wave conditions.

The physical problem to find the wave potentials ϕincident, ϕdiffraction, and ϕradiation involves solving a
boundary value problem (BVP) based on Laplace’s equation for an incompressible, irrotational flow:
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∇2ϕ = 0 (2.15)

This equation must be solved subject to boundary conditions:

• At the free surface: The dynamic and kinematic free-surface boundary conditions need to be
satisfied, which account for wave motion and the pressure continuity at the air-water interface.

• At the body surface: The Neumann boundary condition requires the normal velocity at the body
surface to match the velocity of the body. This enforces the impermeability condition at the struc-
ture.

• At the seabed: The velocity normal to the seabed is zero, ensuring that there is no flow through
the seabed.

• At infinity: A radiation condition ensures that waves radiate outward and do not reflect back into
the domain.

Solving this boundary value problem yields the incident potential ϕincident, diffraction potential ϕdiffraction
(due to the presence of the structure), and radiation potential ϕradiation (due to the structure’s ownmotion),
which are then used to calculate the corresponding forces on the structure.

Load Response Amplitude Operators (RAOs) quantify the dynamic response of a structure to wave
loads. In OrcaWave, RAOs are calculated using the Haskind relations or the diffraction load formula.
They provide frequency-dependent response measures, which are critical for designing mooring sys-
tems and assessing how wave loads influence dynamic loads and mooring tensions.

Shallow waters alter wave behavior and hydrodynamic loading. As the depth decreases, wave speed,
wavelength, and wave height change, which modifies diffraction patterns and the resulting forces on
the structure. Though the change in wave height only occurs if the assumptions for deep water wave
equations no longer hold. Separate diffraction analyses are necessary for different depths to accurately
capture these effects.

Second-order wave loads Second-order wave loads are nonlinear forces at frequencies equal to
the sum and difference of incident waves. Although marine structures are generally designed to avoid
first-order wave energy, the second-order spectrum is harder to avoid and can excite the structure’s
natural frequencies, causing resonant response. These forces include mean drift, difference-frequency
and sum-frequency wave loads [73].

The second-order wave forces can be decomposed into three components:

F2nd = Fmean + Fdifference + Fsum (2.16)

where:

• Fmean is the frequency-dependent mean force.
• Fdifference is the difference-frequency wave drift force, which oscillates at difference-wave frequen-
cies.

• Fsum is the sum-frequency wave force, which oscillates at sum-wave frequencies.

The focus of this analysis is on difference-frequency forces, as sum-frequency forces are more relevant
for very taut mooring systems or Tension Leg Platforms (TLPs). This is because sum-frequency forces
oscillate at higher frequencies, which are more likely to excite the higher natural frequencies of taut
systems like TLPs. These systems have higher stiffness and therefore higher natural frequencies,
making them more susceptible to excitation by sum-frequency loads. In contrast, platforms like semi-
submersibles or those with catenary mooring systems tend to have lower natural frequencies, making
them more susceptible to difference-frequency forces, which oscillate at lower frequencies and align
more closely with the natural periods of these platforms.

According to Pinkster (1975), the second-order wave forces determined by direct pressure integration
can be expressed as [82]:
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F2nd =
1

2
ρg

∫
WL

ξ(1)r ·ξ(1)r n dl+

∫
S0

(
1

2
ρ
(
∇ϕ(1)

)2

n+ ρX · ∇∂ϕ(1)

∂t
n+Ms · Ẍg + ρ

∂ϕ(2)

∂t
n

)
ds (2.17)

where ρ is water density, g is gravitational acceleration, n is normal vector, ϕ(1) is first-order velocity
potential, ξ(1)r is relative wave elevation, S0 is mean wetted surface, X is floating body motion, Ms

is mass matrix of the floating structure, Ẍg is center of gravity acceleration, and ϕ(2) is second-order
velocity potential.

Viscous load In potential flow theory, viscous effects are neglected. However, viscous drag forces
can be for hydrodynamic loading on structures. These forces are calculated using the drag term of the
Morison equation, accounting for the fluid force on a slender structural member’s cross-section [70].
The viscous drag force is expressed as:

dFviscous =
1

2
ρCdA |uf − us| (uf − us) dl (2.18)

where Cd is the drag coefficient, A is the projected area of a unit length cylinder perpendicular to the
flow, uf is the fluid velocity, us is the structure’s velocity, and dl is the differential length along the
cylinder.

Mooring system load Mooring systems maintain the position of floating structures by providing
restoring forces that counteract environmental loads. This study employs the lumped mass method
to discretize cable dynamics along a mooring line. The mooring line is divided into N segments, each
characterized by properties such as unstretched length, diameter, density, Young’s modulus, and damp-
ing coefficient.

Hall et al. [48] describe the motion equation for each mooring line segment i as:

mi + ai︸ ︷︷ ︸
mass and added mass

r̈i = Ti+ 1
2
−Ti− 1

2
+Ci+ 1

2
−Ci− 1

2︸ ︷︷ ︸
internal stiffness and damping

+ Wi +Bi︸ ︷︷ ︸
weight and contact

+Dpi
+Dqi︸ ︷︷ ︸
drag

(2.19)

where mi is the mass of the i-th node, ai is the added mass at the i-th node, r̈i is the acceleration
vector of the i-th node, Ti+ 1

2
and Ti− 1

2
are the tension forces at the nodes i+ 1

2 and i− 1
2 , Ci+ 1

2
and

Ci− 1
2
are the internal damping forces at the nodes i + 1

2 and i − 1
2 , Wi is the weight force, Bi is the

buoyancy force, Dpi
is the transverse drag force, and Dqi

is the axial drag force.

In OrcaFlex, lines aremodeled using a lumpedmass approach, representing the line asmasses (nodes)
connected by massless springs (segments), like beads on a necklace. Properties such as mass, buoy-
ancy, and drag are concentrated at the nodes. The line, divided into sections of specified lengths,
types, and segments, employs a finite element approach. The nodes aggregate the line’s properties,
while segments account for axial and torsional properties, allowing accurate simulation of mooring line
dynamics [80]. Figure 2.13 illustrates the discretization of a physical object into nodes and segments,
a technique employed in the modeling of mooring lines.
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Figure 2.13: Discretized line model in OrcaFlex [80]

2.2.2. Differences between offshore and nearshore locations
Floaters are designed for offshore locations, which are different from wet storage locations. A key differ-
ence is water depth; nearshore locations have shallow waters, affecting wave behavior [53]. Nearshore
wave conditions are shaped by shallower depths, leading to wave transformations such as refraction,
shoaling, and breaking. Offshore waves are not affected by the seabed until they approach the coast.
Refraction occurs as waves near a coastline at an angle are deflected due to decreasing wave celerity
c with depth.

As shown in Figure 2.14, the wave direction changes, aligning the crests with the depth contours. Snell’s
law, which governs refraction at material boundaries, applies to shoaling when long-crested waves of
constant period cross a bottom step from deeper to shallower water [47]. Waves are influenced by
currents influenced by tidal, wind, or waves, and river flows. With the current, waves increase celerity,
becoming longer and flatter, while opposing currents cause waves to break earlier, impacting mooring
system design. Refraction can also occur if waves pass through areas with varying current velocity.

Figure 2.14: Wave refraction when waves approach a coast line [47]
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Shoaling occurs as waves approach the shore. As waves move from deep to shallow water, their
celerity and wavelength decrease, and wave height increases until they break [41]. Near the coast,
nonlinear effects become significant [32]. The time-averaged energy in the control volume shown in
Figure 2.15 should be conserved. The figure illustrates the shoaling effect with waves becoming shorter
and taller.

Figure 2.15: Conservation of mechanical energy flux between section A and B [32]

As wave energy passes through water, it sets water particles in orbital motion. Figure 2.16 shows
wave energy changes over different depths as per Airy wave theory. In deeper waters, the circular
orbital motion of water particles near the surface has diameters approximately equal to the wave height,
and the energy decreases exponentially with depth; below a depth of half the wavelength (D = 1/2 L),
the water is not affected by the wave [69]. In shallower water, seabed interaction flattens orbits. At
intermediate depths, particles move elliptically, flattening and shrinking towards the seabed. At the
bottom, particles move horizontally. In shallow water, the horizontal back-and-forth movements are
uniform with depth.

Figure 2.16: Squeezing of orbitals for shallower water and exponential decay of wave energy [69]

The wave energy distribution and changes in orbital motion from deep to shallow water significantly im-
pact mooring system design. In shallow waters, wave energy is directed more horizontally, influencing
the surge and sway degrees of freedom (DOFs) of moored bodies more than the heave, whereas in
deeper waters, wave energy is distributed more uniformly across all directions. The load Response
Amplitude Operators (RAOs) of a floating structure are influenced by variations in both draft and water
depth. The draft of a moored body depends on its buoyancy, which is primarily determined by the dis-
placed water volume and the structure’s weight, not directly by wave-induced particle motion. However,
for bodies with nonuniform shapes, such as floaters composed of columns connected by pontoons, the
hydrodynamic effects on different parts of the structure (e.g., the pontoons) can vary significantly with
water depth, influencing the dynamic behavior of the floater.
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It is important to emphasize that nonlinear wave theories, such as Stokes theory, provide a more accu-
rate description of water particle motions in shallow waters compared to Airy wave theory, especially
when wave amplitudes are larger [69, 16].

2.2.3. Equations of motion
The floater supporting the wind turbine is treated as a rigid body. The complete nonlinear time-domain
equations of motion of the coupled RNA, tower, floating platform, andmooring system are of the general
form [61, 110]:

(M +A∞)q̈ + Cq̇ +Kq = F (t) (2.20)

where:

• M is the mass matrix of the floater.
• A∞ is the added mass at infinite frequency.
• q̈, q̇, q are the acceleration, velocity, and displacement vectors of the platform in 6 degrees of
freedom (DOFs).

• C is the damping matrix.
• K is the hydrostatic stiffness matrix.
• F (t) represents the external forces acting on the system, including first-order wave-excitation
forces, viscous drag forces, aerodynamic loads, mooring system restoring forces, and frequency
dependent radiation forces.

The external forces F (t) can be decomposed as follows:

F (t) = FI(t) + FViscous(t, q̇) + Fc(t, q̇) + FAero(t) + Fm(t, q) (2.21)

where:

• FI(t) are the first- and second-order wave-excitation forces.
• FViscous(t, q̇) are the hydrodynamic viscous-drag forces.
• FAero(t) are the aerodynamic loads.
• Fm(t) is the force from the mooring system.
• Fc(t, q̇) is the radiation force, which can be expressed as:

Fc(t, q̇) = −
∫ t

0

R(t− τ)q̇(τ)dτ (2.22)

where R(t− τ) is the retardation function, formulated as:

R(t) =
2

π

∫ ∞

0

b(ω) cos(ωt)dω (2.23)

with b being the linear radiation damping matrix.

2.2.4. Frequency domain analysis
Although less accurate than time domain analysis, frequency domain (FD) analysis is highly valued
for its computational efficiency. FD has been widely used in floating offshore wind (FOW) due to this
efficiency. For example, Wang et al. [99] employ frequency domain models to predict FOWT responses
by linearizing the governing equations, allowing for the efficient handling of complex hydrodynamic
interactions. Similarly, Brommundt et al. [18] utilize frequency domain methods to optimize mooring
systems, where linearization simplifies the dynamic behavior and reduces computational cost.
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OrcaFlex solves the dynamic response at wave frequency by using linear mappings from the wave
elevation process to the load process and from the load process to the response process [79]. This
method involves deriving a complex vector-valued linear transfer function λ(fn), which maps the wave
elevation process η(fn) to the load process l(fn). The wave elevation process η(fn) is calculated from
the wave elevation spectrum Sη(fn) using the same discretization methods as available in the time
domain.

Linear Airy wave theory is used to relate wave elevation to velocity and acceleration at model positions,
considering added mass, linear damping, and viscous drag, resulting in a load on the object.

Next, OrcaFlex derives a complex matrix-valued linear transfer function X(fn) that maps the load pro-
cess l(fn) to the response process x(fn):

X(fn) =
[
−(2πfn)

2M + i2πfnC +K
]−1 (2.24)

Here, M is the system inertia matrix, C is the system damping matrix, and K is the system stiffness
matrix.

Finally, these transfer functions are combined to obtain the response process for each wave component
fn:

x(fn) = X(fn)λ(fn)η(fn) (2.25)

The input and output of the frequency domain solver are stochastic, and the result process describes
the statistics of the result over the whole ensemble of realizations, i.e., over all possible synthesized
wave and wind realizations.

Linearization
In frequency domain analysis, equations are linearized around static equilibrium. OrcaFlex solves
EoMs by discretizing time and using numerical integration. The system is linearized by approximating
nonlinear behavior at the evaluation point. Nonlinearities in the OrcaFlex model, like hydrodynamic
drag, radiation damping, aerodynamic loads, and mooring forces, need linearization.

The wave elevation-loading relation λ and loading-response relation X are nonlinear if second order
wave loads are applied. They are linearized using the Jacobian matrix of the relationship, evaluated
with the model in the static state. Essentially, the Jacobian is the first-order derivative of the function at
the evaluation point. For instance, the system’s stiffness is linearized using the tangent stiffness matrix
calculated after statics.

The standard linearization procedure includes:

1. Static Analysis: Conduct a static analysis to determine the static equilibrium and operating point.
2. Jacobian Matrix Calculation: Calculate the Jacobian matrix, representing first-order partial deriva-

tives of the equations at the operating point.
3. State-Space Representation: Use the Jacobian matrix to derive the linearized state-space repre-

sentation.

Friction and Drag Linearization Unique methods are required to linearize friction and drag. Seabed
friction is applied through the standard Coulomb friction model in the solid plane. Seabed friction for
nodes is linearized using tangent stiffness, assuming nodes remain on the pre-slip curve. Other friction
types are based on static positions and tangent stiffness. Drag linearization uses equivalent lineariza-
tion, applying the Minimum Mean Square Error (MMSE) approach to minimize the mean square error
between linear and nonlinear solutions.
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Results extraction
To generate results in the frequency domain, OrcaFlex calculates the result process r(fn) for the spe-
cific result of interest, such as surge motion of the platform at a specific point. This involves applying
a complex linear transfer function ρ(fn), which maps the response process x(fn) to the result process
r(fn):

r(fn) = ρ(fn)
∗x(fn) (2.26)

The spectral density of the result process at frequency fn is calculated as:

Sr(fn) =
r(fn)r(fn)

∗

dfn
(2.27)

where ∗ denotes the complex conjugate. The spectral density plots help visualize how energy is dis-
tributed across different frequencies.

The RAO plots, represented as |RAO|, indicate the amplitude of the transfer function that maps the
wave elevation process to the result process. It is given by the square root of the ratio of the spectra:

|RAO| =

√
Sr(f)

Sη(f)
(2.28)

These plots are used to understand the system’s dynamics and identify resonant frequencies that could
impact mooring system performance. Resonant frequencies can also be determined by modal analysis,
where natural frequencies are derived by solving the eigenvalue problem using the system’s mass and
stiffness matrices.

Most Probable Maximum (MPM) The Most Probable Maximum (MPM) estimates the likely extreme
value of a stochastic process in a given duration, important for mooring system safety and reliability.
Calculated under a Rayleigh distribution for stationary Gaussian processes, the standard deviation σ
is the square root of the zeroth moment of the spectral density [79].

σ =
√
m0 (2.29)

where m0 is the zeroth moment, calculated as:

m0 =
∑
n

fnr(fn)r(fn)
∗ (2.30)

The mean period of zero up-crossings Tz is calculated as:

Tz =

√
m0

m2
(2.31)

where m2 is the second moment of the result spectral density.

The mean period of crests Tc is given by:

Tc =

√
m0

m4
(2.32)

where m4 is the fourth moment of the result spectral density.

The spectral bandwidth ϵ is calculated as:
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ϵ =

√
m3

2

m0m2
4

(
1−

(
m2

2

m0m4

))
(2.33)

The MPM of the dynamic part of the result process, occurring in duration T , is:

MPM = σ

√
2 ln

(
T

Tz

)
(2.34)

These statistical measures help in evaluating the performance and safety of mooring systems by pre-
dicting extreme responses under various conditions.



3
Framework development

This chapter introduces the methodology used to evaluate and compare mooring systems for the tem-
porary wet storage of floating offshore wind turbines. It consists of three sections: the Multi-Criteria
Decision Analysis (MCDA), the design basis, and the assumptions. The MCDA provides a framework
for comparing different mooring concepts, the design basis establishes the essential parameters and
environmental conditions for the mooring systems, and the assumptions clarify the constraints guiding
the system design.

3.1. Multi-Criteria Decision Analysis
This section presents the framework to evaluate and differentiate mooring concepts using Multi-Criteria
Decision Analysis (MCDA). MCDA sets out criteria for assessing and scoring concepts, typically apply-
ing the Weighted SumMethod (WSM). TheWSM is particularly useful as it incorporates the importance
of each criterion through weights, providing comparative results. Although WSM does not always lead
to Pareto-optimal outcomes, as noted by Scott et al. [90], it is adequate for the early design stages of
this analysis. Furthermore, the MCDA takes into account site-specific factors and focuses on minimiz-
ing computational time.

3.1.1. Criteria
The criteria are introduced and explained in the following subsections. A summary is given in Table 3.1.
After that in subsection 3.1.2 the dependencies between the criteria are discussed.

Table 3.1: Criteria to access

Criterion Unit
Dynamic behavior Fairlead and anchor tensions & floater motions
Spatial utilization Number of floaters per unit area
Accessibility Distance between floaters

Hook-up efficiency Time and equipment required for connection and disconnection
Cost Total material costs

Dynamic behavior
Dynamic behavior refers to how the mooring systems respond to environmental variations, including
waves, wind, currents, and tides. Key indicators include fairlead tensions, anchor tensions, and floater
motions. Fairlead tensions represent the forces exerted at the floater’s connection point with the moor-
ing lines. Anchor tensions reflect the load transferred to seabed anchors, requiring larger anchors for
higher forces. Floater motions, including displacements and velocities, are assessed as excessive
motions increase the risk of collisions or structural failure.

This is the most important criterion. Only if dynamic behavior is deemed feasible can a mooring config-
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uration be viable, and the other criteria become relevant.

Spatial utilization
Referring to the main research question (section 1.4), it is essential to ensure adequate spatial utiliza-
tion. This can be measured by the number of floaters in an area defined by the mooring configuration’s
geometry and its seafloor footprint. Maximizing spatial utilization involves placing the floaters close
together without causing collisions. Semi-submersible platforms are large, making spatial utilization
important. For mooring line concepts, minimizing the anchor distance can enhance spatial use but
may affect accessibility.

Aligned with the primary research question (section 1.4), spatial utilization is assessed to ensure effi-
cient use of the designated area. The number of floaters within a specific area, defined by the mooring
configuration and seafloor footprint, measures this criterion. Maximizing spatial utilization involves
selecting configurations that accommodate the highest number of floaters without compromising ac-
cessibility or safety.

Accessibility
Accessibility is determined by the ability for tugs and other vessels to access the connection points of
the design. Various types of tugs have been used in FOW projects, including Heavy Anchor Handling
Tug Supply vessels (AHTSs) such as the BOKA Falcon, with an overall length of 93.4 m, for offshore
transport [17]. Inshore harbour tugs, which typically range from 20 to 32 meters, have been utilized in
sheltered areas [21]. The mooring configuration scores high on accessibility if there is enough room
for tugs to maneuver. The required maneuvering room depends on the specific project and can be set
as a constraint.

Accessibility is determined by the ease with which tugs and other vessels can access the connection
points of the mooring configuration. Various types of tugs have been used in FOW projects, including
Anchor Handling Tug Supply (AHTS) vessels, such as the BOKA Falcon [17]. Mooring configurations
must ensure adequate room for vessel maneuvering. Larger floater displacements, as seen in catenary
systems, can complicate access, whereas taut mooring systems provide more stable and predictable
environments, improving accessibility for maintenance and operations

Hook-up efficiency
Hook-up efficiency assesses the complexity and time required to connect and disconnect the mooring
system. Catenary systems generally offer higher hook-up efficiency due to lower pretension require-
ments and simpler connection procedures. In contrast, taut systems, which require precise tensioning,
are more complex and time-consuming.

Cost
Cost is primarily determined bymaterial requirements, including the number and length of mooring lines,
line size, and additional hardware. Catenary systems, while more material-intensive due to longer lines,
benefit from less expensive horizontal anchoring systems. Taut systems, on the other hand, rely on
costlier vertical load anchors, which may increase total expenses.

3.1.2. Dependencies
Each criterion has varying degrees of interdependence with the others. For instance, there is often
a trade-off between maximizing spatial utilization and maintaining accessibility. Placing floaters too
closely to enhance spatial use can hinder tug maneuverability, reducing accessibility. Another example,
improved dynamic behavior positively influences spatial utilization by allowing for tighter spacing of
floaters. A positive sign pointing towards cost indicates that costs decrease, which is favorable.

Figure 3.1 illustrates these interdependencies.
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Figure 3.1: Interdependence of criteria

3.1.3. Weights
The criteria are assigned relative weights to reflect their importance. This weighting system ensures
that concepts excelling in more important criteria achieve higher overall scores.

Dynamic behavior is the most important criterion and, thus, carries the most weight. Adequate spatial
utilization follows, given its critical role in the congested sheltered areas where wet storage will take
place, as reflected in the research questions. The other criteria, while still important, have comparatively
lower weights.

Table 3.2: Weights

Criteria Weight
Dynamic behavior 50
Spatial utilization 20
Accessibility 15

Hook-up efficiency 10
Cost 5
Total 100

3.2. Design basis
The design basis for the temporary mooring system of floating offshore wind turbines (FOWTs) is es-
tablished by considering several categories: the floater, environmental conditions, mooring system
configurations, and logistical requirements. These categories outline specific choices and constraints
that guide the overall approach to the design and analysis of the wet storage mooring system.

A schematic representation of the design basis is shown in Figure 3.2.
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Figure 3.2: Design basis for a wet storage mooring system

The focus is on semi-submersible platforms, which present logistical challenges due to their large size
and slow production rate. These platforms are selected because of their alignment with the industry’s
trend toward larger turbines for floating offshore wind projects. The VolturnUS-S 15MW floater, an open-
source and industry-aligned reference design, is chosen for this study [4]. No changes are made to the
floater’s original design, as the wet storage system must accommodate floaters designed for offshore
operations. The floater draft can be varied using fluid ballast. Ballast fluids cannot be discharged due to
environmental regulations. Grounding is avoided to minimize both environmental and structural risks,
as the floater is not designed to withstand grounding or submerged loads.

The environmental conditions in this study are based on sheltered locations outside breakwaters to
avoid harsh ocean conditions. These areas protect from direct waves, making them suitable for tempo-
rary storage. Nearshore conditions with shallow depths and high tidal influence are considered in the
mooring system’s performance. The environmental data is from existing sources and the analysis is
based on one case study. All environmental forces are assumed to come from the positive Y direction,
though future research may explore different wave headings to assess the system’s yaw response.

Mooring configurations aim to maximize space use, ensure accessibility, and prevent floater collisions.
Floater spacing allows close placement without affecting turbine power generation. The minimum an-
chor distance is 85 meters from the floater center, resulting in a 47-meter horizontal separation. This
allows floater rotation and keeps mooring line tension within limits. Only fully installed mooring spreads
are modeled in detail.

Logistical considerations are centered around the storage of floaters without turbines, as this reduces
the complexity of operations and minimizes risks associated with WTG installation. The storage dura-
tion can vary from a few days to as long as one year, requiring a flexible and robust mooring system.
The floater cannot leave the storage site if adverse weather is forecasted, and quick, easy hook-in and
hook-out procedures are critical for efficient operations. Minimizing pretension in the mooring lines is
essential to reduce handling difficulties and avoid delays in the deployment process. The design is
intended to maintain access to all floaters throughout the storage period.



4
Model development and validation

The previous chapter outlined the design basis and assumptions for mooring systems in wet storage
locations, focusing on stability, scalability, and environmental compatibility. This chapter focuses on the
development and validation of the catenary and taut mooring models selected during ideation. Using
the open-source VolturnUS-S floating platform, the models simulate mooring system performance in
various environments and validate the results against both literature and standards. The following
sections describe the environmental conditions, the case study location, and the validation process,
ensuring that the models are reliable for informed decision-making through the Multi-Criteria Decision
Analysis (MCDA).

4.1. Environmental conditions
To describe a wet storage mooring configuration, the environmental conditions must be defined at a
representative site. Wet storage is typically located near manufacturing/fabrication (MF) or staging and
integration (S&I) harbors [93]. Due to limited space within harbors, storage is suggested outside harbor
breakwaters.

Measured data is the most accurate source for environmental conditions, but long-term data collection
is not available for every location worldwide [52]. Therefore, a variety of data sources are used in
engineering contexts to obtain the necessary environmental information.

For wave data, measurements from wave buoys or higher fidelity models such as SWAN are recom-
mended, particularly in shallow water applications [2, 1, 89]. In this modeling case, high-resolution
refers to spatial and temporal resolutions fine enough to capture nearshore effects, such as wave re-
fraction and diffraction in shallow waters. For wind data, global reanalysis datasets such as ERA-5 can
be used due to their sufficient quality and coverage. The wind data from ERA-5 has been validated in
various studies, demonstrating its reliability for engineering applications [52].

The effects of climate change on wind patterns in the North and Baltic Seas have been analyzed using
ERA-5 reanalysis data, highlighting its applicability for regional studies [15]. Furthermore, global studies
on port operability indicators, such as those conducted by Wiegel, have identified wind, short waves,
and infragravity (IG) waves as critical factors. Wiegel’s study utilizes ERA-5 reanalysis data and applies
linear wave theory to translate this data to nearshore conditions [101].

To run the analysis for wet storage mooring configurations, the following environmental conditions are
considered:

• Wind data from ERA-5, providing sufficient quality for engineering purposes.
• Wave data from high-resolution measurements, such as wave buoys, especially for shallow water
applications.

• Tidal data specific to the site to account for water level variations.
• Local current profiles
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Defining environmental conditions at a representative site ensures accurate and reliable mooring sys-
tem performance analysis for wet storage.

4.1.1. Case study location
The focus on the Celtic Sea is driven by the extensive offshore development and the availability of
environmental data, as illustrated in Figure 4.1. However, wet storage is expected to be in the Severn
Estuary near these leasing zones, where harbors are located.

Figure 4.1: Celtic Sea FLOW leasing zones [65]

Waves and tides
The National Network of Regional Coastal Monitoring Programmes of England manages a network
of nearshore wave buoys around England, some of which are in locations relevant to wet storage
applications [85]. The locations of the wave measuring sites are shown in Figure 4.2. These Directional
Waveriders are mostly deployed in 10 to 15 m water depths.
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Figure 4.2: Locations of Directional Waveriders [85]

The buoys are placed between 0.4 and 16.2 km offshore, and the following buoys are of particular
interest due to their proximity to offshore wind developments and sheltered locations:

• Buoy 34 in Minehead
• Buoy 35 in Weston Bay
• Buoy 36 in Rhyl Flats

From these options, the Minehead buoy was selected for analysis, as it is the most sheltered from long-
period swell originating from the open sea. Its location within the Bristol Channel provides protection
from significant offshore wave energy, making it representative of the type of nearshore environment
that could be used for wet storage.

A storm analysis for the Minehead buoy was performed, as shown in Table 4.1. The wave periods Tp

of 9.1 s and 8.3 s were observed, with the Tp of 9.1 s selected for a more conservative model, as it
is closer to the expected natural frequencies of the floater. Furthermore, the highest significant wave
height (Hs) of 3.08 m was chosen to ensure a conservative assessment.

Table 4.1: Storm analysis for the Minehead buoy [85]

Date/Time Hs (m) Tp (s) Tz (s) Dir. (◦)
Water level

elevation*

(OD)

Tidal stage

(hours re.

HW)

Tidal

range

(m)

Tidal

surge

(m)

Max.

surge

(m)

18-Feb-2022

12:00:00
3.08 9.1 6.8 302 -2.65 HW +5 8.06 0.56 1.58

20-Feb-2022

23:00:00
3.00 8.3 6.9 300 1.34 HW 8.22 0.13 0.79
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This case study uses a 10-meter tidal range over a 40-meter water depth, which is higher than the
maximum tidal range observed at the Minehead buoy (8.22 meters). The 10-meter range was chosen
to provide a more conservative estimate, taking into account the higher tidal ranges found in nearby
areas of the Severn Estuary, where tidal ranges can reach up to 14 meters [13]. This ensures that the
analysis covers a broader range of potential conditions in the region.

For the analysis, a JONSWAP spectrumwas used to represent the irregular wave conditions, a standard
approach in the industry [62]. The Hs of 3.08 m was selected as the higher value for conservatism,
while the Tp of 9.1 s was chosen as it aligns the wave period closer to the expected natural frequencies
of the floater, ensuring a more robust assessment.

The spectral density is shown in Figure 4.3. The model accounts for wave periods down to 2.5 s,
capturing all significant wave energy. The wave energy peaks at 0.11 Hz (corresponding to Tp of 9.1 s)
and follows a long-tail distribution toward higher frequencies. Frequencies up to 0.4 Hz are included,
as wave energy beyond this point is considered negligible.

Figure 4.3: Spectral density wave train

Wind
DNV-ST-N001 provides guidance on the wind data required. The design wind speed is generally taken
as the 1-minute mean velocity at a reference height of 10 m above sea level [30]. This can be derived
from ERA-5 reanalysis data, resulting in a mean wind speed of 17.1 m/s, which is considered a conser-
vative estimate for the design basis [52]. This wind speed value, sourced from the Global Wind Atlas,
ensures the robustness of the system against extreme wind conditions. The NPD spectrum is used for
representing the wind conditions in the modeling [75]. It is expected that the wave loads on the floaters
will dominate compared to the wind loads.

How wind is modelled on floater Wind is modeled in OrcaFlex using the OCIMF method [76], which
calculates surge, sway, and yaw drag loads on a stationary vessel. Although originally intended for
tankers, the OCIMF method can be applied to other vessel types with appropriate adjustments.
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Drag loads from relative velocities in the 6 degrees of freedom (DOFs) are expressed as:

fx =
1

2
Csurgeρ |v|2 Asurge

fy =
1

2
Cswayρ |v|2 Asway

fz =
1

2
Cheaveρ |v|2 Aheave

mx =
1

2
Crollρ |v|2 Aroll

my =
1

2
Cpitchρ |v|2 Apitch

mz =
1

2
Cyawρ |v|2 Ayaw

(4.1)

With:

• fx, fy, and fz: drag forces in the x-, y-, and z-directions.
• mx, my, and mz: drag moments about the x-, y-, and z-directions.
• Csurge, Csway, Cheave, Croll, Cpitch, andCyaw: the surge, sway, heave, roll, pitch, and yaw coefficients
relative to the vessel’s heading.

• ρ: water (current) or air (wind) density.
• v: relative velocity of sea or air past the vessel. For wind, v is based on wind velocity at 10m
above mean water level. For current, it is based on velocity at the load origin’s instantaneous
position. v includes the translational velocity of the load origin.

• Asurge, Asway, Aheave, Aroll, Apitch, and Ayaw: surge, sway, heave areas and roll, pitch, yaw area
moments. For current, these are the areas below waterline; for wind, above waterline.

Wind area and coefficients In this analysis, only surge and sway provide significant contributions
due to the wind direction from the positive Y-direction (sway). The central column is shielded by one
of the outer columns, so the effective area is calculated for the unshielded outer columns. The floater
draft is set to 14 m, with a column height of 21 m above water.

The frontal area per column is calculated as:

Afrontal,cyl = b× h (4.2)

with b = 12.5 m and h = 21 m, giving:

Afrontal,cyl = 262.5m2 (4.3)

The total frontal area, considering three columns, is:

Afrontal,tot = 3×Afrontal,cyl (4.4)

which results in:
Afrontal,tot = 787.5m2 (4.5)

To determine the drag coefficient of a column in air, the Reynolds number is calculated using a column
diameter of 12.5 m, an air velocity of 17.1 m/s, an air density of 1.225 kg/m³, and a dynamic viscosity
of air at 1.81× 10−5 Pa·s [34]. The Reynolds number is approximately 107. Empirical data for cylinders
in crossflow suggest a drag coefficient of around 0.5 for Reynolds numbers higher than 104 [5].

Currents
The design current speed is 1.5ms−1, supported by Severn Estuary Partnership studies indicating peak
coastal currents can reach this speed during spring tides [91].
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How currents are modeled on the floater Currents are modeled in OrcaFlex using the same OCIMF
method as for wind. The drag area is calculated similarly to the wind analysis. The frontal area is deter-
mined based on the submerged parts of the floater, yielding a frontal area of 960.9m2. The Reynolds
number is estimated to be approximately 107. The load coefficient is more complex to determine, as the
floater has an irregular underwater shape with many hard angles that disturb the water flow. Although
some papers provide drag coefficients for semi-submersibles, these values are highly dependent on
the specific design of the floater [57, 14]. Based on these sources, an estimated drag coefficient (Cd)
of 0.5 was adopted for this analysis. Further research is recommended to refine this value.

4.2. Floater definition
The VolturnUS-S [4] is a semi-submersible floating platform designed for the IEA 15-MW reference
turbine [42]. This floater was chosen for the model due to its open-source nature and compatibility
with the expected turbine size. The general configuration and sizing of the VolturnUS-S, including key
dimensions and characteristics such as draft, overall dimensions, and mass distributions, are illustrated
in Figure 4.4. The platform has a draft of 20 meters when fully installed with the turbine placed on top
and fully ballasted. It has dimensions of 100 meters by 90 meters and a total platform mass of 18,000
tonnes, which includes hull steel mass, fixed ballast mass, and fluid ballast mass.

The VolturnUS-S [4] is a semi-submersible floating platform designed for the IEA 15-MW reference
turbine [42]. The open-source nature and compatibility with the expected turbine size make it an ideal
candidate for this model. Key dimensions and characteristics of the VolturnUS-S platform include a
20-meter draft when fully installed and ballasted, with overall dimensions of 100 meters by 90 meters
and a total platform mass of 18,000 tonnes, comprising hull steel, fixed ballast, and fluid ballast. These
details are illustrated in Figure 4.4.
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Figure 4.4: General configuration of VolturnUS-S floater designed for the IEA 15-MW reference turbine [4]

4.2.1. Diffraction analysis
OrcaWave is a diffraction analysis program that calculates loading and response to waves. It uses
potential flow theory, which is further highlighted in chapter 2, to determine added mass, stiffness,
damping coefficients and load RAOs. The results of a diffraction analysis depend on, among others,
floater draft, mass and water depth.

These values vary with different configurations, necessitating multiple diffraction analyses including
four water depths and four drafts. The mooring system affects the floater draft, and the turbine, which
constitutes about 10% of the total system mass, also influences the draft. This makes for a total of 16
different diffraction analysis.
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Table 4.2: Draft and water depth configurations for diffraction analysis

Draft Shallow low tide (35 m) Shallow no tide (40 m) Shallow high tide (45 m) Deep (200 m)
14 m No Turbine No Turbine No Turbine No Turbine
15 m No Turbine No Turbine No Turbine No Turbine
16 m No Turbine No Turbine No Turbine No Turbine
20 m Turbine Turbine Turbine Turbine

Mesh validation
Mesh validation is critical to ensure that the diffraction analysis produces accurate results. Without
proper validation, the diffraction analysis can yield imprecise predictions, for exaple when calculating
first-order potential flow solutions. According to DNV standards, the diagonal length of the mesh panels
should be less than 1/6 of the smallest wavelength analyzed to achieve sufficient precision in the results
[25].

The mesh file provided by Orcina, shown in Figure 4.5, serves as the foundation for this analysis
[77]. The characteristics of this mesh must be validated to ensure it can accurately capture the wave
interactions within the defined range of frequencies.

Figure 4.5: Overview of VolturnUS-S mesh [77]

For this study, the maximum frequency considered is 0.4 Hz, which corresponds to the smallest wave-
length to be modeled. The smallest wavelength is found by determining the wavelength at this fre-
quency for the four water depths under consideration (35 m, 40 m, 45 m, and 200 m).

Wavelength calculation The wavelength is calculated iteratively using the dispersion relation:

ω2 = gk tanh (kh) (4.6)

where ω is the angular frequency, g is gravitational acceleration, k = 2π
λ is the wave number, h is the

water depth, and λ is the wavelength. The calculation was validated by comparing the code-generated
results with reference data from Sheng et al. [92], though for this context, we will focus only on the
code-generated results.
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Figure 4.6: Wavelength over wave period for various water depths

The plot in Figure 4.6 shows that for all water depths considered in this study, the wavelengths fall on
the same line. From this plot, the wavelength at 0.4 Hz is found to be 9.76 meters for all water depths.

According to DNV standards, the maximum allowable panel size for mesh validation is 1/6 of the wave-
length. Therefore, the maximum panel size is calculated as:

Max panel size =
9.76

6
= 1.63m (4.7)

OrcaWave is used to verify that all panels in the mesh are smaller than 1.63 meters, confirming that
the mesh is valid for first-order diffraction analysis.

The validatedmesh is suitable for modeling first-order wave interactions up to the target frequency of 0.4
Hz. However, for second-order analysis, which requires the calculation of Quadratic Transfer Functions
(QTFs) for time-domain simulations, a significantly finer mesh would be needed. The current mesh is
sufficient for the first-order analysis performed in this study, but further refinement is recommended for
more complex second-order analyses.

4.3. Mooring system definition
This section defines the catenary and taut mooring system models, building on the environmental con-
ditions and floater definition outlined earlier. The simulations are conducted in the frequency domain
(FD), which is explained in detail in subsection 2.2.4. Frequency domain analysis is well-suited for
early-stage design as it allows for rapid computation and the exploration of various design variations.
Although FD analysis primarily captures first-order wave loading, it is sufficient for understanding the
primary behavior of mooring systems under typical conditions, such as those expected for wet storage.

The focus of this chapter is on two types of mooring systems: catenary and taut. These mooring sys-
temswere selected based on the design criteria for wet storage and are described in detail in section 2.1.
Here, we translate these theoretical concepts into practical inputs for OrcaFlex simulations and explore
the impact of key parameters, including water depth and line diameter, on system performance.

4.3.1. Governing parameters
The mooring system performance is primarily influenced by two governing parameters: water depth
and mooring line diameter. These parameters were identified as having the most significant impact on
the motion and tension characteristics of the system. Water depth varies based on tidal fluctuations
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and site-specific conditions, while line diameter affects the weight, stiffness, and tension in the mooring
lines.

To evaluate these influences, parametric studies are conducted across a range of water depths and
line diameters for both catenary and taut mooring systems. These variations help identify the viable
configurations that meet performance requirements while complying with design constraints.

Influence of water depth
Water depth, which fluctuates due to tides, plays a crucial role in determining the tension and geometry
of the mooring lines. In this study, tidal variations between 35 m and 45 m are considered, correspond-
ing to the tidal ranges observed in the Severn Estuary.

As the water depth changes, several key factors influence the mooring system’s behavior. First, the
floater’s draft remains constant at 14 m, while the anchor point and line length are held fixed. Second,
as the water level rises or falls, the touchdown point of the mooring line shifts, changing the shape of
the catenary curve that the line forms. Third, this movement causes the angle of the mooring line at
the fairlead to change, which in turn affects the tension distribution along the mooring line. These tidal
effects are illustrated in Figure 4.7, which shows how the mooring line geometry adapts to changing
water depths.

Figure 4.7: Tidal influence on mooring line

Influence of line diameter
The diameter of the mooring lines is another critical parameter affecting the system’s performance. Line
diameter influences the line’s weight, stiffness, and tension capacity, all of which have a direct impact
on the system’s stability. In this study, line diameters ranging from 50 mm to 300 mm are analyzed.

When the line diameter increases, the weight of the mooring lines affects the overall tension distribution,
which in turn influences the required anchor distance and line length. Although the floater’s draft would
theoretically vary from 13.8 m to 14.2 m due to line diameter changes, the draft itself does not affect the
system performance in this case. Therefore, all models use a constant draft of 14 m to align with the
values from the diffraction analysis, simplifying the analysis while maintaining accuracy for comparison
purposes. The shape of the catenary curve and the angle at the fairlead are also influenced by the line
diameter, which affects the tension profile along the line. The effects of line diameter on mooring
performance are illustrated in Figure 4.8, showing how different line diameters affect the system’s
geometry.
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Figure 4.8: Influence of line diameter on mooring system

4.3.2. Anchor distance and line length algorithm
To determine the minimum anchor distance and line length for each mooring system, an algorithm is
employed that balances performance with compliance to design constraints. This algorithm is designed
to calculate the shortest possible anchor distance while ensuring that all constraints are met for each
configuration.

The algorithm begins by defining the mooring system type (catenary or taut) and setting the parameters
for water depth and line diameter. Based on these inputs, the algorithm systematically searches for
valid anchor distances and line lengths. It starts with a coarse search to identify potential solutions,
followed by a finer search to improve the selection. The algorithm checks for compliance with design
constraints such as maximum tension, minimum slack, and prevention of anchor uplift.
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Figure 4.9: Node locations for an anchor distance of 85 m

Figure 4.9 shows an example hexagonal mooring configuration, which is created based on the an-
chor distance. The layout utilizes nodal points to create an efficient arrangement for the floaters while
maintaining compliance with design constraints.

For a more detailed breakdown of the algorithm, please refer to Appendix A.
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4.3.3. General constraints for mooring systems
Both catenary and taut mooring systems must adhere to a set of general constraints. These constraints
are critical to maintaining the performance and stability of the system under various environmental
conditions:

• The maximum fairlead tension must stay within allowable limits to prevent overstressing the moor-
ing lines and connections.

• Uplift at the anchor may or may not be allowed depending on the type of anchor used. For systems
utilizing drag anchors, uplift is not permissible, as it would cause the anchor to lose its holding
capacity. However, for systems using vertical load anchors, uplift is acceptable.

• The mooring line angle in the horizontal plane, which is spanned by the seabed, must remain
within acceptable ranges at both the fairlead and the anchor. Excessive angles could reduce
stability and affect system performance.

• Line tension must remain within designed limits to avoid slack or overly taut conditions, ensuring
the integrity and functionality of the mooring system.

• A minimum separation distance of 45 m between floaters is required to avoid interference or
collisions between mooring systems.

4.3.4. Catenary mooring system
The catenary mooring system is characterized by slack lines that form a curved geometry, relying on the
weight of the mooring lines to maintain tension. The system has several concept-specific constraints:

• Uplift at the anchor is not allowed, meaning the system must be designed to keep the anchor
securely on the seabed across all tidal variations.

• The maximum tension in the mooring lines must not exceed the allowable limits set by the line
diameter and material properties.

• The anchor distance and line length are calculated for a base water depth of 45 m, ensuring that
the system remains stable without uplift even under high tidal conditions.

The catenary model features a 5-floater layout arranged in a hexagonal pattern to maximize spatial effi-
ciency. Each floater is anchored by three lines, with the anchors designed to accommodate forces from
multiple directions. This layout is shown in Figure 4.10. It is important to note that there is no hydro-
dynamic interaction between the floaters in the model. For instance, no shielding effect is considered,
meaning each floater is treated as an independent entity in terms of wave and current loading.

Figure 4.10: Catenary mooring system layout

4.3.5. Taut mooring system
The taut mooring system relies on the tension in the lines rather than their weight to provide stability.
The system uses mooring lines that are more vertical, allowing for some uplift at the anchor. The
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concept-specific constraints for the taut system are as follows:

• Uplift at the anchor is allowed because the system relies on vertical tension to maintain stability,
rather than the weight of the lines.

• The tension in the mooring lines must remain below the maximum allowable limits, as determined
by the line diameter and material.

• Anchor distance and line length are calculated for a base water depth of 35 m, ensuring that no
slack occurs in the lines, even at low tidal levels.

• Mooring angle allowance is set to 90 degrees in the horizontal plane. This constraint limits the
angle the mooring line can make, with a window of 45 degrees to both sides of the line between
the nodes. This ensures that, even when environmental forces elongate the mooring lines, the
floaters remain within their intended footprint. Preventing the floaters from moving far beyond
the anchors helps avoid excessive displacement that could lead to collisions when environmental
conditions change direction.

The taut model shares a similar layout to the catenary model but uses stiffer lines made of materials
such as polyester or nylon. This makes it particularly well-suited for compact configuration applications.
The layout is shown in Figure 4.11.

Figure 4.11: Taut mooring system layout

4.4. Model validation
The validation of the mooring system models developed in this thesis is required to ensure their accu-
racy and alignment with real-world conditions. The validation process focuses on two main aspects:
the Load Response Amplitude Operators (Load RAOs) and the system’s natural frequencies. The fol-
lowing sections outline the approach taken to validate the mooring system models, comparing them
against reference literature, such as the floater definition [4] and established standards.

4.4.1. Load Response Amplitude Operators (RAOs)
In this thesis, Load RAOs are used to validate the behavior of the modeled system, as calculated in
the Orcina model, by comparing them with NREL reference data. Load RAOs represent the ratio of the
load (force or moment) applied to the floater due to wave excitation to the wave amplitude. The units
in this context are expressed in N/m for translational degrees of freedom (DOFs), indicating the force
applied per meter of wave amplitude. For rotational DOFs (roll, pitch, yaw), the units are expressed in
N-m/m, indicating the moment applied per meter of wave amplitude. This concept allows for a direct
comparison of the forces and moments acting on the system in response to different wave conditions.

This analysis focuses on the heave, pitch, and surge DOFs as they are the most significant due to the
expected loading conditions and the symmetry of the platform.
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First, the base case is used as a control to assess whether the models resemble the NREL data. Then,
the effects of varying floater drafts and water depths are analyzed to assess the model’s sensitivity to
these factors.

NREL extraction and conversion
The WAMIT output from the VolturnUS-S platform, provided in non-dimensional form, is converted to
first-order wave excitation coefficients with physical units using the following formula:

X̃i =
Xi

ρgALm
(4.8)

where X̃i is the non-dimensional excitation force or moment fromWAMIT,Xi is the desired dimensional
excitation force or moment, ρ is the water density, g is the acceleration due to gravity,A is the waterplane
area of the structure, and L is the characteristic length of the structure. The exponent m is 2 for
translational DOFs (surge, sway, heave) and 3 for rotational DOFs (roll, pitch, yaw).

To carry out this conversion, we assume the values for ρ, g, and A as follows:

• The density of seawater (ρ) is 1025 kg/m³.
• The acceleration due to gravity (g) is 9.81 m/s².
• The waterplane area (A) and characteristic length (L) are set to 1 for the normalized values from
the NREL output.

This conversion process aligns the non-dimensional WAMIT output with the dimensional units used in
the Orcina results, allowing for a direct comparison of the load RAOs. For the rotational DOFs, the
units are converted to N-m/m to match the outputs for moments.

Comparison with available literature The base case model was designed to closely replicate the
NREL VolturnUS 15 MW reference platform [4], utilizing the same parameters, including a water depth
of 200 meters, a floater draft of 20 meters, and the same mooring system. Comparing the Load RAOs
between the Orcina model and the NREL reference serves as a benchmark for validating the model.

Figure 4.12: Comparison with NREL reference platform for the surge direction

Figure 4.12 shows that the Load RAOs from Orcina’s diffraction analysis align well with the reference
data for the surge direction. Similar agreement is found for other degrees of freedom (DOFs), including
heave and pitch, as shown in Appendix B.



4.4. Model validation 48

Effect of the draft Figure 4.13, Figure 4.14 and Figure 4.15 show the Load RAOs for a floater with the
turbine integrated and the turbine removed. Removing the turbine reduces the draft of the floater from
20 m to 14 m, increasing the magnitude of the load response in the studied degrees of freedom (DOFs).
This change impacts the loads on the floater, as illustrated in Figure 2.16, showing the squeezing of
orbitals for shallower water. The pontoons move more towards the wave energy zone, leading to higher
loads in surge and heave, as explained by the exponential decay of orbitals down the water column.

Figure 4.13: Effect of draft on surge direction

Figure 4.14: Effect of draft on heave direction
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Figure 4.15: Effect of draft on pitch direction

It is important to note that for shorter waves with frequencies higher than 0.26 Hz, the differences in Load
RAOs due to draft variations are negligible, as the floater’s response in these high-frequency conditions
remains consistent across draft configurations. This is because short, high-frequency waves do not
significantly impact the large floater differently in surge, as the draft change only slightly decreases the
amount of the columns subjected to loads in surge. However, the pontoons remain fully submerged for
both drafts. In heave and pitch, the response is near zero for high-frequency waves, as the large size
of the floater minimizes the effects of these waves.

The effect of varyingmoored drafts (14m, 15m, and 16m)mirrors that of the 14m and 20m comparison.
As draft increases, pontoons sit deeper, reducing wave interaction at lower frequencies. At higher
frequencies, load responses converge due to less surface interaction. In the heave direction, shown in
Figure 4.16, increased draft lowers the load response by reducing surface wave energy impact.

Figure 4.16: Effect of moored draft for the heave direction

Comparison of water depths Figure 4.17 and Figure 4.18 show the Load RAOs for water depths of
200 m and 40 m. As the water depth decreases, the load response in the surge direction increases,
primarily due to stronger wave-seabed interaction in shallower waters. This effect is more pronounced
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at lower frequencies, where the waves interact with a larger portion of the submerged structure. Fig-
ure 2.16 illustrates the squeezing of orbitals in shallower water depths, altering the direction of wave
energy and amplifying the surge response. The wave energy becomes more horizontally directed in
shallower waters, leading to an increase in surge response and a reduction in heave response, as
further explained in subsection 2.2.2.

At higher frequencies, waves behave as if they are in deep water, regardless of water depth. The
transition from shallow to deep water behavior occurs when the water depth (D) exceeds half the wave’s
wavelength (L), following the criterion D > 0.5L. For waves with frequencies higher than 0.12 Hz, the
influence of water depth diminishes, and the load responses converge across all water depths. This
is because shorter, high-frequency waves primarily interact with the floater’s surface, reducing seabed
effects.

Figure 4.17: Effect of water depth on surge direction

Figure 4.18: Effect of water depth on heave direction

The transition lines in the plots mark the frequencies where waves begin to behave as deep-water
waves. These transition frequencies are calculated using the deep-water wavelength formula:
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λ =
g

2πf2
(4.9)

For each water depth, the transition frequency is determined by checking whenD > 0.5L, which marks
the shift to deep-water behavior. This transition leads to converging responses in the surge and heave
directions at higher frequencies.

Tidal range effects on Load RAOs areminimal, with only minor differences observed across the degrees
of freedom. As shown in Figure 4.19, the impact of tidal variations on the heave direction is negligible,
confirming that tidal changes do not significantly alter the load response in this study.

Figure 4.19: Effect of tidal range on heave direction

4.4.2. Natural frequencies
Understanding the natural frequencies of the floating platform is useful for predicting its dynamic be-
havior and ensuring its stability. This section explores these frequencies through free-decay tests and
modal analysis, offering insights into how the mooring system affects platform dynamics.

Free-decay tests
Free-decay simulations were conducted using an Orcina file called K03 15MW semi-sub FOWT, built
to represent the VolturnUS 15 MW reference floater [77]. These simulations were modified to isolate
the rigid body modes by removing all external forces, such as wind, waves, and currents, allowing the
platform to oscillate freely and revealing its natural frequencies.

Figure 4.20 shows the platform just before it is released in the pitch degree of freedom, initiating the
free-decay response.
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Figure 4.20: Model constraint just before release for pitch DOF

The initial displacements for each degree of freedom (DOF) used in the simulations are presented in
Table 4.3.

Table 4.3: Initial displacements for free-decay simulations

DOF Initial Displacement
Surge [m] 30
Sway [m] 30
Heave [m] 5
Roll [deg] 10
Pitch [deg] 10
Yaw [deg] 15

The results of these free-decay tests were compared to NREL reference data from the VolturnUS-S
platform [4], revealing small discrepancies, particularly in the mooring-sensitive DOFs.

Table 4.4: Free decay of mooring system sensitive DOFs

NREL Orcina Difference
Surge [s] 142.9 133.4 -6.7%
Sway [s] 142.9 132.8 -7%
Yaw [s] 90.9 84.3 -7.2%
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Table 4.5: Free decay of mooring system insensitive DOFs

NREL Orcina Difference
Heave [s] 20.4 20.7 1.3%
Roll [s] 27.8 27.2 -2.0%
Pitch [s] 27.8 27.2 -2.0%

The most significant deviations occur in the mooring-sensitive DOFs (surge, sway, and yaw), as shown
in Table 4.4. These differences highlight the influence of mooring stiffness and hydrodynamic properties
on the natural periods of the platform. Conversely, the mooring-insensitive DOFs (heave, roll, and
pitch) exhibit much closer agreement between the models, with discrepancies within 2%, as shown in
Table 4.5.

Figure 4.21: Response and free decay for pitch DOF

Figure 4.21 illustrates the platform’s free-decay response in the pitch DOF, showing how the oscillation
dampens over time. Additional plots for all DOFs are available in the Appendix C.

The observed discrepancies can be explained by several factors:

• Slight variations in the platform’s center of mass (COM) can significantly affect the natural periods
of the structure. These differences impact how the platform responds to external forces and can
explain some of the discrepancies between the Orcina and NREL results.

• The exclusion of off-diagonal damping terms in the Orcina model may contribute to differences
in overall damping behavior. This can lead to variations in the system’s response, particularly in
terms of how it handles coupled motions between different degrees of freedom.

• Differences in platform volume between the models lead to variations in buoyancy and hydro-
dynamic properties. These variations affect the natural frequencies of the floating structure by
altering how it interacts with water forces.

• The way hydrodynamic damping frommooring lines is modeled can also influence the results. Dif-
ferences in how damping is handled between the Orcina and NREL models may contribute to the
observed discrepancies in natural periods, especially for mooring-sensitive degrees of freedom.

• In the NREL simulations, aerodynamic drag was minimized by adjusting the orientation of the
blades to reduce resistance during decay tests. This step was not replicated in the Orcina simu-
lations, which may explain some of the differences in the results.
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Modal analysis
Modal analysis was conducted to investigate the platform’s natural frequencies. The damping-free
analysis was compared to free-decay test results to examine the damping impact on natural periods.
Both modal and frequency domain analyses in this thesis use a constant added mass, as software
limitations prevent the use of frequency-dependent added mass.

The added mass matrix is a 6x6 matrix, representing the inertia induced by the surrounding water. In
this analysis, only the diagonal terms (surge, sway, heave, roll, pitch, and yaw) are considered, as
these dominate the dynamic response. Off-diagonal terms (e.g., surge-pitch coupling) are typically
less significant, although pitch-surge coupling may be an exception due to the floater’s geometry and
the influence of the mooring system, which can induce pitch motion when surge displacement alters
the mooring line tension.

Table 4.6: Modal analysis of mooring system sensitive DOFs

Free decay Modal analysis Difference
Surge [s] 133.4 129.8 -2.7%
Sway [s] 132.8 128.9 -2.9%
Yaw [s] 84.3 84.3 0%

Table 4.7: Modal analysis of mooring system insensitive DOFs

Free decay Modal analysis Difference
Heave [s] 20.7 20.6 -0.3%
Roll [s] 27.2 28.3 3.9%
Pitch [s] 27.2 28.3 3.9%

The discrepancies between the modal analysis and free-decay tests, shown in Table 4.6 and Table 4.7,
can largely be attributed to the exclusion of damping effects in themodal analysis. While modal analysis
assumes no damping, real-world systems, like the one simulated in the free-decay tests, experience
significant damping, particularly from hydrodynamic sources such as mooring line drag and viscous
effects. This explains the slightly shorter periods observed in the free-decay tests for surge, sway, and
heave.

To further understand the system’s dynamic characteristics, the added mass over frequency for the
surge DOF was examined. Figure 4.22 shows that for frequencies of 0.12 Hz or lower, the added
mass remains almost constant. This observation supports the use of a constant added mass in the
frequency domain analysis for low-frequency excitations, which dominate the platform’s response. This
constant added mass assumption holds true for other DOFs as well, as shown in the detailed graphs in
Appendix D. For higher frequencies, the added mass is less significant, and the impact on the natural
periods is lower.
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Figure 4.22: Added mass as a function of frequency for surge-surge

The natural frequencies derived from both free-decay tests and modal analysis highlight the complexi-
ties involved in accurately modeling the dynamic behavior of floating offshore platforms



5
Results

This chapter presents the analysis of mooring systems designed for the temporary wet storage of
floating offshore wind foundations. It evaluates mooring configurations under various environmental
conditions, focusing on dynamic behavior, spatial utilization, accessibility, hook-up efficiency, and cost-
effectiveness. These results offer insights into the feasibility and performance of different mooring
concepts. A Multi-Criteria Decision Analysis (MCDA), as introduced in chapter 3, is employed to com-
pare and assess the mooring systems against defined criteria, ensuring a comprehensive evaluation
of their performance.

5.1. Dynamic behavior
The dynamic behavior of mooring systems is critical in ensuring safe and reliable storage of floating off-
shore wind foundations. This section focuses on results extracted from both catenary and taut mooring
system simulations. These results include:

• Fairlead tensions are the forces exerted on the fairlead, which are the connection points between
the mooring lines and the floater. Fairlead tensions indicate the load that the floaters fairlead
must withstand, and excessive tensions may lead to mooring line failures.

• Anchor tensions are the forces transferred to the seabed anchors. A higher anchor tension ne-
cessitates a larger anchor to counteract these forces.

• Floater motions encompass themovements of the floating structure, including both displacements
and velocities. Horizontal displacements are especially important, as excessive movement could
lead to operational risks such as collisions with neighboring floaters, while increased velocities or
accelerations can impose additional loads on the mooring lines.

Both static and dynamic analyses are conducted to assess system performance. The static analysis
provides an initial understanding of how the mooring system behaves under constant environmental
forces, establishing a baseline for system performance. In contrast, dynamic analysis in the frequency
domain evaluates the system’s response to various environmental loads, including wave and wind
spectra. This approach provides insights into how the mooring system reacts to different environmental
forces based on their respective spectra.

5.1.1. Catenary mooring systems
The catenary configuration relies on gravity to form its characteristic free-hanging shape, with the end
of the mooring lines lying horizontally on the seabed. Selected for its robustness and simplicity in
handling environmental forces, this section presents key results on anchor distance, line length, fairlead
and anchor tensions, and floater motions, highlighting performance across different water depths and
mooring line diameters.

56
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Anchor distance and line length
The required anchor distance and line length are calculated for various line diameters, using the al-
gorithm outlined in subsection 4.3.2, for a base water depth of 45 meters. This depth represents the
water level at high tide, ensuring that the calculated distances and lengths prevent uplift under all tidal
conditions. If a lower water depth had been used as the base, there would be a risk of uplift occurring
when these distances and lengths are applied to greater depths.

The anchor distance is defined as the horizontal distance between the center of the floater and the
anchor point. As shown in Figure 4.4, the three fairleads are located 58 meters from the center point of
the floater. Thus, the horizontal distance that the mooring line spans can be calculated as the anchor
distance minus the distance between the center of the floater and the fairlead.

For six different line diameters, the anchor distance and line length were evaluated to understand
their impact on the overall mooring system. Figure 5.1 presents the results, showing the relationship
between anchor distance, line length, and line diameter.
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Figure 5.1: Anchor distance and line length over line diameter

As shown in Figure 5.1, both the anchor distance and line length decrease as the line diameter in-
creases. Heavier mooring lines provide larger restoring forces, which allows for shorter anchor dis-
tances and line lengths while still maintaining the necessary mooring system performance. For the
largest line diameter, the shortest anchor distance of 135 meters is observed.

The model remains insensitive to the minimum anchor distance constraint of 85 meters, meaning this
limit does not affect the results in the tested range. However, future research or specific operational
requirements could impose a different minimum anchor distance, in which case the anchor distance
and line lengths will need to be adjusted accordingly.

Although longer anchor distances may offer more operational flexibility, they result in reduced spatial
utilization and increased material use, both of which need to be considered in the final mooring system
design. Therefore, the strategy here is to select the shortest anchor distance that meets all design
constraints.

Fairlead tensions
Fairlead tensions represent the forces exerted on the mooring lines at the floater’s connection point
(the fairlead). These tensions can be decomposed into static and dynamic components influenced by
factors such as the diameter of the mooring line, the anchor distance, and environmental conditions.

Tension in a mooring line is balanced by line weight, anchor holding capacity, uplift, and seabed friction.
Seabed friction represents the friction of the mooring line from the anchor until the line touch-down
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point and is represented by the Coulomb friction model. Mooring line tension can be decomposed into
horizontal (TH ) and vertical directions (TV ). The vertical tension is offset by line weight and uplift. The
model finds the first valid solution with zero static uplift, but as noted in DNV-RP-E301 [26], some uplift
may occur, especially with larger chain diameters. Horizontally, forces are balanced by anchor capacity
and horizontal tension, favoring lower tensions to minimize anchor size and capacity. This balance of
forces is shown in Figure 5.2.

Figure 5.2: Schematic of a catenary mooring line [51]

Pretensions and declinations Figure 5.3 shows pretensions on the fairlead side for various line
diameters and water depths. The pretension refers to the baseline tension in the mooring lines due to
the weight of the mooring lines and the floater, without any environmental loading (i.e., wind, waves, or
currents). This tension is purely a result of gravitational forces. The x-values of the nodes represent
the line diameters, and the three lines represent the water depths. Tension increases with both line
diameter and water depth due to heavier lines and more suspended mooring lines, resulting in greater
loads at the fairlead. It can also be observed that the lines representing different water depths diverge
as the line diameter increases. This is because the tension increases with the weight of the mooring
line, and the weight scales approximately with the square of the diameter.
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Figure 5.3: Pretensions for the fairlead side of the mooring lines

The declination angle of the fairlead, depicted in Figure 5.4, shows that larger line diameters result in
steeper angles, implying a more vertical orientation of the mooring line and increased vertical tension
at the fairlead. In addition, the declination angles increase slightly with greater water depth, as the
mooring line spans a greater vertical distance, creating a more pronounced vertical load component.
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Figure 5.4: Declinations on the fairlead side for an upwind line

Feasibility of hook up using tugs The pretensions depicted in Figure 5.3 represent calm sea con-
ditions, which resemble those encountered during installation. Table 5.1 compares pretension values
to the bollard pull capacity of offshore assets, including typical harbor tugs and Anchor Handling Tug
Supply (AHTS) vessels.
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Table 5.1: Bollard pull data for selected ships [17]

Weight Force
Typical harbour tug 50 metric tonnes 500 kN
Typical AHTS 65 to 200+ metric tonnes 600 to 2000 kN
Largest AHTS 477 metric tonnes 4700 kN

The feasibility of installing the mooring system using tugs is primarily dependent on the duration of
the hook-up procedure and the environmental conditions. If the procedure can be completed within a
timeframe significantly shorter than the tidal period (approximately 12 hours), harbor tugs with a bollard
pull of 500 kN can handle all mooring line diameters. For longer installations, where tidal fluctuations
may introduce additional challenges, tugs are capable of managing line diameters up to LD200.

The results indicate that additional in-line tensioners are not generally required for installations under
these calm conditions, further supporting the feasibility of using standard tugs for the majority of the
hook-up process.

Spectral density and response After assessing the pretensions and declinations in the previous
section, it is important to analyze the dynamic tensions to understand how waves, wind, and currents
affect the mooring system. These tensions depend on environmental loading, mooring line diameter,
and water depth. Figure 5.5 compares the power spectral density (PSD) and response amplitude oper-
ator (RAO) of effective tension in an upwind line with constant water depth and varying line diameter.

Figure 5.5: Spectral density and RAO of effective tension of an upwind line

The power spectral density (PSD) plot on the left side of Figure 5.5 shows the distribution of tension
energy across different frequencies. The spectral density highlights howmuch energy is present at each
frequency, offering insight into which frequency ranges have the greatest influence on the mooring line
tensions.

• The largest peak in the spectral density occurs at 0.078Hz, corresponding to the natural frequency
of the system. At this frequency, the mooring system is most susceptible to large displacements
and forces.

• For all line diameters, this peak is prominent, but the magnitude is highest for larger line diameters
(LD300). This is because larger lines have increased mass, which amplifies resonant behavior,
leading to higher tension amplitudes at the natural frequency.
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• Beyond the natural frequency, the spectral density decreases for all line diameters. However,
smaller line diameters (e.g., LD50 and LD100) exhibit higher energy levels in the higher frequency
ranges (above 0.1 Hz). This occurs because smaller lines, being lighter, provide less resistance
to short-period waves, making them more vulnerable to higher-frequency wave loading, while
larger lines are better at attenuating these forces.

The response amplitude operator (RAO) plot on the right side of Figure 5.5 shows the transfer function
that relates the wave-induced motions to the resulting tensions in the mooring line. The RAO provides
a measure of how the system amplifies or attenuates wave-induced forces at different frequencies.

• The RAO plot also shows a significant peak at 0.078 Hz, where the system exhibits resonant
behavior. Larger mooring line diameters (LD300) show the highest RAO values at this frequency,
indicating greater amplification of wave-induced forces. This is consistent with larger lines ampli-
fying resonant behavior due to their increased mass.

• At higher frequencies (above 0.081 Hz until 0.16 Hz), the RAO values decrease significantly as
the line diameter increases. This suggests that larger, heavier mooring lines are more effective at
dampening wave-induced forces in the higher frequency range. The increased mass of the larger
lines provides more resistance, thereby reducing system motion at these higher frequencies.

The fluctuating tails observed in both the PSD and RAO plots above the natural frequency arise from
variations in the load RAOs, which represent the first-order wave forces on the vessel. These fluctuating
tails indicate dynamic responses to short-period waves and align with the input load RAOs shown in
subsection 4.4.1.

• The fluctuating behavior from 0.15 Hz to 0.03 Hz seen in the spectral response RAO plot can be
directly observed in the load RAO plots. This shows that the dynamic behavior at these frequen-
cies is influenced by the load RAOs.

• A bump or peak in both the PSD and RAO plots at 0.12 Hz is also observable in the load RAOs.
This behavior highlights that the lower line diameters (LD50 and LD100) are more susceptible to
wave frequencies in the 0.08 Hz to 0.18 Hz range. The lower tension resistance of these smaller
line diameters explains this vulnerability to dynamic forces in these higher frequency ranges.

Static and dynamic tensions Following the analysis of pretensions, we expand the study to include
environmental loading, introducing two additional types of tension: static tension, representing the equi-
librium tension under constant environmental forces such as wind and waves, and the Most Probable
Maximum (MPM) tension, which accounts for the dynamic maximum tensions during a 3-hour storm
event. The MPM includes both the static component and the dynamic loading effects caused by waves
and wind. Figure 5.6 illustrates these two additional types of tension.

The general trend in Figure 5.6 reveals that larger line diameters result in increased tensions due to
the greater mass and length of submerged mooring lines. Additionally, a divergent pattern between the
water depths is observed, both of which are similar to the trends seen in the pretension analysis.

For smaller line diameters, the static tension represents around 66% of the MPM tension; for instance, if
the MPM tension is 1200 kN, the static tension is approximately 800 kN. As the line diameter increases,
this proportion rises, with the static tension representing around 85% of the MPM tension for larger
diameters. This trend results from the larger mass of the lines, which dampens the dynamic response
to environmental forces and reduces the difference between static and MPM tensions. Consequently,
the static component becomes more dominant in the total tension for larger line diameters.
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Figure 5.6: Fairlead tensions for various environmental conditions

An notable behavior is observed in the MPM forWD35, where the tension fluctuates before aligning with
the expected trend of lower tensions relative to the other water depths. This anomaly may be attributed
to numerical inaccuracies in the MPM calculation, as OrcaFlex employs statistical approximations to
estimateMPM values during storm events. Further investigation could clarify whether these fluctuations
are caused by specific environmental inputs or are inherent in the numerical methods used.

Given that static tension alone underestimates the total tension, particularly for smaller line diameters
where dynamic effects are more significant, the MPM provides a more accurate reflection of the sys-
tem’s performance under extreme environmental conditions. Therefore, the MPM is the most relevant
measure for design and safety considerations.

Anchor tensions
Anchor tensions, representing the forces transmitted to the seabed anchors, show trends similar to
fairlead tensions. However, notable differences arise due to the interaction between the mooring line
and the seabed, and the distribution of the line’s self-weight.

Figure 5.7 shows the pretensions on the anchor side for different line diameters and water depths.
Anchor pretensions increase with line diameter, as seen with the fairlead tensions, but the values are
generally lower. While seabed friction does contribute to this reduction, a more important factor is the
self-weight of the mooring line. The tension at the fairlead must support the full suspended weight of
the mooring line, while the tension at the anchor is lower because the line’s weight is largely supported
by the seabed.
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Figure 5.7: Static tensions for the anchor side of an upwind mooring line

Figure 5.8 presents both static and MPM tensions for the anchor side. Unlike the fairlead, there is
no strong correlation between line diameter and MPM tension on the anchor side. This is due to the
horizontal orientation of the mooring line near the anchor, which causes environmental forces to be
transmitted to the anchor, but without the significant self-weight component affecting the MPM. Fur-
thermore, the fluctuations in the MPM lines are likely due to numerical approximations in the OrcaFlex
model used to estimate these maximum tensions during storm events.

50 100 150 200 250 300
Line diameter (mm)

800

900

1000

1100

1200

1300

Te
ns

io
n 

(k
N)

Maximum EndB static and dynamic tension by LD for all WDs for Catenary

Water depth and type
WD35 MPM
WD35 Static
WD40 MPM
WD40 Static
WD45 MPM
WD45 Static

Figure 5.8: Static and MPM tensions for the anchor side of an upwind mooring line

Figure 5.9 illustrates the vertical force component (Ez) at the anchor under static and dynamic condi-
tions. Under static conditions, a minor uplift force is observed at the anchor, which can be attributed
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to modeling constraints in OrcaFlex. The declination constraint in the model allows the mooring line to
have a small upward angle (approximately 88-89 degrees) near the anchor, resulting in a slight uplift.
However, the observed uplift force is minimal, with values around 45 kN for the largest line diameters,
which accounts for less than 5% of the total static tension at the anchor.
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Figure 5.9: Vertical force component (Ez) at the anchor

During dynamic loading conditions, represented by the MPM tension, a more pronounced vertical force
component (Ez) appears for the WD45 case. This is due to the larger vertical distance that must be
spanned at this water depth, despite the same amount of line length being available. Although the
observed uplift occurs during these dynamic conditions, DNV-RP-E301 [26] provides guidance on the
use of drag anchors with slight amounts of uplift under certain conditions. Therefore, the anchor system
is expected to manage these forces during extreme environmental loading, but further investigation is
required to ensure compliance.

Floater motions
Floater motions, including displacements, velocities, and accelerations, are key indicators of the dy-
namic performance of the mooring system. The environmental forces -wind, waves, and currents- are
applied in the Y direction, resulting in most displacements along this axis. The large size and buoy-
ancy of the floater limit Z-axis displacements, while the lack of environmental forces in the X direction
prevents noticeable motion in that direction.

Analysis of floater displacements, shown in Figure 5.10 reveals that displacements are primarily static
(approximately 90%). In shallower water depths, the mooring line assumes a more vertical orientation,
reducing the horizontal restoring force, which increases displacements. Heavier chains create greater
horizontal restoring force due to their weight, but their vertical orientation limits this effect. The current
has a greater influence on displacement than wave conditions, with waves only slightly affecting the
floater due to its large mass and inertia.
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Figure 5.10: Y displacements

Floater velocities and accelerations are summarzied in Table 5.2 and Table 5.3. MPM values are
consistent across LDs, with higher values in shallower water due to a more vertical mooring line and
reduced tension. The maximum acceleration of 0.563 m/s² for WD35 LD200 (about 0.05 g) is well
below the tower-top axial acceleration limits of 0.2 to 0.3 g [84]. Note that no tower is installed on the
floater in this study, and there are no formal limits for standalone floater accelerations, which are usually
constrained by tower-top axial acceleration when integrated with a turbine.

Table 5.2: Velocities in Y direction for different line diameters and water depths

Water depth (m) Y velocity (m/s)
LD50 LD100 LD150 LD185 LD200 LD300

35 0.73 0.73 0.73 0.73 0.74 0.74
40 0.69 0.68 0.67 0.67 0.66 0.66
45 0.69 0.69 0.69 0.69 0.69 0.69

Table 5.3: Accelerations in Y direction for different line diameters and water depths

Water depth (m) Y acceleration (m/s2)
LD50 LD100 LD150 LD185 LD200 LD300

35 0.56 0.56 0.56 0.56 0.56 0.56
40 0.54 0.53 0.53 0.53 0.53 0.53
45 0.54 0.54 0.54 0.54 0.54 0.54

5.1.2. Taut mooring systems
The taut mooring system was analyzed similarly to the catenary system, varying both line diameters
and water depths. This analysis included two types of mooring lines: Nylon and Polyester. These
materials, discussed in detail in the theoretical background (chapter 2), were chosen for their distinct
mechanical properties. Nylon exhibits greater elongation under tension compared to Polyester, which
is more rigid and frequently used in permanent mooring applications. As highlighted in subsection 2.1.3,
the nonlinear stiffness of these materials was not included in the current simulations. As explained in
subsection 2.1.3, omitting nonlinear stiffness may result in underestimating tensions by 30%-40%, par-
ticularly for Nylon. This underestimation arises because advanced models like the Falkenburg SYrope
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model account for dynamic stiffness changes under load, which are not captured by a static stiffness
approximation. Consequently, the results presented here should be interpreted with caution.

The anchor distance and line length are constant for all Polyester mooring systems, with an 85 m
anchor distance and 34 m line length. This line length is then stretched to span the distance between
the anchor and the fairlead. Similarly, the anchor distance and line length for Nylon mooring systems
are set at 85 m anchor distance and 24 m line length, which is also stretched.

The declination angle of the fairlead, depicted in Figure 5.11, shows that larger line diameters result
in steeper angles due to the lower displacements associated with higher line diameters. This will be
shown later in Figure 5.1.2. Additionally, the declination angle increases with greater water depths as
the mooring line needs to make a sharper angle toward the anchor. The deeper the water, the more
vertical the mooring line becomes
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Figure 5.11: Declinations on the fairlead side for an upwind line

Fairlead tensions
The pretension, static, and dynamic tensions at the fairlead for the taut mooring system were computed.
For both Nylon and Polyester lines, the solver first uses the lowest water depth to determine a valid
anchor distance and line length, ensuring the lines remain taut and free from slack. As shown in
Table 5.4, the breaking strengths of the mooring lines increase rapidly with diameter, likely due to the
fact that breaking strength scales with the cross-sectional area, which grows with the square of the
diameter.

Table 5.4: Line breaking strengths for Polyester and Nylon [78]

Line Diameter (mm) Polyester (kN) Nylon (kN)
50 426 348
100 1704 1393
150 3535 3135
200 6818 5574

Figure 5.12 presents the pretensions for Polyester lines at three different water depths, with the crosses
indicating the breaking strengths for the four modeled line diameters. In shallow water (the blue line),
the pretensions stay below the breaking strengths for all line diameters, satisfying the design constraints.
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However, as the water depth increases, the pretensions exceed the breaking strengths, particularly at
greater depths, making the solution invalid. To obtain valid solutions for Polyester lines at these depths,
certain constraints would need to be adjusted. Since slack is not allowed in the mooring system, pri-
marily to avoid dangerous snap loads, other parameters such as the material properties of the mooring
lines need to be modified. This could involve selecting materials with higher tensile strength or utilizing
other materials with increased stiffness to prevent excessive elongation under load.
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Figure 5.12: Static tensions for the fairlead side of the mooring lines (Polyester)

Given the invalid results for Polyester, the analysis proceeds with Nylon mooring lines. Figure 5.13
shows the pretensions for the Nylon mooring lines.
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Figure 5.13: Pretensions for the fairlead side of the mooring lines (Nylon)
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LD50 shows no valid static solutions due to the constraints set in the model, which were not met for this
configuration. This is attributed to the minimum anchor distance and line length requirements, which
the model could not satisfy under the given loading conditions.

Similar trends to the catenary system are observed. However, most of the additional tension arises not
from increased weight but from the greater water depth, which stretches the lines further and results in
higher pretensions. As the water depth increases, the mooring lines must cover a longer distance be-
tween the anchor and the floater, which increases the tension required to maintain a taut configuration.

For this case, the pretension required during hook-up at low tide in calm waters was 2800 kN. This high
pretension is a notable disadvantage for taut systems, as specialized equipment would be required for
tensioning. However, the displacements for WD45 LD200 are modest, at 4.5 meters, due to the high
tension reducing displacements.

Figure 5.14 presents both static and MPM tensions for different line diameters. The dynamic tensions
are close to the static tensions for WD35 and WD40, as these cases involve less line stretch due to
the shallower water depths. The solver uses a base water depth of 35 m, ensuring taut lines across
all depths. However, in WD45, the dynamic response becomes proportionally larger, likely due to
the higher overall tension amplifying the effects of environmental loads. Caution is required when
interpreting these results, especially for highly elongated lines, as non-linear stiffness effects become
more pronounced under such conditions.
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Figure 5.14: Static and MPM tensions for the fairlead side of the mooring lines (Nylon)

Anchor tensions
In taut mooring systems, anchor tensions are nearly identical to fairlead tensions due to the direct load
path and low line weight in water. Both the anchor and fairlead are modeled as points and a uniform
current is used. In practice, the tension difference is within 0.2 kN, negligible for this model’s accuracy.

The most important components to consider are the vertical and horizontal forces on the anchor. The
horizontal component (Ey) directly affects the anchor’s holding capacity, while the vertical component
(Ez) impacts the uplift forces. Figure 5.15 shows the MPM horizontal and vertical anchor forces for
Nylon mooring lines at different line diameters for a water depth of 45 m. This water depth is governing
for anchor sizing due to the increased forces associated with deeper waters.
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Figure 5.15: Horizontal (Ey) and vertical (Ez) forces at the anchor for Nylon mooring lines at WD45

In Figure 5.15, two lines are presented: one for the horizontal force component (Ey) and one for the
vertical force component (Ez). The vertical force (Ez) line is higher than the horizontal force (Ey), in-
dicating that at a water depth of 45 m, more vertical tension is expected at the anchor. Both force
components exhibit an upward trend with increasing line diameter, which aligns with earlier observa-
tions in the catenary mooring results.

The horizontal force component increases with both line diameter and water depth. From 1205 kN to
3036 kN for WD45. As the line diameter increases, the stiffness of the mooring line also increases,
necessitating greater horizontal forces to achieve the required elongation for the taut configuration.
Deeper water depths increase the vertical distance, causing more line stretch and higher horizontal
tensions. This relationship indicates a trade-off between tensions and displacements: lower line di-
ameters (less stiff lines) result in higher displacements but lower tensions, while higher line diameters
(stiffer lines) lead to lower displacements but higher tensions.

The vertical force component represents the uplift acting on the anchor. This uplift force is significant
in taut mooring systems due to the steep angle of the mooring lines. As water depth and line diameter
increase, so does the vertical force, potentially requiring anchors capable of handling substantial uplift.
The higher Ez values indicate that vertical forces are more dominant than horizontal forces at the
anchor point in WD45. For example, at LD200, the vertical force of approximately 4145 kN exceeds
the horizontal force of about 3036 kN.

Substantial uplift and horizontal forces require robust anchoring solutions capable of withstanding high
vertical and horizontal loads. Vertical load anchors (VLAs), as discussed in subsection 2.1.5, are suited
to handle the uplift forces present in taut mooring systems at shallow waters. Selecting and designing
anchors carefully is important to maintain the integrity of the mooring system, considering the increased
tensions with larger line diameters and deeper waters.

Floater motions
As mentioned in the catenary mooring system analysis, the floater’s motions are predominantly along
the Y-axis due to environmental forces being applied from this direction. The large hydrostatic stiffness
of the floater and the symmetry of the loading result in negligible motions in the X and Z directions.

Figure 5.16 presents the maximum Y-direction displacements of the floater for Nylon mooring lines
across different LDs and WDs. Both static and MPM displacements are shown, with the MPM displace-
ments accounting for dynamic environmental loading.



5.1. Dynamic behavior 70

60 80 100 120 140 160 180 200
Line Diameter (mm)

2

4

6

8

10

12
Di

sp
la

ce
m

en
t (

m
)

Maximum Y displacements by line diameter for each water depth for Taut
Water Depth and Type

WD35 MPM
WD35 Static
WD40 MPM
WD40 Static
WD45 MPM
WD45 Static

Figure 5.16: Maximum Y-direction displacements of the floater for Nylon mooring lines

The results indicate that the maximum displacements decrease with increasing line diameter due to the
higher stiffness and restoring force provided by larger mooring lines. A larger line diameter increases
the axial stiffness of the mooring line, which reduces the amount of stretch under load. Consequently,
the floater experiences smaller excursions under the same environmental conditions. For example, at
WD35, the MPM displacement reduces from approximately 10.00 m for LD100 to around 5.00 m for
LD200.

Displacements increase with water depth because deeper waters require the mooring lines to span a
greater vertical distance, resulting in more line stretch and reduced horizontal stiffness. This leads to
larger floater excursions under environmental loading. At WD45, the MPM displacement for LD100
increases to about 12.00 m, compared to 10.00 m at WD35.

Velocities and accelerations of the floater are summarized in Table 5.5 and Table 5.6. The MPM values
are provided for different line diameters and water depths.

Table 5.5: MPM velocities in Y direction for Nylon mooring lines

Line Diameter (mm) WD35 (m/s) WD40 (m/s) WD45 (m/s)
100 0.92 0.67 1.86
150 0.73 0.67 1.62
200 1.07 0.68 0.73

Table 5.6: MPM accelerations in Y direction for Nylon mooring lines

Line Diameter (mm) WD35 (m/s2) WD40 (m/s2) WD45 (m/s2)
100 0.62 0.53 1.01
150 0.57 0.53 0.92
200 0.70 0.54 0.57

Generally, velocities and accelerations decrease with increasing line diameter, consistent with the ex-
pectation that stiffer mooring lines limit floater motions. Larger line diameters provide greater restoring
force, which not only reduces the maximum displacement but also dampens the floater’s motion, re-
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sulting in lower velocities and accelerations. For example, at WD45, the MPM acceleration decreases
from 1.01 m/s2 for LD100 to 0.57 m/s2 for LD200.

The observed increase in velocities and accelerations with water depth, particularly for smaller line
diameters, is due to the increased line stretch and reduced stiffness in deeper waters. The longer
mooring lines in deeper waters allow for greater floater motions under dynamic loading. This effect
is more pronounced for lines with lower stiffness (smaller diameters), leading to higher velocities and
accelerations.

These trends influence the design and performance of the mooring system. Higher velocities and accel-
erations can lead to increased dynamic loads on the mooring lines and the floater, potentially affecting
structural integrity and fatigue life. Therefore, selecting an appropriate line diameter is influential to
balance the floater motions and the resulting tensions in the mooring lines. While larger diameters re-
duce floater motions, they also result in higher pretensions and require stronger anchors, as discussed
earlier. The choice of line diameter must consider these trade-offs to ensure the safety and reliability
of the mooring system.

5.1.3. Comparison of catenary and taut concepts
Varying line diameters (LDs) were evaluated for both mooring systems, revealing considerable differ-
ences in performance. Only specific configurations were acceptable, as all polyester lines produced
invalid outcomes, while only one nylon line diameter (LD200) yielded satisfactory results.

Catenary systems experience lower pretensions, ranging from approximately 500 kN to 1500 kN, mak-
ing them easier to install without the need for specialized equipment. The anchor loads are primarily
horizontal, which allows for the use of conventional drag anchors. In contrast, taut mooring systems
have higher pretensions, reaching up to 2800 kN for larger line diameters and deeper water. These
higher tensions require specialized tensioning equipment during installation and demand anchors ca-
pable of resisting vertical loads, such as vertical load anchors (VLAs).

In terms of floater motions, the catenary system generally shows larger displacements, up to 14 m for
smaller line diameters, due to its inherent compliance, allowing more horizontal movement. Maximum
accelerations in the catenary system reach around 0.56 m/s2, or approximately 0.057 g, which is well
within operational limits. In comparison, the taut system, with its higher stiffness and restoring force,
limits floater displacements more effectively, reducing them to approximately 5 m to 12 m depending
on line diameter and water depth. However, maximum accelerations can reach up to 1.01 m/s2, or
approximately 0.10 g, which is still within acceptable limits.

5.2. Other criteria
In addition to dynamic behavior, several other criteria are evaluated to assess the suitability of mooring
systems for temporary wet storage of floating offshore wind foundations. These criteria include spatial
utilization, accessibility, cost, and hook-up efficiency. Each of these criteria is discussed in detail below.

5.2.1. Spatial utilization
Spatial utilization refers to the efficiency with which the available area is used for mooring the floaters.
In the context of temporary wet storage, maximizing spatial utilization means accommodating the high-
est number of floaters within a given area without causing collisions or operational hindrances. For
the catenary mooring system, the anchor distance must be sufficiently large to ensure stability and
prevent collisions. However, for chain diameters of 150 mm and larger, the spatial utilization becomes
constrained by accessibility limits, resulting in no significant difference compared to the taut mooring
system. The taut mooring system generally allows for better spatial utilization due to its vertical load dis-
tribution, which requires less horizontal space compared to catenary systems. Nevertheless, in shallow
water depths, the taut system will always remain on the limit of the accessibility constraint, balancing
spatial utilization and accessibility effectively.

5.2.2. Accessibility
Accessibility is a critical criterion that evaluates the ease with which tugs and other vessels can maneu-
ver around and access the moored floaters. Both catenary and taut mooring systems have the same
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45 m minimum distance constraint between floaters to ensure adequate maneuverability for tugs. How-
ever, the catenary system, due to its higher displacements, poses more challenges for accessibility
compared to the taut system. The taut mooring system, with its lower displacements and velocities,
scores better in terms of accessibility as it provides a more stable and predictable environment for tugs
to operate safely and efficiently.

5.2.3. Hook-up efficiency
Hook-up efficiency assesses the complexity involved in connecting and disconnecting themooring lines.
Catenary mooring systems have an advantage in this aspect due to their reduced need for high tension
in the mooring lines. This makes the process of putting in and taking out the mooring system simpler
and faster. Taut mooring systems, while offering better dynamic stability and spatial utilization, require
more precise tensioning and handling during the hook-in and hook-out procedures, thus increasing the
complexity and time required for these operations.

5.2.4. Cost
Cost is evaluated based on the amount of material required and the complexity of the mooring system.
Catenary mooring systems typically use more expensive chain materials due to the need for heavy
chains that can handle the dynamic loads effectively. On the other hand, taut mooring systems require
vertical load-carrying anchors, which are more expensive than the horizontal anchors used in catenary
systems. Consequently, the overall cost comparison between catenary and taut mooring systems is de-
pendent on the specific configurations and materials used. While catenary systems might incur higher
material costs, taut systems may balance out these costs with more expensive anchoring solutions.

5.3. Multi-Criteria Decision Analysis
The Multi-Criteria Decision Analysis (MCDA) integrates the evaluated criteria to compare the catenary
and taut mooring systems systematically. The criteria and their respective weights, as introduced in
chapter 3, are summarized in Table 5.7.

Table 5.7: Criteria and weights for MCDA

Criterion Weight (%)
Dynamic behavior 50
Spatial utilization 20
Accessibility 15
Hook-up efficiency 10
Cost 5
Total 100

5.3.1. Scoring of mooring systems
Each mooring system is scored on a scale from 1 to 5 for each criterion, where 1 represents poor
performance and 5 represents excellent performance. The scores are based on the analysis conducted
in the previous sections, translating physical observations into quantitative assessments.

Table 5.8: MCDA scores for catenary and taut mooring systems

Criterion Catenary Score Taut Score
Dynamic behavior 4 2
Spatial utilization 3 4
Accessibility 3 4
Hook-up efficiency 4 2
Cost 3 2

Dynamic Behavior
• Catenary (Score: 4): The catenary mooring system exhibits acceptable dynamic behavior, with
velocities and accelerations well below critical thresholds. Floater displacements are moderate,
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up to 14 m, depending on line diameter and water depth. The system effectively manages dy-
namic loads with lower tensions.

• Taut (Score: 2): The taut mooring system has mixed performance in dynamic behavior. While it
can limit floater displacements effectively with the larger line diameters, the system shows poor
performance for certain configurations. Specifically, all polyester line configurations did not yield
valid results, and only one nylon line diameter provided acceptable performance. The higher pre-
tensions and sensitivity to material properties reduce its dynamic performance score. Selecting
the appropriate line diameter is crucial, as the system behaves differently across tested diame-
ters.

Spatial Utilization
• Catenary (Score: 3): The catenary system requires longer anchor distances and larger mooring
footprints due to the horizontal extent of the mooring lines. For example, with a 150 mm chain
diameter, the anchor distance can be around 135 m, reducing spatial efficiency.

• Taut (Score: 4): The taut system, with steeper mooring lines, requires less horizontal space,
improving spatial utilization. Reduced floater displacements allow for closer spacing between
floaters, enhancing the number of units that can be stored in a given area.

Accessibility
• Catenary (Score: 3): Larger floater displacements in the catenary system may pose challenges
for vessel maneuvering and access, particularly in tight mooring fields. The minimum spacing
between floaters may need to be increased to maintain safe access routes.

• Taut (Score: 4): Reduced displacements and a smaller mooring footprint in the taut system
improve accessibility for tugs and support vessels, facilitating operations such as maintenance
and hook-up.

Hook-up Efficiency
• Catenary (Score: 4): Lower pretensions in the catenary system simplify the hook-up process,
requiring less specialized equipment and shorter installation times. For instance, tensions are
within the capability of standard harbor tugs with a bollard pull of around 500 kN.

• Taut (Score: 2): High pretensions in the taut system complicate the hook-up procedure, necessi-
tating specialized tensioning equipment and longer installation durations. Pretensions can reach
up to 2800 kN, exceeding the capacity of typical installation vessels.

Cost
• Catenary (Score: 3): The use of heavier chains and longer mooring lines increases material
costs. However, conventional anchors are less expensive, and installation procedures are sim-
pler, potentially offsetting material costs.

• Taut (Score: 2): Material costs may be lower due to lighter mooring lines, but the requirement for
specialized anchors capable of handling high vertical loads increases overall costs. Additionally,
higher installation complexity can add to operational expenses.

5.3.2. Weighed scores
The weighted scores for each mooring system are calculated by multiplying the criterion weight by the
system’s score for that criterion. The total score is the sum of the weighted scores.

Table 5.9: Weighted MCDA scores for catenary and taut mooring systems

Criterion Catenary weighted score Taut weighted score
Dynamic behavior (50%) 4× 50 = 200 2× 50 = 100
Spatial utilization (20%) 3× 20 = 60 4× 20 = 80
Accessibility (15%) 3× 15 = 45 4× 15 = 60
Hook-up efficiency (10%) 4× 10 = 40 2× 10 = 20
Cost (5%) 3× 5 = 15 2× 5 = 10
Total score 360 270



5.3. Multi-Criteria Decision Analysis 74

The total scores indicate that the catenary mooring system outperforms the taut system based on
the weighted criteria. The catenary system’s advantages in dynamic behavior and hook-up efficiency
outweigh its disadvantages in spatial utilization and accessibility.

5.3.3. Sensitivity analysis
To assess the robustness of the weighed scores, a sensitivity analysis is performed by varying the
weights of the criteria. This analysis examines how changes in the importance assigned to each crite-
rion affect the overall ranking of the mooring systems.

Scenario 1: Increased importance of spatial utilization If spatial utilization is deemedmore critical,
its weight can be increased from 20% to 30%, with corresponding adjustments to other criteria.

Table 5.10: Adjusted criteria weights for scenario 1

Criterion Adjusted weight (%)
Dynamic behavior 45
Spatial utilization 30
Accessibility 15
Hook-up efficiency 5
Cost 5
Total 100

Recalculating the weighted scores:

Table 5.11: Weighted MCDA scores for scenario 1

Criterion Catenary weighted score Taut weighted score
Dynamic behavior (45%) 4× 45 = 180 2× 45 = 90
Spatial utilization (30%) 3× 30 = 90 4× 30 = 120
Accessibility (15%) 3× 15 = 45 4× 15 = 60
Hook-up efficiency (5%) 4× 5 = 20 2× 5 = 10
Cost (5%) 3× 5 = 15 2× 5 = 10
Total score 350 290

In this scenario, the total scores are closer, with the taut mooring system’s improved spatial utilization
making it more competitive, but the catenary system still maintains a higher total score.

Scenario 2: Increased importance of hook-up efficiency Alternatively, if hook-up efficiency is crit-
ical, its weight can be increased from 10% to 20%, with adjustments to other criteria.

Table 5.12: Adjusted criteria weights for scenario 2

Criterion Adjusted weight (%)
Dynamic behavior 45
Spatial utilization 15
Accessibility 15
Hook-up efficiency 20
Cost 5
Total 100

Recalculating the weighted scores:
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Table 5.13: Weighted MCDA Scores for Scenario 2

Criterion Catenary weighted score Taut weighted score
Dynamic behavior (45%) 4× 45 = 180 2× 45 = 90
Spatial utilization (15%) 3× 15 = 45 4× 15 = 60
Accessibility (15%) 3× 15 = 45 4× 15 = 60
Hook-up efficiency (20%) 4× 20 = 80 2× 20 = 40
Cost (5%) 3× 5 = 15 2× 5 = 10
Total score 365 260

In this scenario, the catenary system’s advantage in dynamic behavior and hook-up efficiency further
increases its total score, reinforcing its preference when installation simplicity is a priority.

5.3.4. Discussion
The sensitivity analysis demonstrates that the choice between catenary and taut mooring systems
is sensitive to the weighting of the criteria based on project priorities. When spatial utilization and
accessibility are highly valued, the taut mooring system becomes more competitive but still does not
surpass the catenary system in total score. Conversely, when dynamic behavior and hook-up efficiency
are prioritized, the catenary system is clearly favored.

The weighed scores indicate that both catenary and taut mooring systems can be viable options for the
temporary wet storage of floating offshore wind foundations. The catenary system excels in dynamic
behavior and hook-up efficiency, while the taut system offers improved spatial utilization and accessibil-
ity. However, the catenary system’s overall performance, especially in dynamic behavior, makes it the
preferable option in this analysis. The final decision should be based on specific project requirements,
site conditions, and operational priorities.



6
Conclusions

This chapter presents the key findings derived from this research, addressing the main research ques-
tions, and concluding the investigation into the development of mooring systems for the temporary wet
storage of floating offshore wind foundations.

6.1. Design objectives and criteria
The mooring systems for wet storage of floating offshore wind turbine foundations must ensure safe,
reliable, and efficient storage. These foundations are originally designed for operational offshore con-
ditions, not for extended storage, which places different requirements on the mooring system. The
design objectives and criteria for a wet storage mooring system are identified as:

• The primary criterion for mooring system feasibility is identified as the dynamic behavior. A moor-
ing system is considered feasible if it prevents excessive motions, including displacements, which
could result in collisions between floaters, and maintains mooring line tensions below the break-
ing strength to avoid failure. The physical parameters used to assess this are floater motions and
mooring line tensions, which must remain within defined limits under the influence of environmen-
tal forces like waves, wind, and currents.

• Spatial utilization is important in congested waters near fabrication harbors, where space is lim-
ited. This criterion assesses how many floaters can be accommodated within a given area, mea-
sured in floaters per square meter. The goal is to achieve a compact mooring arrangement that
optimizes the use of available space without compromising safety. In scenarios where dynamic
behavior is adequate, spatial utilization becomes a significant factor in determining the favorability
of the mooring system.

• Accessibility refers to the ease of maneuvering tugs and vessels between moored floaters. This
is assessed by the horizontal distance between floaters, with a minimum of 45 meters required
to accommodate the typical size of harbor tugs. Adequate accessibility is essential for facilitating
efficient operations such as hook-up and retrieval.

• Hook-up efficiency measures the complexity and time required to connect and disconnect the
mooring lines. Systems with simpler, faster hook-up processes are preferred as they help re-
duce operational time and labor costs. Efficient hook-up operations are particularly important in
temporary storage scenarios, where minimizing cycle times is an objective.

• The cost of the mooring system is determined by the amount of material used and the type of
anchor selected. Catenary systems generally require more material due to their reliance on heavy
chains, whereas taut systems use more expensive vertical load-bearing anchors.

6.2. Environmental conditions
It is found that the environmental factors most relevant to mooring system design for wet storage are
waves, water depth, tidal ranges, wind, and currents. Wet storage sites are typically located in ar-
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eas outside breakwaters, which present different environmental conditions compared to the offshore
environments where floaters are originally designed to operate.

• Waves in nearshore areas undergo transformations like refraction, shoaling, and breaking due
to shallower depths. In this study, waves were modeled using a JONSWAP spectrum based on
extreme wave heights recorded at the case study location. While wave transformations occur,
the JONSWAP spectrum adequately represents wave effects for mooring system design.

• Water depth and tidal ranges present challenges specific to nearshore areas. Shallow waters
combined with high tidal ranges create large variations between high and low tide, significantly
impacting mooring line tensions and system performance. Offshore locations, with deeper waters,
experience less impact from tidal changes.

• Wind loads are less intense nearshore compared to offshore but still influence floater dynamics.
In this study, wind forces were modeled consistently across all configurations, and though they
varied little between cases, wind forces must be considered to ensure system integrity.

• Potentially stronger currents nearshore exert lateral forces on floaters. It is found that mooring
systems must be designed to withstand these forces to maintain the floater’s position and system
stability.

6.3. Viable mooring concepts
Asmentioned in section 6.2, the environmental conditions in nearshore wet storage locations differ from
offshore sites, presenting both challenges and opportunities for mooring system design. The shallower
water depths, reduced wave energy, shorter wave periods, and larger tidal ranges in these locations
allow for different mooring concepts compared to those typically used offshore. For example, reduced
depth makes pile fields feasible, which are impractical in deeper waters.

Based on literature and engineering knowledge, several mooring system concepts for wet storage have
been identified:

• Catenary mooring, commonly used offshore, is expected to perform well in nearshore storage. It
relies on heavy chains lying on the seabed, providing restoring forces through the weight of the
lines. However, it may have lower spatial efficiency due to the long anchor distances required.
Add-ons, such as clump weights, may improve spatial efficiency by reducing anchor distances
and preventing uplift.

• Taut mooring offers better spatial utilization than catenary systems because of its smaller footprint.
It uses tensioned lines rather than horizontal extensions. However, higher tensions, especially
during tidal variations, may challenge system integrity. Taut mooring remains a potential option
for nearshore storage based on its ability to maximize space.

• Pile field mooring is hypothesized to be a suitable solution for shallow waters, where piles can
be installed as stable connection points. This concept offers reusability across multiple projects.
However, its implementation may be limited by water deprth and the willingness of port authorities
to allocate space. Future studies and further analysis is needed to confirm its feasibility and
dynamic performance.

• Shared buoy systems, such as Honeymooring, have been proposed in the literature for their
potential to reduce material usage and enhance spatial utilization. This concept involves multiple
floaters sharing common buoyancy points, but it may introduce risks such as cascading line failure.
While promising, shared buoy systems require further investigation to assess their practicality and
dynamic behavior in nearshore wet storage scenarios.

In summary, catenary and taut mooring systems are the most mature concepts, with strong literature
support, making them the most viable for nearshore wet storage. Pile field mooring and shared buoy
systems present potential advantages but require further research and validation before they can be
applied confidently.
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6.4. Modeling approach
It is found that different mooring configurations can be efficiently modeled and quantitatively verified
using frequency domain (FD) analysis. This method enables rapid assessment of dynamic behavior un-
der various environmental conditions, making it well-suited for early-stage development of wet storage
solutions. The modeling process involves defining the floater, mooring lines, and the hydrodynamic
properties of the system.

First-order loading, captured by FD analysis, provides a reliable estimate of the system’s response
to wave and environmental forces. Key parameters, such as Load Response Amplitude Operators
(RAOs), added mass, stiffness, and damping coefficients, are calculated using potential flow-based
diffraction tools like OrcaWave. These parameters are critical for evaluating the system’s dynamic
response, particularly for different water depths and floater drafts.

Verification of the model is achieved by comparing calculated RAOs and natural frequencies with ref-
erence data from the VolturnUS 15 MW semi-submersible floater, using the same mooring system.
The results closely match the reference data, confirming the model’s accuracy in predicting mooring
behavior.

Further modeling using OrcaFlex evaluates different mooring configurations under varying water depths
and floater drafts. These configurations are analyzed within specific design constraints, such as fairlead
tension, uplift limits, mooring line angles, and horizontal separation. Ensuring these parameters remain
within operational limits is essential for system performance.

6.5. Quantitative comparison of mooring system designs
It is found that catenary mooring systems provide robust performance for the VolturnUS 15 MW semi-
submersible floater studied in this thesis. The catenary configuration, which relies on gravity to form its
characteristic free-hanging shape with mooring lines resting on the seabed, effectively uses line weight
to generate restoring forces. For all tested line diameters (LD), acceptable maximum tensions and
displacements were observed. The highest tension, 1800 kN, occurred at a water depth of 45 meters
(WD45) with LD300, while the highest displacement, 9.8 m, was recorded for WD35 LD300. These
values were calculated using the Most Probable Maximum (MPM) for a 3-hour storm.

It is found that anchor distance and line length correlate with line diameter. As line diameter increases,
weight per meter increases with the square of the diameter, improving spatial efficiency. However, this
comes at the cost of higher tensions. For example, increasing the line diameter from LD100 to LD200
raises static tensions from 880 kN to 1100 kN on average, while reducing anchor distances from 247 m
to 155 m. This highlights a trade-off between minimizing tension and shortening anchor distance and
line length. Additionally, deeper water leads to increased tensions across all line diameters, as more
of the mooring line is suspended from the fairlead, reducing seabed contact and increasing load on the
fairlead.

The hook-up and retrieval procedures for catenary systems were also found to be feasible in calm
waters and at low tide, provided that the procedure time is short compared to the tidal period. The
required pretension in the mooring lines increases with line diameter, from 40 kN for LD50 to 500 kN
for LD300. These values remain within the capacity of harbor tugs, which typically have a maximum
bollard pull of 500 kN.

Taut mooring systems, in combination with the VolturnUS floater, face challenges due to tidal variations.
A tidal range of 10 meters over 40 meters water depth creates significant tension differences between
high and low tide. To avoid slack lines at low tide, the system is designed to maintain tension at WD35.
However, at high tide, tensions often exceed the mooring line’s breaking strength. Both polyester and
nylon lines showed limitations under these conditions.

For polyester, tensions exceeded the breaking strength for all diameters once deeper waters were
simulated. The material was unable to balance taut line requirements at low tide without leading to
excessive tension at high tide. Nylon exhibited similar issues, with maximum tensions surpassing the
breaking strength in the WD45 LD100 and WD45 LD150 cases, reaching as high as 5100 kN for WD45
LD200. Only the largest diameter (LD200) remained within safe limits, making it the sole feasible option
in the simulations. However, the pretension required for hook-up at low tide was 2800 kN, which would
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demand specialized equipment. While this high pretension reduced displacements to 4.5 m for WD45
LD200, the complexity of the hook-up operation remains a significant challenge.

6.6. Applicability to other foundation types
The FD analysis methodology developed in this thesis provides a framework for evaluating mooring
systems for various floating offshore wind foundations. Its strength lies in its ability to rapidly assess
dynamic behavior across different mooring configurations and environmental conditions. This method-
ology has been applied to the VolturnUS 15 MW semi-submersible, and its general principles can be
extended to other foundation types.

For example, catenary mooring systems can exhibit similar trade-offs between tension reduction and
increased anchor distance across different floater types, although specific details will depend on the
hydrodynamic properties of each foundation. Spar-buoys, which can potentially be wet-stored vertically
or horizontally, face fewer space constraints in harbors due to their simpler shape, but may still require
wet storage if logistally required.

In contrast, tension-leg platforms (TLPs) are less likely to be wet-stored due to their higher tension
requirements and complex installation process. The significant tension involved with TLPs makes tem-
porary storage solutions like wet storage impractical from a cost and operational perspective. Therefore,
the framework developed in this thesis is more applicable to semi-submersibles and spar-buoys, where
spatial utilization and dynamic behavior are critical factors for storage.

6.7. Designing mooring systems for wet storage
This research provides a framework for designing mooring systems that ensure technical feasibility
and efficient spatial utilization for the temporary wet storage of floating offshore wind foundations. By
identifying key design objectives such as managing dynamic behavior to prevent excessive motions
and tensions, maximizing spatial use for congested nearshore areas, ensuring accessibility for vessels,
improving hook-up efficiency, and considering costs, the study outlines criteria for mooring system
design. Understanding environmental conditions such as waves, water depth, tidal ranges, wind, and
currents at potential wet storage sites allows for customized mooring concepts. The analysis shows
that catenary mooring systems perform effectively for semi-submersible platforms like the VolturnUS 15
MW, balancing tensions and displacements while optimizing spatial requirements. While taut mooring
systems face challenges due to tidal variations, they may still be viable in locations with smaller tidal
ranges.

Using frequency domain modeling enables efficient evaluation of different mooring configurations un-
der various environmental conditions, facilitating rapid assessment during early design stages. The
quantitative comparison of mooring designs and the applicability of the developed approach to other
floating foundation types demonstrate the versatility of the framework. By integrating design criteria, en-
vironmental considerations, viable mooring concepts, modeling techniques, and quantitative analyses,
this research offers a foundation for designing mooring systems suitable for wet storage.



7
Recommendations

Based on the findings and limitations identified in this study, several areas for further research are rec-
ommended to advance the understanding and design of mooring systems for temporary wet storage of
floating offshore wind foundations. The recommendations are divided into two categories: exploration
of alternative mooring concepts and improvements to modeling and validation.

7.1. Expanding the problem definition
Several alternative mooring concepts and broader research avenues could enhance the understanding
of mooring systems for wet storage:

• Investigating alternative mooring concepts, such as Honeymooring and pile field concepts, which
could offer more efficient configurations. Honeymooring is more compact and reduces material
usage, though it may experience higher tensions in taut lines. Pile fields show promise in shallow
waters for reusability, but their connection mechanisms require further investigation.

• Explore alternative mooring line materials and add-ons, such as clump weights and in-line load
reduction devices, which may reduce tensions and improve load distribution. These options were
not covered in this thesis but could enhance both catenary and taut systems.

• Expand the study to include different locations, environmental conditions, and floater types. This
research focused on the VolturnUS 15 MW semi-submersible at a single location. Investigating
the scalability of the framework across various floater designs and site conditions will provide a
broader understanding of mooring performance. Notably, the tidal range in the Severn Estuary is
one of the highest in the world, so concepts that face challenges here may work better in areas
with lower tidal ranges.

• Evaluate the economic and logistical implications of wet storage for FOWTs through cost-benefit
analyses. This should include assessing supply chain impacts and the feasibility of wet-storing
integrated turbines, considering additional load and stability requirements.

• Integrate wet storage load cases into design standards such as DNV-ST-0119 [29] to ensuremoor-
ing systems are assessed against real-world conditions. Future design codes should account for
multiple environmental forces specific to wet storage.

• Assess the environmental impact and sustainability of mooring systems, focusing on their effects
on marine ecosystems and hydrodynamics. Long-term studies on material fatigue and degrada-
tion are also needed to ensure sustainable mooring solutions.

7.2. Modeling improvements
Enhancements to the modeling approach can improve the accuracy and reliability of mooring system
assessments under more complex scenarios:
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• While the use of FD analysis in this study was efficient in assessing various mooring options, it
is recommended that the most promising configurations be further validated using TD analysis.
TD analysis captures nonlinear behaviors such as slow drift and mooring line stiffness, which can
influence mooring performance under real-world conditions. However, in locations where wet
storage is expected, first-order loading, as captured by FD analysis, provides a reliable indication
of mooring behavior. The rapid nature of FD calculations allows for the exploration of multiple
design variations, making it a valuable tool for early-stage design. For safety and compliance
with design codes, it is recommended that the final configuration be validated through TD analysis
to ensure that the FD results are sufficient for real-world application. This step would ultimately
confirm the reliability of the FD-based methodology developed in this thesis.

• Assess mooring system performance under Accidental Limit States (ALS), where anchor lines
break. Testing these load cases is critical for verifying system stability and avoiding cascading
failures under extreme conditions.

• Refine drag coefficients for wind and current load estimations using more detailed methods such
as CFD simulations or experimental data. The current analysis used an empirical drag coefficient
of 0.5, based on Reynolds numbers higher than 104, but the complex geometry of the floater and
environmental conditions suggest that more precise values would enhance the accuracy of the
mooring system performance predictions, particularly under extreme conditions.
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A
Anchor distance and line lengths

algorithm

This section explains the algorithm for calculating the shortest valid anchor distance and line length. It
ensures compliance with constraints and computational efficiency.

The process starts with catenary.py or taut.py, which define the mooring concept, water depths, and
line diameters. They specify a base_waterdepth for determining the shortest anchor distance and line
length, applied uniformly across all depths of the tidal range. These nearly identical scripts are the entry
point for the algorithm. They set parameters like mooring concept (catenary or taut), water depths, and
line diameters, and establish initial conditions with the base_waterdepth.

These scripts call two primary functions: initial_creator.py and analyse_catenary_and_taut.py.

A.1. File creation
The initial_creator.py script is responsible for generating the OrcaFlex files necessary for the dy-
namic analysis. It does so by first creating a file for a single floater using single_floater.py. This
floater is configured with its respective mooring lines, floater type, draft, and environmental conditions,
as specified in the Vessel_types.dat input file.

Once the single floater file is prepared, check_Uplift.py is called to evaluate various combinations
of anchor distances and line lengths. The goal is to find the smallest combination that satisfies all
constraints (as outlined in Section 4.3.3). This is achieved through a nested loop structure, where the
outer loop iterates over anchor distances and the inner loop over line lengths.

To optimize computational efficiency, the algorithm begins with a coarse search using a step size of 50
meters. Upon finding an initial valid combination, the algorithm refines the search using a finer step
size of 2 meters.

A.1.1. Constraint handling
Within check_Uplift.py, several helper functions are employed:

• calculate_uplift_and_tensions.py: Calculates the uplift forces, declinations, and tensions in
the mooring lines.

• check_anchor_angles.py, check_angle_range.py, check_fairlead_angles.py,
check_relative_fairlead_anchor.py: These functions verify that the mooring system adheres
to the constraints regarding angles and relative positions.

After determining the appropriate anchor distance and line length for the base_waterdepth, these val-
ues are applied to files corresponding to other water depths.
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A.1.2. Expanding to multiple floaters
The next step in initial_creator.py involves expanding the model from a single floater to a configura-
tion with multiple floaters. This is accomplished by first calling hexagon_definer.py, which generates
a hexagonal pattern of nodes representing the positions of floaters and anchors. This pattern is based
on the shortest anchor distance identified earlier.
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Figure A.1: Node locations for an anchor distance of 85 m

Figure A.1 shows an example hexagonal mooring configuration, which is created based on the an-
chor distance. The layout utilizes nodal points to create an efficient arrangement for the floaters while
maintaining compliance with design constraints.

The create_layout.py script is then used to create files for dynamic analysis, with and without envi-
ronmental conditions. Within this function, clone_and_reposition.py is employed to clone the floater
and position it according to the node locations.

A.2. Post-processing
Finally, after the layout files are prepared, catenary.py or taut.py calls analyse_catenary_and_taut.
py for post-processing. This script generates Excel files containing all the results and creates the plots
used for the analysis presented in this report.

The anchor distance and line length algorithm ensures the mooring systemmeets constraints efficiently.
Coarse-to-fine search methods, constraint application, and expanding from single to multiple floaters
are used to generate the analysed results.



B
Load RAOs

This appendix presents the Load Response Amplitude Operators (RAOs) for the surge, heave, and
pitch load RAOs under various categories. TheseRAOs are used to assess the behavior of themodeled
system under different loading conditions. The categories analyzed in this appendix are as follows:

• Comparison with NREL reference data
• Effect of draft
• Effect of moored draft
• Comparison of water depths
• Effect of tidal range

Each figure below shows the load RAO for surge, heave, or pitch under these specific categories,
offering insights into how the system responds to changes in these parameters.

B.1. Comparison with available literature

Figure B.1: Comparison of NREL and Orcina results for surge load RAO
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Figure B.2: Comparison of NREL and Orcina results for heave load RAO

Figure B.3: Comparison of NREL and Orcina results for pitch load RAO
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B.2. Effect of draft

Figure B.4: Effect of draft on surge load RAO

Figure B.5: Effect of draft on heave load RAO
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Figure B.6: Effect of draft on pitch load RAO

B.3. Effect of moored draft

Figure B.7: Effect of mooring draft on surge load RAO
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Figure B.8: Effect of mooring draft on heave load RAO

Figure B.9: Effect of mooring draft on pitch load RAO
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B.4. Comparison of water depths

Figure B.10: Comparison of water depths on surge load RAO

Figure B.11: Comparison of water depths on heave load RAO
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Figure B.12: Comparison of water depths on pitch load RAO

B.5. Effect of tidal range

Figure B.13: Effect of tidal range on surge load RAO
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Figure B.14: Effect of tidal range on heave load RAO

Figure B.15: Effect of tidal range on pitch load RAO



C
Free-decay plots

This appendix presents the free-decay time histories for the six degrees of freedom (DOFs) of the float-
ing structure under consideration: surge, sway, heave, roll, pitch, and yaw. These plots are derived
from dynamic simulations that analyze how the structure responds to perturbations over time. Each fig-
ure below illustrates the decay behavior of one of the six DOFs, capturing the system’s natural damping
characteristics and oscillatory motion after an initial displacement.

Figure C.1: Decay time history for surge
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Figure C.2: Decay time history for sway

Figure C.3: Decay time history for heave
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Figure C.4: Decay time history for roll

Figure C.5: Decay time history for pitch
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Figure C.6: Decay time history for yaw



D
Added mass over frequency for all

DOFs

This appendix provides detailed graphs showing the added mass as a function of frequency for the six
degrees of freedom (DOFs) of the floating offshore wind platform. These DOFs include surge-surge,
sway-sway, heave-heave, roll-roll, pitch-pitch, and yaw-yaw.

Figure D.1: Added mass as a function of frequency for surge-surge DOF

Figure D.2: Added mass as a function of frequency for sway-sway DOF
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Figure D.3: Added mass as a function of frequency for heave-heave DOF

Figure D.4: Added mass as a function of frequency for roll-roll DOF

Figure D.5: Added mass as a function of frequency for pitch-pitch DOF

Figure D.6: Added mass as a function of frequency for yaw-yaw DOF

These graphs illustrate the behavior of the added mass for each degree of freedom over a range of
frequencies, providing a view of how the addedmass varies with frequency. This information is required
to understand the dynamic characteristics of the floating offshore wind platform and validating the use
of a constant added mass in the frequency domain analysis.
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