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Abstract

Abstract

The ever-increasing population and living standard have put a rising de-
mand on the global energy production. Today, the energy mix is primarily
dominated by fossil fuels, but as the demand increases and the finite fossil
resources are exhausted, it becomes critical to implement renewable energy
supplies into the mix. With the increasing focus on environmental sustain-
ability, security of jobs and energy security and equity, it is beneficial not
only to improve the established renewable energy sources, but also to de-
velop and introduce those resources that are not yet commercially mature.
The wave energy sector provides a significant global energy potential, but is
not yet providing any contribution to the energy mix.

Since the first patented wave energy device, many different concepts have
been developed, but none have yet managed to reach a level of maturity,
which allows for feasible offshore deployment for energy production. This
is both resulting from a cost of energy, which is not yet competitive to other
energy resources, but also from failures of many of the early-stage deploy-
ments. To some extent, both of these factors can be linked to the topic of
moorings as the cost of these has been shown to take up a considerable part
of the total cost and as several mooring failures have been experienced so far.

The present work focusses on mooring solutions for large floating wave
energy converters and aims at developing guidelines and procedures used
for designing cost-efficient and reliable solutions. The work takes its basis
in four large wave energy converters and their initially proposed mooring
solutions in order to clarify how moorings have been designed, and uses it to
discuss promising layouts and materials. The applicability of different types
of numerical models for initial mooring design is investigated by validation
against experimental data, with quantification of the accuracy of the capa-
bility to model line tensions. The numerical model is further implemented
in an optimization routine, which allows for fast evaluation of an optimized
and reliable mooring layout. This is used to design three different types of
mooring systems and compare cost and sensitivity in order to find pros and

xv



Abstract

cons from each system. Consequently, the presented work aids in early stage
design of moorings and provides a methodology, which finds durable and
cost-efficient solutions.
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Resumé

Resumé

Det voksende globale befolkningstal, og en levestandard i konstant udvikling,
har medført et stigende krav til verdens energiproduktion. I dag er fordelin-
gen i energiforsyningen primært domineret af fossile brændstoffer, men i
takt med at efterspørgslen stiger, og de begrænsede fossile brændstoffer op-
bruges, er det kritisk, at der implementeres vedvarende energikilder i forsynin-
gen. Med et stigende fokus på miljømæssig bæredygtighed, fastholdelse af
arbejdspladser, energisikkerhed og ligelighed i adgangen til energi, er det
gunstigt både at forbedre de etablerede energiproduktioner, men også at ud-
vikle og implementere de ressourcer, som endnu ikke er kommercielt ud-
viklede. Bølgeenergisektoren udgør her et betydeligt globalt energipoten-
tiale, men er stadig ikke aktiv i verdens energiproduktion.

Siden det første patenterede bølgeenergikoncept er der udviklet mange
forskellige koncepter, men ingen er endnu lykkedes i at nå et niveau, der
tillader rentabel offshore installation og energiproduktion. Dette er både et
resultat af en energipris, der aktuelt ikke kan konkurrere med de øvrige ener-
gikilder, men også pga. svigt af flere koncepter i tidelige udviklingsfaser.
Begge faktorer kan til en vis grad knyttes til koncepternes forankringsløs-
ninger, da prisen for disse har vist sig at optage en betydelig del af den
samlede pris, og da adskillige svigt er forekommet i sektoren som følge af
brud i forankringen.

Det forelagte arbejde fokuserer på forankringsløsninger til store bølgeen-
ergianlæg og søger at udvikle retningslinjer og procedurer for design af pris-
effektive og pålidelige løsninger. Arbejdet tager sit udgangspunkt i fire store
bølgeenergianlæg, og de løsninger som de oprindeligt har foreslået, for at
klarlægge hvordan forankring tidligere er blevet designet, og for at diskutere
potentielle løsninger og materialer. Anvendeligheden af forskellige typer nu-
meriske modeller til initierende forankringsdesign bliver undersøgt og valid-
eret mod eksperimentelt data for at kvantificere præcisionen i at modellere
linekræfter. Den numeriske model bliver ydermere implementeret i en opti-
meringsrutine, der tillader identificering af optimale og pålidelige systemer.

xvii



Resumé

Denne rutine anvendes til design af tre forskellige forankringssystemer og
sammenligner pris og sensitivitet for at identificere fordele og ulemper ved
hvert system. I konsekvens heraf, understøtter det forelagte arbejde i ini-
tierende design af forankringssystemer og bidrager med en metode til at
finde pålidelige og priseffektive løsninger.
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1 | Introduction

This thesis handles the topic of mooring solutions for large Wave Energy
Converters (WECs) and is greatly motivated by the desire to bring wave en-
ergy closer to commercialization, to facilitate the use of sustainable energy
resources and to satisfy the increasing need of energy throughout the world.

The population of the world has been in constant development for many
years, both in terms of population size and living standards, which has now
resulted in an energy consumption that has increased with a yearly average of
1.9% for the past 10 years. This creates a growing demand on the exploration
of available energy sources, which so far, fossil fuels have been dominating.
In most of the world, however, the energy supply is now transforming from
the well-known and used fossil resource and into renewable energy sources,
partly because of a desire for more sustainable energy. As stated by IRENA
(2017), by the end of 2015, 173 of the 195 countries in the world had for-
mulated renewable energy targets at national level and 146 had agreed on
renewable support policies. More importantly, 193 countries signed the Paris
Agreement in 2016 and the remaining two countries signed in 2017, establish-
ing a global attempt to decrease global warming in large part by focussing on
renewable energy. Sadly, in 2016 USA announced its intention to withdraw
from the agreement and, thereby, be the only country in the world who is
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Fig. 1.1: Investment in the renewable energy sector over time (left) and by technology (right).
Based on values presented in IRENA (2017)
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Chapter 1. Introduction

not a signatory (United Nations, 2017). Globally, this focus has resulted in
an investment in renewable energies as presented in Fig. 1.1. As seen, there
has been an increasing trend in the investments up until 2011, which was fol-
lowed by a few years of decrease. This was partly caused by a decrease in the
investments from the developed countries, but nevertheless, the investments
afterwards seem to be increasing.

E
n

v
ir

on

mental Sustainability

Energy Equity

Energy Security

Sustainable E
n

ergy

Fig. 1.2: Illustration of the energy trilemma.

The motivation for the transfor-
mation towards renewable energy
has been listed by e.g. MacKay (2008)
as three focus points, Environmental
Sustainability, Energy Equity and En-
ergy Security, and has been named
by World Energy Council (2016) as
the Energy Trilemma. As a measure
of each country’s efforts towards sus-
tainable energy solutions, World En-
ergy Council (2016) introduced the
Energy Trilemma Index, which has
been used to rank countries from the most active in achieving sustainable
solutions (Denmark, Switzerland and Sweden) to the countries with largest
problems (Niger, Nepal).

In the last couple of decades, the impact on the environment and climate
from fossil fuels has become the attention of much discussion and contro-
versy. Today, this forms one of the greatest arguments for the transformation
towards use of renewable energy resources, as these are generally considered
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energy reserves as given in BP (2016). The renewable energy potentials are defined as theoretical
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to ensure a higher level of environmental sustainability. Use of fossil fuels has
a great correlation with the emission of greenhouse gasses such as Carbon
Dioxide (CO2), which has been identified as a cause of climate changes. Con-
sidering just the last 12 years, NASA (2017) states that the level of CO2 has
increased from 379 ppm in the atmosphere to 406 ppm in early 2017. In the
same period, the average annual temperature increased by 0.6◦C and resulted
in an average sea level rise of 43 mm. If this tendency continues over the next
period of time, the predictions estimate an average sea level rise of 0.5-1.3 m
by the time of the year 2100 with crucial consequences. In addition to the
climate impact, the extraction of fossil fuels has a very unfortunate effect on
the environment through heavy pollution of the air, water and soil.

A paramount problem with an energy production mainly conformed by
fossil fuels, is a very poor level of energy equity. By 2016, up to 17% of the
world population is estimated to be without access to electricity (IRENA,
2017), and the problem is highlighted by the fact that three countries possess
close to 60% of the world coal reserves, while three others own 50% of the
oil reserves (BP, 2016). Considering Fig. 1.3, which illustrates the worldwide
distribution of oil and coal reserves, it is seen how the fossil fuels are un-
evenly distributed and, consequently, allows a few developed areas access to
a large part of the reserves, while others have very limited access. Not sur-
prisingly, this highly affects the politics and price for energy, not to say the
risk of conflicts as some countries are dependent on supply from others.
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Chapter 1. Introduction

A beneficial factor in introducing new renewable energy sectors, particu-
larly in parts of the world where the energy sector previously was limited,
is the production of a large amount of new jobs. According to REN21 (2016)
there is a significant development in jobs in the renewable sector at present,
with an increase of 5% from 2014 to 2015 resulting approximately in a total
of 8.1 million direct and indirect jobs worldwide.

Energy security is a great motivation for renewable energy as it treats the
problem of ensuring that the energy resources can meet the current and fu-
ture demands. Furthermore, it helps decrease most countries’ dependency
on energy supply from other countries and eliminate the risk for energy con-
flicts. The finite fossil resource will eventually result in a change into other
energy sources. Despite a refinement in the extraction methods due to tech-
nology development and higher efficiency, the fossil fuels are limited and will
completely run out within a relatively short time, cf. Fig. 1.4. By continuing
the consumption of oil and gas resources as it is today, BP (2016) estimate
that the reserves are completely consumed by the year 2069, cf. Fig. 1.4. The
coal reserves will be consumed within 114 years at the current consumption
rate. In fact, it might not even be cost beneficial to extract all resources, due
to the complexity of such, and making a gradual change from the fossil fuels
into alternative solutions will eventually ease the transition into renewable
sources.

The benefits of switching to renewable energies are many. Considering
the Energy Trilemma, renewable energy secures a high level of security due
to the infinite resource, the equality is high as the availability and distribution
of resources are more even, and finally switching from fossil fuels usage to re-
newable energies has a very positive influence on the emission of greenhouse
gasses and the environmental impact.

Renewable energy covers a large variety of different energy sources –
some more developed and implemented in the energy production than oth-
ers. In 2015, renewable energy accounted for approximately 18.3% of the
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Fig. 1.5: Distribution of energy and electricity consumption by energy type (IRENA, 2017).
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total energy consumption (REN21, 2016), with the largest yearly increment
of growth in renewable power generation on record (BP, 2016). Considering
only the worldwide electricity consumption, 23.5% was generated by renew-
able resources, with a distribution as illustrated in Fig. 1.5.

When observing the energy mix in Fig. 1.5, it is clear that the renewable
sector needs further development before the fossil fuel consumption will de-
crease. Further development on the established resources is needed, but also
inclusion of resources that are not as developed by now. A sector, which cur-
rently does not contribute to the energy mix, is the wave energy sector also
seen from Fig. 1.5.

1.1 Wave Energy

As shown in Fig. 1.4, the wave energy is not the most dominant resource, but
it has the potential to be a considerable contributor, especially against the fi-
nite resources of oil, coal and natural gas. The total available wave energy po-
tential is approximated to 3 TW/yr, which is nearly 20% of the World Energy
Use (WEU) (Mørk et al., 2010; Pecher and Kofoed, 2017). Considering only
the electricity consumption (2.3 TW/yr), wave energy could potentially cover
this completely. However, this implies 100% utilization which will not be
achieved, but even 10-20% could pay a considerable contribution and forms
a strong argument for investigation and improvement of the resource.

The average available wave energy along the coasts of the world is illus-
trated in Fig. 1.3, and this presents another benefit from wave energy. Com-
pared to the concentrated fossil resources, wave energy is much more evenly
distributed throughout the countries of the world, and the energy from the
oceans is transported directly to the coasts at which a large part of the pop-
ulation is concentrated. This also ensures a high level of predictability and
provides a great supplement to wind energy as waves occur even when no
significant wind resource is present. Finally, waves have a large power den-
sity, which is good from an energy point of view, but it puts more demand
on the structures.

It is obvious that the implementation of wave energy into the energy mix
can help improve the Energy Trilemma. The resource not only ensures energy
security through its renewable nature, but also helps provide energy equity
and sustainability. In spite of this, the wave energy sector is still at an early
stage, where no commercial devices have yet been deployed. Nevertheless,
many different developers exist today (more than 200 by 2017 (EMEC, 2017)),
and much research is conducted throughout the world.

WECs differ significantly by shape, size and working principle, and tradi-
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Chapter 1. Introduction

tionally they are characterized by their working principle as listed below and
illustrated in Fig. 1.6.

• Overtopping (OT)

• Oscillating Water Column (OWC)

• Wave Activated Body (WAB)

Air turbine (PTO)

Water turbine (PTO)

Overtopping (OT)

Oscillating Water Column 
(OWC)

Wave Activated Body 
(WAB)

PTO

Fig. 1.6: Simple sketch of three different work-
ing principles of WECs. The layout and size can
differ significantly within each principle.

This characterization is described
by e.g. Falcão (2010), Karimi-
rad (2014) and Pecher and Kofoed
(2017), which also introduce char-
acterizations based on location (off-
shore, near-shore and onshore) and
the extension of the structure ac-
cording to the wave propagation (at-
tenuator, terminator and point ab-
sorber). As suggested from the ti-
tle of this thesis, only devices that
can be considered as large floating
WECs are considered. Nevertheless,
they can all be characterized differ-
ently according to the previous def-
initions.

1.1.1 Large Floating WECs

Large floating WECs are the type of devices closest to the well-known floating
Oil & Gas (O&G) structure due to their large masses and requirement to
response. The structure, in most cases, consists of a floating foundation at
which the wave energy Power Take Off (PTO) is installed. This means that the
floating foundation in itself is not supposed to be in resonance with the wave,

Floating Power Plant KNSwing LEANCON Wave Energy Wave Dragon

Fig. 1.7: Examples of large floating WECs, which is used for case studies in this thesis.
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but rather provide a stable foundation for the PTO which on the contrary can
be resonating for optimal power production.

Several large floating WECs are being developed like e.g. the Danish
devices Floating Power Plant (Floating Power Plant, 2017), KNSwing (Nielsen
and Bingham, 2015), LEANCON Wave Energy (LEANCON, 2017) and Wave
Dragon (Wave Dragon, 2017), cf. Fig. 1.7. These form the primary focus of
this thesis and act as case studies for the research with the expectation that
the findings can be applied to similar types of WECs. Examples of such could
be the WEPTOS (WEPTOS, 2017) and WavePlane (WavePlane, 2017).

Obviously, the four devices use different principles for wave energy ab-
sorption ranging from the use of OWC in LEANCON and KNSwing, to
WAB in Floating Power Plant and to OT in Wave Dragon. Despite this
significant difference between them, they all have in common that they are
equipped with a safety system, hence the PTO is disabled during extreme
events and, therefore, without influence on the response. Furthermore, they
are planned for deployment under similar environmental conditions as ex-
plained in Chapter 3, for which reason the same design approach expectedly
could be used for all.

1.2 Current Status of Wave Energy
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Fig. 1.8: The TRL/TPL matrix as defined by Weber (2012).
Green dots represent a viable trajectory, while the yellow
represent the current development. The blue dots present
patented WECs and the dashed lines provide examples of
extreme cases.

Different terminologies are
used to describe the ma-
turity of the wave energy
concepts. Weber (2012) in-
troduced the matrix illus-
trated in Fig. 1.8 where
the WECs are defined by
their Technology Readi-
ness Level (TRL) and Tech-
nology Performance Level
(TPL). This allows for a
measure of the current
stage of development, by
means of the amount of
funding needed in order
to obtain a commercial de-
vice and by means of the
current Levelised Cost of
Energy (LCOE).
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Biomass Hydropower Solar PV Solar 
Thermal

Offshore 
Wind

Onshore Wind Wave

Fossil Fuel

€/MWh

355

310

265

220

175

130

85

45

Max: 940 €/MWh
Avg:  440 €/MWh

Fig. 1.9: Estimated LCOE ranges for different energy sources, based on World Energy Council
and Bloomberg New Energy Finance (2013), Carbon Trust (2011), IRENA (2017) and OES & IEA
(2017). The white lines indicate the weighted average.

The first patent submitted for a wave energy concept dates back to 1799
and since then much research and development has been conducted, starting
intensely in the 1970s during the oil crisis. Despite of this, there are still no
commercial WECs, and according to Magagna et al. (2016) and Pecher and
Kofoed (2017), the maximum achieved TRL for a wave energy converter by
2016 is level 8, with no considerable development in the TRL since 2014. The
dashed lines in Fig. 1.8 resemble extreme trajectories, where the green indi-
cates focus on performance before readiness, while the yellow indicates the
opposite. The blue dots represent a number of patented WECs and the yellow
dots present the development trajectory applied in the wave energy sector so
far. According to Weber (2012), the green dots represent a realistic trajectory,
which secures the goal of reaching a commercial state. It is observed how the
wave energy sector has put most focus on TRL, resulting in TPLs that are not
yet commercially mature.

A major problem for the development of wave energy is clearly the current
LCOE (TPL) as it is still excessively high. Considering Fig. 1.9, the cost of
wave energy is indeed noticeably higher than for fossil fuels and even other
renewables.

There is a clear need for lowering the LCOE of wave energy and, therefore,
several authors have tried to identify the drivers for such. In Carbon Trust
(2011), six cost reduction drivers for wave energy farms were investigated:

• Structure

• Operation & Maintenance (O&M)

• PTO
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1.2. Current Status of Wave Energy

• Station keeping

• Grid connection

• Installation.

From the list, optimization of structure, O&M and PTO were expected to
provide the largest cost reduction, while it was stated that overall innova-
tion in all areas by changing focus from well-known concepts from the O&G
sector was needed in order to lower the LCOE.

Another study by Low Carbon Innovation Coordination Group (2012),
found that improvement of moorings can play a significant role in the reduc-
tion of the LCOE, as it was predicted that the cost of moorings will be reduced
by up to 50% by 2025 and, thereby, be a more dominant cost reduction factor
than e.g. PTOs. This reduction is expected to arise from improved deploy-
ability and by discarding the use of conventional mooring techniques and
by considering more innovative solutions. Carbon Trust (2011) and Weller
et al. (2013) estimate potential LCOE reductions of 5-10% by optimization of
moorings.

1.2.1 Cost of WECs

Fitzgerald (2009) presented a Capital Expenditure (CAPEX) and Operational
Expenditure (OPEX) cost breakdown for a single buoy-type WEC as shown
in Fig. 1.10. Clearly, cost of the structure and O&M are the most dominating
parameters, but it is critical to notice how large a part of the cost that the
mooring takes up. For large WECs, this might look different, but it evidently
forms a focus point. In other publications such as Carbon Trust (2011), Low
Carbon Innovation Coordination Group (2012), Neary et al. (2014) and Jenne
et al. (2015), the percentage of the CAPEX from mooring has been estimated
to be around 5-10%, with e.g. Martinelli et al. (2012) estimating mooring cost
to take up to 30% of the total cost of a device.

Clearly, mooring is now a considerable contributor to the total cost of
WECs with a strong argument for optimization. This, however, is not the
only reason for research into moorings, as stated by Low Carbon Innovation
Coordination Group (2012), since it is also crucial to improve durability and
reliability. This will be illustrated further in the following section.

1.2.2 Deployed Moorings

Several floating WECs have reached a development stage that allows for
larger scale testing in real offshore environment. Obviously, the mooring
systems and its performance formed a topic for investigation and, therefore,
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Fig. 1.10: Left: Cost breakdown of combined CAPEX and OPEX for a point absorber buoy, as
defined in Fitzgerald (2009). Right: Cost breakdown of CAPEX for point absorber based on
values found in Carbon Trust (2011); Low Carbon Innovation Coordination Group (2012); Neary
et al. (2014); Jenne et al. (2015).

a realistic solution had to be applied and designed for survivability. Unfor-
tunately, many devices failed due to insufficient mooring (Martinelli et al.,
2012), some of which are pictured in Fig. 1.11.

Failure of moorings have caused significant damage to numerous devices
and obstructed their further development. The failures seem to be caused
by several factors from inadequate assessment of the environmental condi-
tions, to underestimation of tensions and unfortunate exposure to unexpected

Fig. 1.11: Examples of strandings of WECs due to mooring failures. Pictures adapted from
Nordyske (2011); Illawarra Mercury (2015)
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loads, e.g. from ice. Furthermore, more than one device failed due to imper-
fect installation and lack of duly inspection. There is a critical need to assess
the applied design procedures in order to evaluate more detailed why these
failures occur and how they can be avoided. In some cases, the damages
have resulted in a need to decommission the entire structure, resulting in a
loss of finances and an unfortunate perception of wave energy in the society.
As mentioned in the previous section, the desire to lower LCOE by optimiz-
ing cost of mooring is a great motivation, but the main challenge really is
to ensure that the deployed systems are capable of surviving at the desired
deployment sites, while keeping the cost as low as possible.

1.3 Objective and Outline of Thesis

There is a need to improve the wave energy sector and drive it closer to
commercialization, for which reason it is important to address and to lower
the LCOE. One parameter that can benefit on this matter is the mooring of
floating WECs.

The previous sections presented the fact that the cost of mooring is un-
desirable high and, furthermore, that several failures have been experienced.
Therefore, it is relevant to assess the current state of mooring design and to
identify the areas, which can be improved, with regard to ensuring both a sat-
isfactory design and a cost-optimized solution. The present thesis identifies
the mooring status for four different wave energy converters and attempts to
find optimized mooring solutions for each of these.

As a result of this, four points are considered important to address in the
process towards optimized moorings for large, floating WECs:

• Assessment of the current state of mooring design in order to identify
focus areas and cost drivers.

• Identification of potential cost and durability efficient mooring solu-
tions.

• Identification of mooring design and analysis procedures, in terms of
tools, methods and validation against experimental results.

• Economical optimization of the selected mooring solutions and assess-
ment of the sensitivity of different mooring layouts.
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1.4 Thesis Outline

This thesis is structured as a collection of eight papers and an extended sum-
mary consisting of the present six chapters, which describe the overall work
and outcome. The thesis follows a structure as presented in Fig. 1.12.

The current chapter presents the overall topic of wave energy, with a de-
scription of present status and focus areas. The chapter highlights mooring as
a factor to consider for increasing of durability, reliability and for decreasing
LCOE, thereby presenting the motivation for this thesis.

In Chapter 2, the current and general state of the art for mooring design is
considered. The chapter sheds light on the methods, solutions etc. considered
by other authors.

Chapter 3 puts specific focus on the wave energy sector and the current
state of mooring design. The work investigates the solutions and design
procedures applied by a number of Danish WEC developers. The work is
finally centred on identification of potential mooring solutions for further
consideration.

Chapter 4 investigates the method of analysing moorings. The work on
physical testing is presented, and the data is used to validate and investigate
numerical models for initial mooring design.

Finally, Chapter 5 uses the outcome of the previous chapters to optimize
mooring systems by means of cost of the systems. An optimization routine is
presented, and the importance of different cost drivers are discussed. Coarse
estimations on the potential impact on mooring cost and LCOE is presented.

Chapter 6 summarizes and concludes the work of the thesis and focuses
on perspectives for future work.
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Renewable Energy

- Wave Energy
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Energy Sector
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Analysis of Moorings

- Paper C, Paper D & Paper E
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Optimization of Moorings

- Paper G & Paper H

6 Conclusions
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Fig. 1.12: Structure of the thesis.
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2 | Mooring of Floating
Structures

All offshore structures are exposed to a range of environmental loads, pri-
marily dominated by those arising from wind, wave and current, cf. Fig. 2.1.
In order to ensure that the structure stays on station, it is necessary to apply
a system that restrains motions. This can consist of several solutions, e.g. a
dynamic positioning system, but often a mooring is applied.

Naturally, all previously deployed structures have required station keep-
ing systems, and hence, the mooring technology is well-established and used
in other offshore sectors like the naval and O&G sectors. As a consequence,
the wave energy sector has considered, to a great extent, this existing knowl-
edge and experience when designing mooring systems for WECs (Harris

Wind

Current

Wave

Tides

Fig. 2.1: Environmental loads to consider for floating structures.
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et al., 2004). However, there are many considerable differences between these
sectors, which will be highlighted in the following sections, and applying
these to the wave energy sector has proved to be expensive and a driver to-
wards mooring failure. Considering e.g. the cost breakdown in Fig. 1.10,
the cost of moorings for a WEC is listed to 18% while for a floating oil plat-
form, it is only 3% (Fitzgerald, 2009). Therefore, the incitement for optimizing
mooring in the other sectors is not as significant, and with their available fi-
nances, it is more beneficial to ensure that the mooring is oversized (thereby
introducing high security) than it is to ensure cost optimization.

The following sections will present the state-of-the-art of mooring design,
by describing the applied systems and research performed by other authors.
In the next chapter, a more specific description of the current state of mooring
design will be presented.

2.1 Mooring System Definition

When exposed to loads from wind (described as a steady wind with fluc-
tuating gusts), current (steady load) and wave, the structure will experience
motions. Often, the wave loads are composed of a Wave Frequency (WF),
Low Frequency (LF) and mean drift load (Bergdahl, 2017).

In order to accommodate these loads, a mooring system is applied, which
by definition comprises a number of lines, connections, buoys, anchors etc.,
connecting the floating structure to the seabed, and hence, provides a restor-
ing force on the structure. Depending on the system, this structure can pro-
vide stiffness in one or more of the Degrees of Freedom (DoFs) defined in
Fig. 2.2.

Considering the hydrostatic properties of any floating structure, a moor-
ing is considerably vital in particularly the horizontal DoFs in order to pre-
vent the structure from drifting, but depending on the WEC and its require-
ments, the system can also be made to influence any other DoF.

As defined by several authors like e.g. Fitzgerald (2009), a well-designed
mooring system is capable of reacting to all environmental forces and pre-
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Yaw

Roll

Pitch

xy

z

Fig. 2.2: Definition of the DoFs.
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venting a large offset of the floating device, but at the same time comply
with the offset without inducing large loads on the components and device.
Harris et al. (2004); Martinelli et al. (2012); Davidson and Ringwood (2017)
list several requirements for WEC mooring systems that can be summarized
into the following:

• The mooring system must keep the WEC on station under both opera-
tional and extreme sea states. The system must ensure that all specified
tolerances regarding motions are respected, e.g. in order to avoid inter-
ference with surrounding structures and to avoid undesirable tension
in electrical umbilical.

• The system must ensure adequate strength and fatigue endurance in all
mooring components to ensure the mooring survivability in the entire
lifetime.

• The system must be compliant enough to reduce loads on anchors, in
lines and on the WEC, but also be stiff enough to limit the motions into
the defined tolerances.

• The mooring must be designed to avoid line-line and line-WEC contact.

• For some types of WECs, the mooring system must ensure that the
device can weathervane in order to face the incoming waves.

• The mooring must not affect the PTO performance, but if it is a part of
the PTO, it must be dynamically designed as part of the system.

• The mooring is preferably providing some redundancy in order to in-
crease survivability and to allow for removal of a line for inspection
and maintenance.

• The system must minimize environmental impact and, therefore, re-
duce the seabed footprint as much as possible.

Depending on the specific device and site, the list of requirements can
naturally vary. When considering the above requirements, it must also be
attempted to find the most economical solution by means of limited material
use, easy installation, monitoring, maintenance and decommissioning. In
later stages, it must also be expected that WEC will be installed in arrays
and there will be a greater need for reduction of seabed footprint so that the
devices can be installed close to each other.

There are many different types of WECs and, consequently, the require-
ments to the moorings are specific for each device. For wave energy appli-
cation, mooring systems are characterized, by e.g. Martinelli et al. (2012),
as:
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• Reactive moorings when the mooring provides reactive forces and, hence,
is a part of the PTO,

• Active moorings when the mooring influences the dynamic response of
the WEC and its energy production and

• Passive moorings when the mooring only secures station keeping and
has no influence on the PTO.

The list clearly presents moorings with a decreasing influence on the PTO,
with the passive moorings being closest to what is known from the naval and
O&G sectors. This type of mooring is the focus on the present thesis.

2.2 Near-Shore Deployment

In the first phase of development, most large floating WECs are planned
for near-shore deployment. This brings a number of advantages related to
O&M, installation etc. due to the short distance. Furthermore, the decreasing
water depth results in a narrower spreading of the wave direction because of
refraction, thereby putting fewer demands on the weathervaning capabilities
of the devices and mooring. All combined, this tends to makes it a cheaper
and more attractive solution in the early stages.

Unfortunately, near-shore deployment often implies shallow or interme-
diate water depths, which give rise to some problem areas when considering
moorings. Due to the interaction between seabed and waves in these con-
ditions, the waves will become non-linear and steep, and hence, provide a
larger excursion of water particles, which induces a larger drift force on the
structure and more outspoken impact from the waves (Fitzgerald, 2009).

Pecher et al. (2014) found that the stiffness of a mooring system increases
with decreasing water depths, and thereby, provides larger loads in lines
and on the structure. This might result in difficulty in designing a mooring
system, since the limited water depth also reduces the possible span that can
be used to accommodate these large loads. Furthermore, it is also noticeable
that in shallow water depths there is water particle movement in the entire
vertical span. This puts a larger load in the lines and anchors and increases
the required strength.

The devices in Fig. 1.7 are all planned for deployment in intermediate
conditions (0.05 < h/L < 0.5, where h is the water depth and L is the wave-
length in extreme conditions).
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2.3 Mooring Layouts

Researcher have proposed many different types of mooring layouts through-
out the years, mainly coming from the O&G and naval sectors (Harris et al.,
2004; API, 2005). The most common are illustrated in Fig. 2.3. Overall, moor-
ings can be divided into being either Single Point Moorings (SPMs) or spread
moorings, which provide different characteristics to the system. Additionally,
the systems can be classified as either slacked or taut, where b) and d) are the
former and a), c) and e) are the latter. In addition to the systems illustrated
in Fig. 2.3, mooring layouts can also have intermediate elements in the lines
and e.g. have a lazy-S shape as shown in Fig. 2.4. The type of system highly
influences the type of material used for the mooring lines.

A major difference between the spread mooring and SPM systems is the
capability of the latter to allow for weathervaning as it does not provide any
restoring force in yaw DoF. For WEC application, the SPM is, therefore, often
desirable. Fig. 2.3 c) and d) illustrate respectively a SALM and CALM sys-
tem, which influences the WEC in a similar way as the device is connected
to a buoy that is moored to the seabed. e) illustrates a taut turret system,
meaning that the mooring lines are connected directly to the WEC in one
connection point. Naturally, this means that the mooring provides a higher
influence on the device response in both translational and rotational DoFs.
The turret system can also be made of slacked lines. The applicability of dif-
ferent systems are treated in e.g. Harris et al. (2004); Fitzgerald and Bergdahl
(2007); Sound and Sea Technologies (2009); Karimirad et al. (2015)

Spread Mooring:

SPM:

a) b)

c) d) e)

Mooring 
lines

Mooring 
lines

Mooring 
lines

Mooring 
lines

Tether

Hawser
Hawser

Fig. 2.3: Examples of spread moorings (top) and SPMs (bottom). a) Taut spread; b) Multi-
catenary; c) SALM; d) CALM (could also be taut); and e) Taut turret (can also be with catenary
lines)

17



Chapter 2. Mooring of Floating Structures

2.3.1 Components

The mooring system is primarily composed of lines, anchors and connectors
and can be additionally equipped with buoys and clump weights (risers and
sinkers).

Fig. 2.4 illustrates a generic mooring line and lists some of the different
materials that can be used for each part. Lines have traditionally been com-
posed of chain and steel wire rope in the O&G sector and with some use of
synthetic lines in terms of polyester (Ridge et al., 2010). The choice of line
material affects the working principle of the lines as it influences axial and
bending stiffness, inertia and damping (Harris et al., 2004; Sound and Sea
Technologies, 2009; Harnois, 2014; Davidson and Ringwood, 2017).

Anchors are applied to ensure a fixed connection between mooring lines
and seabed. Choice of anchors is largely dependent on the seabed condition
and the mooring type. For slacked mooring systems, the anchor is primarily
required to provide strength in the horizontal direction, while taut systems
also require vertical strength. Anchor types include e.g. gravity based, pile,
plate, suction bucket and drag embedded anchors (Sound and Sea Technolo-
gies, 2009; Karimirad et al., 2015) and more novel types such as bag anchors
(Flory et al., 2016).

Buoys can either be surface piercing or submerged and can act as a con-
nection point between lines (in SPM and CALM). Buoys can be applied in
the mooring system together with clump weight to tune the stiffness of the
mooring.

Anchor

Gravity
Drag
Pile
Plate
Suction bucket

Clump Weight 
(Sinker)

Buoy 
(Riser)

Submerged
Surface

Line

Chain
Steel Wire
Synthetic Rope

Fig. 2.4: Generic mooring line (lazy-S shape) with indication of different material that can be
considering in the lines.
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Floating WECs

High

Low

Allowable motions Consequence of failure

Fig. 2.5: Conceptual illustration of the variation of allowable motions and concequences of failure
in offshore energy structures (BP, 2017; Fukushima OWC, 2016).

2.4 Mooring Regulations

On a worldwide basis, numerous certification companies are providing guide-
lines and regulations on design and construction of offshore structures. These
are compiled into a variety of different design standards (cf. Table 2.1) with
requirements on applied safety factors, environmental conditions and analy-
sis methodology. In order to obtain a certified structure by a certification com-
pany, e.g. crucial for insurance purposes, it is required that these standards
are followed whereby a satisfying level of safety and reliability is achieved
(Harnois, 2014).

For floating structures, it is necessary to follow design standards for moor-
ing design. Since the wave energy sector is still relatively immature without
any long-term deployments, the development and knowledge required to
make matured standards are not yet available. Consequently, there has been
a tendency to adopt the existing standards from the O&G and naval sectors
and apply the traditional layouts and materials. Table 2.1 lists a number of se-
lected and relevant standards for overall mooring design including standards
for chain, ropes and anchors.

Applying O&G design standards on WECs is not necessarily the optimal
choice because of the considerable difference between the structures and re-
quirements. In most cases, the O&G structures are large by size compared
to wave energy structures and, hence, experience a much lower response and
corresponding velocities. This is desirable for this type of structure as it is
often manned and has very strict limitation on the allowable motions in all
DoFs, cf. Fig. 2.5. These limitations are a natural consequence of the risers
and their incapability to handle any large displacement.
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Standard no. Title

Offshore Structures (Naval and O&G):

DNVGL-OS-E301 (DNV-GL, 2015d) Position Mooring

API-RP-2SK (API, 2005) Design and Analysis of Stationkeeping Systems

for Floating Structures

ISO 19901-7:2013 (ISO, 2013) Stationkeeping systems for floating offshore

structures and mobile offshore units

Floating Wind Turbines:

DNV-OS-J103 (DNV, 2013) Design of Floating Wind Turbine Structures

Marine Energy Converters

IEC TS 62600-10:2015 (IEC, 2015) Assessment of Mooring System for Marine Energy

Converters (MECs)

Mooring Chain:

DNVGL-OS-E302 (DNV-GL, 2015b) Offshore Mooring Chain

API SPEC 2F (API, 1997) Specification for Mooring Chain

ISO 20438:2017 (ISO, 2017) Offshore mooring chains

Steel Wire Rope:

DNVGL-OS-E304 (DNV-GL, 2015c) Offshore Mooring Steel Wire Ropes

Offshore Fibre Ropes:

DNVGL-OS-E303 (DNV-GL, 2015a) Offshore Mooring Fibre Ropes

API-RP-2SM (API, 2014) Design, Manufacturing,and Maintenance of Synthetic

Fibre Ropes for Offshore Mooring

ISO 9554:2010 (ISO, 2010) Fibre ropes - General specifications

Anchors:

DNV-RP-E301 (DNV-GL, 2017) Design and installation of Fluke Anchors

Table 2.1: List of relevant standards for mooring design.

The limitations on motions of WECs are much different, as illustrated
in Fig. 2.5. This is naturally a consequence of the desire to maximize the
interaction between waves and device for optimal wave energy absorption.
Contrary to O&G platforms, significant parts of the WECs are desired to be

20



2.4. Mooring Regulations

in resonance with the waves, but large floating WECs are not necessarily res-
onating. Even if resonance is not desired, the structure can often be allowed
to experience significantly larger excursions in order to decrease loads. This
is a clear benefit as WECs, naturally, are deployed in high-energy areas.

There are some clear differences between the two sectors, which cause
challenges in applying the known layouts and design procedures. One sector,
which is closer to the wave energy sector than the O&G, is the floating wind
sector, which has gained much focus in the last decades and experienced
significant improvement. As presented in Fig. 2.5, the allowable motions for
this type of structure are larger as there are no limitations from risers. An
umbilical must be applied for which reason the excursions must be small
enough in extreme seas to limit or prevent tensions in the cable; this also
stands for WECs. The motions of a Floating Offshore Wind Turbine (FOWT)
is nevertheless more limited than a WEC in operational conditions because
of the wind turbine. In order to ensure power production, the acceleration
of the hub must be limited to 0.5g and the pitch motions typically to ± 10◦.
The limitation on motion is a relatively soft criterion and can be made as a
compromise between energy production and cost of platform. Large pitch
causes less energy production, but is so far often a result of a smaller and
cheaper foundation.

Since the floating wind sector is more mature than the wave energy sector
and more relatable than the O&G, it is valuable to consider design standards
like DNV-OS-J103 for FOWT design in the design of WECs and their moor-
ings.

In the wave energy sector, reports such as EMEC (2009) and DNV (2005)
provide guidelines and recommendations on which of the existing design
standards and methodologies that should be applied. These guidelines formed
the baseline for the IEC TS 62600-10 standard which is aimed at Marine En-
ergy Converters (MECs), but still largely based on the existing standards. It
is stated in the design standard that as the wave energy sector matures and
as more data and knowledge become available, it should be updated and
particularly the safety levels should be addressed.

It is obvious that the safety level and consequence are different for the
three sectors. As depicted in Fig. 2.5, the consequence of failure of a O&G
platform is massive compared to a FOWT or WEC. The environmental dam-
age will be significant, but the most critical consequence of failure is the loss
of human life, as many O&G platforms are manned. Still, the wave energy
sector has adopted the same safety factors, even though the devices are un-
manned and smaller, thereby resulting in much less damage. Consequently,
authors like e.g. Paredes et al. (2013); Johanning et al. (2005) suggest a re-
laxation of the safety levels. This requires a comprehensive assessment of
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the reliability and a calibration of safety factors as treated in Ambühl et al.
(2014a,b, 2015a,b). However, it is relevant to acknowledge that many WECs
have failed and caused financial and political damage as well as induced a
negative public opinion on wave energy. In the early stages of development
and until more experience is gained, it is, therefore, debatable if not safety
levels should be kept high. An opinion which is shared in e.g. Harnois (2014).

2.5 Designing Mooring Systems

Several authors like Martinelli et al. (2012), Bergdahl (2017) and Johanning
et al. (2005) describe the necessary design process for a final mooring system.
This is naturally also treated in API (2005) and IEC (2015), and a general de-
sign flow can be seen in Fig. 2.6. The initial step in the design process is to
characterize the deployment site according to all relevant environmental con-
ditions and site-specific restraints. Also, the characteristics of the WEC must
be defined. This step is followed by a first mooring system layout, where all
components and layouts are defined. From this, it is possible to assess the
performance of that specific system, based on different methodologies rang-
ing from experimental tests to numerical modelling. The latter can either be
quasi-static or dynamic, where the quasi-static approach has been applied
in some O&G applications due to the slow structure response. The same
approach has been adapted by several large floating WECs, as will be pre-
sented in the next chapter. The applicability of the different analysis methods
is a significant uncertainty due to the differences between the sectors. Con-
sequently, this topic will be treated in details later in the thesis. According to
the design standards, the response can be assessed by simulating a number
of extreme sea states with a duration of 3 hours. The extremes tensions and
motions are then extracted and design values found.

Until this step, the design process is independent of the chosen design
standard. The difference occurs in the verification phase, where different

Site characteristics
- Wave
- Wind
- Current
- Tides
- Seabed
- Site restrictions

WEC characteristics

Mooring layout:
- Layout
- No. of lines/anchors/
  buoys etc.
- Materials
- Dimensions

Performance assessment:
- Response analysis:
    - Tensions
    - Motions

Verification:
- Limit state verification
  (ULS/ALS/FLS):
       - Component strength
       - Allowable motions

Satisfied

Unsatisfied

Fig. 2.6: Flow-chart of design process. Inspired by Martinelli et al. (2012); API (2005); IEC (2015)
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standards have specific requirements, safety factors, level of safety etc. Gen-
erally, it is necessary to verify the system in different limit states: Ultimate
Limit State (ULS), Accidental Limit State (ALS) and Fatigue Limit State (FLS),
and it must be proved that all components provide sufficient strength and
that the motions are within the specified margin. If not, a new layout must
be tested, indicating an iterative design process.

All limit states must be considered, but according to Zanuttigh et al.
(2012), the ULS often determines the overall cost of the system. For WECs,
which experience many cycles of higher loads, the FLS is also expected to be
a significant driver of the cost. In order to secure survivability and also find
cost-efficient systems, this thesis focuses only on the ULS and considers only
aligned environmental loads.
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3 | Mooring Design in the
Wave Energy Sector

The previous chapter showed that the O&G and naval sectors have much
experience on mooring design when considering design procedures, layouts
and materials. However, there are some significant differences between these
and the wave energy sector. Chapter 1 illustrated that many of the deployed
WECs have failed due to failure of mooring, and hence, it is critical to in-
vestigate and understand the reasons behind this in order to allow for im-
provement and optimization before new devices are deployed. This chapter
will investigate the state of mooring design in the wave energy sector and
highlight problem areas and feasible solutions.

3.1 Initial Mooring Design for Large WECs

When considering the four large WECs presented in Thomsen et al. (2015)
(Paper [A]) and Fig. 1.7, it is possible to achieve an understanding of the state
of the mooring design for such types of WECs. These devices are planned for
deployment at the sites presented in Fig. 3.1, covering the Danish test facility
DanWEC (1), the Danish part of the North Sea (2) and the Belgian cost (3).
These deployments are all in intermediate water depths, which mean that the
developers will deal with similar problems and expectedly could use similar
considerations on layouts and design approach. In spite of this, different
mooring solutions have by now been designed for each of the WECs covering
the solutions listed below and illustrated in Fig. 3.2.

• Catenary turret system composed of chains and drag embedded an-
chors.

• SALM system composed of a deformable steel tether and synthetic
hawser.
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• SPM system with composite lines of nylon and chain, and with drag
embedded anchors.

• Turret system composed of nylon lines.

2

1

3

Hs = 9.9 m
Tp = 11.4-16.8 s
h = 40 m ± 2.1 m
vw = 39.9 m/s
vc = 1.0 m/s
h/L = 0.12

Hs = 8.3 m
Tp = 10.5-15.4 s
h = 25 m ± 1.7 m
vw = 34.0 m/s
vc = 1.5 m/s 
h/L = 0.10

Hs = 6.6 m
Tp = 9.3-13.7 s
h = 30 m ± 5.5 m
vw = 33.0 m/s
vc = 1.3 m/s 
h/L = 0.14 

Fig. 3.1: Map of the deployment site for the four WECs
illustrated in Fig. 1.7. Two of the devices are planned
for deployment at Site 1. Extreme environmental con-
ditions are listed for each site.

While some of these sys-
tems are based on traditional
systems from O&G and con-
sists of chains, others are
more novel like the SALM
systems. SALM systems are
known in the offshore sec-
tors (API, 2005), but are tra-
ditionally composed of a sur-
face piercing buoy connected
to the seabed by a chain tether
and used for non-permanent
moorings. The described sys-
tem consists of two submerged
buoys connected to the seabed
by three steel rods joined by
universal joints, allowing the
tether to deform. The WEC
is connected to the tether by a
nylon hawser. The use of ny-
lon is seen in two of the other
systems as well and is con-
sidered a more novel solution,
since synthetic lines more tra-
ditionally have been composed
of polyester.

Drag embedded
anchor

Chain

Nylon 
hawser

Submerged
buoy

Steel rod

Gravity 
based anchor

Nylon hawser
Nylon 
line

Chain

Drag embedded
anchor

Surface
buoy

Nylon
lines

Turret
Turret

Catenary turret Synthetic SPM Synthetic SALM Synthetic Turret

Fig. 3.2: Initial mooring solutions designed for the WECs in Fig. 1.7
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Restoring Force Inertia Seabed footprint Snap Loads

Catenary turret
Geometric changes

Heavy lines Large Slacking
Weight of chains

Synthetic SPM
Elasticity of lines

Light lines Less None
Buoyancy of buoy

Synthetic SALM
Elasticity of lines

Light lines Limited None
Buoyancy of buoy

Synthetic turret Elasticity of lines Light lines Less None

Table 3.1: Relevant effects in the four different mooring solutions.

Naturally, the layouts and materials highly influence the effects from the
mooring system and provide different characteristics of them. Some rele-
vant parameters are listed in Table 3.1 (Thomsen et al., 2015; Davidson and
Ringwood, 2017) (Paper [A]).

Wind

Wave

Low fidelity

High fidelity

ULS

- 50-100yr extremes

- Estimations - Safety factors, γ
- Return periods
- Validation

Tides

- Estimations

- Laboratory
- Offshore test
- Static analysis

Current

Response analysis

Fig. 3.3: Illustration of the parameters which should be considered in a mooring design proce-
dure. The colors indicates the level of fidelity, hence to what extent each parameter has been
considered in the design process. The vertical color bars at each parameter illustrates the vari-
ation in the level of fidelity between the four investigated WECs, while the color at the text
resembles the average. The text at each parameter explains how it has been included.
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3.1.1 Initially Applied Design Procedures

Previous sections described that several deployed moorings have failed due
to a range of different parameters. In order to clarify these, Thomsen et al.
(2015, 2017f) (Paper [A] & [F]) evaluated the mooring solutions and design
procedure initially applied to the WECs in Fig. 1.7. As stated, the design
procedure differs significantly for each of the systems and, thereby, identifies
a clear lack of standardized approach. Fig. 3.3 summarizes the parameters
which should be considered in the design according to the design standards
in Table 2.1, and illustrates to what extent these conditions have been consid-
ered.

It is paramount to notice from Fig. 3.3 that none of the parameters have
been fully described. In general, the wave conditions are the most well-
described of the environmental conditions, while even for this there are some
differences between the WECs, particularly when observing the applied de-
sign return period of the extreme cases. All the investigated structures have
used extreme data in the design, but the return period of these cases varies
from 50-100 years.

There is a tendency of neglecting both wind and current loads at this stage
of the design, while it is merely based on estimations in the cases where they
are considered. Only one of the cases has considered currents, while three
have established estimations on the wind loads. These load estimations are
in all cases treated as steady loads and, hence, not the time-varying loads
that are defined in the standards mentioned in Chapter 2. None of the in-
vestigated cases have considered the tides and variation of Still Water Level
(SWL), which is of paramount importance in shallow waters.

A crucial parameter in the design process is the assessment of the re-
sponse of the WEC when exposed to environmental conditions. As it will
be presented in Chapter 4, the methodology significantly influences the ac-
curacy of the obtained design tensions and motions. Because of the present
development stage of all the devices, all have been undergoing laboratory
tests, some also smaller scale offshore tests, and thereby obtaining an under-
standing of the wave loads on the structure. In these cases, the only consid-
ered environmental loads arise from the waves. For the offshore tests, wind
and currents have been considered, but without any thorough description of
them. In many cases, the geometry was also modified after these tests, with
the loads from the original layout assumed applicable to the new layout with
estimations of a scale factor. In almost all cases, the considered mooring so-
lutions were validated by use of a static procedure, without inclusion of any
dynamic effects.

When considering all of the above statements, it is obvious that not much
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focus has been put in ensuring design according to the specifications in any
of the design standards. Since primarily waves have been considered and
with varying return period, the specifications for analysis in ULS are not
satisfied. Only a single case has applied safety factors, γ, on tensions and
breaking strength. As presented in Chapter 2, floating WECs need to ensure
that there is no tension in the umbilical and, hence, it is necessary to define
excursion limits or include it in the mooring design. Similarly, it is necessary
to account for specifications on the deployment site regarding surrounding
structures, allowable footprint radius etc. None of this has been considered
in the current state of the mooring design.

The differences and shortcomings in the designs process for the consid-
ered cases can be summarized into:

• Inconsistency in the considered return periods.

• Insufficient consideration of environmental loads.

• Varying methodologies applied for the response calculations.

• Lacking of validation according to any design standard.

• No design limits on motions have been defined.

It is clear that the presented mooring solutions in most cases are at the
very first steps in the design phase, and not yet considered final solutions.
There is no clear tendency in the applied design procedures and despite hav-
ing proposed a solution, the safety and survivability of the structures cannot
yet be guaranteed.

3.2 Discussion of Potential Mooring Solutions

Mooring solutions in the wave energy sector appears to vary greatly in the
use of material type and layouts, and it is likely that some solutions are more
applicable to the given type of device and deployment sites.

Each type of solution has its advantages and drawbacks, affecting both
the cost and performance of the system (Thomsen et al., 2016c) (Paper [B]).
A turret solution, which was considered in two of the investigated cases, has
the advantage that it can be produced as a disconnectable system, where
the mooring is installed as a separate system which can be winched up and
locked into the bearing part of the turret. This highly eases the installation
process and maintenance operations on the WEC but often entails a more
expensive turret cost. Similar considerations can be made for the SPM and
SALM systems regarding O&M and installation due to their disconnectabil-
ity.
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As presented in Table 3.1, another significant difference between the moor-
ing layouts is the seabed footprint, which might be determining for the choice
of system as some deployment sites will have restrictions on this matter. In
the long term, it will also be necessary to limit the radius in order to install
the WECs in arrays. The catenary system has the largest footprint as it is
designed to avoid vertical loads on anchors and, therefore, has a large part of
the chain lying on the seabed meaning that drag embedded anchors can be
used. A disadvantage is that the lying part of the chain can get buried in mud
over time, thereby changing the response of the system significantly. The
systems with synthetic lines have a smaller footprint radius, but all require
vertical strength and, therefore, need either special types of drag anchors or
alternatively gravity base, pile or suction anchors.

The most dominating parameter on the performance of the structure is
the line material. As presented in Table 3.1, chains are generally heavy and
introduce difficulties for systems in shallow water. As presented in Pecher
et al. (2014), the mooring stiffness will increase with decreasing water depth,
introducing large loads on the lines. Thomsen et al. (2016c) (Paper [B]) con-
sider three mooring solutions similar to the catenary turret, the synthetic
SALM and the synthetic turret and design them for the same structure and
environmental conditions. From these cases, it becomes clear that chains are
difficult to apply to such structures. The high stiffness results in large line
loads, leading to a need for strong and even heavier lines. In addition, very
long lines are needed in order to introduce compliance into the system, which
results in unrealistic footprint radius (more than one kilometre) and cost.

For the three cases, Thomsen et al. (2016c) (Paper [B]) showed that syn-
thetic lines could be used. This type of line can consist of many different ma-
terials but have, so far, largely been based on polyester, which are also used in
O&G applications (Banfield and Casey, 1998; Banfield et al., 2005; Flory et al.,
2007; Banfield and Flory, 2010). Since the purpose of using these lines is to
increase compliance, nylon has a significant advantage over polyester, as it is
generally twice as compliant. Studies like Ridge et al. (2010) and Thomsen
et al. (2016b) both stated that by doubling the compliance, the loads could be
halved. However, nylon lines are more novel for mooring applications and
have not yet any long-term deployments to provide experience.

Despite changing characteristics over time due to creep, synthetic ropes
generally provide better tension fatigue than chains due to no corrosion and
are now considered feasible for 20-30 years of applications (Ridge et al., 2010).
This requires use of parallel type ropes and application of protective jackets
in order to prevent soil and marine growth ingress (Banfield et al., 1999;
Weller et al., 2015). Often, the vulnerability to physical damage and weak
points at connections has been mentioned as disadvantages of synthetic lines.
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However, polyester lines have been used in the O&G and naval sectors for
years with an insignificant number of failures compared to steel lines (Weller
et al., 2015).

In the study by Thomsen et al. (2016c) (Paper [B]), the use of synthetic
lines instead of chains resulted in a 94% decrease of line material cost. This
is an enormous reduction and is explained by the fact that the chain system,
with the very long lines, simply is unrealistic to ever build in these conditions.
Considering a SALM system, the line material cost was decreased with 98%,
showing an even greater potential.

From this study, it is obvious that mooring solutions with chains are not
feasible solutions for WECs in shallow and intermediate water depths. Syn-
thetic nylon lines and SALM systems both appear to decrease the mooring
loads significantly and thereby increase durability and potentially decrease
cost. These types of systems will be the focus of the remaining of this thesis.
It is important to notice that the response analysis in Thomsen et al. (2016c)
(Paper [B]) is based on the same quasi-static analysis method as generally
used in the wave energy sector. Because of the very dynamic behaviour of
WECs, this is not necessarily the most reliable method. The following chap-
ter treats this matter and presents a methodology to analyse moorings for
WECs.
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4 | Analysis of Mooring
Systems

As presented in the previous chapters, several mooring systems in the wave
energy sector have been designed using either laboratory tests or relatively
simple quasi-static analyses. However, as stated in Chapter 2, extreme seas
must be considered for the sake of survivability and under these conditions
dynamic effects will be present as shown later in this chapter. It is critical to
ensure that the applied models for mooring analysis provide results with a
satisfying or known level of accuracy. This chapter treats some of the avail-
able methods for mooring analysis and discusses their validity, applicability,
uncertainties and reliability.

Conceptual 
Model

Computer 
Model

Reality

Simulations

Experiments
(Approx. reality)

Model
Validation

Model
Verification

A
nalysis

Programming

Physical model

Numerical model

Measurement
error

Algorithm

error

Fig. 4.1: Diagram of the concept of verification
and validation. Based on Oberkampf and Tru-
cano (2002); ASME (2009); Ferri (2014)

Generally, two methods can be
used for the assessment of mooring
and WEC response: Physical lab-
oratory tests and numerical analy-
sis. While physical tests provide
highly reliable results, they are of-
ten time-consuming, expensive and
become complex when all environ-
mental conditions are considered.
In these cases, it is often more con-
venient and less expensive to use
numerical modelling, due to bene-
ficial automation, easy changing of
parameters and full control of the
tested conditions. However, in most
cases one method is not used with-
out some application of the other
method as numerical modelling is more efficient, but the model needs veri-
fication and validation for which physical tests are needed. The concept of
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verification and validation is depicted in Fig. 4.1 and treated in ASME (2009);
Oberkampf and Trucano (2002). Often the problem takes its basis in some
reality-based problem, which can be described by different conceptual mod-
els. These models are programmed into a numerical computer model that has
to undergo a verification phase, in which the conceptual models are assessed
and any algorithm error characterized. In this step, the ability to simulate re-
ality is not considered, but it is merely ensured that the algorithms function
properly according to the mathematical description. The computer model is
subsequently used to provide a series of simulation results. Similar, physical
tests can be used to provide a database of experimental results (resembling
an approximated reality), which can be compared to the simulation data.
This step forms the validation phase, in which the ability of the computer
models to model reality is assessed. Naturally, it is important to evaluate
the measurement errors as these play a significant part in the validation. In
most applications, it is not realistic to expect a complete agreement between
the model and reality, since it is desirable to make simplifications to reduce
simulation time etc. Therefore, the validation phase is not aimed at answer-
ing whether the model forms an exact representation of reality, but more an
estimation of the range of errors and an evaluation on whether the model can
be used for the specified application, being either the final or initial design.

In many early stage development of WECs, there is no experimental data
available, and the devices tend to undergo a large amount of geometrical and
PTO changes. Still, there is a need to understand the mooring behaviour in
these initial phases and, therefore, a need for a model, which can provide
reliable results in the early stages where no tests are available. This situation
forms the focus in the current thesis, meaning that the numerical models
need validation according to the initial design situation.

The following sections treat each of the steps in Fig. 4.1 more detailed,
as they are crucial in the mooring design, starting with physical testing and
followed by numerical modelling.

4.1 Physical Testing

Physical testing plays an important role in any design of a mooring system.
Even in cases where numerical modelling is the main tool in the design,
it is necessary to perform some tests for the validation, especially for the
novel structure layouts of WECs compared to O&G structures. This is further
observed since it is stated in Thomsen et al. (2017c) (Paper [D]) that a final
design needs validation against experimental data before the mooring can be
certified by one of the certification companies.
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An apparent advantage of physical tests is the high reliability of the re-
sults and a realistic realisation of the response, of course with a risk of intro-
ducing errors, cf. Fig. 4.1. In early stages of WEC development, the tests will
be performed in small scale where scaling errors are unavoidable. Measure-
ment errors can occur independently of the scale, but the inaccuracy will be
more influential in smaller scale. Here, it is necessary to assess and discuss
the influence from measurement and scaling errors (Thomsen et al., 2017b)
(Paper [E]). In laboratories, it is difficult to include realisations of all envi-
ronmental conditions like wind and current, for which reason tests are often
used just for validation and not as a design tool.

In many applications, small-scale laboratory tests are used to obtain an
understanding of the response of the WEC and mooring system in the rel-
evant sea states. As mentioned in Chapter 1, large floating WECs are not
required to be in resonance with the operational wave frequencies for energy
production, and it is undesirable to have resonance during extreme events.
Physical tests can be used to test the relevant operational and extreme con-
ditions in order to evaluate the response and apply frequency domain anal-
yses for determination of resonance frequencies, fn. This is important as the
mooring systems provide stiffness in the body DoFs and hence, influence the
natural frequencies.

Thomsen et al. (2016b) (Paper [C]) tested a large floating WEC, illustrated
in Fig. 4.2, in operational and extreme conditions, in order to evaluate motion
and tension response. The objective of the tests was to evaluate the influence
from a synthetic mooring system with non-linear axial line stiffness, kmoor,
and ensure that it did not affect the response in a negative way. It was fur-
ther tested how mass moment of inertia (MoI), Iii, affected the response and
mooring line tensions.

Decay tests were used to estimate natural frequencies of the structure for
the three different configurations with an example of a decay time series
plotted in Fig. 4.3 and the frequencies presented in Table 4.1. All results in
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g lin
e
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cell

Model

Fig. 4.2: Left: Illustration of the experimental set-up. Right: Picture from the test.
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Fig. 4.3: Example of a surge decay tests in full-
scale values.

fn (Hz)

Model conf. Surge Heave Pitch

Basis case 0.029 0.048 0.047

Iyy = +20% 0.029 0.048 0.049

kmoor = −60% 0.022 0.048 0.046

Table 4.1: Measured natural frequencies, fn for
surge, heave and pitch.

this chapter are presented in full-scale values. When considering also Fig. 4.4
where the frequency band of the relevant sea states is defined together with
the measured Response Amplitude Operators (RAOs), it can be seen that the
dominating surge, heave and pitch natural frequencies from Table 4.1 are all
outside of the wave band. When considering Fig. 4.4, a peak can be observed
at 0.078 Hz in all DoF because of a coupled frequency due to the complex
structure. This value is inside the wave energy frequency band and highly
influences the response. A desire to decrease the frequencies as much as
possible is present, and the benefit of compliant mooring lines is observable.

The mooring tension is measured during each of the investigated sea
states. These can be used directly in the design of the moorings, but it re-
quires that the full-scale lines have similar properties. Also, no current and
wind are included, putting a limitation to the use of the measured tensions
as design values.

Wave frequency band

fn1,1 fn3,3 fn5,5

Basis case Iyy = +20% kmoor = -60%

Wave frequency band Wave frequency band

Fig. 4.4: Experimentally determined RAOs and the investigated wave frequency band. The
bands of natural frequencies from the three configurations (cf. Tab. 4.1) are also presented.
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Fig. 4.5: Comparison of experimentally measured tensions from three different system configu-
rations. ’O’ indicates operational conditions, while ’E’ indicates extreme.

Fig. 4.5 illustrates the normalized tensions obtained when increasing the
MoI and decreasing the mooring line stiffness. There is an obvious influence
on the mooring line tension from the MoI, but a dominant effect is observed
from the stiffness of the mooring system. In the most extreme sea states,
it is shown how the mooring loads are decreased with up to 40%, when
decreasing the stiffness by 60%. This provides a strong argument for using
synthetic lines, particularly the very compliant nylon.

The testing in Thomsen et al. (2016b) (Paper [C]) provides a general un-
derstanding of the mooring systems and its effect on motions of the WEC
and tensions in the mooring lines. Clearly, such an analysis is insufficient for
a final design, since current and wind loads were not considered. In order to
use the physical tests for final design, a very accurate set-up is needed which
both ensures a sophisticated and accurate realisation of the full-scale lines
and includes all environmental loads.

4.2 Numerical Analysis

As indicated in the previous section, physical tests provide a reliable estima-
tion of the mooring response, but becomes complex when all environmental
conditions are included. Mooring design has an iterative nature, where many
different configurations, line types and sizes must be tested before a final and
valid solution is found. On this matter, numerical models are very efficient.

When modelling a moored WEC as illustrated in Fig. 4.6, the model
can be divided into two overall components: a module that treats the wave-
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Coupled WEC-mooring modelMooring line modelling

Wave-Structure interaction

Fig. 4.6: Illustration of numerical modelling of a moored WEC.

structure interaction and a module that treats the behaviour of the mooring
line including motions and tensions. The full system can be treated as either
one of the following:

• A de-coupled system where the wave-structure interaction and moor-
ing modelling are treated separately. Motions of the WEC are solved
with an applied mooring stiffness, the fairlead positions are imported
afterwards in the mooring solver and tensions are calculated.

• A coupled system where a global analysis is performed and all interac-
tions between mooring system and WEC are solved directly and simul-
taneously.

The de-coupled approach has been considered in many early studies due
to its simplicity, but was shown in Ormberg and Larsen (1998) to provide
highly inaccurate motion and tension results. Consequently, most design
standards require today that a coupled analysis is applied. As presented
later in this chapter, the quasi-static approach follows a de-coupled approach,
while most available dynamic solvers consider the fully coupled system.

In order to assess the response of the mooring, it is necessary to evaluate
first the wave-structure interaction. This topic is treated in the following
section.

4.2.1 Wave-Structure Interaction

Many different types of models can be used to estimate the wave-structure
interaction, where some of the most well-known models are listed below:

• Morison’s Equation

• Boundary Element Method (BEM)
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Fig. 4.7: Diagram of load regime. Based on Chakrabarti (2005) and Faltinsen (1993).

• Smoothed Particle Hydrodynamics (SPH)

• Computational Fluid Dynamics (CFD)

– Reynold-averaged Navier-Stokes Equation (RANSE)

– Large Eddy Simulation (LES)

– Direct Numerical Simulation (DNS)

The level of sophistication and thereby computational time varies signifi-
cantly between the models. Despite being relatively computational demand-
ing, CFD models are becoming more and more used in analysis of WECs and
other floating structures (Palm, 2017). However, for mooring design, where
the design standards require long simulations (3 hours), the computational
effort simply becomes too demanding. As a result, almost all practical design
of mooring is based on Morison’s Equation and BEM.

The two methods differ in the calculated wave effects and thereby their
application areas. Chakrabarti (2005) and Faltinsen (1993) presented the di-
agram in Fig. 4.7, which indicated the dominating load regimes on offshore
structures. As seen, when the characteristic dimension, D, of the body is
large compared to the incoming wavelength, diffraction plays the most im-
portant parameter. For smaller bodies, the drag is more dominating. The
methods used to calculate these loads will be presented in the following.

4.2.1.1 Morison’s Equation

Morison’s Equation is used for slender bodies (D << L), where the charac-
teristic dimension is small and the passing wave is unaffected by the presence
of the body. In such a case, primarily drag and inertia forces are imposed on
the body. In Eq. (4.1), the drag force fD and the inertia force f I is defined,
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where the latter is a sum of a Froude-Krylov, fFK, and hydrodynamic mass,
fM, force (Morison et al., 1950).

f (t) =

fFK︷ ︸︸ ︷
ρVbv̈(t) +

fM︷ ︸︸ ︷
ρCaVb (v̈(t)− ü(t))︸ ︷︷ ︸

f I

+ 1
2 ρCD Ab (v̇(t)− u̇(t)) |v̇(t)− u̇(t)|︸ ︷︷ ︸

fD

(4.1)

Here, ρ is the fluid density, Vb is the body volume, Ab is the body area
and v and u are respectively the body and fluid displacement. Ca and CD are
respectively the added mass and drag coefficients.

Even though large floating WECs are considered in this thesis and Mori-
son’s Equation is only valid for slender bodies, there is a need for inclusion of
the inertia and drag forces on large bodies in extreme conditions. Here, the
wavelength is considerable and, cf. Fig. 4.7, the loads on the structure will
be affected by these two contributions. As the structure is relatively large,
diffraction loads must still be considered and, consequently, a hybrid model
should be applied, which combines the Morison drag force contribution with
the radiation-diffraction loads calculated in the BEM.

4.2.1.2 Boundary Element Method

For bodies with larger characteristic dimensions, the passing wave field is
disturbed by the presence of the body from both scattering and radiation
from the body motions. In the BEM, the load on the structure from this wave
field is solved using linear potential theory as described in Newman (1977);
Faltinsen (1993); Falnes (2002); Lee and Newman (2005).

The model is invoking an assumption of an ideal fluid, meaning an in-
viscid, incompressible and irrotational fluid. This indicates that the velocity
can be represented by a velocity potential, Φ, which satisfies the Laplace
equation, Eq. (4.2), in the entire fluid domain. Due to the assumption of
inviscid fluid, the drag forces are not calculated in this formulation, but can
be included in the mentioned hybrid model.

∇2Φ = 0 (4.2)

Here ∇2 =
(

∂2

∂x2 +
∂2

∂y2 +
∂2

∂z2

)
.

In order to solve the equation, a number of boundary conditions are de-
fined, including kinematic conditions at the seabed and water surface. These
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dictate that there are no vertical flow through the seabed and the water par-
ticles remain at the water surface. At the surface, an additional dynamic
boundary condition can be established ensuring that the water pressure is
similar to the atmospheric pressure. Both boundaries at the water surface are
non-linear and, therefore, the BEM assumes linear, deep-water waves with
small steepness (H/h<< 1). Additionally, the body motions are assumed to
be of a small amplitude, and because of these simplifications, the boundary
conditions can be linearized, thereby neglecting any 2nd and higher order
terms, and a solution found.

Since the domain and solutions are considered to be linear, the total po-
tential of the moving WEC can be solved as the sum of the velocity potential
from the diffracted (Φd) and radiated (Φr) potentials.

Φ = Φd + Φr = Φi + Φs + Φr (4.3)

Here, the diffracted potential, Φd is the sum of the potential, Φi, which
describes the incident, undisturbed wave field, and Φs, which resembles the
scattered wave field due to the presence of the fixed body. Finally, the radi-
ation potential, Φr, describes the disturbance in the fluid domain due to the
motions of the body.

When solving the forces on the structure, the 3D problem is mapped into
a 2D problem by approximating the body geometry by panel surfaces (Lee
and Newman, 2005). Naturally, the accuracy of the obtained results becomes
dependent on the discretisation of the surface. In order to quantify and limit
this error, it is important to perform studies that test the sensitivity of the
results on changes in discretisation. As the computational requirements are
determined by the number of panels, it becomes beneficial to find a balance
between satisfying accuracy and computational time.

As indicated in Eq. (4.3), the radiation and diffraction components can
be solved separately and in the frequency domain due to the linearization
of the problem. The diffraction component (or excitation component, as is
often denoted) is the sum of the forces exerted by the passing waves on the
fixed body. As shown in Eq. (4.3) this component is found by considering
the potential from the undisturbed and diffracted wave field separately. The
force contribution from the undisturbed waves is denoted the Froude-Krylov
force, FFK, and is only valid for small-body problems where the wave field is
unaffected, while the diffraction force, Fd, corrects the Froude-Krylov force
and accounts for the presence of a larger body. By use of Bernoulli’s equation,
the water pressure from each contribution can be found and integrated over
the wetted surface to find the resulting forces. The frequency dependent
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wave excitation force, Fexc, becomes:

Fexc(ω) = FFK(ω) + Fd(ω) (4.4)

The radiation force, Fr, arises from the motions of the body in still water,
hence Fr represents loads exerted on the body from the motion of the body
itself. The frequency dependent force is calculated from Eq. (4.5), and is
separated into two terms: one proportional to the body acceleration (added
mass) and one to the velocity (radiation damping) (Lee and Newman, 2005).

Fr(ω) = CA(ω)v̈(ω) + CB(ω)v̇(ω) (4.5)

Where CA and CB are respectively the added mass and radiation damping
coefficient matrices, while v is the body displacement and ω is the angular
frequency.

There are different numerical codes for solving the above hydrodynamic
coefficients, e.g. the commercial software package WAMIT (Lee and New-
man, 2006) and the open-source code NEMOH (Babarit and Delhommeau,
2015). The latter has been used for all work presented in this thesis.

The loads presented so far are all first order loads, but as mentioned,
the second order drift effects can become paramount particularly for com-
pliant mooring in shallower water depths. Software packages as WAMIT
have the potential to calculate the second order Quadratic Transfer Functions
(QTFs), while NEMOH provides the Kochin functions, Hk(ω), that can be
used to calculate the drift coefficients, Cdri f t(ω), using the far-field formula-
tion (Newman, 1967; Lee and Newman, 2005). These coefficients can be used
to estimate the second order wave loads, Qd, by use of the Newman Approx-
imation (Newman, 1974), which allows for calculation of second order effects
using only first order quantities.

When considering WECs, the linear assumption will be valid in most
operational conditions, even though it can be stressed when modelling the
PTO since it is designed for resonance with the waves. For mooring de-
sign, where particularly extreme conditions are considered, the assumptions
of linear waves tend to become invalid, particularly because of the deploy-
ment in shallow to intermediate water depths. It is also crucial to notice that
the linearization of the SWL causes inaccuracy for particularly overtopping
devices, e.g. the Wave Dragon depicted in Fig. 1.7, as the transmission of
energy over the device is not accounted for in the estimation of force coef-
ficients. Furthermore, the assumption of small body motion amplitude is
stressed in the extreme waves, particularly for compliant mooring systems,
which are considered in this study. Finally, the Newman Approximation,
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used to determine the second order load from first order quantities, is de-
termined for deep-water conditions. The accuracy of the method decreases
for shallower water depths and when the natural frequency of the system is
within the wave frequency band. The former might cause a challenge in the
given application, while the latter should be without influence, as the sys-
tem always should be designed with the natural frequency outside the wave
spectrum of at least extreme waves.

Together, this forms a critical need for validation of the numerical tool
and evaluation of the magnitude of errors when using the BEM for mooring
design. In the remaining part of this chapter, the NEMOH code is coupled
with a quasi-static and full dynamic approach by means of a hybrid model
with the drag contribution from the Morison’s equation. The objective is both
to validate the use of linear potential theory for estimation of hydrodynamic
coefficients and to evaluate the range of errors in the two types of response
analyses.

4.2.2 Quasi-Static Analysis

The quasi-static approach is commonly used in the O&G sector, due to the
large masses and slow responses. For a large floating WEC, it could be ex-
pected that the same methodology can be applied to some extent.

The method often implies analysis in the frequency domain and consid-
eration of only the surge DoF, hence no inclusion of vertical displacement.
In order to evaluate the influence from the mooring system, a static stiffness
curve is calculated by statically offsetting the fairlead position of each line,
calculating the induced horizontal force and projecting the curve into the axis
of the surge motion, cf. Fig. 4.8. The stiffness in the mean position, Km is then
applied in a single DoF system illustrated in Fig. 4.8 together with the hydro-
dynamic coefficients found from the BEM, thereby indicating a de-coupled
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Fig. 4.8: Conceptual drawing of the system analysed in the quasi-static analysis.
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Fig. 4.9: Error between numerical quasi-static simulations and experimental data.

approach. Furthermore, the hydrostatic stiffness matrix, Khyd, the body mass
matrix, M and the current, Fc, and wind, Fw, forces are applied. This method
is e.g. described in API (2005); Bergdahl (2017).

Because of the use of frequency domain analysis, all non-linearities are
linearized, including the mooring stiffness (cf. Fig. 4.8), drag loads, geo-
metrical changes etc. and introduce critical uncertainties. Furthermore, all
dynamic effects from masses and the fluid are neglected.

Thomsen et al. (2016b) (Paper [C]) used such a methodology for validation
of the quasi-station approach on the application of initial mooring design. As
presented in Fig. 4.9, a clear weakness of the method was found. In the opera-
tional conditions, the differences between the models are within a reasonable
range, but for the extreme cases, underestimations of the numerical tensions
were observed of up to 50%. This clearly indicates an insufficiency in using
a quasi-static approach in design of moorings, even in the initial design, par-
ticularly because the error is an underestimation of the loads. Considering
the many failures in Chapter 1 and the fact that it was shown in Chapter 3
that the present method has been applied in several design cases, the quasi-
static approach forms a paramount problem. The error is clearly caused by
the underestimation of motions, e.g. seen by considering the RAOs in Fig.
4.4. The configuration with the decreased MoI provides larger motions, par-
ticularly in pitch, and the quasi-static approach neglects these motions and
is unaffected by the MoI, for which reason the error is seen in Fig. 4.9 to be
larger for this configuration. Consequently, it is necessary to consider using
a dynamic approach where all these contributions are better described.

4.2.3 Dynamic Analysis

The dynamic analysis is a more sophisticated model than the quasi-static
with more included effects. Naturally, this means more computational time
and effort, but it will likely provide better results. There are many different
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software packages, which provide a number of capabilities and applications.
Many of the packages have originally been developed for the O&G or naval
sectors, and with specifications that suit the analysis of the type of structures
found in these sectors. Thomsen et al. (2017c) (Paper [D]) defined a list of
requirements for a relevant software package. The list was produced in order
to ensure that a WEC mooring system can be certified by a certification com-
pany by properly modelling all the requirements in the design standards. In
general, the following parameters were found most important:

• The ability to perform a coupled analysis.

• Possibility to perform time domain analysis.

• Capability to model non-linear mooring line stiffness to account for
synthetic ropes.

• Complete description of wind and current according to design stan-
dards, hence time-varying loads and vertically varying profiles.

• Inclusion of 1st and 2nd order wave effects.

Seven commercial software packages were assessed in Thomsen et al.
(2017c) (Paper [D]), forming a simple verification that the implemented func-
tionalities fulfilled the requirements in standards. The verification was used
to short-list the software packages into two potential candidates: DeepC
(DNV, 2010) and OrcaFlex (Orcina Ltd., 2015). Based on a direct comparison,
it was found that there were no significant differences between the results ob-
tained from the two codes, but some disadvantages in the usability of DeepC
made OrcaFlex the choice for further analysis.

A comparison between the mooring modelling capabilities of each soft-
ware package was performed, showing a range of method and levels of so-
phistication. This, however, is not expected to play any important influence
on the results for this type of analysis, and furthermore, the capability of each
software package to model tensions has been verified for other applications.

The OrcaFlex packages model the mooring line using a Lumped Mass
approach (Van den Boom, 1985; Hall and Goupee, 2015), meaning that the
mooring lines are divided into a number of nodes connected by a spring-
damper system, with the masses lumped into the nodes at which all external
(Fext), internal (Fint) and net buoyancy (FB) loads are acting, cf. Fig. 4.10. This
forms a relatively simple methodology, compared to more traditional Finite
Element (FE) or Finite Difference (FD) methods (Aamo and Fossen, 2000),
but has been shown in e.g. Orcina Ltd. (2016) and Simos et al. (2004) to pro-
vide valid results. In this matter, it is important to distinguish between a FE
method with a lumped mass matrix and the simpler lumped mass approach
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Fext

Fint

FB

Fig. 4.10: Illustration of the lumped mass approach, where Fext resembles all external environ-
mental loads, Fint is the internal loads and FB is the net buoyancy loads.

mentioned above; often the two approaches are both denoted as lumped mass
approaches even though there is a significant difference between them.

The time domain model needs to be coupled with the frequency domain
results from the BEM model in order to evaluate the wave load and response.
In order to do so, the Cummin’s Equation, (4.6), is utilized (Cummins, 1962).

(M + CA∞) v̈ +

fr︷ ︸︸ ︷∫ ∞

0
IRFr(τ) v̇(t− τ) dτ + fm(t) + fD(t) + Khydv

= fexc(t) + Qd(t) + Fc(t) + Fw(t) (4.6)

Where IRFr is the impulse response function of the radiation force, CA∞

is the added mass at infinity frequency, fm is the mooring force, fD is the
viscous drag force, fexc is the 1st order wave excitation force and fr is the
radiation force.

The time dependent 1st order wave excitation force, fexc, can be calculated
directly from the frequency response function, Fexc, while the second order
wave drift force is calculated using the Newman approximation. The moor-
ing load is calculated in each time step, while the wind and current loads
are determined in the time domain using a drag formulation. As mentioned
earlier, it can increase the accuracy of the model to utilize a hybrid model,
where a drag load is added in the equation of motion. In order to do so,
it is necessary to determine the drag coefficients for all DoFs. For the final
design, this can either be determined by use of non-linear models like CFD
(Bhinder et al., 2011), SPH or by physical testing (Zurkinden et al., 2014).
In the early stage and for the initial design, a simplified methodology can
be applied, implying that the geometry is simplified into shapes where drag
coefficients are available in literature; a method described in e.g. Wehmeyer
et al. (2014). This methodology was used in Thomsen et al. (2017b) (Paper
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Fig. 4.11: Illustration of the simplified model used for estimation of CD .

[E]) for a numerical model similar to the physical model in Section 4.1. The
simplified model is illustrated in Fig. 4.11.

The effect of the drag contribution is clearly seen in the comparison be-
tween numerical and experimental decay tests in Fig. 4.12 (left). The ad-
ditional drag provides an improvement of the quadratic damping and de-
creases the discrepancy between the models. The remaining error is caused
by underestimation of linear damping as well. Considering Fig. 4.12 (right),
by adding linear damping to the system, an almost perfect agreement can be
achieved between the models. This, however, requires use of the non-linear
models or experiments to determine the needed damping values.
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Fig. 4.12: Comparison of surge decay tests determined from experiments and numerical models.
The right figure resembles an optimized and tuned model, where linear damping has been
added.

Fig. 4.13 similarly illustrates how a reasonable agreement between the nu-
merical and experimental RAOs can be achieved using the simplified model
without tuning. The error between the models is most dominant at the peak
frequency where the large motions put most stress on the linear theory.
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Fig. 4.13: Comparison between numerical and experimental RAOs for the models with and
without drag contribution.

For mooring design and survivability in ULS, the tensions are the most
important factors to model correctly. Considering the error in the numerical
model, Fig. 4.14 illustrates error of maximum 12%, and more importantly
it is an overestimation. The tensions are for one of the front lines, and the
error in the rear line had a maximum value of 27%. The motion errors were
similarly overestimated, but had a larger value than for the tension.

Fig. 4.14: Comparison between experimentally and numerically determined tensions in the
mooring lines.

4.3 Discussion on Analysis Procedure

The previous analysis clearly indicated an insufficiency in using a quasi-static
analysis, as it leads to large errors in the given applications, but more impor-
tantly underestimates the mooring loads. If considering a design scenario,
this forms a critical risk of failure, even after application of safety factors. As
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Fig. 4.15: Comparison of the error found in a quasi-static and full dynamic approach.

shown in Fig. 4.15 and in Thomsen et al. (2017f) (Paper [F]), a significant im-
provement is achieved by using full dynamic analysis instead, even when the
model is based on the same hydrodynamic coefficient. For a WEC in extreme
waves, the dynamic effects are simply too significant. Another positive effect
of the use of the presented dynamic model is that the inaccuracies tend to be
conservative, i.e. the loads are overestimated. Naturally, a final design will
attempt to avoid this and aim at finding the best possible solution, but from a
safety point-of-view, an overestimation is preferable over the underestimation
in the quasi-static analysis.

As presented in Fig. 4.12, a significant improvement was achieved by
adding additional damping to the model, and before a final mooring system
can be certified and produced, CFD or SPH should be used to tune the model
in order to make an accurate description of the damping. For an initial de-
sign, however, the error is within a reasonable range and indicates that the
model can be used for a first iteration in the mooring layout and design. The
use of numerical models, particularly when using BEM for the hydrodynam-
ics and the lumped mass approach for the mooring lines, results in a very
time-efficient model that today can solve simulations faster than real-time.
In order to find an optimum mooring layout with a minimum amount of
materials and cost, it is, however, still necessary to either compute a signifi-
cant number of simulations or take advantage of a methodology that aids in
the search of optimums. With the use of the numerical modelling procedure
established in this chapter, the following chapter will treat this optimization.

49



Chapter 4. Analysis of Mooring Systems

50



5 | Cost and Performance
Optimization of Mooring
Solutions

As indicated in Fig. 2.6, a mooring design process is iterative. Often, an over-
all system solution is chosen (cf. Fig. 2.3), and initial guesses on parameters
such as number of lines, dimensions etc. have to be made and the system
response verified according to the limit states. If the system is insufficient,
new choices on the parameters have to be made. Every change in the layout
induces important variation in the system behaviour and it is, therefore, not
possible beforehand to detect which solution that is both cheap and ensures
a satisfying level of survivability. One approach to find this layout is to cal-
culate every possible combination of parameters, but this forms a significant
design space with many simulations and an undesirable computational time,
particularly as relatively long time series need to be simulated according to
design standards. In order to find the best solution, an heuristic optimization
routine can be applied and which will be described in the following sections.

5.1 Optimization of Mooring Systems

The purpose of applying an optimization routine is to find an optimized
mooring layout following an efficient strategy. For a mooring solution in
ULS, three overall arguments should be accounted for:

1. Survivability in ULS is ensured.

2. Design restraints on motions are followed.

3. The solution is the most cost-efficient solution.

51



Chapter 5. Cost and Performance Optimization of Mooring Solutions

The first two points should be ensured in all configurations in order to
obtain a deployable system and even though the applied routine should be
able to find these solutions, it does not form an objective for optimization,
as it is rather a true/false question. Therefore, the main objective for the
optimization will be to find the cheapest solution within a bound design
space and such that design limits on motions and tensions are not exceeded.
The optimization problem becomes:

min
x∈D

fo (x) (5.1)

Where fo is the objective function which calculates the cost of a given
mooring layout, D is the design space and x is the variable vector. D forms
the design space and is dependent on the considered type of mooring sys-
tem. Thomsen et al. (2017d) and Thomsen and Andersen (2018) (Paper [G]
& [H]) considers three types of mooring systems depicted in Fig. 5.1, which
resembles the type of moorings considered for the four WECs in Chapter 3.
The parameters that are expected to induce variations in the response of the
system and, therefore, are relevant to optimize, is listed in Table 5.1. It can
be observed that the focus is put primarily on line lengths and diameters,
number of lines and buoy sizes. Naturally, the optimization can be extended
to also include e.g. anchors, but as mentioned in a previous chapter, this is
dependent on the seabed conditions. For these studies, the type of anchor
was chosen prior to the optimization and the sizes were merely found after
each simulation by securing enough strength to withstand the induced loads.
For a mooring optimization problem, the design space needs to be bound by
outer limits of the optimization parameters. Considering e.g. the number of
lines, the minimum value can be chosen following the procedure described
in Thomsen et al. (2017d) (Paper [G]), where the use of less than four lines is

SALM
SPM

Turret

Fig. 5.1: Illustration of the three types of mooring systems considered in the four cases in Chapter
3 and in Thomsen et al. (2017d) and Thomsen and Andersen (2018) (Paper [G] & [H]).

52



5.1. Optimization of Mooring Systems

Mooring System Optimization Parameters

SALM

Hawser line diameter

Hawser line length

Upper buoy dimensions

Lower buoy dimensions

SPM

Mooring line diameter

No. of mooring lines

Footprint radius

Buoy dimensions

Turret
Mooring line diameter

No. of mooring lines

Footprint radius

Table 5.1: Definition of optimization parameters for the three types of mooring systems consid-
ered in Thomsen et al. (2017d) and Thomsen and Andersen (2018) (Paper [G] & [H]).

found as non-viable solutions due to ALS. Maximum limits on line number,
footprint radius etc. should be defined in order to avoid unrealistic solutions
and will to some extent be based on case-to-case considerations and experi-
ence. Other parameters such as line diameter and buoy dimensions, will be
based on available solutions from manufacturers.

The objective function evaluates the total cost for the given system, hence
is a model, which calculates cost and is capable of proving that the system can
survive. This means that the validated numerical model from the previous
chapter can be applied, simulated for three hours according to e.g. DNV-OS-
E301 (DNV-GL, 2015d), tensions and motions extracted and verified, anchors
designed to these loads and the parameters fed into a cost database, which
calculates the lifetime cost of the system, cf. Thomsen et al. (2017d,e) (Paper
[G]). Despite being a relatively time-efficient model, simulating the entire
design space to find the optimum solution will eventually become unrealistic.

Different methodologies have been developed for optimization problems
like this, where no derivative information of the response surface is available,
but these often requires a significant number of function evaluations. Thom-
sen et al. (2017d) (Paper [G]) adapted a surrogate-based optimization routine,
which according to e.g. Müller and Shoemaker (2014); Ortiz et al. (2015); Ferri
(2017) is advantageous to use for computationally demanding derivative-free
problems, with studies like Rios and Sahinidis (2013) and Ruiz et al. (2017)
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comparing and discussing the applicability of different procedures and mod-
els. A clear benefit of the surrogate-based approach is the requirement of
only a limited number of function evaluations. The surrogate model, s(x),
can generally be described by Eq. (5.2), illustrating how s(x) is an approx-
imation of the response surface (Müller and Shoemaker, 2014). During the
optimization routine, a selected number of objective function evaluations will
be executed and the surrogate model improved, cf. Fig. 5.2.

fo (x) = s (x) + ε (x) (5.2)

Here, ε is the error between the surrogate model, s, and the objective
function, fo. Since the model is evaluated throughout the entire design space
and the model is fitted to this data, a description of the entire response sur-
face is obtained, contrary to many other algorithms whose only output is the
optimum value. This forms a considerable benefit of surrogate models, as it
allows for manual inspection of the design space and allows the designer to
search for better and more attractive solutions.

The optimization routine follows a procedure as listed below (Müller,
2014).

1. Initial Design of Experiment (DoE).

2. Evaluation of objective function in points of DoE.

3. Construction or update of surrogate model.

4. Selection of new points for evaluation.

5. Evaluation of objective function in selected points.

In the DoE, a number of layouts are selected within D in order to give an
initial description of the response surface. The objective function is evaluated
in these points, and a surrogate model is fitted to the results (cf. Fig. 5.2).
By following a global search strategy, a number of new points are selected
for evaluation. Here, the selected points are focused around the expected
minimum in the surrogate model, while a number of randomly spread points

f o
(x
)

x

Initial surrogate model
Updated surrogate model
Design of Experiment
New data point

Fig. 5.2: Illustration of the concept of a surrogate model.
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Fig. 5.3: Example of evaluated point in the design space during an optimization routine (left)
and the response surface (right). In the latter, one parameter is kept constant in each graph (as
the optimum value). The surface resembles the total mooring cost normalized according to the
total WEC cost.

are also evaluated in order to search other areas. The process (Steps 3-5)
is continued until a termination criterion is met (often a chosen number of
evaluations), at which the solution should have converged and the optimized
solution found.

As described in Chapter 2, WECs do not have strict requirements to mo-
tions, but will have some limit specified due to e.g. the umbilical. It is unde-
sirable for the optimization routine to search for solution in the design space
where the limits, both for excursion and line tension, are exceeded. There-
fore, a cost penalty is applied which increases with expanding exceedance of
the limits. Since the routine is searching for the minimum points, the surface
will obtain a shape that makes it unattractive for the solver to search these
areas.

Fig. 5.3 presents an example of the output from the optimization of one
case in Thomsen et al. (2017d) (Paper [G]). The mooring cost has been nor-
malized according to the overall lifetime cost of the full structure and since
all evaluations are plotted, the areas with the highest cost correspond to solu-
tions exceeding the limits and have a cost penalty applied. The left part of the
figure presents the evaluated points in the design space, while the right illus-
trates the response surface. From the selected points, it is observed how the
full domain has indeed been investigated, but most focus has been centred
on the optimum (red marker).

This figure can be used for cost optimization of the mooring and, fur-
thermore, be used for subsequent consideration on safety and reliability. The
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optimization routine always searches for the global minimum, but this might
be located in an area of the response surface where the gradient is relatively
large. This means that even minor changes or uncertainties on input and
response can influence the cost significantly. Therefore, the complete de-
scription of the response surface becomes a clear advantage, as it is possible
to make a manual evaluation to identify if solutions that are more reliable are
available. If other areas with smaller gradients are present and where the cost
differences are small, it can be preferable to consider such solution instead.
Similar, it is possible to detect the influence on cost of e.g. using a higher
number of lines. From a safety point-of-view, it will be preferable to use a
high number, and if the cost difference is small, in most cases it would be the
choice of solution. Clearly, the optimization routine is both advantageous in
finding the optimum solution, but it is also allowing for easy evaluation of
the results.

5.2 Cost of Different Mooring Systems

Thomsen and Andersen (2018)(Paper [H]) adapted this optimization routine
and found the optimal mooring layout for three different mooring systems
(cf. Fig. 5.1):

• A SALM system with two submerged buoys, a tether of steel rods and
a hawser composed of four nylon lines.

• A SPM system with nylon lines, a surface buoy and a rigid hawser.

• A turret system with nylon lines.

These systems correspond to the type of systems presented in Chapter 3
and are considered by the developers of the four WECs in Fig. 1.7. In order
to allow for investigation and comparison of cost, the systems were all de-
signed for a generic barge structure and exposed to the same environmental
conditions. Fig. 5.4 presents a normalized cost breakdown of the mooring
systems for the found optimum layouts.

It is clear that the cheapest of the three systems for this design case is the
SPM system. This is primarily a result of the significantly lower cost of the
component in this system compared to the others. The component cost is
further broken down in Fig. 5.4. Considering the figure, it is clear that the ac-
tual mooring line cost is with a limited influence on the overall mooring cost.
In Chapter 3 and Thomsen et al. (2016c) (Paper [B]), the SALM system was
highlighted as a cheap system due to its low mooring line cost, and the same
conclusion can still be drawn, but it is clear that the overall component cost of
the system is highly affected by the anchor cost. This type of mooring system
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Fig. 5.4: Normalized optimized cost for the three mooring systems in Fig. 5.1 when applied
to a generic barge structure and similar environmental conditions. The cost of all systems are
normalized according to the cheapest solution. The left plot illustrates the total cost, while the
right illustrates component cost.

requires a significant vertical strength, which here is provided primarily from
gravitational forces. Consequently, large anchor material is needed, resulting
in a significant anchor cost compared to the other two systems, which can
use drag-embedded anchors. It is critical to consider other types of anchors
with vertical strength such as piles or suction bucket for the SALM system
in order to find more realistic solutions. The turret system tends to become
stiffer than the other two systems and, hence, experiences larger tensions
with requirement of larger anchors as well, making them more expensive for
this system than for the SPM. The most dominating cost for turret system,
however, is the actual turret bearing, which tends to become complex and
expensive. The part labelled as Other covers connections, steel rods etc. This
is most profound in the SALM system due to the steel tether.

The engineering cost becomes comparable for all systems, with a slightly
more expensive cost for the turret system due to the complexity of designing
the bearing. The installation cost is highly dependent on the number of lines
and type of system, and since the SALM is limited to installation of only one
SALM-leg, it becomes cheapest to both install and decommission. The OPEX
cost is directly related to the CAPEX cost and will, therefore, be lowest for
the SPM.

Even though each system might have some advantages over others, it is
clear that from a cost point-of-view, the SPM system provides a high ben-
efit because of its simplicity without expensive turrets and its applicability
of common anchor types. Even though the cost database (Thomsen et al.,
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2017e) uses current and detailed data, the comparison of the three systems
is still affected by some uncertainty. Several parameters, such as handling of
umbilical etc. in each solution has not yet been implemented and this might
cause significant influence on the cost of each system.

Thomsen et al. (2017d) (Paper [G]) further applied the optimization rou-
tine on the four large WECs illustrated in Fig. 1.7 and designed them for the
site conditions shown in Fig. 3.1. The developers of these devices have all
considered mooring systems like those depicted in Fig. 5.1. In addition to
the optimized mooring layouts, the response surface also provided valuable
information on the influence from each of the optimization parameters on
the overall cost.

An example of the response surface from one case is illustrated in Fig.
5.3. Despite the previous observation on the mooring line taking up a minor
part of the overall cost, it is clear to see from the figure that the mooring
line diameter is the most determining for the overall cost. This is because
the diameter determines the line strength and axial stiffness and, as such,
the total stiffness of the system; therefore, it is necessary to have large lines
for all these large devices in order to ensure sufficient strength. In order to
find the optimum number of lines, it is necessary to find a balance between
having few anchors of a larger size, and having a larger number of smaller
sizes. When reducing the number of lines, more load is put on the anchors
(and lines) and, thereby, larger types are required. Naturally, this increases
the cost. Smaller lines and anchors can be allowed when using more lines,
since each line only needs to accommodate for a minor part of the load. This
might not necessarily decrease the cost because the installation becomes more
expensive. For such problems, the optimization and surface plot in Fig. 5.3
becomes useful.

The footprint radius primarily affect the cost through changes in the sys-
tem stiffness, but the influence is not as outspoken as for the remaining pa-
rameters. For the SALM system, the mooring stiffness is highly dependent
on the buoy sizes, which, therefore, also affects the cost. When using buoys
with minor effect on the stiffness, the restoring force primarily arises from the
elasticity of lines, putting more stress on them and increasing the risk of full
stretch of the system with higher loads. The optimization routine showed the
influence of the top and the bottom buoy (cf. Fig. 5.1) and indicated that the
bottom was without any important influence. The best solution is to consider
a larger buoy close to the SWL.

Some of the same consideration can be made for the buoy in the SPM
system. It was shown in Thomsen et al. (2017d) (Paper [G]) that keeping the
buoy relatively small helps improve the system response and thereby the cost.
When using a large buoy, there is larger pretension in the lines and insignifi-
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cant vertical motions of the buoy. This means, like for the SALM system, that
the restoring force primarily arises from the stiffness of the lines. Having a
smaller buoy introduces vertical motion of the buoy itself and, thereby, more
compliance and less loads in the system.

All the optimization is based on the procedure defined in the previous
chapter, which is aimed at initial design. For the OT device, there are signif-
icant inaccuracies in the model, since it cannot account for the overtopping
discharge. This means that the loads are overestimated and most likely also
the cost. Still, when comparing the cost of the initial proposed solution in
Thomsen et al. (2015) (Paper [A]), it was found that the optimized moor-
ing solutions found in Thomsen et al. (2017d) (Paper [G]) could lower the
CAPEX cost by averagely 16%. For the SALM system, an increase of the cost
was observed. Considering the evaluation in Chapter 3, it is somewhat dif-
ficult to compare the costs, since the initial layout could not be guaranteed
to survive extreme conditions due to insufficient designs. Obtaining a cost
increase is, therefore, still a positive outcome of the study, since durability of
the systems are improved and a standardized design procedure applied. A
tentative comparison between coarsely estimated LCOE for the initially pro-
posed moorings and those found in the optimization, indicated a reduction
of 5-10%. However, this result is strongly biased by a significant uncertainty
on the OPEX cost in the initial estimates. During the project period, much
new experience has been gained on cost estimations, and this has highly
influenced this comparison. Future studies should address this topic more
detailed.

5.3 Sensitivity Discussion of Mooring Solutions

When utilizing the optimization routine, the solver attempts to find the cheap-
est solution, which fulfils the design criteria according to the chosen design
standard. This often implies that the strength of the lines are fully utilized,
which puts a significant importance on defining the environmental loads
with high accuracy. Sensitivity to insecurities and uncertainties on the envi-
ronmental conditions are not taken into account in the optimization routine.
Thomsen and Andersen (2018) (Paper [H]) briefly addressed this problem
by varying the environmental conditions with ± 15% in order to investigate
the sensitivity of design tensions in the three optimized mooring systems.
Fig. 5.5 illustrates the outcome of this analysis, indicating how an increase in
wave height of 15% can result in an increase in the tension of up to 86%. The
SALM system tends to be most vulnerable on this matter, explained by the
fact that the system becomes fully stretched and results in a steep stiffness
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Fig. 5.5: Influence on mooring line tensions in the three mooring systems from variations in the
significant wave height (left) and water depth (right).

curve, which, consequently, leads to a large relative load increment. Similar
analyses were performed for the wind and current, giving maximum increase
in the line tension of 10%. Increasing the wave period led to increases of ap-
proximately 20%. The three systems showed an important difference when
varying the water depth. The tension in the turret system increases with 20%
when increasing the water depth while the SALM and SPM were almost un-
affected. Considering earlier statements on the desire to deploy near-shore
and the fact that tides have been neglected in all initial design, this stands as
a strong result. For a turret system, changes in the water depth are critical to
include in the design.

The analysis indicated that caution should be put in assessing and defin-
ing the environmental conditions, as significant increases in tensions can oc-
cur. This further highlights the problems in Chapter 3 with incomplete de-
scription of the conditions for the initial mooring systems. Following a stan-
dardized procedure as presented in this thesis aids in improving the mooring
design, and by using the optimization routine, a cost-efficient solution can be
found. In order to get a better description of risk and reliability, even more
effort should be put in work like the sensitivity analysis.
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6 | Conclusion

In the search for renewable and sustainable energy, the focus is shifting from
the traditional fossil sector and onto sectors that are more immature. The
wind and solar energy sectors are already well-established, but in order to
achieve a completely carbon-free energy production, a mix of multiple re-
newable energy sources is needed. Wave energy provides a strong theoretical
potential, but none of the developed devices and concepts are yet at a stage
of development where they can be considered commercial. One topic which
provides an aid in the effort of making floating WECs more mature is the
improvement of mooring design. Several failures have been experienced by
now and it has been observed that the mooring cost is undesirably high. De-
spite the strong desire to lower the cost and make the LCOE more attractive,
the main concern at present is to prevent any more failures of moorings and
its negative effect on the public’s perception of wave energy.

This thesis treated the topic of mooring solutions for large wave energy
converters and addressed four objectives: Assessment of current state of
mooring design, identification of potential solutions, investigation of design
procedures and optimization of the considered systems. The work took its
basis in four Danish devices and demonstrated the initial state of their basis
mooring design. It was apparent that even though mooring solutions have
been proposed, they are indeed initial guesses and not all elements in the de-
sign process has been duly included such that survivability is secured. This
is both a result of the fact that the implementation of design standards often
is insufficient and more importantly, because quasi-static design approaches
have been used. By validation against experimental data, it was shown how
this method generally underestimates the mooring line loads with a maxi-
mum error of up to 50%. This forms a critical problem in mooring design,
and instead it was presented how a full dynamic numerical approach pro-
vides results that are more reliable. Even though errors in line tensions of
around 10% still were present, the error was an overestimation and hence, it
provides conservative estimations used in the design. Considering the many
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failures and the relatively limited experience in offshore deployment in this
immature sector, an overestimation is acceptable by now. Consequently, the
presented modelling procedure can be used in initial design, but for final de-
signs, the model must be improved with use of more sophisticated theories
or experimental data.

When searching for cost-optimized solutions, it was illustrated how a
surrogate-based routine can be used. The method utilized the numerical
model and a constructed cost database, and searched for optimized solutions
within a defined design space. This secured that both survivability in ULS
and cost-efficiency was obtained. The approach was applied for the four Dan-
ish WECs and it presented the capability to find optimized moorings. The
study illustrated a reduction of CAPEX and LCOE by comparing the obtained
cost with estimations for the initial solutions. However, the comparison is in-
fluenced by a significant uncertainty due to the state of the initial moorings
and because more experience on estimating cost has been gained since the
initial evaluations. Nevertheless, the results indicate that cost reduction can
be found.

The study provided initial verified designs according to a chosen design
standard but naturally, many more considerations will be needed before a
final solution is achieved e.g. more limit states like FLS, but also topics such a
mooring loads in misaligned environmental impact as this thesis only treated
aligned loads.

Throughout the thesis, different types of mooring systems have been con-
sidered, taking basis in the initial basis systems proposed by the WEC devel-
opers. This included a SPM, SALM and turret systems with chain. From a
simple comparison, it is evident that systems with chains are unfavourable
for this type of structures and their deployment sites. Synthetic lines, par-
ticularly nylon lines, were found to be a very promising solution, while also
SALM type systems were highlighted. The latter were later found to cause
some problems because of the need for heavy gravity based anchors. In fu-
ture work, it will be advantageous to put focus in other type of anchors and
investigate how this can affect the cost. A promising type of mooring sys-
tem was found to be the SPM system, as complex turrets are avoided and
well-known and available anchor types can be applied. Further, this system
was seen to be less sensitive to environmental conditions such as waves and
water level variations.

Future Perspectives

The present work has all been based on linear wave theory, which causes im-
portant inaccuracies when designing compliant moorings in extreme waves.
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It is critical that final designs and future work are centred on higher-order
theories to improve the presented models. CFD or SPH can be beneficially
used to tune the BEM model and provide a much more accurate description
of the response. This will further aid in improving particularly the descrip-
tion of overtopping devices. CFD and SPH might not be applicable to full
design due to the long simulations, but will indeed be valuable in the pro-
duction of more reliable time-efficient models.

Mooring design is based significantly on known experience, but this the-
sis has put most focus on nylon, which at present is still relatively new and
untested. This material is currently being investigated and tested comprehen-
sively and will be deployable in the near future, providing increased experi-
ence and reliability. There is clearly great potential for this type of solution
to be used when full-scale WECs will be deployed. It is, furthermore, im-
portant to notice that in addition to the types of lines treated in this thesis,
many novel types of lines are being tested and will, potentially, be the centre
of focus in later research.

The work has aided in gaining more experience on mooring design and
methodologies in analysis of the systems. Several considerations on types of
mooring and materials have been tested and the advantages and drawbacks
highlighted. Even though the work is focused on wave energy converters, the
results will be applicable on other types of devices where similar responses
are expected, e.g. FOWT or similar. Hopefully, the conclusion can be applied
in the aid of bringing wave energy closer to commercialization.
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ABSTRACT

The present study investigates three different types of mooring systems
in order to establish potential cost reductions and applicability to wave
energy converters (WECs). Proposed mooring systems for three existing
WECs create the basis for this study, and the study highlights areas of
interest using a preliminary cost estimation and discussion of buildability
issues. Using synthetic rope and variations in the mooring configuration
has the potential of influencing the cost significantly. In order to
quantify this potential, a simple quasi-static analysis is performed,
which shows that a SALM type system can provide a paramount cost
reduction compared to a traditional CALM type system with chain lines.
Similarly, use of nylon ropes similarly appears to provide low cost.

KEY WORDS: Mooring; Station-keeping; Wave Energy; Syn-
thetic; Chain; Quasi-static; Buildability

INTRODUCTION

Wave energy converters (WECs) have been the focus of much research
and investigation throughout the last decades leading to a number of dif-
ferent concepts and devices. Some of these devices are floating structures
with a need for systems that keep the structures on station and secure a
minimal effect of environmental loads. Often a mooring system is ap-
plied which, by definition, is a system of lines connecting the floating
structure to the seabed.

The layout of the mooring system and the applied components can
vary significantly, give much different characteristics to the system and
result in important differences in the cost. In moorings for WECs, the
influence on energy absorption is also considered, and the systems are
therefore characterized as either passive, active or reactive. The latter
defines a system where the mooring provides reactive forces in the WEC
and thereby influences the power take-off (PTO) while the passive and
active systems respectively define a system with no influence on the en-
ergy absorption and a system where the mooring influences the dynamic
response and energy absorption (Martinelli et al., 2012).

Mooring is a vital part of all floating structures and is a well-known
concept in the oil, gas and naval sectors with a variety of different design
standards, as e.g. DNV (2010), API (2005) and ISO (2013). The wave
energy sector has adapted the experience from these sectors to a large ex-
tent, but still a large number of failures have been observed due to insuf-
ficient moorings as stated by Martinelli et al. (2012). In addition, the cost
of moorings represents a large part of the total structure cost, estimated to
be in the range of 10-30% (Carbon Thrust, 2011; Fitzgerald, 2009; Mar-
tinelli et al., 2012). In comparison, the same articles estimate the cost
of station keeping systems in the oil and gas sector to be approximately
2% of the total structure cost, which is also more easily covered by the
available finances, and consequently the encouragement towards further
optimization is not as distinct. Additionally, Carbon Thrust (2011) states
that there is only little potential of cost reduction in the existing types of
mooring system and highlights innovation and use of alternative materi-
als as potential approaches towards cost reduction.

This study investigates the potential of a number of mooring solution
candidates to be applied on an existing WEC. This device is character-
ized as being a large floating structure with a passive mooring system
and represents devices such as Floating Power Plant, LEANCON Wave
Energy, KNSwing and Wave Dragon, cf. Fig. 1.

Figure 1: Large floating WECs with passive mooring systems. Top left
is Floating Power Plant (2015), top right is LEANCON Wave Energy
(2015), bottom left is Wave Dragon (2015) and bottom right is KNSwing.
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Figure 2: Conceptual drawings of the current preliminary mooring systems investigated in the present study. Adapted from Thomsen et al. (2015)

The study takes its basis in the existing mooring solutions for three
devices described in Thomsen et al. (2015) and investigates the cost and
buildability of each in order to highlight potential areas for cost and us-
ability optimization.

The investigation will be used to establish three mooring solution can-
didates for the present device, which will be coarsely designed using a
simple quasi-static method. The quantity of mooring lines in each so-
lution, and hence also the cost, will be used to discuss which mooring
solution that should be used in future detailed investigation and design.

CURRENT MOORING DESIGN

Thomsen et al. (2015) investigated mooring systems applied to different
WECs from the Danish wave energy sector. The current state of these
systems was found to be insufficient and in need of further investigation
and design. As a starting point, these systems are used to describe poten-
tial mooring candidates and the requirements from different developers.
A short introduction to each system, denoted MS1-MS2, is found in the
following and is illustrated in Fig. 2.

Mooring System MS1

Mooring system MS1 (cf. Fig. 2) is planned for deployment at a location
near the Belgian Coast and is quite similar to what is seen in the naval and
oil and gas sector. The system is required to allow 360◦ weathervane in
order to face incoming waves and is, therefore, based on a turret mooring
concept with three slack chain catenary legs. The system is moored using
drag embedded anchors.

In order to ease installation and maintenance, the system is desired to
be disconnectable.

Mooring System MS2

System MS2 is a single point mooring (SPM) system, consisting of a
surface piercing buoy and six lines, composed of partly chain and ny-
lon rope, which are anchored to the seabed by drag embedded anchors.
A nylon rope connects the device to the buoy. The system allows for
weathervaning, but an aft anchor restrains the rotation to ± 60◦ accord-

ing to the installed position. This aft anchor is not illustrated in Fig. 2.

Mooring System MS3

The final mooring solution is of the single anchor leg mooring (SALM)
type and consists of a single mooring leg, two submerged buoys and
four nylon ropes. The system is allowed to rotate freely according to the
incoming waves and a restrain need to be applied in order to ensure that
the device does not drift over the mooring point in calm weather. The
system is anchored using a gravity anchor, here in form of a concrete
block.

BUILDABILITY CONSIDERATIONS FOR MOORING
SOLUTIONS

Each of the listed mooring solutions takes its basis in existing knowledge
and experience with mooring of other offshore structures, particularly the
oil and gas sector. It is clear that the requirements to displacements in
these sectors are highly restrained while for WECs much larger motions
can be tolerated, which secure smaller loads on the structure. This puts
high demands on the compliance of the mooring system, which arises
from either geometrical changes in the system and the weight/buoyancy
of the components, or from the elasticity of the lines.

For MS1, the compliance of this system arises primarily from the
weight of the lines together with the geometrical configuration and its
changes when exposed to environmental loads. Often a much heavier
system is achieved which puts more demands on the installation equip-
ment and leads to an increase in the cost of the system. MS1 is intended
to be a disconnectable turret system with 360◦ weathervaning, which
highly increases the cost since sophisticated engineering and manufactur-
ing are required. It should be noted that in order to easily disconnect the
mooring, the turret should be located at the tip of the device, which highly
influences the response of the WEC in e.g. the pitch degree of freedom.
In order to ensure disconnectablity, the mooring lines will be attached
to a separate buoy which can be winched up, mated and locked into the
bearing part of the turret built into the WEC hull. This clearly simplifies
the hook-up installation and allows for periodical disconnection for in-
shore maintenance or repair. However, the installation of the mooring on
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site still needs to be considered, and the size and weight/buoyancy of the
disconnectable part must be designed in a way that makes disconnection
possible, secures station-keeping and survival in extreme conditions and
also ensures that the WEC can be reconnected afterwards.

For a catenary system like MS1, many different types of anchors
can be used e.g. hammer piles, suction piles, plate anchors or gravity
anchors, each with advantages and drawbacks, but with the lowest cost
option being drag embedded anchors. This type of anchor primarily
provides a horizontal strength. Many requirements to the installation of
anchors are present, and the choice of type is highly dependent on the
site and its seabed condition. At some sites it might not be possible to
install e.g. drag embedded anchors.

MS2 is classified as a single point mooring (SPM) consisting of a
number of synthetic lines connected to a single buoy with a rotating
turntable that enables 360◦ weathervaning. Similar to the turret, this
increases the difficulty of the design and manufacturing process. If an
aft anchor is applied or the load direction is restricted to one direction
with small spreading, the rotation can be accommodated by the lines
and the turntable can be avoided. In MS1, the lines are synthetic and
taut; hence, the compliance of the system is mainly resulting from the
elasticity of the lines. Using synthetic line instead of chain gives some
advantages and drawbacks which will be described in the succeeding
text. The type of anchors can be chosen similar to the MS1 system, but
it must be ensured that some vertical strength is available also.

MS3 is of the SALM type system and can be considered to be
readily disconnectable, which allows for easy installation hook-up
and disconnection for inshore maintenance or repair. If the system is
equipped with a turntable, it will have the possibility to weathervane,
which results in the same issues as described for the two other systems.
An issue for a SALM system is the considerable vertical loads on
the anchor in addition to horizontal loads. Selecting, designing and
installing an anchor that can handle this loading in an effective way can
be difficult and is highly dependent on the seabed condition at the given
site. In order to have e.g. a gravity type anchor with sufficient mass,
often a volume that is unrealistic to manufacture, transport and install
is required. In addition, it might decrease the available water depth and
possible length of lines in an insufficient way.

Use of synthetic rope instead of traditional chain induces a much
different system. A wide variety of synthetic fibre can be used e.g.
polyester, nylon or high modulus polyethylene (HMPE) (Weller et al.,
2015). The most apparent difference between a line of steel and synthetic
fibre is the weight and stress-strain behaviour. Clearly, using synthetic
rope results in a mooring system with a much lower total weight than for
a steel system, which therefore eases the transportation and installation
significantly and minimizes the effect from the line weight on the WEC.

The stress-strain relationship of chains and synthetic ropes differs
significantly and has different requirements throughout the system’s life
time. In order to avoid snap loads and high peak loads, a more com-
pliant system is beneficial. Pecher et al. (2014) investigated a CALM
type system and found that the stiffness of the system increased with
decreasing water depth, illustrating the disadvantage of using chains in
shallow water depths. Many WECs are planned for deployment close
to shore in order to ease maintenance and inspection; hence, it can
be expected that installation in shallow water depths will be desired.
For a CALM system, the compliance is resulting from the weight and
geometry of the lines while the compliance of a taut system primarily
is a combined effect of the length of lines, L, their cross-sectional
area, A and the elasticity of the lines E. As an approximation, Ridge
et al. (2010) states that by doubling the compliance of a system, the
cyclic loading and peaks in both lines and anchors will be reduced by

half which therefore gives more incentive to use compliant synthetic
ropes. This is partly caused by the synthetic lines’ ability to absorb and
dissipate energy, cf. Weller et al. (2015), which is a clear advantage
when dealing with snap loads. As a result, the stress-strain relationship
for synthetic ropes is much more complex than the relationship for
chains that can be approximated by a linear trend. In the design and
installation process, it needs to be taken into account that synthetic lines
creep under a constant load as illustrated in Fig. 3. When the load is
reduced, the line will recover but with some permanent extension (cf.
Fig. 3). This is especially seen in newly manufactures ropes due to the
response of the material and rearrangement of the fibres in the rope. It is
vital to include this behaviour in the design in order ensure that e.g. the
pretension applied at installation results in sufficient values over time.

When choosing different types of rope, much different characteris-
tics of the line can be obtained. At present, a considerable amount of
research and experience on polyester is available (Davies et al., 2014;
Flory et al., 2015; Banfield and Flory, 2010; Flory et al., 2007; Banfield
et al., 2005; Leech et al., 2003; Banfield and Casey, 1998), but in shallow
water depths even polyester might be too stiff, and as a more compliant
alternative, nylon can be used. It should be noted that the structure of
a rope impacts its compliance and fatigue performance. Much research
has been done on braided lines, but Weller et al. (2015) and Ridge et al.
(2010) both highlight the parallel type ropes as the most durable type and
most appropriate for long-term moorings.

The higher compliance of nylo, causes lower peak loads as previously
described, and the fatigue performance is very close to polyester due to
improvements in rope and design and marine grade lubricants. Therefore
it also appears that synthetic ropes are sufficient for 20-30 year applica-
tion, which in most cases corresponds to the lifetime of a WEC. In addi-
tion, it can be noted that synthetic ropes generally provide a better tension
fatigue performance than e.g. chains and steel wire ropes in water; a po-
tential result of no corrosion problems. Tests with polyester moorings
after 12 years deployment showed 96% remaining strength (Ridge et al.,
2010).

It is necessary to consider that some environmental aspects affect the
strength, endurance and performance of synthetic lines. While polyester
e.g. does not absorb water, nylon is more vulnerable and loses approxi-
mately 10% of the strength when wetted. The long-term effect of these
aspects is vital to consider and include in the design process.

Using synthetic ropes causes buildability problems with handling and
protecting the ropes throughout transportation, installation and under op-
eration. Naturally, both nylon and polyester are more vulnerable to phys-
ical damage than e.g. steel chain and need to be transported and installed
with caution. Similarly, during operation it might be necessary with pro-
tective measures as e.g. applying jacketing. To keep particles out of

Creep 

Recovery 
Permanent extension 

Figure 3: Stress-strain relationship for a synthetic rope under cyclic load-
ing The figure is adapted from Weller et al. (2015).
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Figure 4: Indications of CAPEX for the three systems with cost basis in
2014.

the load bearing core a filter membrane is fitted. These were researched
and designed by Banfield et al. (1999) for the oil and gas industry. The
vulnerability also puts high demands to the connections in the mooring
system by means of their materials and configuration.

In order to ensure the performance of lines, it is necessary to perform
periodic control of lines, independent on whether it is steel or synthetic
materials, but much dependent on the site and environmental conditions.
This also allows for inspection of marine growth.

COST ESTIMATION OF CURRENT MOORING
SOLUTIONS

Thomsen et al. (2015) investigated the state of the mooring systems MS1-
MS3, and found that the designs are not yet final and more parameters
need to be included. This means that the systems at this stage are not de-
signed according to any standards, not all environmental loadings are
included, and it is therefore not certain that the mooring systems are
capable of surviving in the sea. However, preliminary cost estimation
was performed, giving indications on the differences in the cost of each
mooring system. It should be noted that the systems were designed for
different WECs and load conditions, which influence the price. Fig. 4 il-
lustrates the CAPEX of each system. The cost estimation was estimated
based on experience from other projects, and indicative cost of compo-
nents with basis in 2014 prices (cf. Table 1).

With a total cost of e 3,300,000 for MS1, e 4,481,000 for MS2 and
e 1,762,000 for MS3 the difference in cost is significant. As seen in Fig.
4, the main reason for the low price of MS3 is the manufacturing and
procurement of components. By consisting of only four nylon ropes, the
price of lines becomes low compared to the other two systems. Even
though the cost of synthetic materials per tonnes is much higher than e.g.
chains, much less synthetic material is in general used compared to chain
material. MS1 consists of mooring chains combined with heave anchors,
which together gives a significant contribution to the cost. The high price
of MS2 mainly results from the chain part of the six lines together with
the very long aft chain. The seven anchors similarly increase the cost sig-
nificantly. For MS1, it is also notable that the system needs a turret that
allows 360◦ rotation, increasing not only the price of the components,
but also the design and engineering process. When observing the cost of
installation, it is seen that installing seven anchors in MS2 results in the
highest cost, which is due to the installation of seven anchors.

From Fig. 4 it appears that most cost reduction can be obtained by
applying a SALM type system (MS2) and potentially also by using syn-
thetic materials. Since the systems have been designed for different loca-
tions and using much different approaches, the following sections define
simplified mooring systems based on MS1-MS3, which will be designed

for a single WEC. By using the same procedure for all systems, it should
be more reasonable to compare the quantities of materials.

MOORING SOLUTION CANDIDATES

Considering the buildability and cost of the investigated systems, differ-
ent parameters appear to be relevant to consider for optimizing the cost of
moorings. This does not only concern the components and manufactur-
ing, but also installation, maintenance etc. The following two parameters
appear to have positive effect on the cost of the mooring system and will
be investigated further.

• Applying a SALM system.

• Using synthetic ropes instead of chains.

In order to compare the influence of these parameters, three mooring
candidates are designed for the investigated WEC, which is a large float-
ing structure that absorbs wave energy through the principle of pitching
bodies. The performance of the device is sensitive to the wave direction,
and the developer therefore has a desire towards a disconnectable turret
system that allows 360◦ rotation. The device is planned to be deployed at
a location with extreme characteristics as defined in Table 2. The charac-
teristics are based on requirements in DNV (2010), hence 100-year wind
and wave conditions together with 10-year current velocity are used. In
this study, it is assumed that wind, current and waves are acting in the
same direction. However, in a detailed investigation it is necessary to
consider a situation where the wind, wave and current are not aligned.
The three candidates are noted C1-C3 and cover a traditional slack chain
mooring system (C1), a taut SPM system with nylon ropes (C2) and a
SALM system (C3). Despite the desire for a turret system, C3 is com-
posed with a hawser of nylon and a tether of chain, and is therefore not
considered as a turret. The systems are illustrated in Fig. 5.

In the present study, anchors, connections etc. are neglected and only
the quantity of mooring line material is considered.

QUASI-STATIC DESIGN OF CANDIDATES

A simple quasi-static method is used for designing mooring lines and
buoys.

The quasi-static method has been described by several authors, such
as Pecher et al. (2014), Johanning et al. (2005) and Bergdahl and Kofoed
(2015), and has been used widely in other offshore sectors such as the oil
and gas sector, and mentioned in several design standards like e.g. (DNV,
2010). As previously described, the requirements to displacements in
these sectors are stricter, and in the wave energy sector a higher response
can be tolerated. In addition, e.g. an oil platform has a much higher
mass than a WEC and therefore also induces a much lower response and
velocity, justifying the use of quasi-static calculations.

In the quasi-static procedure, initially the displacement induced by the
mean wave, wind and current load is calculated and the linearized stiff-
ness of the mooring system in that position is determined. Using e.g. a
boundary element method (BEM) code such as Nemoh (LHEEA, 2014),
the hydrodynamic properties of the WEC are calculated and the response

Table 1: Indicative cost data for mooring components based on 2014
prices.

Material/Component e / tonne
Forged Steel Mooring Chain 4,140
Wire Rope - Spiral Strain 8,280
Synthetic Rope (Polyester/Nylon) 16,100
Drag Embedment Anchor 7,038
Concrete Gravity Anchor 230
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Figure 5: Conceptual drawings of mooring candidates C1-C3, used in the quasi-static analysis.

around the mean position is stated, thereby taking into account some of
the dynamic behaviour and the linear effect of the mooring. In the calcu-
lation procedure, the WEC is given a static offset and the corresponding
tensions in the mooring lines are calculated. As a result, all dynamic af-
fects associated with mass and fluid motions are neglected and often only
one DOF (surge) is considered. In the present study, a frequency domain
solution has been used to determine the hydrodynamic response, taking
into account current and wind together with first and second order wave
load effects. In general, significant non-linearities are present in mooring
systems, and especially synthetic ropes have a non-linear behaviour. In
order to use a frequency domain solution, all of these non-linearities are
linearized. This procedure follows the method described in Bergdahl and
Kofoed (2015) and satisfies the requirements to the ultimate limit state
(ULS) and the corresponding safety factors as defined in DNV (2010).
Despite that the safety in this standard has been suggested to be relaxed
in several papers as Paredes et al. (2013) and Johanning et al. (2005), this
standard is still widely used and therefore also considered in this paper,
thereby making the results more conservative.

Clearly, the use of a quasi-static approach is not recommended for
the dynamic behaviour of WEC and moorings, and the systems stated
in this paper need a detailed dynamic analysis in order to achieve a full
description of the mooring system characteristics. For this preliminary
analysis, performed in order to understand the applicability of different
layout and material, a quasi-static approach is considered to be sufficient.
The following section describes the results from the analysis and can be
seen in Table 3.

RESULTS AND DISCUSSION

Based on the quasi-static analysis, mooring line dimensions and quanti-
ties were determined for the mooring candidates C1-C3. The possibility
of optimization by changing e.g. spreading of line was not investigated.
The results from the analysis are presented in Table 3 and illustrate a

Table 2: Site characteristics used in the quasi-static analysis. The val-
ues are based on wind and wave events with 100-year return period and
current with a 10-year return period.

Parameter Site 1
Significant wave height, Hs 6.55 m
Peak wave period, Tp 10.25 s
Water depth, h 30.00 m
Current velocity, vc 1.20 m/s
Wind velovity, vw 33.00 m/s
Wave Spectrum JONSWAP (γ = 3.3)

significant difference in the required materials for each candidates.
As a result of the relatively shallow water depth, designing a cate-

nary system causes severe problems. As stated by Pecher et al. (2014)
the horizontal mooring stiffness increases with decreasing water depth,
resulting in significant loads and tensions and therefore also a need for
chains with a high strength. In order to achieve this, chains with larger
dimensions must be applied, leading to larger weight and also stiffness.
Decreasing the chain diameter decreases the stiffness but results in a lack
of strength. For the given case it was not possible to achieve a sufficient
system by only adjusting the chain diameter. In order to achieve a rea-
sonable stiffness and a chain that can withstand the tension, a very long
line is required. For the given case a need of 1160 m chain in each leg is
required, which might be considered unrealistically long in 30 m water
depth, and especially if the device is desired to be installed in an array.
Also, since the mooring lines are very long and the excursion is small
in comparison, only a very little part of the chain is suspended and most
lines are always located at the seabed. Problems occurring with the lines
being damaged and buried in the seabed must be considered and will re-
sult in more maintenance. A solution to bringing more compliance into
the system could be to disregard the turret and apply a buoy and syn-
thetic hawser. This depends on the developer’s requirements, but might
optimize the system.

C2 benefits from achieving much compliance from the elastic nylon
lines clearly illustrated by the difference in horizontal stiffness. The low
stiffness results in a low natural frequency of the system, much lower
than the storm frequency, inducing a more desirable response of the
WEC. If the higher displacement can be accepted, it is much easier to
achieve a system that fulfils the requirements to strength, and signifi-
cantly less materials than in C1 is needed. This also leads to a more
reasonable seabed footprint, and a paramount difference in cost of the
lines. For both C1 and C2, the disconnectablity has not been consid-
ered. If this should be achieved, a buoy should be applied to the system,
providing enough buoyancy to lift the lines and allow connection. In the
quasi-static analysis, it is assumed that the connection points between the
lines and buoy do not experience any vertical motions; hence, the buoy
does not affect the response. The buoy is therefore not considered an
active part of the system for now and is not designed.

C3 is the mooring candidates which require the least mooring line
material. By applying this system, high compliance is easily achieved
and is a result of not only the elasticity of the lines but also the buoyancy
of the submerged buoy. The overall geometry of lines and buoy highly
affects the stiffness and response of the system, and much potential for
optimization is present. For this preliminary study, standard guidelines
have been followed. C3 was chosen to consist of a chain tether in order
to secure high strength which allowed for the use of a very buoyant buoy
while the hawser consists of elastic nylon. Applying nylon material in
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Table 3: Results from the quasi-static analysis of C1-C3 (cf. Fig. 5)

C1 C2 C3
Max displacement 17.7 m 33.5 m 17.8 m
Max tension 7261 kN 3065 kN 7505 kN
Linear horizontal stiffness 348 kN/m 51 kN/m 163.7 kN/m
Cable length Ø80 R5 studless chain: 3 × 1160 m Ø120 Nylon: 3 × 267 m Ø92 R4 studless chain: 22.2 m

Ø184 Nylon: 30 m
Seabed footprint radius 1149.6 m 268.3 m -
Cable Mass Chain (128 kg/m): 445.44 t Nylon (8.17 kg/m): 6.544 t Chain (169.3 kg/m): 3.758 t

Nylon (16.2 kg/m): 0.486 t
Cable cost Chain: e 1,844,122 Nylon: e 105,358 Chain:e 15,558

Nylon: e 7,824
Total: e 1,844,122 Total: e 105,358 Total: e 23,382

Buoy mass - 500 t - 41 t (340 t buoyancy)
Total mass 445.44 t 6.544 t t 45.244 t

both tether and hawser might benefit the system and provide additional
compliance.

When considering only the mooring line material in Table 3, C3 ap-
pears to be the lightest and, therefore, also the system with the lowest
cost. It should be noted that C3 requires a large buoy, which brings the
total mass up to 45 t, which is higher than C2 but still much smaller than
C1. Additionally, it is paramount to consider that no anchors have yet
been designed. As stated, drag embedded anchor is often the solution
with lowest cost and would preferably be applied to C1 if allowed by the
seabed conditions. C2 and C3 need anchors that provide both horizontal
and vertical strength and might be more expensive, than the anchors for
C1.

CONCLUSION

Different types of mooring systems have been considered for use in
WECs, based on traditions in other offshore sectors, but with increasing
focus on new types and materials. Three systems suggested for use on
large floating WEC were investigated and used as basis for investigation
of potential cost reduction and buildabilty issues. Based on a preliminary
and coarse cost estimation, it was found that use of a SALM system and
synthetic line materials could optimize cost of the moorings.

Since large displacements often can be accepted for WECs, high com-
pliance can be considered which easy arises from use of synthetic ma-
terials and a SALM system. Different buildability considerations were
addressed, and parameters to consider when designing the different sys-
tems were highlighted.

By use of a quasi-static approach, mooring lines were designed for
three systems, illustrating the difficulty of applying chains in moorings
of WEC that are often deployed in shallow water depths. Paramount cost
reduction was found in the SALM system and the SPM system with ny-
lon lines. The calculations were, however, simplified, and many parame-
ters still need to be considered in order to fully understand the potential.
However, the results illustrated the potential of synthetic materials and
use of SALM system, and will form the basis for future investigation and
more sophisticated dynamic analysis.
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ABSTRACT:  This paper presents the outcome of a test campaign, which investigates the behaviour of 
a synthetic mooring system applied to the Floating Power Plant wave energy converter. The study inves-
tigates the motion and tension response under operational and extreme sea states expected at the deploy-
ment site and studies the influence of variations of mass moment of inertia and mooring line stiffness. A 
simple quasi-static analysis based on existing guidelines was performed in order to compare results and 
validate the method. In most cases, the calculations proved to underestimate the tensions if  compared to 
the measured tensions.

WEC, experimental work can be carried out, provid-
ing data on the response and illustrating in which 
direction further development should head. The 
experimental data is additionally crucial in validating 
the tools established to design the moorings.

This study investigates a structure similar to 
the Floating Power Plant (Floating Power Plant, 
2015), which combines both wave and wind 
energy absorption into one device. The structure 
is combined of  a floating platform which carries 
a wind turbine, and four floaters installed for har-
vesting of  wave energy through the principle of 
pitching bodies. The Floating Power Plant WEC 
is undergoing comprehensive development and 
research and it has previously been deployed as a 
37 m wide model (named P37) for real sea testing 
in the Danish sea as illustrated to the left in Fig. 1. 
As a result of  the test campaign, the structure was 
undergoing changes (cf. Fig. 1 to the right), and 
the next step towards the full-scale, commercial 
80 m wide P80 model, is the 60 m wide P60 model, 
which forms the basis of  this study.

1  INTRODUCTION

During the last decades, the demand for renewable 
energy has increased significantly and resulted 
in a focus on wave energy. Today, a considerable 
amount of different concepts and devices exist (cf. 
e.g. Harris et al., 2004, Martinelli et al., 2012 and 
Gao and Moan, 2009) but despite comprehensive 
research, the wave energy sector is still only at a 
pre-commercial stage, with significant areas that 
require further development. One of these areas 
is the mooring system, since by now it has led to 
failure of several Wave Energy Converters (WECs) 
and, furthermore, it is so costly that it is estimated 
to take up to 30% of the total CAPEX of a WEC 
(Martinelli et al., 2012, Fitzgerald, 2009). In Car-
bon Thrust (2011) optimization of mooring layout 
is mentioned as a potential to cost reduction.

When considering WECs, moorings are often 
categorized into three groups depending on their 
influence on the energy absorption (Martinelli  
et al., 2012). In this study, only a passive system is 
considered; hence, a mooring system that does not 
affect the energy absorption but only ensures sta-
tion keeping and minimal loads on the structure.

In order to understand the behaviour of moor-
ings and to improve the design procedure, there is 
a need to optimize the tools and mooring system 
layouts. Recent studies by e.g. Ridge et al. (2010), 
Weller et al. (2015) and Thomsen et al. (2016) con-
cluded that use of synthetic mooring lines has a 
potential to significantly reduce cost of moorings, 
and the concept is well proven and investigated in 
studies as e.g. Banfield and Flory (2010), Banfield 
et al. (2005) and Casey (1998).

As an initial step towards a better understanding 
of mooring behaviour and its applicability to a given 

Figure 1.  Left: The P37 prototype during sea testing in 
the Danish sea. Right: Conceptual drawing of the P60/
P80 device considered in the present study (Floating 
Power Plant, 2015).
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A two-month test campaign was carried out 
to obtain initial estimations of  expected response 
in relevant sea conditions and to obtain data 
for subsequent validation of  numerical tools for 
dynamic analysis. This paper provides a descrip-
tion of  these tests and the initial analysis of 
results, and it is structured with a general descrip-
tion of  the test set-up and programme, followed 
by a presentation of  the obtained results. The 
research is concluded by comparing the results 
with data obtained from a simple quasi-static 
analysis, following the procedure defined in sev-
eral design standards such as API (2005), DNV 
(2010) and ISO (2013).

2  OBJECTIVES OF EXPERIMENTAL 
TESTS

The present test campaign does not aim to find a 
final mooring solution for the investigated WEC 
and the mooring is, therefore, not optimized prior 
to the tests. The main purpose of this testing is to 
investigate which parameters affect the motion and 
load response of the structure, in order to provide 
a basis for future investigation. The study explores 
the effect from the given mooring systems on the 
natural frequencies and mooring line tensions dur-
ing operational and extreme conditions. This will 
provide a guidance for future research areas on 
which more investigation should be focused. Addi-
tionally, the tests provide the possibility to validate 
numerical simulations and design procedures. In 
the present study, this is limited to a quasi-static 
approach, but will be extended to full dynamic 
simulations in future research.

3  EXPERIMENTAL SET-UP

The experiments for the present study were carried 
out in the wave basin at The Hydraulic and Coastal 
Engineering Laboratory, Aalborg University, Den-
mark over a period of two months from December 
2015 to January 2016. The following subsections 
provide a general description of the test set-up, 
investigated models, mooring lines and conditions.

3.1  Test programme and procedure

The test campaign was conducted in the wave basin 
at Aalborg University, with a test set-up as illustrated 
in Fig. 2. The basin was equipped with a snake-type 
wave maker in one end, controlled by the software 
package AwaSys 7 (2016), and a passive absorber 
(gravel beach) in the other. The origin of the basin 
coordinate system was located in the waterline at the 
bow of the device as illustrated in Figs. 2 and 4.

During the tests, the generated surface elevation 
was measured using a total number of five resist-
ant type wave gauges located in a 3D array approxi-
mately 1.5  m in front of the model. Prior to the 
tests, all sea states were generated without the model 
in place to measure the wave reflection in the basin. 
The measurements showed insignificant reflection 
in the y-axis. For the longest waves, the maximum 
reflection coefficient in the x-axis was found to 
be approximately 0.2 and, therefore, considered  
acceptable for these tests. Acquisition of surface ele-
vation and mooring loads, together with reflection 
analysis of surface elevation was performed with 
the software package WaveLab 3 (2016).

Mooring loads were measured in each test using 
three FUTEK LSB210 50/100 lb load cells located at 
the anchors of the mooring lines and one VETEK 
30 kg IP68 at the connection point between lines and 
device. Motions were measured using the motion 
tracking system OptiTrack (2016), with four Opti-
Track Flex 13 cameras and five reflective markers. The 
data was acquired using the Motive 1.9.0 software.

The test programme was structured to allow 
for measurements of mooring loads and motion 
response in operational and extreme wave condi-
tions at the P60 deployment site. A total number 
of nine irregular sea states were simulated and 23 
regular sea states for validation of the measured 
response. The irregular sea states were simulated 
with a JONSWAP spectrum with a peak enhance-
ment factor γ  =  3.3  in a water depth hd  =  0.7  m 
(45.2 m in full-scale). Fig. 3  shows the target sea 
states determined from available scatter diagrams 
and the measured sea states from the experiment, 
both presented in full-scale. In general, there is 
insignificant difference between the target and 
measured wave peak periods, and a maximum dif-
ference of 9% between the target and measured sig-

Figure 2.  Illustration of used test set-up. All measures are given in [m].
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nificant wave heights. Since the results later in this 
paper is presented in frequency domain and the 
desired frequency range is still obtained, the differ-
ence in wave height is considered to be acceptable.

During the campaign, different mooring and 
model configurations were tested. In order to allow 
direct comparison of motion and load time series, 
the generated surface time series were stored and 
replayed for each configuration; hence, an exact 
copy of each time series could be generated for 
each configuration.

To determine natural frequencies of the system, 
allowing for comparison with the sea state frequen-
cies, each model test set-up was initiated by a decay 
test. Similar, the stiffness of the mooring system was 
determined from a quasi-static test, where the model 
was displaced at low velocity in the surge DOF while 
the horizontal applied force was measured. During 
this movement, the only restoring force in the sys-
tem was resulting from the mooring lines.

3.2  Model

The tested model represents a simplified geometry 
of the Floating Power Plant P60  WEC in scale 
1:64.5. For these preliminary tests, only the float-
ing platform was tested; hence, the floaters and 
wind turbine were discarded.

The model was constructed with a base struc-
ture, composed of high density foam (cf. Fig. 4) 
and additional mass was applied, which allowed 
for variation of the mass distribution over the 

structure. This was done in order to investigate the 
influence of the mass Moment of Inertia (MoI) 
on the mooring load and motion response, and for 
future investigation of the capability of a numeri-
cal code to simulate these variations.

In addition, two different types of mooring lines 
were tested. Considering Table 1, the configura-
tions were classified as follows:
•	 C1 is considered the basis configuration.
•	 C2 investigates the influence of a lower MoI 

around the y-axis.
•	 C3 is used to investigate influence of a more 

compliant mooring line and the WEC charac-
teristics are therefore similar to C1.

The centre of gravity and moment of inertia 
were measured in the tests and estimated from 
geometry and weight by use of a CAD software. 
As previously mentioned, the mooring layout and 
lines do not represent a final and optimal solution. 
Based on the existing mooring system applied to 
P60, the system was chosen as a turret system with 
three lines, spread equally apart (120°) as illus-
trated in Fig. 5.

Figure  3.  Comparison of target and measured wave 
conditions. Data is in full-scale (1:64.5).

Table  1.  Definition of properties for the three model 
configurations used in the test campaign.

C1 C2 C3

Centre of gravity  
(x,y,z) [m]

(32.9, 0.0,  
-4.8)

(35.5, 0.0,  
-4.5)

(32.9, 0.0,  
-4.8)

Moment of inertia  
Ixx [m2 kg]

1.645 × 109 1.843 × 109 1.645 × 109

Moment of inertia  
Iyy [m2 kg]

2.819 × 109 2.333 × 109 2.819 × 109

Moment of inertia  
Izz [m2 kg]

3.712 × 109 3.377 × 109 3.712 × 109

Figure  4.  Left is notation of coordinate system and 
right is the constructed lab model.

Figure 5.  Illustration of mooring layout.
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3.3  Mooring lines

The previous mooring system suggested for the 
Floating Power Plant, consisted of mooring chains, 
but as recent research has presented the benefits 
of using synthetic lines, the mooring lines in the 
experiments were constructed of elastic, non-lin-
ear material with a measured stiffness as shown in 
Fig. 6. Additional mooring line characteristics can 
be found in Table 2.

Despite the fact that the mooring lines do not 
resemble any actual mooring lines available, the 
linearized characteristics can resemble nylon 
and synthetic lines to some extent. The shape of 
the force-extension curve differs but using e.g. 
Ø80 mm and Ø120 mm Bridon Superline Nylon 
or Ø48 mm and Ø72 mm Bridon Superline Poly-
ester, similar linear stiffness is obtained (Bridon, 
2016).

4  TEST RESULTS

The following section presents the initial analysis 
of test results. The focus is on natural frequencies, 
response amplitude operators and extreme line 
tension. All results are presented in full scale (scale 
1:64.5) by use of Froude scaling law.

4.1  Static stiffness

From the quasi-static tests, Fig.  7 presents the 
force-displacement curves for the two types of 
mooring lines.

During the model and line installation, it was 
attempted to acquire similar mooring line preten-
sion in the two configurations. This was found to 
be approximately 0.45 MN. The horizontal linear-
ized stiffness for C1 and C2 is approximately two 
times the stiffness of the system used in C3. The 
influence from this is seen in the natural frequen-
cies found in the decay tests.

4.2  Decay tests & natural frequencies

The decay tests were performed in order to evalu-
ate the natural frequencies in the surge, heave and 
pitch DOF for each of the configurations. The 
tests were conducted by applying a static displace-
ment in one DOF, releasing the model and allow-
ing the motion to decay naturally. An example of 
the decay response of C1 is illustrated in Fig.  8. 

Figure 6.  Measured force-extension curve for the moor-
ing lines applied to experimental set-up. The dashed lines 
indicate the linearized stiffness.

Figure  7.  Measured static horisontal stiffness for the 
two types of mooring line.

Figure 8.  Example of decay reponse in surge, heave and 
pitch for configuration C1. Note the difference in the 
x-axis.

Table 2.  Definition of mooring line properties in full-
scale values.

Line 1 Line 2

Configuration C1-C2 C3
Unstretched length [m] 46.12 45.47
Linearized stiffness [MN] 11.54 4.69
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From the decay response, it is possible to deter-
mine natural frequencies and damping of the 
structure. The latter will not be considered in this 
study. Information on the natural frequencies is 
important in understanding the expected response 
of the device at a given site. By having natural fre-
quencies close to the peak frequencies of  the sea 
states, resonance can occur and results in an unde-
sirable response.

Table 3 presents the results from the decay tests. 
Since the natural frequencies in heave and surge are 
defined by the stiffness and total mass, the results 
in these DOFs are identical for C1 and C2. As a 
result of the lower MoI around the y-axis in C2, 
the natural frequency in pitch is approximately 5% 
higher than for C1. In C3, the mass and MoI is 
identical to C1, but the different mooring stiffness, 
should affect all three DOF. The lower stiffness 
results in lower frequency in both surge and pitch, 
while an identical value is observed in heave. This 
is potentially a results of high hydrostatic stiffness 
compared to the mooring stiffness.

In the decay tests, oscillations with a frequency 
of 0.078 Hz for C1 and C2, and 0.075 Hz for C3 
were additionally observed and resemble a cross-
coupling between the DOFs.

4.3  Motion response

The motion of the device was analysed in the 
frequency domain and transformed into motion 
RAOs. The frequency domain analysis often 
implies use of a bandpass filter, as the wave energy 
above and below certain frequencies are insignifi-
cant, and, when calculating RAOs, results in much 
disturbance. Since the objective of the tests is to 
investigate the response in the relevant sea condi-
tions, the main focus is put on the frequency band 
f = 0.048–0.23.

In Fig. 9 the calculated RAOs for C1 is plotted, 
and the minimum cut-off  frequency is illustrated 
by the dashed black line. It is possible to detect a 
peak at 0.075–0.078 Hz, while the natural frequen-
cies, as shown in Tab. 2, are below the cut-off  fre-
quency. The dark green dots indicate results from 
the regular sea states, and good agreement is found 
with the irregular sea states.

Fig.  10 compares the RAOs for the three 
configurations. Observing the surge DOF indi-
cates that a similar response can be expected 
for the three configurations in the investi-
gated frequency band. In heave, the small peak 
observed, indicates that C1 and C2 approaches 
a similar response, both in terms of  motion 
amplitude and peak frequency. C3  shows a 
higher amplitude at the peak, and the peak  
frequency is offset from 0.078 to 0.075, expect-
edly a results of  the more compliant mooring 
system.

The same observation on the peak frequency 
can be made for the pitch DOF, but the amplitude 
shows larger variations. The higher MoI in C1 
results in a lower motion response, while it is dif-
ficult to detect the difference in peak frequency. 
The C3 configuration shows an amplitude simi-
lar to C1 and C2 around its peak frequency, but 
is generally lower in rest of  the frequencies. The 
stiffness applied in C1 and C2, therefore, seems 
to increase the pitch motion response.

4.4  Line tension response

Fig. 11 presents and compares the maximum meas-
ured line tension in the front starboard line for the 
three configurations. For C1 and C2, the tension 
increases from approximately 0.4–0.6 MN in the 
smallest sea state to 2.1 MN in the most extreme. 
In all sea states, C3 experiences the lowest tensions 
due to the low mooring stiffness. By considering 
sea state E3-E6 it is additionally seen that the peak 
wave period and, therefore, the wave steepness, has 
a large impact on the observed tensions. E3 and E4 
have similar wave height, but different wave period; 
the same for E5 and E6.

Observing Fig. 12, which compares C2 and C3 
with C1, it is seen that C2 provides larger tensions 
in the operational sea conditions and approaches 
the same value as C1 for the extremes. This corre-
sponds well with the motion RAOs, since it was seen 
that C2 experiences a larger pitch motion ampli-
tude in the investigated frequency band. For the 
extreme sea states with lower peak wave frequen-
cies, the difference between the motion response of 
C1 and C2 decreases, and the measured maximum 
tensions approaches similar values.

The tension in C3 approaches the tension in 
C1 in the smallest waves, but decreases to 55% of 
C1 in the extremes; again, explained by the differ-
ence in motion RAOs, natural frequencies and the 
more compliant mooring system.

The same results are noted when observing the 
line tension RAOs in Fig. 13. The C1 and C2 con-
figurations are close to identical, with C1 showing a 
slightly lower tension amplitude response, while C3 
has much lower amplitudes. C1 and C2 have a RAO 

Table  3.  Experimentally measured natural frequencies 
and frequencies determined from numerical results.

Surge [Hz] Heave [Hz] Pitch [Hz]

Exp. Num. Exp. Num. Exp. Num.

C1 0.029 0.032 0.048 0.052 0.047 0.042
C2 0.029 0.032 0.048 0.052 0.049 0.042
C3 0.022 0.022 0.048 0.056 0.046 0.052

105



708

Figure 9.  Motion RAOs for the surge, heave and pitch DOF for both regular and irregular sea states. The dashed line 
indicates 1/3 of the minimum encounter peak frequency. The results are representative for C1.

Figure 10.  Comparison of RAOs for the three configurations.

Figure  11.  Measured maximum tension in each sea 
state. The maximum tension can be directly compared 
since the generated sea state for each configuration is 
identical.

Figure  12.  Comparison of tension in each configura-
tion by means of normalized tension.

Figure  13.  Comparison of line tension RAOs for the 
three configurations.

peak at 0.077 Hz, while C3 has a peak at 0.075 Hz. 
As expected, it is, therefore, seen that the tension 
RAO peaks at frequencies found in the decay tests.

5  QUASI-STATIC MODEL

In mooring design for large oil and gas platforms, 
a quasi-static approach is often used. By now, this 
has also been seen in the Danish wave energy sector 
when designing mooring system, cf. e.g. Thomsen 
et al. (2015). In a quasi-static approach, the device 
is statically offset, and the corresponding line ten-
sion is calculated. It is common to use a frequency 
domain approach where all non-linearities from 
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geometrical change and the line material behav-
iour are linearized. In addition, all dynamic effects 
from fluid and masses are neglected, and only one 
DOF is considered (surge). This approach has 
been described in e.g. Bergdahl and Kofoed (2015), 
API (2005) and DNV (2010). Since the method 
has been used in design of moorings and since 
the objective of this study is to provide a better 
understanding of mooring design procedures, this 
method is applied to the experimental set-up, and 
the calculated tensions compared to the experi-
ments, thereby illustrating whether this method 
provides representative results.

When estimating the design offset used to calcu-
late the maximum line tension, DNV (2010) states 
that the larger of the following two excursions is 
to be used:

X X X Xmean LF max WF sig1 = + +− − 	 (1)

X X X Xmean LF sig WF max2 = + +− − 	 (2)

where X1  and X2  are the characteristic excursions, 
Xmean  is the excursion caused by the static environ-
mental loads, XLF max−  and XLF sig−  are respectively 
the maximum and significant excursion caused by 
the low frequency loads and XWF max−  and XWF sig−  
are respectively the maximum and significant 
excursion caused by the wave frequency loads. 
When using this method, the waves are assumed to 
be Rayleigh distributed, and the calculated maxi-
mum peak tension, corresponds to the tension 
exceeded once in a thousand peaks.

The described procedure was used for com-
parison of  numerical quasi-static and experimen-
tal results. Using the boundary element method 
code Nemoh (Babarit and Delhommeau, 2015), 
the hydrodynamic properties were calculated, the 
linear mooring stiffness in the mean position was 
introduced into the equation of  motions and the 
significant and maximum excursions were found 
using statistical expressions. Based on this, line 
tensions were calculated and compared to the 
obtained experimental results, see Fig. 14.

In Table  3 the natural frequencies from the 
numerical analysis is compared to the measured 
values, indicating 8–16% difference, with the largest 
difference found in the heave and pitch DOF. These 
two DOFs are neglected in the quasi-static analysis, 
but the difference of 8–10% in the surge DOF indi-
cates that the estimated mooring stiffness can result 
in a deviation from measured tensions. The mooring 
stiffness used in the equation of motion was found 
by projecting the stiffness from each line into the 
x-axis, calculate  he excursion from mean loads and 
finally estimate the total stiffness in that position.

For the operational sea conditions, it is found 
that the numerical approach can overestimate 

Figure  14.  Comparison of experimental data and 
numerically determined tension from a quasi-static 
approach.

the tension. For larger sea states, the tensions are 
underestimated and correspond to 52% of the 
measured tension in the worst case. Since the quasi-
static approach only considers surge, similar results 
are calculated for C1 and C2 despite the fact that 
the laboratory results showed variations. In all sea 
states, the calculated tensions in C2 are lower than 
the experimentally measured tensions; in the worst 
case it is 52% of the measured. This clearly indicates 
the influence of including all DOFs in the calcula-
tions. Previously, it was shown that the higher pitch 
natural frequency in C2 resulted in higher tensions, 
and by not including this in the quasi-static analysis, 
a significant underestimation is obtained.

Finally, it is seen that the largest difference between 
numerical and experimental results are obtained for 
the extreme sea states where a more severe response 
with more dynamic effects are expected. As an 
example, the larger displacements of the structure in 
extreme sea states can lead to slacking of lines fol-
lowed by a considerable tension peak. By statically 
offsetting the structure in the quasi-static analysis, 
this effect is not taken into account.

6  DISCUSSION AND CONCLUSION

The present study presented and analysed data from 
a two-month test campaign on the mooring system 
of a large floating WEC, the Floating Power Plant 
P60. Different configurations were tested in order 
to investigate influence of different mass moment 
of inertias and mooring stiffness. By applying the 
chosen mooring solution, low natural frequencies 
were found. By comparing with operational and 
extreme sea states from the deployment site, it was 
found that these natural frequencies were outside 
the frequency band where wave energy is present, 
and the peak wave frequencies were much higher 
than the structure’s. Due to the type of WEC, this 
is considered to be desirable.

107



710

The tests showed a tendency of decreasing the 
line tension in the case with the highest moments 
of inertia around the y-axis because the natural 
frequencies for this configuration were much lower 
than the peak wave frequencies of the sea states. For 
the extreme events, the results approached similar 
values. A clear benefit was found in using the com-
pliant line; hence, much smaller line tension was 
detected. In extreme events the maximum tensions 
was reduced by 55%. Ridge et al. (2010) states that 
if the compliance of the mooring system is doubled, 
the peak tension will be halved. This corresponds 
well with the results obtained in this study where the 
horizontal stiffness in the stiff configurations (C1 
and C2) are approximately double the stiffness of 
the compliant system (C3). In the operational con-
ditions the maximum tensions in the compliant sys-
tem were similar to the tensions in the stiff systems.

The resulting horizontal and vertical excursions 
were significantly larger in C3, while the pitch 
motion was smaller compared to the stiffer system. 
The choice of mooring system, therefore, also needs 
to be decided based on the restrictions at the site, as 
the allowable excursions need to be considered.

A quasi-static approach, used in several studies 
and described in design standards, was used and the 
results compared with the experimental data in order 
to evaluate its applicability. In the case with the larg-
est deviation, the calculated tension was determined 
to be 52% of the measured experimental tension. 
This can be explained by the many simplifications 
and since the approach neglects all dynamic effects. 
Therefore, it is crucial to use a full dynamic analysis 
tool that includes all these effects.

The present test campaign has established a 
large database of motion and tension measure-
ments under various sea conditions, and this data 
should form the basis for validation of dynamic 
numerical codes in future research.
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Abstract: The focus on alternative energy sources has increased significantly throughout the last
few decades, leading to a considerable development in the wave energy sector. In spite of this,
the sector cannot yet be considered commercialized, and many challenges still exist, in which
mooring of floating wave energy converters is included. Different methods for assessment and
design of mooring systems have been described by now, covering simple quasi-static analysis and
more advanced and sophisticated dynamic analysis. Design standards for mooring systems already
exist, and new ones are being developed specifically forwave energy converter moorings, which
results in other requirements to the chosen tools, since these often have been aimed at other offshore
sectors. The present analysis assesses a number of relevant commercial software packages for full
dynamic mooring analysis in order to highlight the advantages and drawbacks. The focus of the
assessment is to ensure that the software packages are capable of fulfilling the requirements of
modeling, as defined in design standards and thereby ensuring that the analysis can be used to get a
certified mooring system. Based on the initial assessment, the two software packages DeepC and
OrcaFlex are found to best suit the requirements. They are therefore used in a case study in order
to evaluate motion and mooring load response, and the results are compared in order to provide
guidelines for which software package to choose. In the present study, the OrcaFlex code was found
to satisfy all requirements.

Keywords: mooring; station keeping; dynamic analysis; wave energy; OrcaFlex; DeepC

1. Introduction

There is a variety of environmental loads on offshore structures, dominated by loads arising from
current, wind and wave, which contribute to the motions of the structure. Therefore, these are vital
for consideration when analyzing and designing floating structures, as it is necessary to control the
motions in order to satisfy restrictions on the allowed excursion limit or to ensure the stability of the
structure. A range of different solutions is available, but usually a mooring system is applied, which
by definition is a system of lines connecting the floating structure to the seabed [1,2]. The offshore oil,
gas and naval sectors have a long tradition of using moorings as a station-keeping system, and they
have gained much experience and knowledge. Today, there is a wide range of design guidelines like
DNV-OS-E301 [1], API-RP-2SK [2] or ISO 19901-7:2013 [3], and several authors like [4–8] have dealt
with the topic.

The wave energy sector has many different concepts and devices for wave energy conversion;
many of which are floating structures with the need for a mooring system [9]. Despite the large
knowledge gathered from other offshore sectors, there is still a large amount of failures of wave energy
converters (WECs) due to insufficient mooring, which causes significant damage to the devices and
their development [4]. In addition, the need for optimizing WEC moorings is significantly greater
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compared to the mooring of other structures since some authors, as, e.g., [10], state that the cost
of moorings for WECs takes up 18–30% of the total structure cost, while it is only 2% for an oil
platform. This difference is partly due to the difference in size of the structures and partly the different
requirements to and response of the WEC moorings. This puts new demands and focus on the choice
of materials, design procedure and, in particular, analysis tools. Studies, as, e.g., [11], focus decidedly
on moorings with synthetic ropes in order to optimize the cost and function of the devices, resulting
in a great need for a proper tool for analysis. This can, e.g., be experimental work, but in order to
include all effects, it is necessary to use sophisticated and expensive experiments. Often, numerical
analysis is considered, which can cover both quasi-static and dynamic analysis. In [12], it was found
that quasi-static analyses have a tendency to underestimate tensions in extreme waves, and therefore,
this study considers only dynamic tools.

There is a great amount of commercial tools available, each of them with a set of specifications,
capabilities and limitations, for the investigation of structure response and mooring loads. Many of the
tools are mainly aimed at the traditional offshore sector and its requirements, resulting in uncertainty
of the applicability to the wave energy sector. The purpose of this study is to identify the requirements
of the software tools for WEC mooring analysis when the main concern is to have a tool that allows
for obtaining a certified mooring system. In the final design, it will be necessary to validate the tool
against experimental work or more sophisticated models following, e.g., the procedure in [13], but
this is not the aim of this paper. Each design standard has requirements to the effects that must be
included in the analysis, and the purpose of this paper is to identify these and evaluate whether the
software packages provide the specifications to satisfy them. Additionally, the promising tools will be
compared to each other in a case study in order to highlight potential differences in the capabilities.

The research only focuses on mooring of WECs that can be considered large relative to the
incoming waves and only considers passive mooring systems; hence, systems where the mooring
is not taking an active part in the energy absorption. The paper first introduces mooring modeling
followed by an introduction to the main requirements defined in the design standards. There will be
an introduction and comparison of a number of relevant commercially-available software packages,
and the most promising tools are chosen for a simple WEC case study. In addition, there will be a
comparison of the mooring line tensions and device motions in order to illustrate potential differences,
together with advantages and drawbacks from each software package. This should allow for the
selection of a dynamic tool, which can be validated in future work.

2. Dynamic Modeling of Floating WECs with Moorings

The combined current, wind and wave load exerted on the structure affect the dynamic behavior
of the floating body. Using the Newton–Euler formulation, the equation of motion with reference to
the center of gravity (CoG) is defined in Equations (1) and (2) [14]:

f = mẍ (1)

τ = Icω̈ + ω̇ × Icω̇ (2)

where f is the resultant force vector, m is the structure mass, ẍ is the linear acceleration vector of the
system, τ is the resultant moment vector, Ic is the inertia matrix and ω̈ and ω̇ are respectively the
angular acceleration and velocity of the structure. The resultant force and moment vectors are the
combined forces and moments acting on the structure, hence consisting of a contribution from wind
and current together with the total force and moment from wave exposure. The latter arises from
the combination of hydrostatic and hydrodynamic pressure fields and results in a time-varying force.
The resultant vectors are therefore defined as:

f ex + f rad + f hyd + f c,w + f m = mẍ (3)
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τex + τrad + τhyd + τc,w + τm = Icω̈ (4)

where f ex, τex and f rad, τrad are respectively the wave excitation and wave radiation loads, which
can be decomposed from the total wave load based on a linear assumption. f hyd and τhyd are the

hydrostatic loads; f c,w and τc,w are the wind and current loads; and f m and τm are the mooring loads.
The gyroscopic moment (ω̇ × Icω̇) from Equation (2) can initially be discarded in Equation (4) [14].
The excitation loads are defined as the loads exerted by the waves on the static structure, while the
radiation loads arise from waves that are induced by the moving structure. The hydrostatic loads are
the loads exerted by static pressure on the wetted body surface.

A Morison approach or boundary element method (BEM) is commonly used to solve the wave
load contribution, but there are methods available that are more sophisticated such as computational
fluid dynamics (CFD) or smoothed particle hydrodynamics (SPH).

When applying a mooring system to the floating WEC, the mooring loads are introduced into the
equation of motion, as defined in Equations (3) and (4). For each time step, the equations of motion for
the mooring lines are solved, and the mooring load is given as input to the equation of motion for the
WEC. In general terms, the governing equation for mooring dynamics can be expressed as:

γr̈ = FT + FB + Fτ + FH + FC (5)

where γ is the cable mass, r̈ is the acceleration vector, FT is the force due to axial tension, FB is the force
due to bending moment, Fτ the force due to torsional moment, FH the force due to hydrodynamic
loading and FC represents the contact forces.

The solution to Equation (5) is commonly found using a finite element (FE) method where the
mooring lines are discretized into several elements, and it is possible to advance in time and space by
using a range of different methods with different orders of accuracy [15]. An approximation commonly
used in mooring analysis tools is the lumped mass approach [16–20]. This can denote that the FE
mass matrix is approximated with a lumped mass matrix where the properties of each element are
redistributed to the elemental nodes, which results in a diagonal mass matrix and, therefore, eases the
calculations and reduces the simulation time. Additionally, the lumped mass approach also implies
a method where the lines are divided into a number of elements that are treated as point masses
and springs.

Different software packages are able to solve the equations and simulate the mooring response,
but how the mooring forces are implemented in the model and how the solution is computed vary for
each package and to some extent affect the accuracy of the results.

3. Design Standards

There are several certification companies worldwide with the purpose of ensuring that the
design of offshore structures is reliable and safe. By fulfilling the requirements from these companies,
it is possible to certify the structure and allow it to be deployed at the desired location. These
requirements are all specified in a number of design guidelines covering, e.g., analysis methodology,
safety factors, material requirements, etc. Examples of design standards for floating structures are
the DNV-OS-E301 [1], API-RP-2SK [2] and ISO-19901-7:2005 [3]. For WEC mooring design, the recent
IEC-62600-10 [21] can be used. There is no significant difference between these design standards, and
overall, they provide the same requirements. The main difference is on the safety factors, which this
study will not treat any further. The following section briefly summarizes the requirements stated
in the design guidelines on how to model the floating device, the induced loads on both body and
mooring line and what type of analysis should be performed.

From a commercial point of view, the initial objective of the mooring design procedure is to be
able to get a certified mooring system; hence, a certification company needs to certify the calculations
and tools used. According to DNV-GL, a certain tool is not more likely to give a certified system than
others are, and no requirements are stated on which software package should be used. However, it is
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expected for the software package to be verified against laboratory experiments on a case-to-case basis.
For WECs, the ability to model the power take-off (PTO) is a crucial parameter.

3.1. Choice of Analysis

The oil and gas sector typically models mooring systems by a quasi-static approach and, therefore,
states it as an appropriate methodology in some design standards. However, the reason for using
a quasi-static approach is the large structures and corresponding low responses with insignificant
velocities. For an oil and gas platform, large displacements can compromise the safety and functionality
of the structure, and so, the system is designed to significantly reduce the response. In the WEC sector,
the structures are typically of much smaller masses, and often, there is a tolerance of or even a
desire for larger displacements. Therefore, a more distinct response with much higher velocity, but
smaller loads, is often experienced, putting more demands on the type of analysis. According to
both API-RP-2SK [2] and IEC-62600-10 [21], this requires a dynamic analysis, while DNV-OS-E301 [1]
states that a quasi-static analysis is only appropriate in some conditions. However, for the type of
mooring layout and site specification typically involving WECs, also DNV-OS-E301 [1] requires a
dynamic analysis. For large WECs, a quasi-static analysis could be justified in a fatigue assessment
in operational conditions, but as there must be a validation of the mooring in the ultimate limit state
(ULS), the need for a dynamic analysis is still present. For a preliminary analysis, a quasi-static analysis
might be more efficient due to the simplicity of the procedure, followed by dynamic analysis for the
final design and validation. For both quasi-static and dynamic analysis, it is required that the weight
and buoyancy of all components are included, together with the elasticity of the lines and interaction
with the seabed. Often, the quasi-static approach neglects all dynamic effects from mass, damping and
fluids and only considers horizontal displacements, while the dynamic analysis solves the equation of
motion for all degrees of freedom and includes all dynamic effects [2].

In a mooring system, significant non-linearities are present, which the software package must
model appropriately. Non-linearities cover, e.g., non-linear stretching of lines, changes in geometry,
fluid and bottom effects. When solving the equations of motion, it is possible to use either a frequency
or time domain approach. In the frequency domain, a set of linear equations of motion treats the
motions and calculates and combines statistical peak values for different motion contributions. Since
the equations of motion are linear, analyzing in the frequency domain requires linearization of all
non-linearities, thereby introducing inaccuracy between nature and the model. This linearization is
unnecessary in the time domain where direct numerical integration will solve the system. A time
domain analysis, therefore, also provides time histories of, e.g., WEC displacements and line tensions.
It should be noted that this could also be found from the frequency domain parameters as these contain
information on phase and amplitude. When having the time series, it is then possible to use statistical
analysis to find extreme values. Using, e.g., a finite element method to model the mooring lines in
the time domain gives the opportunity to include all of the dynamic effects from mass, damping
and fluid loading. The time domain analysis should be modeled long enough to ensure statistical
satisfaction, and often a total number of 1000 waves or three hours of simulation is recommended [1].
When solving the equation of motions, two different methods can be used, namely the coupled or
uncoupled method [1]. In the uncoupled method, the motions are initially solved either by neglecting
the influence of the mooring lines or by including them as a constant stiffness. The fairlead motion of
the WEC is then fed into a cable solver, and tensions in the mooring lines are solved. In the coupled
method, the complete system of equations for both WECs and lines are solved simultaneously. In order
to fully model the influence of mooring lines on the WEC motions and the full non-linear behavior
of the mooring system, the design standards state that a coupled analysis should be used in almost
all cases. Similarly, this requires the use of a time domain simulation with all non-linearities and
dynamic effects.
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3.2. Environmental Loads

The ability to model the environment and induced loads is a vital capability of the software.
The design standards have specific requirements on how to model and include loads, listed below.

3.2.1. Current

Current can be treated as a steady force calculated by a drag force formulation as:

F =
1
2

ρCd Av2 (6)

where F is the current force, ρ is the fluid density, Cd is the drag force coefficient, A is the cross-sectional
area and v is the fluid velocity. When calculating the loads on the WEC and the lines, the current must
be modeled with a vertical variation according to profiles specified in the design standards.

3.2.2. Wind

The wind load modeling must consist of a steady mean component and a time-varying gust effect.
The mean component should be described with a vertical wind profile and time-variation described by
relevant wind spectra. A drag load formulation will calculate the load similar to the current load.

3.2.3. Wave

The wave load can be decomposed with good accuracy into a few components, i.e., a wave
frequency (WF) load, oscillating at the frequency of the incoming waves, a second order low
frequency (LF) load and a second order mean drift load. The description of the response must
include both the WF, LF and mean drift. For small structures with a diameter less than a fifth of the
wavelength, radiation and diffraction loading are negligible, and a Morison approach can be used,
cf. [1] and Figure 1a. For larger structures, radiation and diffraction dominate the wave loads, and
BEM codes, as e.g., NEMOH [22] or WAMIT [23], can be used.

(a) (b)

Figure 1. (a) Plot of the case investigated later in this paper (red marker) as a function of wave height H,
characteristic diameter D and wavelength L. The defined wave force regimes are in accordance
with the boundaries defined in [1,24]; (b) Plot of the investigated case (red marker) as a function of
wave height H, wave period T and water depth hd and with the indication of needed wave theory.
The boundaries are based on the definition in [25].

4. Dynamic Mooring Analysis Tools

There is a large number of software packages for mooring analysis of floating structures, covering,
e.g., quasi-static tools for design of ports and offshore oil and gas structures and likewise many tools
for dynamic analysis. For the WECs, only dynamic tools are considered. A preliminary analysis

115



Energies 2017, 10, 853 6 of 18

provided the list of relevant software candidates defined in Table 1. The versions of the software
packages correspond to the version available at the time of the screening.

Table 1. List of relevant software to consider for dynamic mooring analysis.

# Software Package Developer Ref.

1 Aqwa v. 15 ANSYS Inc. [20]
2 Flexcom v. 8.3 Wood Group Kenny [26]
3 MOSES Bentley System [27]
4 OrcaFlex v. 10.0 Orcina Ltd. [19]
5 ProteusDS 2015 v. 2.25.0 Dynamic System Analysis Ltd. [28]
6 SeaFEM v. 13.6.5 Compass [29]
7 DeepC v. 4.8 DNV-GL [30]

There are many other dynamic tools, e.g., the in-house code CASH by GVA, ZenMoor by Zentech
Inc., WAMSIM by DHI Group and the MooDy code by Chalmers University of Technology [31].
A widely-used software package is the Ariana-3Dynamics by Bureau Veritas, which uses a cable
dynamic module, developed by Wood Group Kenny and which is based on the Flexcom software.
From these additional codes, this paper will only consider MooDy further. The following sections will
include a short description of each software package, followed by a full comparison of specifications.

Aqwa [20] is a software package developed by ANSYS Inc. used to investigate the influence
from environmental loads on fixed and floating offshore structures. The software benefits from
having a hydrodynamic BEM code implemented and is capable of solving both first and second order
wave effects in both the frequency and time domain. Both wind and current are modeled according
to the design standards. The dynamic mooring lines are modeled using a discrete lumped mass
approach where each line is divided into a number of segments where the mass is concentrated into a
corresponding node. The code uses a two-stage predictor corrector method for advancing in time.

Flexcom [26], developed by MCS Kenny, is a structural analysis tool aimed at the offshore sector.
The software is capable of including all environmental loads specified by the design standards and
takes the hydrodynamic coefficients from external diffraction-radiation analysis software as input,
including response amplitude operators (RAOs) and quadratic transfer functions (QTFs) for the
calculation of respectively first and second order wave effects. The software models the mooring
lines using a finite element solution based on a hybrid finite element beam model where the axial
displacement and rotation are given by a linear basis function, a cubic basis function for the transverse
displacement and a constant basis function for the axial force and torque moment. Time stepping is
done by a second order implicit generalized-α method with the option of variable time steps based on
the current period parameter.

MOSES [27] is a software package for modeling, designing and planning for offshore floating
structures, including the calculation of the hydrodynamic coefficients. The environmental loadings are
well described, and mooring lines are solved for tension, bending and torsion. The beam equations are
solved by linear finite elements. An implicit Newmark β-scheme, typically of second order, is used for
time stepping.

OrcaFlex [19] is a marine dynamic software package developed by Orcina Ltd. allowing full
analysis in the time and frequency domain. The software is capable of calculating wave loads from a
Morison approach, and for radiation-diffraction loading, input is needed in terms of RAOs and QTFs.
Wind and current loading are both considered according to design standards. OrcaFlex solves both
tension, bending and torsion using a discrete lumped mass approach with a time-stepping scheme
that can be either explicit by the first order forward Euler method or implicit by the second order
generalized α-method.

ProteusDS [28], developed by Dynamic System Analysis Ltd., is a software for full dynamic
analysis of offshore structures in the time domain. The software uses a Morison approach for the
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calculation of wave loads or additionally user-specified hydrodynamic coefficients. The present version
of ProteusDS does not calculate the second order wave effects, and the wave drift and LF motion are
not computed. A part of the contribution to the wave drift is by now included, and the implementation
of QTFs is expected in future releases. The software does contain advanced mechanism modeling
capabilities suitable for predicting WEC performance, important for characterizing the PTO of WECs.
The mooring lines are solved for both tension, bending and torsion, using a cubic spline finite element
method, meaning that the solution inside an element is given by a fourth order polynomial with a
lumped mass matrix in order to speed up calculations. A fourth order Runge–Kutta scheme with an
adaptive time step is used for advancing in time. The numerical error introduced by the time integrator
is maintained below a defined level by adjusting the time step.

SeaFEM [29] is a software package developed by Compass with the aim of seakeeping and
maneuvering simulation with the implementation of wave, wind and current effects on the structure.
The software can perform both frequency and time domain analysis, and SeaFEM has the advantage
of using a 3D FE model for solving the total fluid domain and its interaction with the floating structure
in each time step. The software has not directly implemented wind load, which needs to be defined as
a user-specified load. Currents can be included, but only with a constant velocity over the water depth.
The dynamic mooring equations are solved by linear bar elements, and the solution is updated in time
using a second order Newmark scheme.

DeepC [30] is a software package distributed by DNV-GL consisting of two pieces of software
Riflex and Simo and combined with the HydroD package for hydrodynamic analysis. In combination,
the DeepC software is capable of analyzing the environmental impact on floating structures and
mooring lines accounting for first and second order wave effects, current and wind. The lines are
solved for tension, bending and torsion and come with a linear bar element and with hybrid bar
elements using a combination of linear basis functions and cubic basis functions. The mass matrix can
be lumped for computations that are more efficient. The time integration uses an implicit Newmark
β-scheme, typically second order, and solved with a Newton–Raphson method.

MooDy [31] differs from the other software by being an in-house code of Chalmers University
and not being a complete software package. The code is merely a dynamic cable solver and needs to
be combined with other codes that are capable of solving the interaction between WEC and cables.
A feature of MooDy is the use of the spectral/hp discontinuous Galerkin method, i.e., an arbitrary
order (set by user) finite element method. The code uses explicit time stepping, including the third
order Runge–Kutta scheme and a second order leap-frog scheme. Since MooDy is not a commercial
software, it is only included in the following comparison in order to illustrate the potential of cable
solvers and will not be considered for the case study.

4.1. Comparison of Software Packages

Largely, the software packages provide the same specifications, and since most codes are validated,
it is expected that the obtained results will be in the same range. Still, some of the software packages
excel when comparing all specifications. For comparison, the requirements from the design standards
are considered. According to these, moorings need to be analyzed in the time domain using a
fully-coupled analysis, and in addition, the software needs to be able to model the wind and current
loads as profiled in the vertical direction. Modeling of the time-varying nature of the wind is a
requirement, while it is only necessary to model a steady current velocity. Table 2 compares the
software according to these requirements.
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Table 2. Comparison of software capabilities concerning analysis type and ability to model wind and
current. Xand 7 denote respectively that the capability is available or unavailable.

Analysis Wind Current

Time domain Coupled Profiled Spectrum Profiled Time varying

Aqwa X X X X X 7

Flexcom X X X X X 7

MOSES X X X X X 7

OrcaFlex X X X X X X
ProteusDS X X X X X X

SeaFEM X X 7 7 7 7

DeepC X X X X X X

As seen from Table 2, all software fulfils the requirements, though SeaFEM is only capable of
modeling a uniform current and wind.

When considering shallow water depths, in which many WECs are planned for deployment,
the need for high order wave theory is present. All software needs to be able to implement
diffraction/radiation loads in the case of large structures either by performing the analysis itself
or using input variables. Table 3 specifies the capabilities for each software package concerning the
wave influence.

Table 3. Comparison of the software capabilities of modeling waves. Xand 7 denote respectively that
the capability is available or unavailable.

Wave Theory Hydrodynamic Analysis

Linear Stokes Stream Irregular Diff. /Rad. Morison Diff./Rad. 2nd order
Loads Loads Input Wave Effects

Aqwa X 2nd 7 X X X 7 X
Flexcom X 5th X X 7 7 X X
MOSES X 5th X X X X 7 X

OrcaFlex X 5th X X 7 X X X
ProteusDS X 5th 7 X 7 X X 7

SeaFEM X 7 7 X X X 7 X
DeepC X 5th 7 X X X X X

Some variation of the implemented wave theories is present, but in general, high order Stokes
theory is available. All software packages are capable of simulating irregular sea states, and
diffraction/radiation or Morison load can either be computed by the software packages or input
by the user. Most software includes second order wave effects, except from ProteusDS, which at
present only includes some contribution to the wave drift. SeaFEM has implemented a second order
solver, but this cannot be enabled together with current loads in the available version.

In mooring analysis, the dynamic cable solver is obviously one of the main features. Table 4 defines
the specification of each software package, now also considering the MooDy code. The comparison
considers the included contribution to the calculated mooring loads, together with the order of the
schemes used for advancing in time and space. The use of a lumped mass matrix in the software is
stated, but the table does not differ between the two meanings of the approach as described previously.
Finally, the table lists the capability to model non-linear axial mooring line stiffness, which is an
important feature when modeling, e.g., synthetic ropes.
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Table 4. Comparison of capabilities of the implemented cable solvers in the investigated software
packages. Xand 7 denote respectively that the capability is available or unavailable. S indicates that
no information could be found in the public available theory manual. LM and FE denote respectively a
discrete lumped mass and finite element approach. p-th indicates that the order is user-specified.

Dynamic Cable Solver

Tension Bending Torsion Spatial Temporal LM/FE Non-linear
Order Order Stiffness

Aqwa X X 7 S S LM X
Flexcom X X X 2nd 2nd FE X
MOSES X X X 2nd 2nd FE 7

OrcaFlex X X X S 2nd LM X
ProteusDS X X X 4th 4th FE 7

SeaFEM X 7 7 2nd 2nd FE 7

DeepC X X X 2nd 2nd FE X
MooDy X 7 7 p-th 3rd FE 7

The capabilities are identical in most software packages, while codes such as MooDy and
ProteusDS are highlighted due to the high spatial and temporal order. However, it is still expected that
similar results will be achieved in all software, despite the order of the code.

Tables 2–4 are suitable for choosing an optimal tool for dynamic mooring design and ensuring
that the design standards can be satisfied. Many of the software packages have apparent similar
specifications, but OrcaFlex, DeepC, ProteusDS and SeaFEM are considered strong candidates. As seen
in Table 4, the dynamic cable solver in ProteusDS is most advanced, but at present, the main drawback
of this software is the lack of capability to calculate the second order wave effect. Considering WECs
in shallow water with compliant mooring, the drift effect is of paramount importance.

The SeaFEM software mainly advances because of its hydrodynamic solver, based on an FE
formulation of the entire fluid domain. The software is, therefore, not dependent on frequency domain
results (RAOs and QTFs) for calculation of motions and will provide the best description of non-linear
irregular waves. Similar, the code has the potential to provide a better description of the current effect
as it is calculated from the pressure on the body and not from a drag coefficient. However, for large
structures with a high Reynolds number and turbulent flow, SeaFEM does not model this properly
since the solver assumes steady streamlines. At present, the solver is also not capable of solving second
order effects in combination with current, and computing just the second order wave effects puts such
high demands on the mooring solver that the solutions often diverge. Another important factor to
consider if using SeaFEM is the much higher computational time, compared to the other software
packages. It should be noted that this is caused by the fact that SeaFEM solves the entire domain in
each time step and, therefore, gives a better description paid by the longer simulation time.

Considering Tables 2–4, DeepC and OrcaFlex appear to have similar specifications. The DeepC
solver might be more advanced than OrcaFlex as it can solve the mass continuously over the mooring
line, while OrcaFlex uses the lumped mass approach and models the lines as point masses and springs.
However, studies have indicated that an acceptable level of accuracy can also be achieved with this
method. Both DeepC and OrcaFlex have been validated in several studies, and OrcaFlex is widely
used for commercial purpose in different offshore sectors, while DeepC is developed and distributed
by the certification company DNV-GL. A drawback of the DeepC package is the need for calculating
static position in additional software, and for long simulations like, e.g., three hours, the software
introduces a limitation of the number of calculations, which results in higher time steps and therefore
possibly unstable solutions.

This paper will compare the performances of the OrcaFlex and DeepC packages, as these seem
to fulfil the requirements in the design standards. No validation of the software packages will be
conducted in this paper, as they are both commercial software packages, which have been validated
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for other applications as stated by [32,33]. The purpose of the following section is to investigate the
potential difference between the results from each software package and allow for selection of the final
tool. In a later publication, the selected software package will be validated for the present application.

5. Case Description

The considered case resembles a range of large floating WECs from the Danish wave energy
sector. Examples of this kind of structure could be the Floating Power Plant [34], LEANCON Wave
Energy [35], KNSwing and Wave Dragon [36] (cf. Figure 2) with widths in the range of 28–152 m and
lengths of 60–240 m.

Figure 2. Examples of large floating WECs. From left to right: Floating Power Plant, KNSwing,
LEANCON Wave Energy and Wave Dragon.

The case will analyze the mooring in the ULS and consider extreme events comparable to sites
where these types of WECs are expected to be deployed. Because of this, it is assumed that the
WEC is in storm protection, and the PTO is not included in the calculations. For simplicity, the
structure is assumed to have the shape of a barge with dimensions in the range of the mentioned
WECs. The geometry of the device is illustrated in Figure 3 and the dimensions specified in Table 5.

W

L

H

d
hd

z
x

z

x
y

Figure 3. The investigated WEC with the illustration of the mooring system.
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Table 5. Geometrical specification of the investigated WEC.

Parameter Unit Value

Width, W (m) 60.0
Height, H (m) 12.0
Length, L (m) 120.0

Draught, d (m) 6.0
Mass, M (kg) 4.428×107

Estimated drag coefficient, Cd (-) 1.1
Center of gravity, (x,y,z) (m) (0.0, 0.0, 0.0)

Fairlead 1, (x,y,z) (m) (60.0, −30.0, 0.0)
Fairlead 2, (x,y,z) (m) (60.0, 30.0, 0.0)
Fairlead 3, (x,y,z) (m) (−60.0, 30.0, 0.0)
Fairlead 4, (x,y,z) (m) (−60.0, −30.0, 0.0)

The device is spread-moored with four mooring lines consisting of synthetic rope, with
specifications as listed in Table 6.

Table 6. Mooring line and anchor specifications.

Mooring Line Specifications

Diameter, D (m) 0.104
Unstretched length, l (m) 150.0

Nominal mass in air, mair (kg/m) 6.67
Nominal submerged mass, msub (kg/m) 0.64

Minimum breaking strength, MBS (kN) 2461
Extension at max. load, εMBS (%) 27

Linearized stiffness, EA (kN) 9114.8
Young’s modulus, E (MPa) 1072.9

Anchor Specifications

Center of gravity, (x,y,z) (m) (0.0, 0.0, 0.0)
Anchor 1, (x,y,z) (m) (166.1, −136.1.0, −30.0)
Anchor 2, (x,y,z) (m) (166.1, 136.1.0, −30.0)
Anchor 3, (x,y,z) (m) (−166.1, 136.1.0, −30.0)
Anchor 4, (x,y,z) (m) (−166.1, −136.1.0, −30.0)

The characteristics of the barge, in terms of moment of inertia I and hydrostatic stiffness Khyd, are
calculated either by the software packages or manuallyand is listed in Table 7. The characteristics from
each method have been compared and show identical results.

Table 7. Characteristics of the investigated WEC.

Parameter Value

Hydrostatic stiffness, Khyd3,3 7.24 × 107 N/m
Khyd4,4

2.04 × 1010 N/rad
Khyd5,5 8.55 × 1010 N/rad

Mass moment of inertia, Ix,x 1.38 × 1010 kg m2

Iy,y 5.38 × 1010 kg m2

Iz,z 6.64 × 1010 kg m2

A site suitable for the type of devices in Figure 2 is considered and is characterized by the
parameters defined in Table 8. The sea state is described by a JONSWAP spectrum, and for simplicity,
a current profile is assumed with no variation in velocity over the depth. In these simple simulations,
any wind force is not included.
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Table 8. Sea state characteristics investigated in the case study.

Parameter Unit Value

Water depth, hd (m) 30.0
Significant wave height, Hs (m) 8.3

Peak wave period, Tp (s) 12.3
Peak enhancement factor, γ (-) 3.3

Current velocity, vc (m/s) 1.0
Fluid density, ρw (kg/m3) 1025

Figure 1a shows that the wave loads on the WEC are dominated by the radiation and diffraction
components. Considering also Figure 1b, it is seen that the sea state can be considered to be
in intermediate water depths with non-linear waves. It should be noted that the calculation of
hydrodynamic coefficients is based on linear theory and that Figure 1a is also for deep water conditions.

The HydroD module of the DeepC package is capable of solving the hydrodynamic coefficients
for added mass, radiation damping and the first and second order wave excitation force. OrcaFlex
needs these coefficients as input from additional software. This case uses the open source BEM code
NEMOH [22]. When comparing the results found from DeepC and NEMOH, there is good agreement
between the results. Figure 4 presents the calculated motion RAOs from NEMOH and DeepC.

NEMOH

Figure 4. Motion response amplitude operators (RAOs) for the surge, heave and pitch degree of
freedoms (DOFs) of the unmoored WEC calculated from the DeepC and NEMOH code.

6. Mooring Analysis

In order to illustrate the performance and usability of the software, a simulation with the described
sea state and model is performed for a time duration of 15,000 s. The following sections illustrate the
differences between the results obtained from each software package.

6.1. Static Configuration

The static configuration of the system is obtained from equilibrium between weight, buoyancy
and pretension of WEC and mooring lines, without the presence of any contribution from waves, wind
and current. Table 9 shows the comparison between static line tensions in the two codes. Almost
identical results are obtained, but it needs to be noted that DeepC is limited in the calculation of the
static configuration as it assumes that the buoyancy of the WEC is equal to its mass. When applying
mooring lines, the additional mass and potential pretension are not accounted for, and the WEC is
pulled down. Therefore, it is necessary to calculate the static configuration beforehand and to apply
a compensation force. For the present case, this force was calculated in a self-made script. For a
simple configuration, this is relatively easy, but for more advanced systems, it might slow down and
complicate the analysis.
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Table 9. Comparison of simulated static mooring line tension in OrcaFlex and DeepC. The analytical
value is also listed.

Software Package Static Tension in Mooring Lines

Analytical 183.5 kN
OrcaFlex 183.16 kN
DeepC 183.19 kN

6.2. Dynamic Response Analysis

Based on the hydrodynamic properties of the WEC, the motion response of the device and the
corresponding tensions in the lines are simulated. Figure 5 presents the motion RAOs calculated
from the output response from both software packages. The results are bandpass filtered with lower
and upper limits of respectively 1/3 fp and 3 fp (where fp is the peak frequency) due to insignificant
wave energy below and above these values, resulting in high disturbance on the calculated RAOs.
The motion amplitudes are oscillations around the mean value of respectively 10.7 m and 11.2 m for
OrcaFlex and DeepC for the surge degree of freedom (DOF).

Figure 5. Motion RAOs for the surge, heave and pitch DOF of the moored WEC obtained from both
the OrcaFlex and DeepC packages.

Figure 5 illustrates how the mooring system reduces the motion amplitudes in both surge and
heave. Due to the band pass filtering, it is not possible to detect a resonance frequency for these two
DOFs, because they are both lower than 1/3 fp. The analytical natural frequency for surge, for instance,
was found to be 0.008 Hz and hence, significantly below the wave frequencies. This resembles a
realistic case, as floating structures ideally are designed with natural frequencies outside the wave
frequencies of extreme events.

The pitch natural frequency is approximately 0.1 Hz and is well defined in Figure 5. The presence
of the mooring system increases the pitch motion amplitude while the resonance frequency is slightly
increased. The results obtained from OrcaFlex and DeepC show good agreement and show the highest
deviation in the pitch DOF where the motions calculated by DeepC are higher than those calculated by
OrcaFlex, and the resonance frequency is offset.

Figure 6 reports the tension spectral density in the line on the seaward side of the WEC.
The amplitudes are around the mean tension of 629.8 kN for OrcaFlex and 614.9 kN for DeepC.

Similar to motion results, the calculated tensions in the lines are in the same range, and without
any difference in the spectral shape. The peak value amplitudes have a slightly higher value in the
DeepC code, but the difference approaches zero for shorter frequencies. When comparing the time
series, a maximum tension of 2100.7 kN is obtained in OrcaFlex, while 1794.5 kN is obtained in DeepC.
The F1/250 load is 1616.3 kN in OrcaFlex, while 1711.2 kN in DeepC, where F1/250 corresponds to
the average of the 1/250 of the maximum peaks. It should be noted that the wave time series used
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in the two simulations are not identical, but only following the JONSWAP spectrum with identical
frequency domain parameters. To obtain more reliable results for comparison, more time series should
be computed and statistical information identified.

Figure 6. Tension spectral density in the mooring line on the seaward side of the WEC.

6.3. Response to Harmonic Waves

In order to provide a direct comparison of a time series computed by DeepC and OrcaFlex,
a simulation of the WEC exposed to harmonic waves is used. The harmonic wave series has a wave
height and period similar to the significant wave height and peak period from the previous case.

Figure 7 presents a comparison between OrcaFlex and DeepC time series for surge and line
tension where no wave drift and current is present. The two software packages provide approximately
similar results and seem to have identical values at the wave crests and small variations in the wave
through. As previously stated, it is a vital parameter to be able to model non-linear material properties,
as synthetic ropes seems to become subjected to more research. Figure 7 additionally illustrates the
ability of the software packages to model the non-linear axial stiffness of a nylon line. If the stiffness
curve for this material were linearized, it would result in a similar stiffness as used previously in the
case. There is an agreement between the two software packages, together with a reduction in the
mooring line tension when using non-linear axial stiffness.

(a) (b)

Figure 7. Comparison of surge motion and line tension time series obtained in OrcaFlex and DeepC.
(a) is for linear axial stiffness of the lines, while (b) is for non-linear stiffness.
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Both OrcaFlex and DeepC model the mean equilibrium position as the combination of two
excursion components; an excursion arising from the presence of current and an excursion from wave
drift. The load on the device from the current is in both software packages expected to be similar as
they are based on a drag formulation based on input variables like the drag coefficient, current velocity
and cross-sectional area. The induced excursion and corresponding line tensions arising from current
only are, therefore, also found to be similar, cf. Table 10, which presents the induced horizontal surge
motion and line tensions.

Table 10. Comparison of surge motion and line tension obtained by OrcaFlex and DeepC. The table
compares exposure to current and mean wave drift separately and combined.

Exposure of Current Mean Wave Drift Combined

OrcaFlex 1.79 m/259.1 kN 2.53 m/306.7 kN 5.06 m/414.7 kN
DeepC 1.78 m/258.4 kN 2.27 m/288.9 kN 5.38 m/428.5 kN

The mean wave drift is calculated based on the input horizontal wave drift coefficients. These are
the direct out-put of the HydroD analysis and, therefore, used in the DeepC package, or they can, e.g.,
be calculated from the output of Nemoh. The test case for the two software packages uses similar drift
coefficients. However, as seen in Table 10, the difference between the results of OrcaFlex and DeepC
is more prominent than for the current only. When considering the case where both wave drift and
current are present, again the difference is present. Despite the fact that OrcaFlex provides the highest
surge motion and line tension when considering the separate effects of the current and wave drift,
DeepC provides the largest values when combining the contributions. An explanation could be how
the software packages calculate the wave-current interaction. From Table 10, the importance of being
able to include second order wave drift is clear. By using a software package only capable of including
the current load and no mean wave drift, only approximately 60% of the actual line tension is taken
into account.

7. Discussion

The comparison of software packages for mooring analysis illustrates that most of the existing
software packages have the potential of fulfilling requirements defined in the design standards and
thereby allowing for a certified mooring system. Some of the software seems more sophisticated than
others, and a software package such as, e.g., ProteusDS excels with the dynamic cable solver while
SeaFEM excels with its hydrodynamic solver. However, not fully including second order wave effects
limits both of these, which is why the two software packages OrcaFlex and DeepC were chosen for
testing on a simplified WEC. These two software packages provide an overall solution for mooring
analysis and have the potential of including all needed effects. By comparing the results from the two
cases, there was good agreement between the software. In later work, it is paramount to validate the
tools against experimental data or a CFD/SPH model before they can finally be used for a certified
mooring analysis. This study has now presented that the two tools provide the necessary capabilities
and produces similar results. For further comparison, however, it would be advantageous to perform
more than one time series simulation, which will allow for statistical comparison between the results.

The two software packages both advance by having a simple user interface and high usability
when defining the model, while OrcaFlex eases the process of defining the simulation procedure,
integration parameters and provides better support in defining reasonable parameters. Computational
time appears to be relatively similar for the two cases, but since no convergence analysis was performed
on the discretization of the mooring lines, it is not possible to know if any of the software packages can
be optimized to simulate faster than the other.
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8. Conclusions

The present study presents an initial study on the applicability of commercial analysis tools for
WEC mooring designs. The requirements defined in the design standards were briefly described,
which the tools need to be able to model in order to ensure the certification of the final mooring design.
The main requirements consider modeling of environmental loads, non-linearities and dynamic effects.
The study presents a list of potential software and lists their available capabilities at the time of the
study. Most software packages are under a constant development and it is, therefore, recommended to
investigate them before future analysis by e.g., following the same procedure as in this paper. Most
software provides almost identical capabilities, while some software packages have more sophisticated
methods available. From the list, the study highlights the two packages DeepC and OrcaFlex as
potential software solutions in mooring analysis and simulates a test case resembling a large floating
WEC. The results showed good agreement between the two software packages when considering both
motion and tension responses. A comparison of the abilities of the software packages to model current
and wave drift showed little variation, but still provided results in the same range. Finally, a test of the
ability to include non-linear axial mooring line stiffness again showed good agreement between the
two software packages and resulted in a reduction in loads, caused by the more compliant line.

For further comparison between the two cases, it would be reasonable to include more time
series and statistical analysis or additionally to simulate an identical time series. Validation against
experimental results or CFD simulations would similarly provide a better indication of the capabilities
of the software packages and is a necessary step before the final design of mooring systems.

Based on the results from the test cases, the conclusion is that the two software packages both
have the potential for use in WEC mooring analysis. DeepC has the drawback that it requires use of
additional software to calculate static position and inclusion of a compensation force. In addition, the
evaluation of the software package concluded it to be less user-friendly than OrcaFlex and to have a
limitation in solving the number of potential problems in each simulation. This leads to higher time
steps, which potentially makes the mooring solver unstable. Since relatively long time series often are
necessary for statistical purposes, this might cause problems in some cases.

It is found from the analysis that similar results are obtained from both software packages.
DeepC has some drawbacks, while OrcaFlex is widely used in the commercial sector and fulfills all of
requirements that have been listed. Therefore, there are no arguments for not using OrcaFlex in the
analysis of mooring systems for large WECs.
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Abstract: Mooring of floating wave energy converters is an important topic in renewable research
since it highly influences the overall cost of the wave energy converter and thereby the cost of energy.
In addition, several wave energy converter failures have been observed due to insufficient mooring
systems. When designing these systems, it is necessary to ensure the applicability of the design tool
and to establish an understanding of the error between model and prototype. The present paper
presents the outcome of an experimental test campaign and construction of a numerical model
using the open-source boundary element method code NEMOH and the commercial time-domain
mooring analysis tool OrcaFlex. The work used the wind/wave energy converter Floating Power
Plant as a case study, which is defined as a large floating structure with a passive mooring system.
The investigated mooring consists of a three-legged turret system with synthetic lines, and it was
tested for both operational and extreme events. In order to understand the difference between the
model and experimental results, no tuning of the model was done, besides adding drag elements
with values found from a simplified methodology. This resembles initial design cases where no
experimental data are available. Generally good agreement was found for the tensions in the lines
when the drag element was applied, with some overestimation of the motions. The main cause of
difference was found to be underestimation of linear damping. A model was tested with additional
linear damping, and it illustrated that a final analysis needs to use experimental data to achieve the
best results. However, the analyses showed that the investigated model can be used without tuning
in initial investigations of mooring systems, and it is expected that this approach can be applied to
other similar systems.

Keywords: wave energy; mooring; numerical; NEMOH; OrcaFlex; validation

1. Introduction

During the last few decades, the large focus on renewable energy sources has led to the suggestion
of many different types of devices for harvesting energy. A number of these are wave energy converters
(WECs), which use different principles for harvesting wave energy. Despite the comprehensive
research, the wave energy sector is still not in a commercial state, and above all, there is a need to
reduce the levelized cost of energy (LCOE). WECs vary greatly in size and structure, with some of
the devices considered as being large floating structures. These form the basis for the present study,
with examples of such structures being the Floating Power Plant [1], KNSwing, LEANCON Wave
Energy [2] and Wave Dragon [3]. Naturally, floating structures like these need a system to ensure
station keeping, which is often solved by using mooring systems. Based on the working principle of
the power take off (PTO) of the WEC, the mooring system can either be considered passive, meaning
that it does not take part in the power absorption, or it can be considered active or reactive if it
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affects the PTO [4]. Common for the type of structures considered in this study is the use of passive
mooring systems.

Moorings highly affect the survivability and cost of floating WECs, since even a partial failure of
this system can result in a total loss of the device. In addition, the cost of moorings has proven to take
up a large part of the total structural cost [5,6] and is, therefore, vital to investigate and improve in
order to lower the LCOE. Despite a large experience in mooring design from other offshore sectors,
a large number of the WECs deployed offshore have failed due to insufficient moorings [5]. This can
partly be explained by a tendency to apply mooring principles from the traditional oil and gas sector
with a catenary system of mooring chains. Studies like, e.g., [7–9] show not only that a chain results
in a very stiff system with resulting high loads, but also that there could be a great potential for cost
reduction in the application of synthetic lines. As a result of this, the developers of the mentioned
WECs now consider this as a relevant mooring solution. Consequently, there is a great need for
research into cost and reliability optimization of the moorings. A method must be defined that can be
used by similar WECs to make an initial investigation of the mooring response.

In order to secure the survivability of the mooring and structure, the system must be designed to
survive in all relevant conditions, and therefore, the design parameters like tensions and motions need
to be evaluated. According to standards like, e.g., [10–12], it is particularly important to ensure survival
in extreme conditions, which is why extreme conditions are the focus of this research. During these
conditions, the PTO of the mentioned WECs will be in safety mode and is, therefore, not necessary
to consider in the design. A method to identify the parameters must be established either by use of
laboratory experiments or by numerical models. Commonly, a test campaign is initiated to provide
data on the motion and tension response of the mooring, which is then used for validation of a
numerical model. This allows for tuning of the model so that good agreement between experiments
and the numerical model is achieved for the tested sea states, mooring layout and model geometry.
For instance, [13] presents a methodology for optimization of the numerical model of a WEC, and a
similar one is seen in, e.g., [14,15], which considers floating wind turbine platforms, aims to prove
the validity of numerical models and tunes them to available experimental tests. For many early
stage WECs, however, experimental data are not available, and there is a need for understanding
the mooring system behavior prior to performing tests. It often happens that the WECs experience
changes during the design phases, which gives a need for new and expensive tests. It is, therefore,
essential to have a model that can be used in initial studies of the potential of different mooring layouts
and materials, even without access to experimental data. Where studies like, e.g., [13–15] tune the
model to fit the experimental results, the present paper tends to validate a numerical tool according
to the definition of validation in [16] and identifies errors and their magnitude without tuning it to
experimental work. The focus is put on validating design values such as tensions and to some extent,
motions, as these determine the applicability of a certain mooring layout. This should justify the
use of an identical procedure for analyzing and designing initial mooring systems for other large
floating WECs where no experimental data are available. For the final design, it is still recommended
to perform tests and to optimize the model to get a better agreement with experiments. In order to
illustrate this, an additional optimized model was produced and compared to the experimental data.

The research uses the Floating Power Plant as a case study, cf. Figure 1. This device combines
wind and wave energy absorption and has been undergoing comprehensive research in small-scale
tests in laboratories followed by an offshore test campaign with a 37 m-wide model. In future research,
two different models will be considered: a 60 m-wide model named P60 and a full-scale 80 m-wide
model named P80. This paper will consider the P60 device, illustrated in Figure 1, and the sea states
from the expected deployment site at the Belgian coast.

The WEC is constructed from a floating foundation (indicated by red color in Figure 1), a wind
turbine and four wave energy absorbers (blue color), which utilizes the principle of pitching bodies.

Paper E.

132



J. Mar. Sci. Eng. 2017, 5, 45 3 of 23

PTO

Figure 1. Illustration of the Floating Power Plant P60 device. The red color indicates the foundation,
and the blue color indicates the floaters (power take off (PTO)).

The paper uses laboratory experiments performed at The Hydraulic and Coastal Engineering
Laboratory at Aalborg University, Denmark, for a structure resembling a simplified model of the
Floating Power Plant P60 where the wave energy PTO and wind turbine are discarded. The structure
is moored with compliant synthetic lines, and the acquired results are compared to numerical results
found by using the open source code NEMOH [17] and the commercial software package OrcaFlex
v10.0d (Orcina Ltd., Ulverston, UK) [18].

The paper is structured with five sections including this Introduction. The following section
presents the applied method in the laboratory experiments and the numerical model, and it is
followed by a section presenting the results from both. Section 4 includes a discussion of the results,
and Section 5 will present the conclusions and the discussion of future work.

2. Method

This section and its subsections provide an introduction of the method used for modeling of
the floating structure and its mooring system. It is followed by a short description of the setup used
during the laboratory experiments, and more information, description and analysis of the laboratory
experiments can be found in [19].

2.1. Design and Modeling of Floating Structures with a Mooring System

There are different design standards available with requirements and recommendations for
the design of mooring systems. Among the most commonly recognized are the DNV-OS-E301 [10],
API-RP-2SK [11] and ISO 19901-7:2005 [12]. IEC 62600-10 [20] has been developed for mooring design
for marine energy devices, while DNV-OS-J103 [21] deals with the general design of floating wind
turbines. The design procedure often requires the evaluation of the extreme response and validation
according to the extreme tensions in the mooring lines. A time series of an extreme sea is evaluated
and the extremes identified, and the data are fitted to a statistical distribution. The requirements of
the motions are not as defined as for the tensions and must be decided based on the given location,
umbilical specifications, surrounding structures, etc.

Different methods can be applied for the generation of the desired time series. One method
includes the use of experimental tests, which provide highly useful results, but are time consuming
and potentially expensive. A design procedure is an iterative process and often implies investigation
of many different configurations before the most optimized solution is identified. A more common
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approach is to apply numerical models, as these are easier to automatize, more changeable and, hence,
much less expensive to use. However, it is necessary to validate that the extremes found in the models
resemble realistic values, for which experimental data are used. Model validation against experimental
data has been done in [13] for a WEC and by several authors like, e.g., [14,15,22,23] for floating wind
turbine platforms, mainly considering waves and not the coupled effect of wind and wave exposure.

Different models can be used when simulating the wave-structure and device response
numerically. The most commonly-used models are the Morison approach, the boundary element
method (BEM), computational fluid dynamics (CFD) or smooth particle hydrodynamics (SPH).
Both CFD and SPH put high demands on the computational effort; hence, BEM or the Morison
approach are more often used. Many of these models determine the wave/structure interaction, while
additional code is needed to simulate the coupled response of the mooring and structure. The BEM
includes the load contribution from diffraction and radiation, while the Morison approach includes
drag and inertia. The choice, therefore, depends on the sea states in relation to the structure. Often,
the diagram by Chakrabarti [24] is used, cf. Figure 7c.

This study uses a modeling procedure as shown in Figure 2. The open source BEM code
NEMOH [17] is applied for the calculation of the wave-structure interaction in the frequency domain,
which implies linear potential theory with the assumptions of an inviscid, incompressible and
irrotational fluid. In addition, the theory assumes incoming waves with low steepness and also
structure motions with small amplitudes [17]. Particularly, the two last assumptions are put under
stress for a WEC with compliant mooring in extreme sea conditions.

The output of the BEM code is the first order wave excitation force Fexc(ω), the added mass A(ω),
the radiation damping B(ω) and the Kochin functions H(θ, ω). The latter is used to calculate the
second order drift force coefficients using the far field formulation [25] and the code available
from [26].

The results from the BEM code are coupled with the dynamic analysis tool OrcaFlex [18], which
solves the coupled behavior of the mooring system and floating structure in both the time and frequency
domain. The model includes the first order wave excitation force and the second order slowly-varying
contribution. In this study, the Newman approximation [27] is applied for the calculation of second
order motion, which implies that only the mean drift force, calculated from the first order quantities,
is used to calculate the second order response. The OrcaFlex package allows for using the full quadratic
transfer functions (QTFs), but this has not been considered in this study. It is stated in [18] that the
accuracy of the Newman approximation decreases with shallow water depths and also if the natural
frequencies are within the frequencies of the wave spectrum. The latter does not cause any concerns
as it will always be attempted to design a floating system to have natural frequencies outside the
wave spectrum of the extreme seas. In the present study where very large compliance is applied,
this problem is even less considerable.

Frequency-dependent hydrodynamic coefficients
Fexc (ω) , A (ω) , B (ω) , H (θ, ω)

NEMOH BEM

Mesh geometri

Drift force coefficient
CD (ω)

Khyd , M, Hs , Tp

Time domain simulation
T (t) , x (t)OrcaFlex

Fexc (ω)

A (ω)

B (ω)

H (θ, ω)

CD (ω)

Khyd

M

Hs

Tp

T (t)

x (t)

Frequency-dependent wave excitation force

Frequencydependent added mass

Frequency-dependent radiation damping

Frequency- and angle-dependent Kochin function

Frequency-dependent mean drift force coefficient

Structure hydrostatic stiffness matrix

Structure mass matrix

Significant wave height

Peak wave period

Time-dependent line tension

Time-dependent structure motions

Figure 2. Illustration of the numerical modeling procedure used in the present study.

OrcaFlex has the potential to calculate the response using either a radiation/diffraction
approach or the Morison approach. It is expected that the use of linear potential theory to include
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radiation/diffraction loads will provide a certain level of accuracy, but the drag contribution will be
needed, particularly at the resonance frequencies. By combining the two contributions by adding
a drag element to the radiation/diffraction calculation, it is possible to obtain a better description.
This requires knowledge of the drag coefficient Cd, which can either be obtained experimentally or by,
e.g., CFD calculations. For cases where this is not possible, a coarse estimate must be suggested.

In order to illustrate the need and effect of this drag element, two configurations were defined for
the numerical model:

• Configuration 1: Radiation/diffraction without a drag element.
• Configuration 2: Radiation/diffraction with drag elements in surge, heave and pitch.

The drag coefficients were estimated from a simplified methodology, where the model was
divided into a number of simpler shapes (cubes and ellipsoids), as shown in Figure 4e, for which the
drag coefficients are known and can be found in, e.g., [28]. The total drag coefficient for the model was
then determined by combining the coefficients from each shape, which then provided a very coarse
estimate, as it does not account for the interaction between each shape. This methodology does not
require the use of experiments or advanced CFD simulations and is, therefore, applicable for initial
design.

The numerical model allows for the definition of drag in all degrees of freedom (DoF) by a drag
coefficient in the translational DoFs and a drag moment coefficient in the rotational DoFs. The drag
moment coefficient was found with respect to the center of gravity using the simplified shapes and
corresponding moment arms. The drag coefficients and areas are defined in Table 1.

Table 1. Definition of drag coefficients and areas used in the numerical model.

Parameter Surge Heave Pitch

Drag coefficient, Cd 1.35 1.68 1.25
Drag area, Ad 0.545 × 103 m2 1.92 × 103 m2 7.63 × 106 m5

2.2. Experimental Setup

The experiments were conducted in the deep-water basin at The Hydraulic and Coastal
Engineering Laboratory at Aalborg University, Denmark, in the period of December 2015–January 2016.
The wave basin was equipped with a snake-type wave maker at one end, controlled by the software
package AwaSys 7 [29], and a passive absorber at the other end (gravel beach). Five resistant-type
wave gauges were used for measurements of surface elevations. The array was located in front
of the model, and its layout allowed for 3D reflection analysis. Acquisition, post-processing and
analysis of water surface elevation and mooring loads were performed with the software package
WaveLab 3 [30] and sampled at a frequency of 123 Hz. The motions of the structure were measured
using the OptiTrack system [31], five reflective markers (cf. Figure 4) and four OptiTrack Flex 13
cameras. The Motive 1.9.0 software package was used for data acquisition and analysis.

The choice of scale for the model was based on the specifications of the basin. A range of full-scale
sea states and a certain water depth were specified prior to the test campaign, cf. Section 2.2.2. In order
to satisfy all conditions, it was found feasible to use a Froude scale of 1:64.5. This corresponds well to
the recommendation in [32,33], which states that scale factors of 1:50 and up to 1:80–100 can be used
when testing loadings under extreme conditions.

The basin setup is illustrated in Figure 3.
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Figure 3. Illustration of the experimental setup in the wave basin. All measurements are in m.

The laboratory model resembled a simplified geometry of the Floating Power Plant P60.
For simplification, it was decided to discard both the wind turbine and floaters and instead apply their
mass at the foundation. In extreme events, it is expected that the loads from wind on the turbine are
negligible compared to the wave loads, since the wind turbine will be shut down, and the effective
area is much smaller compared to when it is in operational conditions. Despite the large wind speeds,
the loads on the structure will be smaller, justifying that the turbine is neglected. Naturally, the position
of the turbine mass will affect the mass moment of inertia (MoI), giving larger values. Considering the
purpose of validating the numerical model, it is merely important to ensure similarity between the
laboratory model and numerical model, hence discarding the wind turbine and floaters do not affect
the overall purpose of the study.

Figure 4a,b illustrates the dimensions of the model in full scale, while Figure 4c shows the
constructed laboratory model. In the numerical model, the laboratory layout was adapted, and a panel
mesh shown in Figure 4d was constructed and analyzed. A convergence analysis was performed in
order to justify the number of 1768 panels.

(c) (d)

(a) (b)

72.0 62.0

(e)

Figure 4. (a) Side view of the laboratory model at the prototype scale (measurement in m); (b) front
view of the model; (c) picture of the laboratory model; (d) illustration of the mesh used in the BEM
code; (e) simplified geometry used for the estimation of drag coefficients.

Paper E.

136



J. Mar. Sci. Eng. 2017, 5, 45 7 of 23

The structural parameters of the lab model were measured in the laboratory, and the values were
subsequently used in the numerical model. In particular, the model mass and mass moment of inertia
(MoI) are of importance in order to model the motion response correctly. Table 2 lists the measured
and prototype values.

Table 2. Model specification. Note that moment of inertia (MoI) is around the center of gravity.

Parameter Model-Scale Full-Scale

Structure mass, m (kg) 22.4 6.0 × 106

Moment of inertia, Ixx (m2 kg) 1.474 1.645 × 109

Moment of inertia, Iyy (m2 kg) 2.525 2.819 × 109

Moment of inertia, Izz (m2 kg) 3.325 3.712 × 109

2.2.1. Mooring System

The mooring was applied as a standard solution with three taut synthetic lines installed as shown
in Figure 5a. Despite a different shape of the stiffness curve, the linearized stiffness of the lines
corresponds approximately to, e.g., Ø120 mm Bridon Superline Nylon [34]. Three load cells of the type
FUTEK LSB210 50/100 lb. were installed at the connection point between the anchor and lines, and a
VETEK 30 kg IP68 was positioned at the connection point between the lines and model, cf. Figure 5.

A static test determined the stiffness of the lines where each line was gradually tensioned and
the elongation measured. The stiffness curve is plotted in Figure 5b, showing mild non-linearity.
The mooring system in the numerical model was defined with the experimentally-measured values of
line stiffness and layout. The drag and inertia coefficient of the lines were chosen based on standard
values from DNV-OS-E301 [10]. Table 3 provides data on the mooring line characteristics found in the
laboratory and applied in the numerical model. No structural damping in the lines was defined in the
numerical model, as these values are unknown.

The mooring lines in the numerical model are divided into a number of segments and modeled as
straight massless segments. All properties like mass, buoyancy, etc., are lumped to the nodes at each
end, while axial and torsional properties are modeled by the segments. A higher number of segments,
n, generally provides a higher level of accuracy to the model, but is paid by higher computational
time. In order to find the number of segments that balances the accuracy and computational time,
a convergence analysis was performed and presented in Figure 6 with the number of segments ranging
from 5–30. The figure presents the error between the tensions found from each test and the test with
the maximum number of segments. A relatively small error is found (less than 1%), and the results
clearly converge with n ≥ 15. The largest error is found for the tension minimums where the lines are
slacked. However, the minimum tensions are not of significant importance for the design of moorings,
and for n ≥ 15, the error becomes less than 5%. Based on this, n = 15 was used in the numerical model,
resulting in a segment length of 3 m.

Table 3. Mooring line specifications.

Parameter Model-Scale Full-Scale

Unstretched length (m) 0.7 46.1
Nominal diameter d (m) 0.01 0.6

Mass (kg/m) 0.04 176.0
Number of segments n (-) 15

Segment length (m) - 3
Drag coefficients (axial/normal) (-) 0.0/1.6

Inertia coefficients (axial/normal) (-) 0.0/1.0
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Figure 5. (a) Illustration of the considered mooring layout. The green shapes illustrate the load cells.
(b) Mooring line stiffness curve determined during experiments. The values are presented at full scale.
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Figure 6. (a) Time series of segment convergence analysis with a zoom on the maximum and minimum
tensions; (b) error of each analysis compared to the test with the maximum segment number. Note the
different y-axes.

The mooring lines were installed with an axial pretension of approximately 315 kN, cf. Figure 8a,b.
This tension results from a relatively small extension of the lines (cf. Figure 5b), which caused slacking
of the lines during wave exposure.

2.2.2. Environmental Conditions

The tested sea states resemble the conditions expected at the deployment site of the P60. Three
operational (Hs = 1.3–3.3 m and Tp = 6.4–8.6 s) and six extreme (Hs = 5.1–6.1 m and Tp = 8.6–13.7 s)
sea states were tested in order to ensure that the expected range of wave frequencies and wave
heights were covered; see Figure 7a. The sea states were simulated as long-crested waves (2D) and
with a JONSWAP spectrum (peak enhancement factor γ = 3.3). The duration of the individual time
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series was determined so that it allowed for a number of 1000 simulated waves according to the
recommendations in [33].

In addition to the irregular sea states, 23 regular wave trains were tested. Considering the
application areas of wave theories as defined in [35] and plotted in Figure 7b, the x-axis shows that the
waves primarily will be in intermediate water depths with some of the tested waves in deep water
conditions. The y-axis indicates the variation of steepness of the waves. It is seen that all sea states can
be considered non-linear, hence stressing the assumption of the linear wave potential theory.

As described, the dominating force contribution is highly dependent on the structure diameter in
relation to the wavelength. Considering the boundaries defined in [24] and plotted in Figure 7c, it is
seen that, when considering the entire structure as one closed body, most of the sea states are in the
load regime where diffraction is dominant. For the longest waves, the model will be in a regime where
other load contributions have an effect. The investigated structure has a complex geometry where
water can pass through the body, which truly does not follow the theory of [24]. Considering, e.g.,
just the width of each of the vertical columns (cf. Figure 4), the force might be dominated or affected
significantly by more than diffraction.
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Figure 7. (a) Diagram of the sea states simulated in the wave basin; (b) the sea states plotted against
the depth condition (x-axis), wave steepness (y-axis) and application areas of wave theories as defined
in [35]; (c) the sea states plotted against wave force regimes as defined in [24], with D being the total
width of the structure and not considering the open spaces.
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3. Results

This section presents the results obtained from the numerical model and experimental work.
These results will be compared to each other and used to investigate the validity of the numerical model.

3.1. Quasi-Static Results

A quasi-static test was carried out for validation of the mooring layout and modeling of line
tension. The model was displaced in the surge DoF at a low velocity in order to avoid any dynamic
effects. Due to the low velocity, the only restoring force present in the system resulted from the stiffness
of the mooring lines. Figure 8a,b plots the measured loads in respectively the starboard and rear
mooring line. The experimental results show some scattering of the results, which can be explained
by the fact that the model was displaced manually. When the model is displaced, the mooring point
will displace vertically as shown in Figure 8c, and this displacement is very sensitive to the physical
handling of the model. For a perfect test with no displacement in any other DoF than surge, the scatter
would not be expected. Prior to the measurement, one load cell was damaged; therefore, results from
the port side line cannot be presented. It would have improved the reliability of the tests since both
lines should have shown similar results.
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Figure 8. Quasi-static test results for experimental (Exp.) and numerical (Num.) line tension in the
starboard (a) and rear (b) line; (c) illustration of the line layout during surge motion.

When observing Figure 8, it is seen that the numerical results are within the scatter of the
experimental results, and therefore, this illustrates the similarity of the mooring stiffness in the two
models. The difference, which is seen to be approximately constant, can be explained by the tactile
inaccuracy in the physical handling of the model as described previously. The most dominant difference
is seen when the lines are slacked where the numerical tension is higher than the experiments. In the
laboratory, no tension was measured in the completely slacked lines, while some tension was found in
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the numerical model. This is because the lines are buoyant and give some tension in the connection
point. This effect was not seen in the laboratory, possible due to the presence of load cells.

3.2. Decay Test

A decay test was used to compare natural frequencies of and damping in the two models. The test
is performed by giving a displacement in one DoF, releasing the model and allowing the motion to
decay. Due to the complexity of the model, it is difficult to activate only one DoF at a time, and hence,
it is difficult to find natural frequencies for all DoF. The test presented a coupled frequency at 0.078 Hz
where the structure was activated in surge, heave and pitch. It was possible to activate only the surge
DoF in both numerical and experimental tests, even without applying any restraints on the other DoFs.
This means that even though the primary motion was in the surge DoF, some motions were also seen
in heave and pitch, cf. Figure 9c. Since the scale of the experiments was 1:64.5, the magnitudes of the
heave and pith motions are negligible compared to the surge (less than 4 mm in the laboratory). It was
not possible to obtain any reliable results for heave and pitch only. The surge decay test is illustrated
in Figure 9a for the configurations with and without the drag element.
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Figure 9. (a) Free surge decay test from experiments and Configurations 1 and 2 (with and without
the drag element); (b) determination of linear and quadratic damping coefficients using linear
regression [36]; (c) heave and pitch motion during the surge decay test.
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In the decay test, the structure moves at its natural frequency fn, and the motion is dependent on
the structure mass M, added mass A, radiation damping B, hydrostatic stiffness Khyd and mooring
stiffness Kmoor.

The peaks and troughs of the motion in Figure 9 were detected and used to calculate the natural
frequency as the average of the values. The first oscillation was not considered in order to avoid
the influence of releasing the model. Since the structure itself does not provide any hydrostatic
stiffness in surge, the natural frequency is mostly dependent on the mass, added mass and mooring
stiffness. The mass defined in the numerical model is based on the mass measured in the laboratory and,
therefore, does not affect the comparison. When considering the quasi-static test, it was determined that
there was good agreement between numerical and experimental stiffness. Therefore, the difference in
the two natural frequencies mostly describes any inaccuracies in the calculated added mass in the BEM
solver. Considering the results in Table 4, it is however found that the error is approximately 7% for
Configuration 1, while it is 4% for Configuration 2, and as such, the results can be considered acceptable.

Table 4. Measured and calculated natural frequency, linear and quadratic damping in surge,
together with the relative error.

Parameter Experiment Num.: Config 1 Num.: Config 2
Value/Relative Error Value/Relative Error

Natural surge frequency, fn 0.0305 Hz 0.0284 Hz/6.9% 0.0293 Hz/3.9%
Linear damping, p1 0.0164 s−1 0.0004 s−1/97.6% 0.0004 s−1/97.6%

Quadratic damping, p2 0.0519 m−1 0.0024 m−1/95.4% 0.0378 m−1/27.2%

The decay test can additionally be used to illustrate the damping of the system, which is the
combination of a linear and quadratic contribution. Figure 9 clearly shows that the numerical model
highly underestimates this fact, with the largest difference occurring for Configuration 1. In [36],
Equation (1) is used to determine the linear and quadratic damping coefficients p1 and p2.

2
Tm

log
(

an−1

an+1

)
= p1 +

16
3

an

Tm
p2 (1)

where Tm is the natural period and an is the amplitude of the n-th oscillation. When plotting the
left-hand side of the equation against the right-hand side, it is possible to use linear regression to
calculate p1 and p2. This is illustrated in Figure 9b, and the results are listed in Table 4. Due to a
limited number of oscillations in the experimental decay test, the linear fit is not as good as for the
numerical results.

When considering Table 4, it is clear that the numerical model in Configuration 1 highly
underestimates the quadratic drag arising from viscous effects. An error of 95.4% is seen, which
is reduced to 27.2% in Configuration 2 by adding the drag element. Since no additional linear damping
is added to the model, similar results are obtained from the two configurations with a relatively high
error of approximately 98%. Section 3.5 presents an optimized model with additional linear damping
in order to illustrate its influence on the obtained results.

3.3. Regular Sea States

A total of 23 regular sea states were tested (cf. Figure 7a) and used to determine the response
amplitude operators (RAOs) for the motions, tensions and the mean drift motion.

3.3.1. Motion Response

The motion was measured in surge, heave and pitch. and their RAOs are plotted in Figure 10,
together with the numerical results.
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Considering the results from Configuration 1 (Figure 10a–c), there is some agreement with the
experiments for most of the frequency range in all DoFs, showing the similar shape and amplitude
of the RAOs. Both numerical and experimental RAOs show a peak at the coupled motion frequency
at 0.078 Hz, but at this frequency, the most severe difference is observed. Due to resonance motion
and lack of damping, most stress is put on the linear potential theory, and the numerical model highly
overestimates the motion amplitude. For Configuration 2 (Figure 10d–f) with a drag element in all
DoFs, better agreement between the experimental and numerical results is obtained, even at the peak
of the RAOs. Still, there is an overestimation, but the error is decreased.
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Figure 10. Measured and calculated motion response amplitude operators (RAOs) in surge, heave and
pitch.

3.3.2. Mean Drift

Figure 11 presents the results for the calculated and measured mean drift motion. In the numerical
and experimental model, the mean drift during wave exposure is defined as the mean displacement
from the static position. Considering the entire frequency range, both over- and under-estimations
are seen, and due to the large error in the motion amplitudes at the peak frequency, Configurations 1
provides paramount drift motion errors at this frequency. A very large underestimation is seen with
even negative drift, while the drift at the remaining frequencies shows a similar trend as for the
experiments. Despite the better resemblance with experiments, Configuration 2 also shows some
deviation from the experimental results. Considering Figure 11, it is seen how the drift motion is
overestimated at the lowest frequencies and underestimated for many of the higher frequencies,

Figure 10. Measured and calculated motion response amplitude operators (RAOs) in surge, heave
and pitch.

3.3.2. Mean Drift

Figure 11 presents the results for the calculated and measured mean drift motion. In the numerical
and experimental model, the mean drift during wave exposure is defined as the mean displacement
from the static position. Considering the entire frequency range, both over- and under-estimations
are seen, and due to the large error in the motion amplitudes at the peak frequency, Configurations 1
provides paramount drift motion errors at this frequency. A very large underestimation is seen with
even negative drift, while the drift at the remaining frequencies shows a similar trend as for the
experiments. Despite the better resemblance with experiments, Configuration 2 also shows some
deviation from the experimental results. Considering Figure 11, it is seen how the drift motion is
overestimated at the lowest frequencies and underestimated for many of the higher frequencies,
but with a trend following the trend of the results. Despite this error, the motion amplitudes were
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shown in Figure 10 to resemble the experiments. Therefore, the error in the drift has proven not to
affect the motion amplitude significantly.
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Figure 11. Measured and calculated drift motion RAOs for the two configurations.

3.3.3. Tension Response

Considering the difference in measured and calculated motion response, especially in the drift
motion, some error was expected in the calculated tensions, which are plotted in Figures 12 and 13.
Overall, the numerical model shows good agreement with the experiments, but with a high
overestimation of the tension around the peak frequencies in Figure 13, a consequence of the high
overestimation of the motions. As expected, this is most dominant for Configurations 1 (Figure 13a,c).
For the low frequency waves, the tension amplitudes are underestimated, but considering Figure 12,
which presents a direct time series comparison between experiments and Configuration 2, the peaks of
the tension time series are similar for both models, indicating that the numerical model describes the
maximum values well. A difference can be observed between the tension troughs in the figure, which
explains the smaller amplitudes.
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Figure 12. Direct comparison of measured and calculated tension time series for a regular sea state
with H = 5.1 m and T = 8.0 s.
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Figure 13. Measured and calculated tension RAOs in starboard and rear lines.

3.3.4. Influence from Wave Height

As seen in Figure 7a a number of the regular sea states covered a similar wave frequency with
varying wave heights in order to investigate non-linearities in the response of the structure. Figure 14
illustrates the motion RAOs and mean drift against the wave height for these experiments and
Configuration 2. For the surge DoF, the numerical and experimental results show similar tendencies,
but the numerical model overestimates the response. For the shortest waves ( f = 0.12 Hz), there is
good agreement independent of the wave height, but a large error is seen at 0.83 Hz for the lowest
wave height. This frequency corresponds to the peak seen in the heave and pitch DoF (cf. Figure 10).
The numerical response is seen to be almost linear in surge, but the experiments show a non-linear
influence from wave height.

The response in the heave DoF illustrates non-linearity, and it is highly influenced by the wave
frequencies. The tendencies found in the experiments and the numerical model are similar, and the
magnitude of the difference seems independent of the wave height. A similar observation is found for
the pitch DoF, with good agreement for the shortest waves where the smallest motions are present.
More dominant errors are found at the natural frequency and for the longest waves where a large
response will occur.

The figure clearly indicates that the calculated RAOs are highly influenced by the incoming wave
height, and not linearly dependent on it. The magnitude of the deviation between numerical and
experimental results seems more dependent on wave frequency than wave height.

Figure 13. Measured and calculated tension RAOs in starboard and rear lines.

3.3.4. Influence from Wave Height

As seen in Figure 7a a number of the regular sea states covered a similar wave frequency with
varying wave heights in order to investigate non-linearities in the response of the structure. Figure 14
illustrates the motion RAOs and mean drift against the wave height for these experiments and
Configuration 2. For the surge DoF, the numerical and experimental results show similar tendencies,
but the numerical model overestimates the response. For the shortest waves ( f = 0.12 Hz), there is
good agreement independent of the wave height, but a large error is seen at 0.83 Hz for the lowest
wave height. This frequency corresponds to the peak seen in the heave and pitch DoF (cf. Figure 10).
The numerical response is seen to be almost linear in surge, but the experiments show a non-linear
influence from wave height.

The response in the heave DoF illustrates non-linearity, and it is highly influenced by the wave
frequencies. The tendencies found in the experiments and the numerical model are similar, and the
magnitude of the difference seems independent of the wave height. A similar observation is found for
the pitch DoF, with good agreement for the shortest waves where the smallest motions are present.
More dominant errors are found at the natural frequency and for the longest waves where a large
response will occur.

The figure clearly indicates that the calculated RAOs are highly influenced by the incoming wave
height, and not linearly dependent on it. The magnitude of the deviation between numerical and
experimental results seems more dependent on wave frequency than wave height.
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Figure 14. Experimental and numerical RAOs for varying wave heights.

3.4. Irregular Sea States

The extreme values of the irregular sea states were found and presented in Figures 15 and 16.
In this study, the maximum simulated and measured value is considered together with the most
probable maximum, cf. Equation (2), which is commonly used for design in, e.g., [10].

TMPM = µ + σ
√

2 ln(N) (2)

where TMPM is the most probable maximum (MPM) tension in N waves, µ is the mean tension and σ

is the standard deviation. This study uses the MPM value in 1000 waves.
Since the numerical and experimental wave time series are not identical, but have similar

frequency domain parameters, it is not possible to compare the maximum values directly.
Considering Figure 15, there is good agreement in both configurations for the two tests with highest
peak frequencies (operational conditions). These also have the smallest wave height and are the most
linear waves. This agreement is seen in both the rear and starboard line. For the larger sea states,
the error for Configurations 1 begins to increase significantly. For the considered sea states, it is not
possible to show results for these two configurations for the sea states with frequencies lower than 0.1
Hz (the extreme sea states). Under these conditions, the motions became so large that the solver could
not find a solution. The largest error is found for the sea states with peak frequencies around 0.12 Hz.
Considering the tested sea states in Figure 7, these sea states also correspond to the steepest sea states.

Figure 14. Experimental and numerical RAOs for varying wave heights.

3.4. Irregular Sea States

The extreme values of the irregular sea states were found and presented in Figures 15 and 16.
In this study, the maximum simulated and measured value is considered together with the most
probable maximum, cf. Equation (2), which is commonly used for design in, e.g., [10].

TMPM = µ + σ
√

2 ln(N) (2)

where TMPM is the most probable maximum (MPM) tension in N waves, µ is the mean tension and σ

is the standard deviation. This study uses the MPM value in 1000 waves.
Since the numerical and experimental wave time series are not identical, but have similar

frequency domain parameters, it is not possible to compare the maximum values directly.
Considering Figure 15, there is good agreement in both configurations for the two tests with highest
peak frequencies (operational conditions). These also have the smallest wave height and are the most
linear waves. This agreement is seen in both the rear and starboard line. For the larger sea states,
the error for Configurations 1 begins to increase significantly. For the considered sea states, it is not
possible to show results for these two configurations for the sea states with frequencies lower than
0.1 Hz (the extreme sea states). Under these conditions, the motions became so large that the solver
could not find a solution. The largest error is found for the sea states with peak frequencies around
0.12 Hz. Considering the tested sea states in Figure 7, these sea states also correspond to the steepest
sea states. Still, the maximum deviation for Configuration 2 is 26% for the TMPM for the rear line,
while it is only 11% for the starboard line.

Paper E.

146



J. Mar. Sci. Eng. 2017, 5, 45 17 of 23

J. Mar. Sci. Eng. 2017, 5, x 17 of 23

Still, the maximum deviation for Configuration 2 is 26% for the TMPM for the rear line, while it is only
11% for the starboard line.
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Figure 15. Comparison of extreme tensions for the irregular sea states.

The extreme motion of the device is also of interest, and the results are plotted in Figure 16.
Despite the good agreement seen in the previous figure, a larger deviation is found. The numerical
model particularly overestimates the pitch motion. Even though some quadratic damping is added
in the pitch DoF, it still appears that more damping is needed. For Configuration 1, the relative error
exceeds 100%, with a maximum of 150%. The drag element in Configuration 2 decreases the error
to a maximum of 78%, which is still a significant overestimation. The smallest error is found for the
operational sea conditions in deep water, with a smaller wave steepness.

The surge motion is overestimated with a maximum of 32% in the most extreme situation. This sea
state is also the sea state in most shallow water and, according to Figure 7, also the sea state where the
diffraction contribution is smallest and drag and inertia most important. The surge maximums are
underestimated for the sea states with the highest frequency.

The heave motion causes the smallest relative error, with a maximum absolute value of 27%.

Figure 15. Comparison of extreme tensions for the irregular sea states.

The extreme motion of the device is also of interest, and the results are plotted in Figure 16.
Despite the good agreement seen in the previous figure, a larger deviation is found. The numerical
model particularly overestimates the pitch motion. Even though some quadratic damping is added
in the pitch DoF, it still appears that more damping is needed. For Configuration 1, the relative error
exceeds 100%, with a maximum of 150%. The drag element in Configuration 2 decreases the error
to a maximum of 78%, which is still a significant overestimation. The smallest error is found for the
operational sea conditions in deep water, with a smaller wave steepness.

The surge motion is overestimated with a maximum of 32% in the most extreme situation. This sea
state is also the sea state in most shallow water and, according to Figure 7, also the sea state where the
diffraction contribution is smallest and drag and inertia most important. The surge maximums are
underestimated for the sea states with the highest frequency.

The heave motion causes the smallest relative error, with a maximum absolute value of 27%.
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Figure 16. Comparison of extreme motions for the irregular sea states.

3.5. Optimized Model

As stated previously, the objective of this paper is to validate that a numerical model can be
used in an initial design procedure, where no experimental data are available for optimization and
tuning of the model. The results presented in the previous sections indicate that the structure can be
modeled with some overestimation of response compared to the experiments. Considering Figure 9,
the deviation appears to be caused by especially insufficient damping. Some quadratic damping
has been added by the drag element, but the figure showed significant underestimation of the linear
damping. Figure 17a illustrates a decay test where 370 kN

m/s linear damping has been added in surge.
The additional damping clearly results in a better agreement between the surge motion in the

experiment and model, which is also illustrated in Figure 17b, where the linear regression now
indicates a minor difference between both linear and quadratic damping. For the optimized model,
the additional linear damping results in a coefficient p1 = 0.0171 s−1, which corresponds to a relative
error of 4.3% from the experiments.

Since no decay tests are available for heave and pitch, it is more difficult to tune these values. The
work in [13] presented a method that can be used, but the present study made a coarse sensitivity
analysis to find values of linear damping in heave and pitch, which improves the model results for the
regular tests. By adding 1000 kN

m/s and 4000 kNm
rad/s in respectively heave and pitch, the model showed

better agreement with experiments. Figure 18 presents the motion RAOs for the optimized model.
Clearly, the figure indicates that the additional linear damping is the main cause of difference between
Configuration 2 and the experiments. By adding the damping, also the mean drift is better estimated.

Figure 16. Comparison of extreme motions for the irregular sea states.

3.5. Optimized Model

As stated previously, the objective of this paper is to validate that a numerical model can be
used in an initial design procedure, where no experimental data are available for optimization and
tuning of the model. The results presented in the previous sections indicate that the structure can be
modeled with some overestimation of response compared to the experiments. Considering Figure 9,
the deviation appears to be caused by especially insufficient damping. Some quadratic damping
has been added by the drag element, but the figure showed significant underestimation of the linear
damping. Figure 17a illustrates a decay test where 370 kN

m/s linear damping has been added in surge.
The additional damping clearly results in a better agreement between the surge motion in the

experiment and model, which is also illustrated in Figure 17b, where the linear regression now
indicates a minor difference between both linear and quadratic damping. For the optimized model,
the additional linear damping results in a coefficient p1 = 0.0171 s−1, which corresponds to a relative
error of 4.3% from the experiments.

Since no decay tests are available for heave and pitch, it is more difficult to tune these values.
The work in [13] presented a method that can be used, but the present study made a coarse sensitivity
analysis to find values of linear damping in heave and pitch, which improves the model results for the
regular tests. By adding 1000 kN

m/s and 4000 kNm
rad/s in respectively heave and pitch, the model showed

better agreement with experiments. Figure 18 presents the motion RAOs for the optimized model.
Clearly, the figure indicates that the additional linear damping is the main cause of difference between
Configuration 2 and the experiments. By adding the damping, also the mean drift is better estimated.
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Figure 17. (a) Decay test from experiments, the model with drag elements (Configuration 2) and the
optimized model with additional linear damping; (b) determination of p1 and p2 from the experiments,
Configuration 2 and the optimized model using linear regression.
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Figure 18. Comparison of the optimized numerical model with experimental data for all regular
sea states.

Figure 18. Comparison of the optimized numerical model with experimental data for all regular
sea states.
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The results clearly indicate the importance of tuning the model. This, however, requires the
use of experiments, and as mentioned, this is not always available in initial design. The quadratic
damping in this study has been added based on the geometry of the device and not experimental data,
and therefore, Configuration 2 resembles a model that can be used initially to analyze the mooring
system before a final solution is chosen, experimental data or more sophisticated models are produced
and the numerical model is optimized.

4. Discussion

This study has used a large set of experimental data to validate a numerical model to be used in
the initial design of mooring systems. It has been attempted to ensure similarity between model and
laboratory in order to compare results, but sources of error are present during experiments. As stated
previously, a small scale of 1:64.5 puts high demands on measurement precision, model manufacturing,
anchor positioning, etc., and even minor uncertainties on measurements have high influence on the
full-scale values. Similarly, in some of the tests, e.g., the quasi-static test, the model was displaced
manually, which eventually will introduce some inaccuracy. The wave basin at Aalborg University
is equipped with a passive absorber, and the maximum reflection during the test campaign was
approximately 20% for the longest waves. The reflective waves were not modeled in the numerical
model and could provide some divergence between model and experiment. Finally, it must also be
mentioned that the anchors used in the test campaign were relatively large (cf. Figure 5) and could
potentially have influenced the wave field around the model, at least for the longest waves. During the
tests, it was attempted to minimize the influence of all sources of error, and hence, they are assumed
not to affect the reliability of the results.

A quasi-static test was performed (cf. Figure 8) for validation of the static behavior of the numerical
model, its capability of modeling the mooring tension and stiffness and the mooring layout. Good
agreement was seen and proved that a good resemblance between the numerical and experimental
layout was present and that the defined stiffness of the lines had been achieved. This was additionally
seen from the decay test in Figure 9. Close values of the surge natural frequency were achieved,
also indicating that the calculation of added mass was correct. Due to the complex geometry, it was
not possible to generate reliable decay tests for heave and pitch without activating more than one DoF
at a time. The added mass can also affect the natural frequencies, but since it is also indicated to be
modeled correctly in surge, it is expected to show similar results in heave and pitch. Considering the
behavior found in the dynamic tests, this seems to be correct.

The decay highlighted a significant underestimation of the damping in the numerical model,
both for linear and quadratic damping. By adding a drag element, the error of the quadratic damping
was decreased, but naturally, the linear damping still showed a significant error. Considering the
difference in Figure 9 and the influence of adding a drag element, it is clear that CFD simulations and
experiments are needed in order to determine drag coefficients and produce a better model of the
system. This was out of scope of this study, but is crucial to consider before a final mooring design can
be achieved. The underestimation of linear damping in the model was illustrated in Figures 17 and 18,
where additional damping had been added and better agreement was found for the RAOs and drift
motion. A potential source of this error is the presence of the thin heave damper plates in the model,
which need to be solved using either a very fine mesh or a thin plate approximation, which is not
included in the present version of NEMOH. This capability is included in other software packages
like WAMIT [37] and will be implemented in the next releases of NEMOH. The present study did not
investigate this problem further, but its influence will be investigated in future research.

Based on a range of regular wave tests, the RAOs were defined in Figure 10. Agreement between
the experimental and numerical results was found in most of the frequency range for both model
configurations. Some error was seen, particularly for heave and pitch at the natural frequency, and most
dominantly when no drag elements were applied. By introducing drag into the pitch and heave DoF,
significantly better results were obtained. At the peak frequency, the most outspoken motions will
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occur and hence put most demand on the introduction of drag, but it is also at that frequency where
most stress is put on the assumptions of the linear potential wave theory, which is assuming small
amplitude wave and body motions.

The drift motion showed the largest error in the model. The model uses the Newman
approximation, which is known to be poor in shallower water depths and when resonant motions
are present. The use of full QTFs potentially could improve the model and should be investigated in
future research. The calculated drift coefficients are based on the first order results from the linear
potential theory. Here, the motions are used to calculate the drift, and these are overestimated due to
the lack of the drag and damping. From the optimized model in Figure 18, it is seen that by adding
more damping, the motions are better described, and a similar observation can be made for the drift.

From the irregular sea states, the extreme tension and motions from experiments and numerical
code were compared, and the code showed a maximum relative error of approximately 26% for the
line tension. Considering that this paper focuses on the applicability of the numerical model at an
initial design phase where no experimental data are available and no tuning performed, this error
is within an expected and reasonable range. Based on the objective of the study, the capability of
the code to model the line tensions is, therefore, validated. The motion of the device was highly
overestimated in pitch and probably needs more damping than what was introduced by the drag
element. This was particularly shown in Figure 17. The overestimation of extreme surge might be a
result of the overestimation of drift. Despite the higher relative error of the motion, the relative error
of tension was at an acceptable level.

The study has shown that a relatively reliable numerical model can be constructed and used
in initial analysis to model extreme design values for mooring lines, even without tuning it to
experimental data, but only adding a drag element determined by a simplified method without
the use of experiments. The analysis provided an understanding of the errors and limitations, which
can be taken into account in future analysis of the structures. It is expected that this approach can
be used for other similar WECs as presented in a previous section. The results naturally need to be
treated with caution, and the best description of the device is achieved by using experimental data to
optimize the model.

Since the model overestimates loads and motions, it could be highly beneficial to tune the model
to lower the loads and, thereby, decrease the need for strength of the lines. When considering that
design standards like, e.g., [10] or [11] introduce safety factors in the range of 1.4–1.67, much safety
is now in the system. From a survivability point of view, this can be desirable, but it will not help in
reducing the cost of the moorings. For a final and complete design, it is therefore desirable to optimize
the model as much as possible. For initial design, use of the model in this paper will provide usable
results that can be applied in further investigation of mooring systems.

5. Conclusions

The present paper presented the outcome of an experimental test campaign and used the results to
validate a numerical model, constructed by use of the BEM code NEMOH and the time domain mooring
analysis tool OrcaFlex. Focus was put on the expected sea conditions for a specific deployment site and
sea states covering the expected frequency and wave height range. This included both operational and
extreme conditions. The aim of the paper was to investigate the potential of the codes to calculate the
extreme response for line tension in particular and, hence, their applicability in initial mooring design
for large WECs. In addition, the work presented the influence of applying drag elements with the use
of simplified theory, and not laboratory or CFD results, in order to improve the BEM model. The focus
was to achieve an understanding of the obtained error when considering the extreme response, in order
to use the model in initial design phases where, e.g., experimental data are not available. The main
error was shown to be caused by underestimation of the damping in the model. By adding a drag
element without the use of experimental tuning, it was possible to improve the quadratic damping
significantly, but the linear damping was still underestimated. The results are expected to be applicable
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to similar devices with passive mooring and where the PTO is in safety mode during extreme events.
The model showed an error that can be accepted in initial phases; however, the study highlighted the
inaccuracies from parameters such as linear and quadratic damping, and these must be minimized
before a complete and final mooring design can be achieved.
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Abstract—The present paper describes the work carried out in
the project ’Mooring Solutions for Large Wave Energy Converters’,
which is a Danish research project carried out in a period of
three years from September 2014, with the aim of reducing
cost of the moorings for four wave energy converters and
improving the applied design procedure. The paper presents the
initial layouts and costs and illustrates which solutions could
potentially reduce cost. Different methods for analysis of the
systems were applied, ranging from simple quasi-static analysis
to full dynamic analysis and experimental work. The numerical
methods were compared to the experimental data, and results
showed significant underestimation of tensions in the quasi-static
model while reasonable overestimation was found in the dynamic
analysis even without major tuning of the model. The dynamic
analysis has then been implemented in a meta-model based
optimization process with the aim of optimizing the mooring
layout for each WEC according to cost of the systems.

Index Terms—Wave Energy Converters, Mooring, Station
Keeping, Synthetic Lines, Dynamic Analysis.

I. INTRODUCTION

The energy sources used throughout the world are trans-

forming into renewable energies as a consequence of the

rising energy demand and an increasing desire for cleaner and

more reliable solutions. There are different types of renewable

sources, such as solar, wind and ocean energy. Wind and

solar energy sources are well-established and widely used in

many countries, while the large energy source generated by

waves is still not at a stage where it can contribute to the

worldwide energy production. Despite a major focus during

the last decades, the wave energy sector is still at an early pre-

commercial state; a consequence of the existence of several

problem areas that need to be solved before the sector can

be incorporated in the commercial market [1], [2]. The main

factor being the need to lower the levelized cost of energy

(LCOE) for wave energy converters (WECs) so that the sector

can supplement the existing renewable sectors and compete

with the non-renewable.

In [2] the potential for cost reduction was investigated, and it

was found that the following areas could provide contribution:

• Improvement of structure.

• Improvement of operation and maintenance (O&M).

• Improvement of energy yield.

• Improvement of station keeping.

• Improvement of grid connection.

• Improvement of installation.

Naturally, these topics should all, therefore, undergo re-

search and optimization, but in [3], particularly mooring was

found to be a significant potential for cost reduction. In e.g.

[2], [4], [5] the cost of moorings for WECs was stated to

be approximately 10% of the total structural cost and with

estimations of up to 30%. This could be explained by the

fact that many of the WEC developers have used existing and

traditional solutions from other offshore sectors like the oil

and gas (O&G) sector. However, there are many differences

between this sector and the wave energy sector. WECs are

generally much smaller than oil and gas structures and expe-
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Floating Power Plant KNSwing LEANCON Wave Energy Wave Dragon

Fig. 1. The four partner WECs in the present research project: Floating Power Plant, KNSwing, LEANCON Wave Energy and Wave Dragon.

rience much different responses. This is particularly the case

since oil and gas sectors cannot tolerate large motion while this

can be accepted and sometimes even desired for WECs. The

existing solutions were, therefore, also stated in [2] as having

very little potential for cost reduction, and use of innovation

and new solutions was stated as a necessity in order to reduce

the cost, as done by e.g. [6], [7].
In addition to the high cost, it is also paramount to notice

that the rate of mooring failures for WECs have been high [5].

For instance, the Danish wave energy sector has experienced

several strandings of WECs during testing due to failure of

the mooring systems [8], [9]. This has not only caused crucial

damage to the devices but also meant loss of finances and

limited further investigation and improvement.
As a result of these problems related to mooring of WECs,

a Danish research project was initiated in September 2014.

Despite having a variety of different devices with different

sizes and energy absorption principles, several of the Danish

WECs have similar characteristics and are expected to be de-

ployed under similar conditions. This project focuses on WECs

that can be considered relatively large and is, therefore, titled

”Mooring Solutions for Large Wave Energy Converters”. The

work was a cooperation between seven partners, including:

• Two universities:

– Aalborg University, Denmark

– Chalmers University of Technology, Sweden

• One commercial design supplier:

– Tension Technology International, UK [10]

• Four WEC developers:

– Floating Power Plant, Denmark [11]

– KNSwing, Denmark

– LEANCON Wave Energy, Denmark [12]

– Wave Dragon, Denmark [13]

The main purpose of the project was to improve the mooring

solutions for each of the WECs, considering not only cost but

also reliability of the systems. An objective was to ensure

that a final solution could be certified according to a design

code like DNV-OS-E301 [14], API-RP-2SK [15], ISO 19901-

7:2005 [16] or IEC 62600-10 [17]. Additionally, the project

aimed to gain knowledge into mooring design procedures,

alternative solutions to what is initially considered and to gain

experience that can be used in other applications and for other

WECs.

The present paper will describe the work that has been

carried out during the project and present some of the main

findings. The paper is structured with seven sections including

this introduction. Section II will provide a short introduction

to the partner WECs, followed by Section III which describes

the mooring systems that were initially considered for each

WEC including their cost and design procedures. Section IV

describes the preliminary analysis that was performed in order

to identify potential solutions, and Section V describes the

analysis of applicable design procedures and tools. Section

VI describes the full analysis of the solutions and the applied

optimizations procedure, and the paper is concluded with a

section of discussion and perspective.

II. WAVE ENERGY CONVERTERS

There are a considerable amount of different wave en-

ergy concepts worldwide today; some early stage and recent

while others are older and have been undergoing development

throughout a number of years [18]. Traditionally, the devices

are characterized according to energy absorption technology

as either oscillating water columns (OWC), wave activated

bodies or overtopping devices [19]. The WECs included in this

project use several of the mentioned technologies, but common

for all is that they are considered as relatively large structures

and are going to be deployed under similar environmental

conditions (shallow to intermediate water depths, cf. Table I).

TABLE I
EXTREME ENVIRONMENTAL CONDITIONS FOR THE FOUR WECS.

100 year extreme

WEC hd Hs Tp vcurrent vwind

Floating Power Plant 30 m 6.6 m 11.5 s 1.3 m/s 33.0 m/s
KNSwing 40 m 9.9 m 14.1 s 1.0 m/s 39.9 m/s
LEANCON 25 m 8.3 m 12.9 s 1.5 m/s 34.0 m/s
Wave Dragon 25 m 8.3 m 12.9 s 1.5 m/s 34.0 m/s
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Fig. 2. Illustration of the three mooring systems considered for the partner WECs prior to the project.

In addition to this, they are all equipped with PTO systems

that are not influenced by the mooring systems. This means

that the moorings are considered as passive [5]. In spite of

these similarities, they all use different mooring systems.

Figure 1 illustrates the four partner WECs, and before de-

scribing the mooring system in the next section, the following

subsections will provide a brief description of each WEC.

A. Floating Power Plant

Floating Power Plant is a device combining energy ab-

sorption from both wind and wave. The concept has been

undergoing comprehensive research since it was introduced

in 1995. In 2008, a 37 m wide model was deployed in Danish

waters, providing a large database of data on the system

and environment. Since the test campaign, the system was

redesigned, and currently the goal is to deploy an 80 m

wide model at a UK site. This project investigates a 60 m

wide model previously planned for deployment at the Belgian

coast. The Floating Power Plant is constructed of a floating

foundation, on which a wind turbine is located and a system

for harvesting of wave energy. This is done by using the

concept of pitching bodies with four floaters attached to the

foundation. During storms, the PTO is disabled and the floaters

are ballasted so that their natural frequencies are far from the

wave frequency. The model is illustrated in Figure 1.

B. KNSwing

The KNSwing WEC is an early stage model, which has

been undergoing several laboratory test campaigns in Denmark

and Ireland, cf. e.g. [20]. The structure is a ship-like model

equipped with a number of OWC chambers. The full-scale

model is 240 m long and planned for deployment at the Danish

part of the North Sea.

C. LEANCON Wave Energy

LEANCON Wave Energy is a device using the OWC princi-

ple for harvesting of wave energy. It is a V-shape structure with

two rows of OWC tubes on each arm. During storms, the WEC

is equipped with a storm protection mode that closes the OWC

tubes and fills the model with air. The draught of the structure

is thereby reduced, which expectedly reduces the loads on the

structure. The device is planned for deployment in the North

Sea, but the first commercial scale device will be located at the

Danish Wave Energy Center (DanWEC) [21] with a width of

approximately 120 m. The device has previously been tested at

Aalborg University and in 2015, a 1:10 scale device underwent

three months of offshore testing.

D. Wave Dragon

Wave Dragon is an overtopping device as illustrated in

Figure 1. The structure is equipped with air chambers, which

can be used to adjust the draught of the system. In stormy

weathers, the air chambers are filled with water, and the

model lowered below the SWL. The device has been tested

comprehensively under several campaigns. Aalborg University

has carried out different experiments in order to investigate the

energy conversion, structural response and mooring tensions.

In 2003-2005, the structure was deployed at the Danish

test site, Nissum Bredning, for large scale testing. The next

and commercial model will be a 1.5 MW structure with a

maximum width of approximately 150 m. The structure will

be deployed at DanWEC at first, but is also planned for the

North Sea.

III. INITIAL MOORING LAYOUTS AND DESIGN

PROCEDURES

In the first study of the project, cf. [22], the initial layout

of each mooring system was assessed and the applied design

procedures were stated. Many similarities were seen between

the WECs and many of the same conclusions could be

made from each of them. By first considering the layouts,

three different solutions had been applied to the WECs, each

illustrated in Figure 2. The layout was constructed 1) as a

traditional catenary turret system, composed of mooring chain

and drag embedded anchors (denoted initial mooring system

1 (IMS1)), 2) as a single point mooring (SPM) system with
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a surface buoy, a nylon hawser and mooring lines composed

of nylon and chain which are anchored to the seabed by drag

embedded anchors (IMS2) and finally 3) as a single anchor

leg mooring (SALM) system with two submerged buoys, a

deformable tether and nylon lines as hawser (denoted IMS3).

From the assessment, the following main conclusions were

drawn:

• Much of the experience from the existing O&G sector

was applied.

• Some more novel concepts were applied.

Considering the layouts in Figure 2, it is clear that despite

all being large structures, having passive mooring requirements

and comparable environmental conditions, the applied moor-

ings are much different.

In addition to considering different layouts, it was also

found that the procedures used to design the systems had some

differences.

Similar for the devices is that they have all been undergoing

research by now and have all been tested experimentally.

This has provided some indication of expected response and

line tensions, but none of the devices had undergone full

dynamic analysis at the time. The main differences in the

design procedures were as follows:

• Difference in extreme wave return period.

• Difference in included environmental loads.

• Difference in response calculations.

• Difference in validation according to design standards.

Results showed some variation in the definition of design

conditions for each WEC. It was clear that most focus had

been put into investigation of wave exposure while wind loads

had only been considered for two of the devices and current

load only for one. In addition, the considered safety levels

of these contributions were varying. According to e.g. DNV-

OS-E301 [14], 100-year extreme wind and wave loads should

€ 1,03m
€ 0,75m € 0,75m

€ 1,57m € 2,27m

€ 0,35m
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Fig. 3. Chart showing the results from the cost estimations of the initial
mooring solutions. Adapted from [23].

be considered in the ultimate limit state (ULS) and 10-year

extreme current load. In ISO, [16], IEC [17] and API [15],

this is defined as 100-year events from all environmental loads.

Some of the devices had only been designed for 50-year wave

events, some for 100-year events while these considerations,

in general, had not been made for current and wind.

For estimation of the loads, many different methods were

used. In some cases, laboratory results were scaled up, multi-

plied with a factor in order to account for changes in geometry,

while quasi-static methods had been used by some to evaluate

the design tensions. This is a method that can be justified

for O&G structures where the mass of structures is large

and the corresponding motion response comparatively low.

As mentioned, WECs can allow for larger motions and have

much smaller masses. Therefore, it is expected that a dynamic

analysis will provide different results. In the design standards,

it is also required that full dynamic analysis is used for the

final design.

Clearly, none of the systems could be considered final

solutions at the time and needed deeper investigation and more

thorough design. Because of the design methods at the time,

the reliability and the expected lifetime of the system were

different, and the cost of the systems difficult to compare. Still,

[23] calculated the expected price of the systems throughout

a lifetime of 20 years, in order to evaluate the potential for

each solution.

The results are presented in Figure 3 and include all CAPEX

and contains estimations of cost for planning, surveys and

engineering, together with components manufacturing and the

final installation and hook-up. It is obvious that the IMS3

results in the lowest overall cost of e 1.76m compared to

e 3.30m and e 4.48m for the IMS1 and IMS2 respectively.

Considering the cost of components manufacturing and

procurements, it is clear that the IMS3 provides the lowest

cost, due to the very simple system, with light and few

materials. The IMS1 is more expensive as heavy chains are

used, but as only three lines were considered at the time, the

price was still not as high as for IMS2 which combined six

lines of partly chain and synthetic ropes. This resulted in a

need for much more material. The need for six anchors in

this system also provided high cost. Considering the price for

installation and hook-up, it was clear that the price could be

considerably reduced by reducing the weight of the system.

It is difficult to compare the cost of these systems, because

they are four different WECs and have been designed based on

different methods. However, from the cost estimations it was

observed that the weight of the systems highly affected the

overall price, and it was seen that a SALM system potentially

could be a cost-effective solution and, therefore, the following

parameters were considered relevant to investigate:

• Application of light and compliant synthetic materials

instead of steel chains in order to lower cost.

• Investigation of SALM type mooring systems.
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Fig. 4. Illustration of the three mooring solutions investigated in the preliminary analysis [23].

TABLE II
RESULTS FROM THE QUASI-STATIC ANALYSIS OF C1-C3 (CF. FIG. 4). ADAPTED FROM [23]

C1 C2 C3

Linear horizontal stiffness 348 kN/m 51 kN/m 164 kN/m

Cable length Ø80 R5 studless chain: 3 × 1160 m Ø120 Nylon: 3 × 267 m Ø92 R4 studless chain: 22.2 m
Ø184 Nylon: 30 m

Seabed footprint radius 1150 m 268 m -

Cable Mass Chain (128 kg/m): 445 t Nylon (8.17 kg/m): 6.5 t Chain (169.3 kg/m): 3.8 t
Nylon (16.2 kg/m): 0.5 t

Total: 445 t Total: 6.5 t Total: 4.3 t

Cable cost Chain: e 1,844,122 Nylon: e 105,358 Chain:e 15,558
Nylon: e 7,824

Total: e 1,844,122 Total: e 105,358 Total: e 23,382

IV. PRELIMINARY ANALYSIS

A preliminary analysis was initiated and described in [23]

in order to make a more direct comparison between a mooring

system using synthetic ropes, a system using chain and a

SALM system. This allowed for direct comparison of the cost

reduction potential of the stated considerations as now,

• The same floating structure was considered,

• The same response calculation method was applied,

• The same environmental conditions were used.

The study used a simple quasi-static analysis, and only

considered the cost of the mooring lines. The investigated

structure and environmental conditions resembled those that

could be expected for the partner WECs, and three mooring

systems were defined as illustrated in Figure 4. This resembled

a turret catenary system (C1), a taut synthetic system (C2) and

a SALM system (C3) with synthetic hawser and a chain tether.

The results of the analysis are listed in Table II and support

the conclusion drawn from the cost estimations. C3 provides

the least costly solution. The most expensive solution is C1

due to the heavy chain. During the analysis, it was proven

difficult to find a realistic solution as the heavy chain in

the shallow water depth resulted in a very stiff system with

corresponding high loads. This is seen in Table II where the

linearized horizontal stiffness is listed. This leads to a need

for strong and even heavier chains. In order to introduce some

compliance to the system, very long lines were needed, giving

a system that is unrealistic to ever build. Additionally, when

having very long lines, only the elasticity from a limited length

of the bottom lying chain can be included since a considerable

part of the chain lying on the bottom cannot be engaged at

extreme events where it is needed, because it is buried in the

seabed mud. The C2 system provided a realistic and cheaper

solution than C1.

The analysis clearly illustrated the potential of introducing

compliant and light synthetic lines and to consider a SALM

system. Based on this and the desires from the WEC develop-

ers, it was decided that the systems defined in Table III would

be considered for each of the WECs. Designing a mooring

system is an iterative process, and several parameters like e.g.

line length, number of lines etc. can be varied. For each of the

systems it was defined which parameters would be optimized

in later design; these are listed in Table III.

V. INVESTIGATION OF DESIGN PROCEDURES

During the initial assessments, it was found that different

methods had been used to estimate the mooring response and

design loads, mainly considering quasi-static results or direct

implementation of laboratory experiments. The latter naturally

provides the most reliable solution when considering only the

wave exposure. For a final design, it is necessary to also

include current and wind loads and, as such, necessary to

perform experiments that are more sophisticated or consider

numerical analysis. In order to evaluate the validity of a quasi-
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TABLE III
DEFINITION OF THE MOORING SYSTEMS CONSIDERED FOR THE PARTNER WECS TOGETHER WITH THE PARAMETERS THAT ARE USED FOR

OPTIMIZATION OF THE SYSTEMS.

WEC Mooring System Optimization Parameters

Floating Power Plant Taut, synthetic, turret system. Footprint radius, mooring line diameter, number of
lines.

KNSwing Taut, synthetic, turret system. Footprint radius, line diameter, number of lines.

LEANCON SALM system with submerged buoy and synthetic
hawser.

Volume of the two buoys, mooring line diameter,
hawser line length.

Wave Dragon SPM system with surfacepiercing buoy and synthetic
lines.

Footprint radius, mooring line diameter, number of
lines, buoy volume, hawser diameter.

Fig. 5. Picture of the model used in the experimental work.

static analysis, which had been used so far, and validity of full

dynamic tools, a two-month test campaign was conducted.

A simplified model of the Floating Power Plant in scale

1:64.5 was used and tested in regular, operational and extreme

sea states. A detailed description of the experimental work

can be found in [24]. Firstly, a comparison with the quasi-

static approach was performed. In this method all dynamic

effects were neglected, non-linearities were linearized and only

horizontal degrees of freedom (DoF) were considered. The

results (cf. Figure 6) showed that relatively good agreement

was obtained with an absolute error of up to 15% for mild sea

states. However, for the extreme events, which are used for

evaluation of design loads in ULS, the results were found to

be highly underestimated with an error of up to 50%, cf. Fig.

6. For a design case, this is highly undesirable and a more

sophisticated model must be used. A full dynamic simulation

must be considered where all load contributions, DoFs and the

coupled effects between lines and WEC are included.

In order to find the most suitable dynamic analysis tool,

a screening of available software packages was performed,

considering that it should ensure that the final analysis could

be certified by a certification company. The most significant

requirements to the software packages were as follows:

• Ability to perform coupled analysis.

• Analysis in the time domain.

• Capability to model non-linear mooring line stiffness.

• Complete description of wind and current loads.

• First and second order wave effects.

Seven commercial tools and one non-commercial tool were

investigated in [25]. From that screening, the commercial tools

OrcaFlex [26] by Orcina Ltd. and DeepC [27] by DNV-GL

were chosen for further investigation. A case study was used

to compare the results from the two software packages, and it

was decided that OrcaFlex was to be used in dynamic analysis

performed in the project.

In order to validate the numerical tool, the results from

the experimental campaign were used, as presented in [28].

Often, the experimental work is used to tune the numerical

model, which ensures high agreement between the model and

physics. This, however, was not done in this study as it was

desired to investigate the accuracy of the numerical model

and to evaluate whether or not this tool could be used in an

initial investigation of the moorings for each of the devices

where not all had experimental data available. The model

used radiation/diffraction data from the open source BEM code

NEMOH [29] and included drag elements where a simplified

method had been used for determination of drag coefficients.

The relative errors between the tension found in the numerical

and experimental models are presented in Figure 6. Compared

to the results obtained from the quasi-static model, significant

improvement was seen, and instead of underestimating the

tension, as was the case for the quasi-static analysis, this model

made some overestimation. From a safety point of view, this

is considered desirable and, moreover, the maximum error was

reduced to 11%. Based on this fact, it was assumed that the

models could be used for all the WECs in the project, with

errors in the same range as seen in the validation.

VI. DYNAMIC ANALYSIS AND MOORING OPTIMIZATION

As stated in Table III, different parameters could be varied

for each WEC in order to optimize the layout. For each change,

the behaviour of the system changes and consequently the

corresponding line tension and WEC motion. Each variation

of the mooring layout, therefore, requires a full dynamic

time domain simulation in order to evaluate if the system

fulfils the requirements in design standards [14]–[17] and the

requirements to motions defined by the developer. This means

that at least a three-hour simulation must be simulated for

each mooring configuration and despite relatively effective
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Fig. 6. Comparison of error between line tensions from experiments and
quasi-static and numerical model.

computational time for an OrcaFlex simulation, it becomes

unrealistic to cover the complete test domain.

In order to find the optimal mooring solution for each WEC,

a meta-model based optimization procedure was adapted and

applied to the current systems. This means that only a limited

number of evaluations are needed. A meta-model is then

constructed based on the initial evaluations and used to find

the optimal configurations, then evaluate the response for these

and use the results to improve the model. This is done until

a defined termination criterion is met, after which the most

optimal solution is identified. In the present study, the cost

of the system was used as the objective of the optimization

while only solutions fulfilling response requirements were

considered. The MATSuMoTo MATLAB toolbox [30] was

used to implement the optimization procedure. Running the

optimization procedure is currently being done.

Prior to running the optimization procedure, a cost database

was constructed based on the same parameters as used in

the initial cost evaluation. This is intended to allow for the

possibility of comparing cost prior to and after the project.

The effect on the LCOE will be evaluated in later work, in

which also the cost database will be presented together with

an evaluation of the optimization and the parameters that drive

the cost of the systems.

VII. DISCUSSION AND CONCLUSION

The present paper has described some of the outcomes

of the project ”Mooring Solutions for Large Wave Energy

Converters” and the work that was carried out during the

years that the project has lasted. The baseline of the project

was defined by an initial assessment of the current state of

the mooring design of four Danish WECs, finding that each

had applied different solutions, which gave variations in the

cost of the systems. In addition, the design procedures were

different, and all procedures lacked more work before the

mooring design could be considered final.

Different solutions were investigated, finding that cost re-

duction could potentially be found from applying synthetic

ropes instead of chains and by considering a SALM system.

Applying these systems were expected not only to reduce cost,

but also to improve reliability of the system since much more

compliance was introduced, which reduces the loads and helps

decrease the risk of failure.

Different methods for design of mooring were investigated,

which illustrated that the quasi-static method, which had been

used previously, had a potential to underestimate the line

tension. A full-dynamic tool was found and compared to

experimental data. The work showed that good agreement

could be accomplished, even without tuning the model to

experimental data. This method is then expected to be used

in full dynamic analysis of the mooring solution for each of

the investigated WECs, with the aim of reducing the cost.

An optimization process has been defined, and the work is

presently undergoing work and will be presented in later

papers.

The present study has mainly focused on the ULS as this

state often has the most dominant effect on the mooring system

cost. In order to ensure that the systems can be certified by a

certification company, future work should also include fatigue

limit state (with more sophisticated modelling of the PTO) and

put more focus on accidental limit state. With the results from

the upcoming optimization process, it will be possible to define

what parameters that mostly affect the cost of each solution

and thereby find the layout most suitable for each device

and deployment site. Before a final design, it is similarly

necessary to reduce any uncertainties by conducting additional

experimental work that verifies the results and allows for

further optimization of the numerical model. This, however,

is out of scope of this project and should be considered in

future projects.
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Abstract: The increasing desire for using renewable energy sources throughout the world has resulted1

in a considerable amount of research into and development of concepts for wave energy converters.2

By now, many different concepts exist, but still the wave energy sector is not at a stage that is3

considered commercial yet, primarily due to the relative high cost of energy. A considerable amount4

of the wave energy converters are floating structures, which consequently need mooring systems5

in order to ensure station keeping. Despite being a well-known concept, mooring in wave energy6

application has proven to be expensive and with a high rate of failures. Therefore, there is a need7

for further improvement, investigation into new concepts and sophistication of design procedures.8

This study uses four Danish wave energy converters, all considered as large floating structures, to9

investigate a methodology in order to find a cheap and reliable mooring solution for each device.10

The study uses a surrogate-based optimization routine in order to find a feasible solution in only a11

limited number of evaluations, and a constructed cost database for determination of mooring cost.12

Based on the outcome, the mooring parameters influencing the cost are identified and the optimum13

solution determined.14

Keywords: Mooring; Station Keeping; Wave Energy; Optimization; Meta-Model; Surrogate Model;15

Cost; Wave Energy Converters (WEC)16

1. Introduction17

The rising demand for sustainable and renewable energy in the world has led to an increasing18

research into and development of alternative energy resources. By now, energy from e.g. wind and19

solar is well developed and an active part of the energy mix in industrialised countries worldwide.20

Despite a comparatively large energy potential, one resource that still is not a part of the energy21

mix is wave energy. During the last decades, the amount of research in wave energy absorption22

has been significant, resulting in a considerable amount of concepts for new wave energy converter23

(WECs), with varying levels of development. Despite the effort, the wave energy sector is not yet at a24

commercial stage, and further improvement must take place before wave energy can contribute to the25

energy mix.26

[1–3] lists the levelized cost of energy (LCOE) for a range of energy resources, indicating the high27

price of wave energy compared to oil and gas (O&G) and even other renewable resources. As a result,28

there is an urgent demand to decrease the cost in order for wave energy to evolve from the current29

pre-commercial stage. According to [4,5], several parameters can be improved and take a considerable30

part in the cost reduction of wave energy. Despite different evaluations of the importance, station31

keeping moorings are listed as a driver towards lower cost, as it is estimated by [6,7] to compose32
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20-30% of the total structural cost of a WEC. In [8], the mooring is estimated to take up 8% of the33

CAPEX cost.34

In addition to the cost, by now mooring has also taken part in the failure of several WECs due to35

insufficient durability of the mooring system [7,9,10]. Consequently, a Danish research project entitled36

"Mooring Solutions for Large Wave Energy Converters" (MSLWEC) was initiated in 2014, which aimed37

at reducing cost of the system, improving the applied design procedure and increasing the durability38

of the systems. Figure 1 illustrates a diagram of the project work and presents how the previous tasks39

have provided the basis and experience for this paper.40

Assessment of initial state
of mooring design

[11]

Initial evaluation of potential
mooring solutions.

[12]

Investigation of design
procedures and tools

[13–15]

Optimization of mooring
solutions

Figure 1. Flow diagram of the previous and related work in the MSLWEC project.

The project took its point of departure in the Danish Wave energy sector and four WECs, all41

considered to be large floating structures with passive moorings, meaning that the mooring does not42

take active part in the energy conversion. The four WECs are the Floating Power Plant [16], KNSwing43

[17,18], LEANCON Wave Energy [19] and Wave Dragon [20], cf. Figure 2. In the early research, the44

initial layout and design procedures were investigated, cf. [11], and they highlighted a significant45

need for a more thorough and detailed design and investigation of the applied mooring systems. This46

conclusion was based on the fact that all environmental conditions were not fully included and, in47

most cases, a quasi-static approach was used. Finally, the project also concluded that there was a48

common tendency of applying traditions from the O&G sector in e.g. using heavy mooring chains49

for the system. The following task [12] evaluated the initially applied systems, identified the use50

of mooring chains as an inefficient solution and instead highlighted compliant, synthetic ropes as51

potentially cheap and useful solution and, furthermore, identified a single anchor leg mooring (SALM)52

system as a strong potential for WEC mooring. Other studied like e.g. [21,22] similarly identified53

synthetic ropes as an appealing solution.54

The following study [13] produced a large database of experimental data, used it to validate the55

initially considered quasi-static design approach, and it identified a clear underestimation of mooring56

loads in extreme seas. Consequently, there was a need for a full dynamic analysis as well as for further57

optimization of the initial mooring solutions since there was a clear possibility that these would not be58

capable of surviving in design storm conditions with extreme wind, wave and current.59

Many different software packages are available for mooring analysis and have the capability to60

analyse the motion response and tensions under environmental load exposure according to limit states61

defined in design standards as [23–26]. A number of tools were investigated in the project, cf. [14],62

and have also been listed in other publications like [27]. A selected software package was validated63

against the experimental data in order to gain knowledge on the applicability of the tools on initial64

design, and the software proved its ability to model line tensions with acceptable overestimation of65

the tension without major tuning of the numerical model.66

As presented in [13,27,28], the mooring characteristics are highly dependent on the site67

specification, mooring layout, materials etc. and the response is, therefore, highly affected by the68

choices. The mooring design procedure is iterative and it can be extremely time consuming to cover69

the full design space in order to find a solution that fulfils all defined requirements and, at the same70

time, provides a low cost. Based on the gained experience from the previous work on selecting tools,71

building hydrodynamic models and designing mooring, an optimization procedure must be utilized72

in order to find a cost-optimized solution, which introduces more reliable and fully designed solutions73

compared to the initial layout.74
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In several studies like e.g. [29–31], the energy absorption has been the objective of optimization75

with additional investigation of mooring line loads. The studies vary in the level of details, number76

of investigations of mooring configurations and applied methodology, but they generally focus on77

operational conditions and the aim of improving the energy absorption as much as possible. This type78

of mooring is consequently reactive or active, and the actual cost of the moorings is not the objective of79

the studies. Naturally, optimizing mooring loads might reduce the needed strength of e.g. lines and80

thereby reduce cost, but no actual cost investigation was done. Other optimization studies like e.g.81

[32] treat WEC farm layout in order to achieve the most feasible layouts for energy harvesting.82

A passive mooring does not take active part in the power take-off (PTO), and the cost is mostly83

determined by the extreme sea states during which survivability must be ensured. The present study84

focusses on the large floating WECs with passive moorings and uses an optimization procedure to85

reduce the mooring cost while securing that a reliable solution is found. The study continues the86

already presented work in the project "Mooring Solutions for Large Wave Energy Converters" and87

uses the four Danish WECs in Figure 2 as case studies.88

Figure 2. The four WECs considered in the mooring optimization assessment. From left to right:
Floating Power Plant, KNSwing, LEANCON Wave Energy and Wave Dragon.

The paper is structured with four sections including this introduction. Section 2 describes the89

applied method and the design variables for the four cases, while Section 3 presents the results from90

each case. In Section 4, the work is summarized and discussed.91

2. Method92

This section presents the methodology used for the optimization study and describes the four93

cases by means of environmental conditions, design limits and choice of optimization parameters.94

2.1. Mooring Cases95

The presented WECs are planned for deployment at different locations and have differences in96

their design requirement. Because of this, four cases are defined, one for each WEC and its mooring97

system which is designed and optimized for the relevant deployment site. In previous publications98

like [12], the potential of different mooring solutions were assessed, and based on this, three different99

mooring solutions are considered for the four WECs. These are illustrated in Fig. 3 and covers (a) a100

single anchor leg mooring (SALM) system with submerged buoys, a deformable tether and a nylon101

hawser; (b) a taut turret system with nylon lines; and (c) a single point mooring (SPM) system with102

nylon lines and hawser.103

All lines are composed of a chain part at the seabed connection, a synthetic line and a chain part104

at the fairlead. This is necessary for re-tensioning, to account for creep and to account for installation105
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tolerances. A 2 m long piece of chain is located at the seabed, while a chain length corresponding to 6%106

of the total line length is located at the WEC connection. Table 1 lists the system applied to each WEC.107
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Figure 3. General illustration of the mooring layouts considered in this study. (a) Is a SALM system
with illustration of the displaced layout. (b) Is a taut turret system. (c) Is a synthetic and taut SPM
system. The figure defines the footprint radius FPR, for each layout.

Table 1. Definition of design cases for each of the WECs in Fig. 2. The table list all considered
environmental conditions together with the defined restrains on surge and pitch. 7 denotes no limit.

Case 1 Case 2 Case 3 Case 4

WEC Floating Power Plant KNSwing LEANCON Wave Dragon

Mooring solutions Taut turret Taut turret SALM Taut SPM
Fig. 3b Fig. 3b Fig. 3a Fig. 3c

Water depth, h 30 m 40 m 25 m 25 m
Significant wave heigh, Hs 6.6 m 9.9 m 8.3 m 8.3 m

Peak wave period, Tp 9.3 s 11.4 s 10.5 s 10.5 s
Relative depth, h/Lp 0.14 0.12 0.1 0.1
Current velocity, vc 1.3 m/s 1.0 m/s 1.5 m/s 1.5 m/s
Wind velocity, vw 33.0 m/s 39.9 m/s 34.0 m/s 34.0 m/s

Surge design limit ± 29 m ± 44 m ± 30 m ± 27 m
Pitch design limit ± 15◦ 7 7 7

2.1.1. Environmental Conditions108

Each WEC is planned for deployment at a specific site either at the DanWEC test facility in109

Denmark, the Danish part of the North Sea, or at the Belgian Coast. Prior to the optimization, the110

environmental conditions for each site were assessed and the 100-year extreme conditions were111

specified and can be read from Table 1. It is assumed that all waves are long-crested (2D), irregular112

and distributed in a JONSWAP spectrum with a peak enhancement factor, γ = 3.3.113

The current is assumed steady over time, while the wind is modelled as a steady component and114

a time-varying gust component. The latter is described by an NPD wind spectrum according to [33].115

Both wind and current are assumed to be varying in the vertical direction and are modelled with a116

power law profile.117
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The wind speed defined in Table 1 corresponds to the 1-hour mean value in a height of 10 m,118

while the current velocity is at the still water level (SWL). All environmental loads are assumed to be119

aligned; hence, a full 2D problem is analysed.120

2.1.2. Design Criteria121

Different design standards are available and can be used in the design of mooring systems, e.g.122

[23–26]. These standards define the necessary requirements and ensure survivability in operational123

and extreme conditions by considering design in ultimate, fatigue and accidental limit state (ULS, FLS124

and ALS). For a passive mooring system, the mooring should not affect the PTO and [34] lists that ULS125

has the most dominant influence on the cost. The present study, therefore, only considers the ULS126

for which reason it is the 100-year extremes that are listed in Table 1. In several publications like e.g.127

[35,36], the safety levels defined by the design standards have been discussed. A relaxation of safety128

levels for WECs compared to O&G structures have been suggested, due to the lower consequence if129

a failure occurs. In [35], the safety levels for API-RP-2SK and DNV-OS-E301 are compared, and it is130

found that the API standard provides higher safety than the DNV. ISO and IEC provide similar safety131

factors as API. In other works like [37–40], the topic of reliability assessment of WECs is treated with132

detailed work on calibration of safety factors, estimation of extreme values and reliability assessment133

approaches.134

In order to follow the suggestion from [35] of using relaxed safety, the DNV-OS-E301 standard135

and the most relaxed consequence class (CC1) are used in the present analysis.136

The standard focuses primarily on ensuring sufficient strength of the mooring lines and anchors to137

withstand the induced tensions. According to DNV-OS-E301, the design tension is defined by equation138

(1):139

TC,meanγmean + TC,dynγdyn ≤ SC (1)

Where SC is the characteristic strength corresponding to 95% of the minimum breaking strength140

TMBS and γmean = 1.10 and γdyn = 1.5 are the safety factors for respectively the mean and dynamic141

part of the line tension. TC,mean is the mean tension, while TC,dyn is the dynamic part of the tension and142

is defined by equation (2):143

TC,dyn = TMPM − TC,mean (2)

Where TMPM is the most probable maximum with a 63% probability of exceedance when the144

extreme peaks tend to follow a Gumbel distribution. By applying the safety factors for the given145

consequence class, a target annual probability of failure of 10−4 is obtained.146

According to DNV [41], the anchor should be designed for the same design tension as the lines,147

while the characteristic anchor resistance provided by the manufacturer is reduced by a safety factor148

γm = 1.3.149

DNV-OS-E301 is only considering survivability in ULS and, hence, the excursion is not specified150

in the standard as a design criterion. However, the WECs are equipped with umbilicals, which puts a151

limit on the allowable excursion, because tensions in these must be prohibited [27]. The design of the152

umbilical is, therefore, often a part of the mooring design and a compromise between cost of umbilical153

and mooring. In the present study, the excursion limit in Case 3 was defined by the developer, while it154

was approximated for the remaining cases by assuming a lazy-S layout for the umbilical, cf. Figure155

4. By accounting for the minimum bending radius of a suitable cable, clearance between seabed and156

sea surface and for water level variations (high water level (HWL) and low water level (LWL)), it is157

possible to calculate a cable length and an allowable excursion. This limit is defined in Table 1 and158

illustrated in Figure 4. Naturally, this is only a pragmatic approach to obtain an estimation of the159

excursion limit, but in the final design, a more detailed investigation and design of the interaction160

between umbilical of WEC must be included in the mooring design.161
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The WEC in Case 1 is equipped with a wind turbine, which puts additional restraints on the162

motions. In operational conditions, the power production of the turbine must be considered, while it163

is merely vital to secure stability in the ULS. For the given turbine, a pitch limit of ±15◦ was defined164

by the developer, cf. Table 1.165

SWL

HWL

LWL

Starting pointMax excursion Min excursion

5% clearance

10% clearance

10% clearance

Min. bending 
radius

Figure 4. The considered umbilical configuration and definition of the allowable excursion.

2.1.3. Optimization Parameters166

Considering the layout of the mooring solutions in Fig. 3, several parameters can be varied for167

each solution and will change the characteristics of the system. Table 2 lists the optimization parameters168

for each case together with the maximum and minimum values considered for each parameter. As169

seen, the mooring and type of optimization parameters for Cases 1 and 2 are identical, while it varies170

for Cases 3 and 4.171

For all cases, the Bridon Superline Nylon [42] is considered with the range of diameters listed in172

the table. The lines are modelled with a non-linear stiffness curve and structural parameters according173

to [42].174

The definition of the footprint radius, FPR, is illustrated in Fig. 3, and varies significantly for175

each case. In Cases 1 and 4, the maximum FPR is chosen in order to ensure that there is no interaction176

between the WEC and the lines, cf. Figure 5. For Case 2, this problem is not present, and the upper177

value is chosen based on the length of the device. For Case 3, it is based on the umbilical.178

Figure 5. Illustration of the WEC in Case 1 and the necessary limit on FPR in order to avoid interaction
between line and structure.

The unstretched mooring line length is not considered as a direct optimization parameter, even179

though it is varied for each configuration. For the WECs in Cases 1, 2 and 4, a vertical pretension is180
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specified and fixed for all simulation and, therefore, the line length is varied dependent on the FPR181

and line stiffness in order to achieve this pretension. In Case 4, the vertical pretension is calculated182

to ensure vertical equilibrium between line tension and buoyancy of the surface buoy in calm sea.183

In Case 3, the line length is varied directly because of the FPR. In this case, the steel rods are not a184

part of the optimization, but are dimensioned based on the obtained design tension in the rods. The185

maximum dimensions of the buoys are decided based on the length of the tether. In Case 4, the value186

is based on investigation of the available buoys from commercial manufacturers.187

In Case 4, the hawser length is not varied since the zero-position of the buoy is fixed, and there188

is no pretension in the line. In early stages of the work, it was intended to use a nylon hawser, but a189

suitable solution was not found, and a rigid bar is used instead.190

The anchor type is determined prior to the optimization as drag embedded anchors with vertical191

strength for Cases 1, 2 and 4, while a gravity-based anchor is used for Case 3. The anchors are designed192

based on the achieved tensions in the lines at the anchor point and hence, the necessary anchor size is193

determined after each simulation is completed and is not an optimization parameter.194

Table 2. Definition of the considered optimization parameters for each case and the applied value
ranges. 7 denotes that the parameter is not considered.

Parameter Case 1 Case 2 Case 3 Case 4
Min. Max. Min. Max. Min. Max. Min. Max.

Mooring line diameter (mm) 40 192 40 192 7 7 40 192
No. of mooring lines (-) 4 10 4 10 7 7 4 10

Hawser line diameter (mm) 7 7 7 7 40 192 7 7

Footprint radius (m) 30 40 80 250 40 75 25 100
Buoy 1 diameter (m) 7 7 7 7 1.5 6.0 3.5 15.0
Buoy 2 diameter (m) 7 7 7 7 1.5 6.0 7 7

No. of optimization parameters 3 3 4 4

As seen from Table 2, the optimization considers between 4-10 lines in the layouts. In some195

applications, cf. e.g. [11], configurations with three lines are considered. In this study, however, this196

number is considered insufficient in order to increase durability and redundancy, which is considered a197

vital parameter for a mooring system [27]. This is mainly a problem in the ALS, but must be taken into198

account early in the process. Figure 6 presents the influence from the number of mooring lines on the199

static behaviour of a mooring. Considering the first graph, it is indicated that the horizontal mooring200

stiffness, as expected, increases with the number of lines. By having only three lines, it is possible to201

achieve around 40% of the stiffness with 10 lines. Considering the second graph, the advantage of202

having more than three lines is clear. The figure presents the relationship between intact stiffness and203

the stiffness when one line is broken. With only three lines, almost all stiffness is lost and even though204

two lines are remaining, the durability of the system can be expected to be much less. With 4-10 lines,205

60-80% of the stiffness remains after one line fails. By also considering the third graph, it is seen that206

the static position of the device at failure of a line is significantly worse when only having three lines.207

The displacement is approximately 55% larger than with 10 lines with one broken, while it decreases208

to 12% with 4 lines. The displacement is illustrated in Figure 6 with examples for 3 and 6 lines, where209

the displacement in the latter is almost negligible and hardly visible.210

A traditional SALM system does not provide the same amount of redundancy as only one line211

connects the buoy to the seabed. For the given system, the hawser is composed of four lines, meaning212

that there is some redundancy if one nylon line breaks. However, in general, the system is much more213

vulnerable to failure. As a result, DNV-OS-E301 requires an additional safety factor of 1.2 in tension.214

In a final design, it is necessary to ensure survivability in both ALS and ULS. As previously stated,215

this paper focusses on the ULS, but the above considerations and the fact that a solution with three216

lines has been discarded, account for a simple and coarse evaluation of the ALS.217
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n = 3 n = 6

Figure 6. Influence of mooring line number on intact horizontal stiffness, stiffness after failure of one
line and the static position of WEC after failure. The figure also illustrates two examples of the WEC
position after a line failure. The red line indicates the broken line.

2.2. Mooring Analysis Procedure218

There are different methods available for evaluation of the wave-WEC interaction, generally219

divided into experimental and numerical methods. Experiments provide highly reliable solutions,220

but are time-consuming, often expensive and it is difficult to include all environmental loads without221

introducing significant sources of errors, especially in small-scale tests. Sophisticated non-linear222

numerical models can be established through e.g. computational fluid dynamics (CFD) or smoothed223

particle hydrodynamics (SPH), but the computational demands for such calculations are immense,224

which is why the methods are not suitable for initial mooring design where many iterations are needed225

and the simulation time is long. Often, the boundary element method (BEM) is used, which assumes226

inviscid, irrotational fluids and uses linear potential flow theory with its assumption of small steepness227

waves and small amplitude structure motion. In the ULS, this theory is stressed significantly, due to228

the extreme wave condition and compliant mooring which allows large motions, but this work builds229

up on the experience gained in previous work [15] where the applicability was validated for initial230

design and analysis.231

In this study, the open-source BEM code NEMOH [43] is used, which provides the frequency232

dependent added mass, radiation damping, wave excitation and Kochin coefficients. As explained233

in [44], the latter can be used for calculation of the mean wave drift coefficients using the far-field234

formulation.235

The output of NEMOH is coupled to the commercial time domain mooring solver OrcaFlex [45],236

which utilizes Cummins equation to determine the coupled response of the WEC and mooring lines,237

by including all first and second order wave load contributions together with the wind and current238

loads. The output of the software package is a time series of line tension and WEC motions. The239

construction of the numerical model follows the procedure presented in [15].240
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Using linear theory on Case 4 is not without problems, as the device is an overtopping WEC241

where a safety system increases the draught in extreme seas to increase overtopping and decrease242

the loads. The BEM cannot directly account for overtopping, and by increasing the structure volume243

below the SWL the loads are actually increased. In later research, this problem will be addressed and244

an improved model will be used. At present, the model is used with this inaccuracy, which especially245

is causing a significant problem with second order drift. Consequently, this first optimization of Case 4246

has only been for 1st order wave loading, while both 1st and 2nd order effects are considered for the247

remaining cases.248

2.3. Cost Database249

For calculation of cost of each mooring system configuration, a database was constructed where250

the cost was calculated based on specification of the mooring components. The database included251

a high level of details and considered cost of both CAPEX and OPEX for a lifetime of 20 years.252

The database was based on the authors’ experience and knowledge from other marine projects,253

manufacturers and providers.254

The following subsection provides some of the assumptions behind the numbers, but it is not255

possible to list costs directly in this paper.256

2.3.1. CAPEX257

Planning, design, survey and engineering conforms a significant part of the mooring cost and was258

included as a fixed price based on the type of mooring system. The cost included assumption on259

the entire design process from determination of environmental conditions, site and seabed surveys260

(including vessel and labour), analysis and detailed engineering, together with estimation of cost for261

review and certification and planning of the installation. All cost was found based on assumption of262

the duration of each task and the expected day-rates. Final inspection and project management was263

also included.264

The manufacturing and procurement cost is primarily based on prices provided by manufacturers of265

the given components. For the nylon line, the cost is dependent on the MBS and includes the protective266

jackets, a chain part at the connection point between line and WEC and the cost of connections. The267

anchor cost is based on the type of anchor and necessary weight to ensure survivability and includes268

the chain at the anchor point.269

The cost of buoys and stainless steel rods is based on a fixed cost per unit weight and with270

estimation of cost for universal joint, top-swivels and connection hardware. The cost of fairleads with271

tensioners was included and dependent on the number of lines.272

Estimating the cost of a turret system is highly complicated and takes significant part in the overall273

cost. For the given cases where turrets are included, the cost is a fixed price based on experience from274

comparable applications.275

All component cost includes certification and delivery to a North European port.276

The installation and hook-up cost is mostly dependent on cost of the needed vessels and the amount277

of labour needed. For each type of mooring system, the types of vessels, cranes etc. were decided,278

and the current day-rate for these were collected. Generally, it was assumed that one line could be279

installed per day and a total of two days were needed for tensioning of all lines. For each vessel day,280

four person-days were needed. The installation cost included cost for preparation in the port and281

estimation of waiting time for a suitable weather window.282

The decommissioning cost was based on a dismantling cost corresponding to 110 % of the283

installation and hook-up, while material disposal was estimated to 1 % of the CAPEX. A fixed value284

for seabed clean-up was found and dependent on the type of mooring system, as some systems have285

more seabed interaction than others.286

The CAPEX is based on existing experience and current cost of vessels and labour. Naturally,287

this introduces some uncertainties in the calculations, particularly because presently, the cost rates are288
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at the lowest level in a number of years due to the decline in the oil industry. Similarly, installation289

cost etc. has been made with assumptions on waiting time, which is highly dependent on the site and290

season. For final cost evaluations, more specific input can be made to the cost database to decrease291

uncertainties, but presently it provides generic and realistic estimations on the cost.292

2.3.2. OPEX293

The OPEX cost is based on the lifetime of 20 years and includes insurance, inspection and294

maintenance. The insurance is estimated to 1%/year of the total CAPEX, while 4 vessel days and295

16 person-days are assumed for inspection and maintenance. This corresponds to checking and296

adjustment of tension after one month and after 1, 5 and 10 years. Replacements throughout the297

lifetime are assumed to correspond to 1.5% of the CAPEX based on experience.298

Similar to the CAPEX, the OPEX cost introduces some uncertainties mainly resulting from the fact299

that some level of novelty is seen in the concepts. This means that no historical evidence is available300

to support the reliability for a 20-year deployment. Additionally, the risk of external damage to the301

system is difficult to take into account in the cost evaluation. Finally, the insurance cost takes up a302

considerable part of the OPEX but in most industries, there is an increasing trend in this cost. Any303

type of failures due to mooring will expectedly lead to a significant increase in the insurance cost and304

at present, several years of deployment is needed to build a reliability record in the industry and more305

knowledge on OPEX cost.306

2.4. Optimization Procedure307

According to the problem defined in Section 1, the objective of the current work is to minimize308

the cost of the applied mooring system while securing that the found system satisfies the ULS. This309

results in the optimization problem in equation (3):310

min
x∈D

f (x) , (3)

where x is the variable vector, f (x) is the objective function and D is the design space, cf. Table 2.311

Since the cost and response are directly related to the combination of variables in the design space, a312

full simulation is required for each mooring configuration. The objective function, therefore, evaluates313

the cost of the mooring based on a dynamic simulation of the complete system under the extreme314

conditions. As the complete design space has a significant size, it is not feasible to evaluate the315

complete space to find the minimum solution and instead a methodology should be applied aiding316

in the search for minimums with only a limited number of function evaluations. For the objective317

function used in this study, no derivative information is available for identifying the minimum as no318

analytical description of the response surface can be constructed. Therefore, a derivative-free surrogate319

(also denoted meta-model) based optimization algorithm is used, which has the clear advantage of320

only requiring a relatively limited number of function evaluations compared to e.g. Evolutionary321

Algorithms [32]. In the surrogate-based optimization, the response surface is described by a surrogate322

model, constructed from the results of a limited number of function evaluation and used to identify the323

minimums. Several variations of derivative-free algorithms have been developed and presented in e.g.324

[46,47], and this paper utilizes the surrogate-based algorithm in the MATLAB Surrogate Model Toolbox325

(MATSuMoTo) [48], and the model will be further explained in later sections. Figure 7 illustrates the326

steps in the algorithm as defined in [29,48].327
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Figure 7. Flow-chart of the applied optimization procedure.

As illustrated in Figure 7, the procedure is initiated by evaluating the objective function in a328

number of tests (Steps 1-2) used to construct a surrogate model (Step 3). A new number of points are329

selected (Step 4), and the objective function is evaluated in these points (Step 5) and used to update the330

model (back in Step 2). This procedure is continued until a chosen termination criterion is met. The331

following sections will provide explanation of each step in the procedure.332

2.4.1. Initial Design of Experiments333

In order to make the surrogate model, it is essential to have initial knowledge of the design surface334

by conducting a number of simulations. In order to ensure that sufficient data is obtained and an335

efficient surrogate model can be constructed, the sampling points must be chosen to provide as much336

information on the response surface as possible. A design of experiments (DoE) strategy is initiated,337

which covers several different concepts [49,50]:338

• Latin hypercube339

• Corner340

• Latin square341

• Full Factorial342

• Fractional Factorial343

It is not possible to determine prior to the evaluation which strategy is the best choice, but according to344

[49] the Latin Hypercube is often suitable. The present study utilizes this method. A sufficient number345

of evaluations in the DoE must be chosen, and in the given study the numbers were based on the346

following equation (4):347

nDoE = 2(d + 1) (4)

where nDoE is the number of samples in the DoE and d is the number of optimization parameters348

[50].349

2.4.2. Surrogate Model350

In general terms, the surrogate model can be expressed by equation (5):351

f (x) = s(x) + ε(x) (5)

Where f (x) is the output of the objective function in point x, s(x) is the output from the surrogate352

model and ε(x) is the difference between them [48]. Many different types of surrogate models are353

available and presented in [46,51] and are generally being either interpolating (Radial basis functions354

(RBF) and Kriging) or non-interpolating (Polynomial regression models and multivariate adaptive355

regression splines (MARS)) [51].356
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Different surrogate models suit different problems, and it is not possible to determine beforehand357

which model to choose without testing each of them. Considering that the purpose of the optimization358

is to find an optimum in short time, testing each surrogate model to find the best is not feasible. In359

order to limit the influence of a bad surrogate model choice, model ensembles (or mixture models)360

can be used, which utilize weighted combinations of two or more models and emphasize the models361

that perform well (low error and high correlation coefficients) and restrict the influence from the poor362

models (large error and low correlation coefficients). The mixture models are represented as equation363

(6) and (7) [51]:364

smix(x) =
N

∑
r=1

wrsr(x), (6)

N

∑
r=1

wr = 1, (7)

where smix(x) is the output of the mixture model at point x, N is the number of surrogate365

models in the mix, sr is the output of the rth model and wr is the weight of it. MATSuMoTo uses366

the Dempster-Shafer theory to combine the models and takes advantage of correlation coefficients,367

maximum absolute error, median absolute deviation and root mean square error to calculate the weight368

wr for each model, based on the performed objective function evaluations in the procedure [52].369

Naturally, the number of surrogate models in the mix results in a larger number of models that370

need to be updated in each loop in the procedure and put higher demands to the computational effort.371

On the other hand, the chance of selecting a poor model is minimized, and a much better description372

of the response surface is obtained [51].373

Several studies like [46,51] have compared and investigated which models and model ensembles374

that perform best, and [51] found that the use of RBF, either alone or in combination with other models,375

generally provided a reliable solution. Consequently, this study uses a model ensemble of a cubic RBF376

and a MARS model.377

2.4.3. Sampling Technique378

Different methods can be considered for choosing the sampling points in each loop. In general,379

either a randomized sampling technique or the constructed response surface can be used. In this study,380

the randomized method is used.381

Within the randomized method, two different strategies can be used. A local search can be382

considered where the current optimum points are perturbed. This method is most suitable for383

problems where only a single minimum is present in the response surface, as the solver will tend384

to search towards one minimum and will not necessarily find more. The other strategy is a global385

search where the solver still perturbs the best points so far, but also selects a number of uniformly386

distributed points in the whole design space. As the optimization progresses, the perturbation is387

decreased in order to find the best solution. When MATSuMoTo is no longer improving the output388

over a consecutive number of trials, the algorithm will restart with a new DoE and construct a new389

model based on the new evaluations in order to aim the search in other areas of the design space [50].390

When selecting the best candidate points, two criteria are used: The distance and response surface391

criteria. The distance criterion is based on the distance to already evaluated points, while the response392

surface criterion is based on the value predicted by the surrogate model. A score is assigned each point393

as a weighted sum of these two. In order to select point close to the expected minimum, large weight394

is put on the response surface criterion, while large weight must be put on the distance criterion to395

select points in unexplored areas.396

The optimization can either be considered as an integer or mixed-integer problem dependent397

on the variables. The different problems affect the sampling strategy as presented in [48,53,54] and398
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for the mooring cost optimization, the definition of parameters are listed in Table 3. Most parameters399

are considered integer, such as line number, line diameters and footprint radius. Considering the400

installation process and allowable tolerances during installation, it is not relevant to consider the401

footprint radius as a continuous parameter. The buoys can be produced in custom sizes and are,402

therefore, continuous parameters in the optimization procedure.403

Table 3. Definition of integer or continuous parameters.

Parameter Integer Continuous

Mooring line diameter (mm) X 7

No. of mooring lines (-) X 7

Hawser line diameter (mm) X 7

Footprint radius (FPR) (m) X 7

Buoy 1 volume
(
m3) 7 X

Buoy 2 volume
(
m3) 7 X

2.4.4. Penalty Function404

Naturally, the cheapest mooring solution will be the one consisting of the smallest amount of405

materials, because cost for components, installation etc. will be small, but this solution might not fulfil406

the design requirements defined in Section 2.1.2. In order to ensure that the solver accounts for this407

and search for the cheapest solution that also fulfils the requirements, a cost penalty is applied to the408

inadequate solutions.409

Different types of penalty functions can be applied when the criteria are exceeded e.g. letting410

the cost be a fixed and high value or adding a fixed value to the actual cost. The first solution is not411

applicable as the result will provide a plateau on the response surface, and it will be more difficult for412

the solver to detect which solutions perform the best. The latter function will not provide a plateau,413

but will not be dependent on the performance of the system; hence, if the cheapest solution results in414

the largest exceedance of the requirements, it will still appear cheaper than a more expensive solution415

which performs better and is closer to satisfying the requirements. Consequently, the following penalty416

function is applied through the following equations (8) and (9):417

pi =
Xi − Xi,C

Xi,C
(8)

Penalty =
N

∑
i=1

pi · scale + Fp (9)

where pi is the penalty associated with the violation of one design criterion, N is the number of418

design criteria, Xi is the simulated motion or tension and Xi,C is the associated design criterion. The419

scale-factor is defined as a fixed value in e and ensures that the mooring solutions that perform worst420

have the largest prizes, so that MATSuMoTo will diverge from them. The Fp-factor is defined as a421

fixed penalty in e, which is used to ensure that none of the insufficient solutions are cheaper than the422

most expensive and adequate solution. The scale and Fp-factors must be determined beforehand by423

assessing the extreme cost difference between the possible solutions.424

2.4.5. Termination Criterion425

The optimization is finished when the solutions are converged, hence the minimum mooring cost426

is found. As stated in [48,51], MATSuMoTo is asymptotically complete, indicating that if an indefinite427

number of calculations are performed, the global minimum will be found with a probability of one.428

However, the termination criterion is listed as a maximum number of evaluations, after which the429

minimum cost is identified.430
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OrcaFlex is generally computational effective and can run more simulations simultaneously. It is431

possible to run a potential large number of simulation and 300 evaluations were selected.432

Considering Figure 8, the progress of the optimization for each of the cases is plotted. It is433

clearly observed how the optimization procedures manage to identify cheaper solutions until reaching434

a value where the solution converges. In the analysis of each case, the routine had one restart as435

mentioned previously, which means that the optimization is not based on one model constructed from436

300 evaluations, but two models with less evaluations. Often an approach is used where the routine is437

not restarted in order to check the convergence with a higher number of evaluations, but this has not438

been done in this research and it is not expected to affect the result. From the figure, it is concluded439

that even less evaluations would have been sufficient for identifying an optimum. For Case 4, it is seen440

how the solutions in the DoE already provided a solution close to the optimum, but still manages to441

make further improvement.442

Figure 8. Progress of the found objective function values for the four optimization cases. The function
values fi have been normalized according to the optimum value fopt.

3. Results443

This section presents the outcome of the optimization routine when using the method as described444

in the previous section. Each case is presented separately and followed by a common discussion in the445

next section.446

3.1. Case 1447

The mooring solution in Case 1 consists of a synthetic turret system, and based on the optimization,448

the optimal layout has parameters as listed in Table 4. The mooring cost has been normalized according449

to the total CAPEX and OPEX of the WEC.450

Table 4. Results of the optimization of the mooring system for Case 1.

Parameter Optimum Value

No. of mooring lines (-) 6
Mooring line diameter (mm) 192

Footprint radius (m) 40
Horizontal stiffness (kN/m) 954

Normalized mooring system cost
(

cmooring
ctotal

)
0.13

Figure 9(a) illustrates the evaluated points, with the optimum as a red marker. Figure 9(b) presents451

a contour plot for the cost of the mooring when normalized according to the total WEC cost. The452

figure presents systems with and without cost penalty, but the satisfying solutions are found in the453

normalized cost range 0.13-0.15. In this plot, it is possible to detect the influence from each parameter.454
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In the top right plot, the footprint radius is plotted against the number of lines. The line diameter is455

kept constant in this plot and corresponds to the optimum. It is clearly seen that the footprint radius456

only provides little influence on the cost, while approximately 15% cost reduction can be achieved by457

varying the number of lines. Naturally, a large number of lines increase the cost due to installation,458

the amount of anchors and line materials etc., but it also highly influences the mooring stiffness,459

corresponding motions and line tensions. Decreasing the line number from 6 to 4, decreases the460

mooring stiffness with 32% and results in larger excursions. The fewer lines also need to each take up461

a larger part of the load and the tension with four lines is 10% larger than with six lines, resulting in462

insufficient strength. Increasing the line number to 10 lines increases the stiffness with 63%, but the463

larger number of lines means that each line only takes 75% of the tension experienced in the system464

with six lines. This means that the anchor size can be decreased. The installation cost is primarily465

dependent on the number of lines and is, therefore, largest for the system with 10 lines (80% larger466

than the cost for four lines), but since the motion limit is exceeded with 4 lines, the cost penalty has467

been applied to the system, and the difference appears smaller in Figure 9. Clearly, the optimum value468

is found as a balance between finding the lowest number of lines, where low installation cost is present,469

and finding a high enough number of lines to ensure small tensions in the lines with a corresponding470

need for smaller anchors and certainty on the line strength.471

Considering the number of lines against the line diameter, it is clear that the most dominating472

parameter is the diameter. Having a small line results in a very compliant system which in many cases473

causes a violation of the surge limit, while the line also provides less and insufficient strength. It is474

necessary to use some of the largest considered diameters in order to find a suitable solution, and the475

cheapest is found by using the strongest lines and reduce the line number.476

In the final plot, this tendency is also observed as the footprint radius only provides minor477

importance while the line diameter is paramount to optimize. Considering all the graphs by Fig. 9, it478

is noticeably that a large part of the evaluation provides insufficient solutions and it would merely479

have been necessary to consider a few of the largest line diameters.480

(a) (b)

Figure 9. (a) Sample point from the optimization of Case 1. (b) Cost contour plot of the optimization of
Case 1. The mooring cost has been normalized according to the total WEC cost.
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3.2. Case 2481

As presented in Table 2, Case 2 considers an overall mooring design similar to the system in Case482

1. However, this structure is located in a larger water depth and has less restriction on surge and none483

in pitch, cf. Table 1. By also considering Table 2, it is observed that this case allows for a larger footprint484

radius, which provides a larger range to find an optimum solution. Table 5 presents the results from485

the optimization.486

Table 5. Results of the optimization of the mooring system for Case 2.

Parameter Optimum Value

No. of mooring lines (-) 6
Mooring line diameter (mm) 192

Footprint radius (m) 100
Horizontal stiffness (kN/m) 548

Normalized mooring system cost
(

cmooring
ctotal

)
0.17

Figure 10(a) presents the sample points. It is clearly indicated that the solver identified the need487

for large line diameters and aimed the search at these diameters. Similarly, it is indicated that smaller488

footprint radii were sufficient.489

(a) (b)

Figure 10. (a) Sample point from the optimization of Case 2. (b) Cost contour plot of the optimization
of Case 2. The mooring cost has been normalized according to the total WEC cost.

Figure 10(b) presents the cost contour for the problem where the working solutions are found in490

the normalized cost range 0.15-0.19. Similar to the previous case, one parameter (the optimum) is kept491

constant in each diagram, and the influence from the remaining can be identified.492

When considering the footprint radius against the number of lines, a similar tendency as in Case493

1 is observed. Variation in the number of lines provides a cost difference of approximately 20%. This494

difference is primarily caused by the influence on anchor and line loads. A large number of anchors495

might cause a high cost, but having too few lines causes large loads and insufficient strength. The cost496

is less independent of the footprint radius.497
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In the plot of line diameter against number of lines, the influence from the former is seen to be498

crucial for the cost. Decreasing the line diameter leads to a paramount cost increase, because of the499

penalty function, as the line strength tends to become insufficient or the compliance so large that the500

excursion limit is exceeded. The number of lines plays a less important role, but it is seen how too few501

lines cause a higher cost.502

In the final plot, the footprint radius and line diameter are presented with the number of lines503

kept constant. Similar conclusions can be made from this, which indicates that the main parameter is504

the line diameter. The footprint radius has a minor influence but by decreasing it, the line material is505

decreased and results in some minor cost reduction.506

3.3. Case 3507

Case 3 consists of a larger number of optimization parameters compared to the first two cases.508

Table 6 presents the result of the optimization.509

Table 6. Results of the optimization of the mooring system for Case 3.

Parameter Optimum Value

Hawser line diameter (mm) 176
Footprint radius (m) 50
Buoy 1 diameter (m) 3.7
Buoy 2 diameter (m) 6

Horizontal stiffness (kN/m) 46

Normalized mooring system cost
(

cmooring
ctotal

)
0.48

When considering Figure 11(a), it is obvious that the code identified the minimum and510

concentrated the evaluation around this point. In Figure 11(b), where the working range of the511

normalized cost is 0.48-0.52, it is apparent that a significant parameter for the cost is the line diameter.512

Similar to Cases 1 and 2, only the largest line diameters provide sufficient strength, but in this system513

a larger range of diameters are adequate. Considering the very low stiffness presented in Table 6, it514

will be expected to obtain smaller loads. In the top graph, the influence from the two buoys can be515

identified. Buoy 1, which is the bottom buoy, provides the lowest influence on the cost, while the top516

buoy provides most influence in the system and hence determines the cost. The best solution is found517

by having a large buoy at top, while the other can be relative small. The footprint radius (and thereby518

the hawser line length) is also providing an important influence on the system, as it highly determines519

the overall stiffness. Having a large radius provides large compliance and mainly causes problems520

with exceedance of the surge restraint. A small radius still ensures satisfaction of all requirement, but521

results in larger loads and, hence, need for a larger anchor. Compared to Cases 1 and 2, the mooring522

cost of this system is taking up a larger part of the total cost. This is partly because the device itself is523

cheaper, but also because the gravity type anchor in this system is expensive and other types should524

be investigated.525
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(a) (b)

Figure 11. (a) Sample point from the optimization of Case 2. (b) Cost contour plot of the optimization
of Case 3.

3.4. Case 4526

As described in Section 2.2, the hydrodynamic model of the WEC in Case 4 provides a significant527

inaccuracy, which also affects the optimization procedure. Table 7 presents the result for this case.528

Table 7. Results of the optimization of the mooring system for Case 4.

Parameter Optimum Value

No. of mooring lines (-) 10
Mooring line diameter (mm) 192

Footprint radius (m) 91
Buoy diameter (m) 3.5

Horizontal stiffness (kN/m) 373

Normalized mooring system cost
(

cmooring
ctotal

)
0.22

Due to the implications of using linear theory on an overtopping device, very large loads are seen529

and cause difficulty in finding an adequate solution. Consequently, the strongest line is chosen and530

with the highest number of lines. Figure 12 clearly identifies the problem of finding a solution since a531

significant part of the design space is giving a high cost due to the penalty function. The normalized532

cost of the working systems are in the range 0.22-0.24. The number of lines provides an influence as533

it helps distribute the loads into more lines and thereby secures sufficient strength in each and also534

lighter anchors. Similar, the footprint radius can be used for modifying the cost through its effect on535

the stiffness and load on anchors. Clearly, a large radius is desired as the longer lines introduce more536

compliance.537

The buoy size is also playing an import part in the system response and cost. By having a large538

buoy with high buoyancy, the stiffness of the system is primarily an effect of the line stiffness, while539

also a large pretension in obtained. A smaller buoy results in more vertical compliance and reduces the540

line tensions. The optimizer identifies a small buoy as the most feasible solution and instead requires541

strong lines and larger footprint radius. Table 12 shows that this system results in a much stiffer system542

than any of the others.543
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(a) (b)

Figure 12. (a) Sample point from the optimization of Case 4. (b) Cost contour plot of the optimization
of Case 4.

4. Discussion and Conclusions544

This paper used a surrogate-based optimization model to find the most suitable mooring545

configuration for four large floating WECs, considering design in the ULS and aiming to find the546

least costly solutions. Based on the presented environmental conditions and design constraints for547

each device, numerical models were constructed in the BEM code NEMOH and time domain model548

OrcaFlex. In connection, a database of costs was constructed and used to calculate the total lifetime549

cost for each solution.550

Based on the optimization routine, four working solutions were found. Even though it is not551

possible to detect from the normalized values in Fig. 9-12, it was found that the cost for Cases 1, 2 and 3552

approached comparable values despite some differences in the mooring layouts as Case 3 is equipped553

with a buoy and hawser, while Case 1 and 2 are turret systems. The cost for these two are becoming554

high due to the turret system, while Case 4 becomes expensive due to larger loads and more anchors.555

Case 3 provides a clear low value when compared to the other cases and can both be explained by556

the fact that the mooring layout is much different, but also by the fact that the WEC is extremely light557

compared to the other devices and with a much smaller draught, which induces smaller loads on the558

WEC. As the devices are different in layout, it is not possible to directly compare the cost between the559

cases. In [8], the cost of mooring for a single point absorber buoy is listed to take up 8% of the total560

CAPEX, which for the current four cases are in the range 8-25%. The larger structures, hence, results in561

relatively more expensive moorings due to increased loads.562

For all cases, the line diameter provided the largest impact on the cost of the mooring, as a563

relatively large line diameter was needed in the layouts in order to ensure sufficient strength to avoid564

line failure and to provide enough stiffness to avoid undesirably large motions. In the SALM system,565

some cost was saved by adjusting primarily the size of the top buoy as it highly influences the stiffness,566

cf. Fig. 13. When having a small buoy, the stiffness is low for small motions, but the risk increases of567

fully stretching the system where the stiffness curve becomes steep and large tensions can occur (also568

seen in Fig. 13). Similar, the footprint radius was important to restrain in order to avoid large motions.569

In addition to the line diameter, the SPM system was influenced by most parameters. In this case, very570

high loads were obtained due to the problems of using linear theory on the device, but it was shown571

how the number of lines and footprint radius could affect the stiffness and thereby loads and cost, cf.572

185



Version December 8, 2017 submitted to Energies 20 of 23

Figure 13. The influence on number of lines and buoy sizes on the mooring stiffness, tension and
excursion.

Fig. 13. The surface buoy provided a great impact on the cost as it is a paramount influencer on the573

stiffness. Having a large buoy provides a much stiffer system, and thereby introduces large line loads,574

also because much more pretension is in the lines due to higher buoyancy. The study showed that575

decreasing the size as much as possible provided the cheapest solution. Similar to the SALM system,576

the use of a small buoy in this solution increases the risk of fully stretching the system, with risk of577

high loads. In this case, however, it was still found more feasible to use a small buoy, cf. Fig. 13. For578

this particular case, there might be more cost savings, possibly by first improving the model to account579

for the energy dissipation by overtopping. Afterwards, it is highly relevant to consider a synthetic580

hawser as well. This will introduce additional compliance in the system, but needs to be balanced with581

the stiffness from the buoy. Having a large buoy implies that much tension will be put in the hawser582

and, in this case, a small buoy is expected.583

When considering Figure 9-12, it is clear that some of the optimum solutions are found in584

minimums on the response surface where the gradient is large. Even minor changes to the system585

layout in these areas can result in significant changes of the cost, meaning that the solution is very586

sensitive to input parameters and their uncertainties. In some applications, it would be reasonable587

to search for areas where also the gradient is low in order to find solutions where the cost estimate588

is more reliable. In addition, the study also showed that some parameters had a minor effect on the589

mooring cost. From a safety point of view, it would be beneficial e.g. to use more lines if the effect590

on cost is only minor in order to apply more redundancy and safety. These considerations are not591

included in the optimization routine, but a very strong benefit of the surrogate-based model is that592

information of the entire response surface is achieved and allows for additional and manual evaluation593

of the surface and potential use of other solution than the global minimum.594

The paper showed that it was possible to use a surrogate-based optimization routine to determine595

an optimum mooring solution with only a limited number of evaluations. The total computational596

time for each case was in the range of 25-30 hours, which is reasonably low for a design process.597

For each case, a solution fulfilling all specified design criteria and ensuring survivability was found,598

and the parameters affecting the mooring cost for each layout were identified. In future studies, it599

would be natural to improve the hydrodynamic models further and investigate its further potential600

cost reduction. This study only considered a surrogate-based optimization procedure with a limited601

number of models, while many other exist, both surrogate models and other types of optimization602

routines. The advantage of the present method is considerable where only a limited number of function603

evaluations are needed and can be used for this type of problem.604
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ABSTRACT
Mooring of offshore structures is a well-known concept in

the naval and offshore Oil & Gas sectors, but has been proven
to cause complications and be infeasible in the newer wave and
wind energy sectors when applying the traditional solutions and
experience. Early-stage wave energy concepts are often planned
for deployment in shallow to intermediate water depths, where
the traditional catenary systems are insufficient, and have expe-
rienced several failures due to large line loads. As a result, con-
siderable amount of line and anchor material is often required
and causes undesirably high mooring cost. A need for applying
more novel systems and materials is present in order to increase
durability and decrease the cost. This study focusses on three
different mooring systems, which have been considered in ear-
lier studies and makes direct comparison between the lifetime
cost using existing cost databases and design procedures stated
in design standards from certification companies. All systems are
primarily composed of synthetic lines, and are designed using
validated numerical models together with a surrogate based op-
timization routine. Furthermore, the study investigates the sensi-
tivity on line tensions from varying environmental loads in order
to quantify the sensibility and the importance of pre-assessment
of the conditions at the expected deployment site.

INTRODUCTION
In the efforts of limiting the use of fossil fuels on a global

scale, more renewable technologies needs to be implemented in
the energy production. Moreover, a key factor is having multiple
renewable energy sources in the energy mix [1]. This is a con-
sequence of both the temporal availability of most renewables,

∗Address all correspondence to this author.

and because no single source is yet at a level where it can single-
handedly provide full energy grid saturation.

While some of the land-based energy systems such as solar
and onshore wind turbines are well established and have exten-
sive track-records for deployment, this is not to the same extent
true for offshore technologies. Shallow water bottom-fixed wind
turbines are in many ways a mature industry with 1,567 MW in-
stalled capacity in Europe in 2016 alone [2]. To further expand
the renewable contribution from the offshore sector, less mature
technologies like floating wind turbines and wave energy con-
verters (WECs) have a significant potential.

Floating offshore structures are a well-known concept from
the offshore oil and gas (O&G) industry. While many floating
renewable systems try to adopt the mooring technologies devel-
oped in the aforementioned industry [3], the lower gross margin
tend to be prohibitive to this approach. Instead, a leaner and more
cost-effective mooring design is required as a part of ensuring a
lower levelized cost of energy (LCOE) from these systems [4,5].

For wave energy this quest have until now seen some unfor-
tunate events where floating pilot projects have stranded due to
mooring system failure. As a consequence the Danish Energy
Technology Development and Demonstration Program (EUDP)
funded the project Mooring Solutions for Large Wave Energy
Converters (MSLWEC) in 2014 [6]. The MSLWEC project was
aimed at comparing the mooring system concept from several
different wave energy developers, and supplying a more detailed
and uniform procedure for mooring system design.

In the MSLWEC project, the mooring systems have been
compared from both a response and cost perspective, but always
associated to the WEC characteristics supplied by the devel-
oper. These characteristics vary widely in both weight, structural
shape, size, hydrodynamic performance and means of energy ab-
sorption. Hence, no isolated comparison of the mooring layout
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FIGURE 1. a) Single anchor leg mooring (SALM), b) single point mooring (SPM), c) turret mooring

has been performed. The present paper aims at carrying out this
parametrized comparison. Three of the mooring concepts from
the wave energy developers, all serving as station keeping for a
barge structure with no relation to any given WEC concept, will
be compared. The three chosen mooring layouts can be seen in
Fig. 1. The chosen systems consist of the following: a single
anchor leg mooring (SALM), a single point mooring (SPM) and
a turret mooring. In all systems, the lines are composed of syn-
thetic, nylon material.

The system comparison of the different mooring systems
will be done after each system has been topologically optimized
from a cost perspective, and hence a system cost comparison
will be presented. To quantify the station-keeping performance
of each layout, a frequency domain system response analysis is
presented by means of response amplitude operators (RAOs).
When assessing the different mooring configurations resilience
to changes in the estimated environmental conditions, a paramet-
ric variation study is carried out, and the most influential con-
tributers to additional systems loads are presented.

METHOD
The cost comparison and sensitivity analysis is taking its ba-

sis in a general structure without relation to any specific WEC, cf.
Fig. 1. A barge geometry is considered with overall dimensions
that are, nevertheless, determined in order to obtain some resem-
blance with large floating WECs, ensuring a displaced volume in
the range of volumes of the WECs in the MSLWEC project. The
structural dimensions are listed in Tab. 1 and the same structure
and size is applied to all the mooring systems.

Similarly, the environmental conditions are chosen by con-
sidering the site assessment for the WECs, cf. Tab. 1. From this
assessment, it was found that the environmental parameters could

vary with up to ±15%. Consequently, this range will be used to
investigate the sensitivity on the mooring system behaviour.

The overall procedure used in the paper is listed below.

1. Determine wave-structure interaction.
2. Optimize each mooring layout, with respect to lowest cost,

while also securing survivability.
3. Compare cost for the solutions found.
4. Test the sensitivity of each of the optimum mooring layouts.

Analysis of the Moored Structure
In many applications, numerical modelling procedures are

applied for assessment of structure response due to a high effi-
ciency, easy automation and ability to change parameters. Nu-
merical models of the wave-structure interaction range from
high-order methods like Computational Fluid Dynamics (CFD)
or Smooth Particle Hydrodynamics (SPH) to simple and more
time-efficient models like Boundary Element Model (BEM) or
Morison’s Equation. The present study applies a hybrid model
which combines the diffraction and radiation loads from the
BEM with the drag-contribution from the Morison’s Equation,
following the validated procedure in [7, 8]. The open-source
code NEMOH [9] is utilized for calculation of the frequency-
dependent hydrodynamic coefficients, while the commercial
software package OrcaFlex [10] is used to simulate the cou-
pled response of the structure and mooring. The software solves
the Cummin’s Equation [11], and includes all environmental im-
pact from wind and current together with 1st and 2nd order wave
loads [10, 12]. The output of the OrcaFlex model is a timeseries
of motions and mooring line tensions.

In order to ensure survivability, design standards like DNV-
OS-E301 [13], API-RP-2SK [14] and ISO 19901-7:2013 [15] re-
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TABLE 1. DEFINITION OF STRUCTURAL AND ENVIRON-
MENTAL PARAMETERS FOR THE BASIS CASE.

Parameter Value

Width 45 m

Length 65 m

Draught 5 m

Height above SWL 5 m

Mass 15.0 ·106 kg

Significant Wave Height, Hs 8.3 m

Peak wave period, Tp 12.9 s

Spectrum JONSWAP

Gamma 3.3

Wind velocity, vw 35 m/s

Current velocity, vc 1.3 m/s

quires validation of the mooring in the ultimate limit state (ULS)
by consideration of 100-year extreme environmental loads to-
gether with application of safety factors. The present analysis
considers the requirement in DNV-OS-E301, following the con-
siderations in [16]. The requirement to mooring line strength is
given in Eq. (1).

TC,meanγmean +TC,dynγdyn ≤ SC (1)
TC,dyn = TMPM−TC,mean (2)

where TC,mean, TC,dyn and TMPM are respectively the dynamic,
mean and most probable maximum tension. γmean and γdyn are
the partial safety factors for mean and dynamic tension, while
SC is the design breaking strength corresponding to 95% of the
maximum breaking strength.

There are no strict requirements for excursion defined in de-
sign standards and it must be chosen based on site restrictions
and according to umbilical.

Optimization of Mooring Layouts
The layouts in Fig. 1 each have several parameters that can

be varied and that highly affect the performance and response of
the system. Table 2 lists the parameters which are considered
as variables for each of the mooring layouts. The same type of
mooring line, Bridon Superline Nylon [17], is considered for all
cases using the structural parameters, including mass and non-

linear stiffness, as stated by the line manufacturer [17]. The
present optimization problem is given in Eq. (3)

min
xxx∈D

f (xxx) , (3)

Where f (xxx) is the objective function calculating the cost of the
mooring, D is the design space (optimization parameters) and xxx
is the variable vector.

The objective function in the present case provides the cost
of the mooring system and hence, is a coupled function of
NEMOH, OrcaFlex and a cost database. For each point xxx a time
series is simulated, the tensions calculated and used to design
parameters such as anchors. The overall layout of the system
is imported into a cost database, which calculates the overall
CAPEX and OPEX cost for a full lifetime of 20 years. The
CAPEX cost includes all cost from engineering, components,
installation and decommissioning, while OPEX covers mainte-
nance, replacements, insurance and inspection. A more detailed
description of the database can be found in [16].

In order to avoid calculating every single configuration in
the design space, an optimization procedure is applied. Several
approaches exist [18] such as surrogate-based routines, which
has the clear advantage that only a limited number of evaluations
are needed and still, information on the entire response surface
is obtained. This methods is considered in this paper, following
the procedure in [16].

The optimization routine is based on the MATSuMoto tool-
box [19], which follows a routine defined as:

TABLE 2. DEFINITION OF THE OPTIMZATION PARAMETERS
FOR EACH MOORING CONFIGURATION IN FIG. 1.

Mooring system Optimization parameters

SALM

Buoy dimensions

Hawser line length

Hawser line diameter

SPM

Line length

Line diameter

Buoy dimensions

Number of lines

Turret

Line length

Line dimensions

Number of lines

3
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1. Initial design of experiment (DoE).
2. Objective function evaluation in points of DoE.
3. Construction/updating surrogate model.
4. Sampling of new evaluation points.
5. Objective function evaluation in selected points.

In step 1-2 a number of layouts are chosen and the objective func-
tion evaluated in these points. The results are used to construct a
model which approximates the objective function (Step 3). This
is a clear advantage, as the routine now search for solutions in
the area where optimum values are expected (Step 4). This pro-
cedure is continued until the found minimum value converges
and the global minimum can be extracted.

When simulating the response in a given sea state, the line
strength might be exceeded. In such cases a cost penalty is added
to the objective function value in order to prevent the optimizer
from searching for solutions in that area.

Sensitivity Assessment
The outcome of the optimization routine is the cheapest pos-

sible mooring layout within the specified ranges of the parame-
ters. This solution does not account for sensitivity to uncertainty
on input parameters. The most optimum solution will in great
extent be the solution which requires the least material as it de-
creases the procurement, installation, decommissioning etc. The
solution will, therefore, often be for a case where the full strength
of the lines and anchors are used. This puts high requirement on
the accuracy of the specified environmental conditions as even
minor changes can potentially increase the tensions enough for
failure to occur. In order to assess this topic, the sensitivity anal-
ysis evaluates the influence on TMPM from changes in the envi-
ronmental conditions. This implies that the optimum solution
for each of the mooring systems is simulated with variation in
the environmental conditions.

Since an optimized solution is found, it is possible to make
a direct comparison between the cost of each, highlighting the
most important parameters and identify advantages and draw-
backs from each solution.

All cost and tensions are presented as normalized values in
the paper. Because the geometry is a general shape, it is merely
the relation between the values that are of importance.

RESULTS AND DISCUSSION
The results of the optimization routine for each mooring sys-

tem is presented in Table 3, and presents the optimum number of
lines, line diameters and lengths together with the buoy dimen-
sions.

Each of the systems is ensured survivability according to
DNV-OS-E301 and the environmental conditions presented in
Tab. 1.

Each system induces a different response by providing vary-
ing stiffness in the degrees of freedom (DoFs). Fig. 2 presents
the motions response amplitude operators (RAOs) in the surge,
heave and pitch DoF and illustrates insignificant differences in
heave and pitch. This is due to the relatively large hydrostatic
stiffness of the structure compared to the mooring stiffness. The
most visible difference is seen for the surge DoF. As presented
in Fig. 3, the mooring stiffness in surge is in the same range for
both the SALM and SPM system, while it is significantly larger
for the turret system. This results in a higher peak frequency
in the RAOs as seen in Fig. 2. Fig. 3 additionally illustrates
how the larger stiffness in the turret results in a tension that is
approximately four times larger than in the SALM system. Con-
sequently, the turret system requires the largest line diameters
and highest number of lines, cf. Tab. 3.

Considering Fig. 4, the cost of the SPM system is signifi-
cantly lower than the cost of the other configurations. There are
only minor differences in the engineering cost which covers pa-
rameters like site assessment, surveys, analysis, engineering, re-
view and planning. The cost is based on the known day-rates and
estimations on needed time. The engineering cost for the SPM
and SALM systems is estimated to be similar, while the turret
system cost becomes higher due to the complexity of designing
the turret bearing.

The component cost forms the largest difference between the

TABLE 3. OPTIMIZED MOORING LAYOUT FOUND FROM THE
OPTIMIZATION ROUTINE.

SALM

Hawser line length 4×40.8 m

Hawser line diameter Ø160 mm

Buoy 1 volume 113 m3

Buoy 2 volume 59 m3

SPM

Number of lines 4

Unstretched line length 4×140 m

Line diameter Ø128 mm

Buoy volume 16.8 m3

Turret

Number of lines 6

Unstretched line length 6×98 m

Line diameter Ø192 mm

4

Paper H.

196



FIGURE 2. Motions RAOs for the three mooring systems.

SPM system and the SALM and turret system as depicted in Fig.
4. Fig. 5 compares the cost between the different components in
each system. The actual mooring line costs lead to only a small
difference between the systems, while a paramount difference is
seen in the anchor cost. The SALM system has only a single
anchor point which needs to provide a significant vertical gravity
based strength. This results in a substantial cost compared to the
other systems. Considering Tab. 3 and Fig. 3, it is observed that
the turret system has a larger number of lines and experiences
larger line tensions. Consequently, the anchor and line cost is
increased due to a larger amount of material, which, furthermore,

FIGURE 3. Comparison of tension, TMPM , and horizontal stiffness,
Kmoor for the three mooring systems.

FIGURE 4. Normalized cost of the three mooring systems. The cost
is normalized according to the cost of the cheapest system.

also increases the installation cost.
The OPEX cost includes insurance as a percentage of the

CAPEX, together with planned inspection and maintenance.
These covers four inspections and re-tensioning of the lines over
the project lifetime. The insurance and replacements are esti-
mated based on the CAPEX cost. As a result, the inspection
becomes identical for the three systems, while the SPM system
becomes cheaper for maintenance and insurance. Despite using
a relatively detailed and current cost database, the comparison is
influences by some uncertainty. Topics such as handling of um-
bilical, which is treated differently in each system, is not consid-
ered yet and might influence the cost significantly. Similar, the
gravity based anchor in the SALM system appears unrealistic in

5
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FIGURE 5. Normalized cost of the components used in the three
mooring systems. The cost is normalized according to the cost of the
cheapest system.

these conditions and other solutions like e.g. pile or suction an-
chors should be considered. Future research, which treats these
topics more detailed, should make a more indicative comparison
possible.

Sensitivity Analysis
The results of the sensitivity analysis are presented in

Fig. 6-8.
Fig. 6 presents the variation in mooring line tension for vari-

ation in the significant wave height. As it is expected, an in-
creased wave height results in increased tension and vice versa.
The turret and SPM system tend to follow the same tendency and
experience tension of± 45% from changes in the wave height of
15%. The SALM system appears more sensitive to the variation
and provides changes in the tension of −53% to +86%. This
is caused by the fact that larger wave heights result in a fully
stretched system and a corresponding steep stiffness curve.

The sensitivity to changes in wave period as presented in
Fig. 7 is not as intuitive as for the wave height. The tendency
for the SALM and SPM is similar, with a maximum value at the
basis case. The tension in the turret system increases with in-
creasing wave period. The figure clearly illustrates the necessity
to investigate a band of wave frequencies when designing the
system, due to the unintuitive influence on tension, which in this
case results in variations of up to 20%.

The water depth variations in Fig. 8 present a significant dif-
ference between the turret configuration and the other systems.
The mooring lines in the turret system are connected directly
to the structure, making it significantly more sensitive to water
level variations. By increasing the depth by 15%, an increase
of 21% in the tension is obtained. The SALM and SPM are al-

FIGURE 6. Plot of the mooring systems sensitivity to varying signif-
icant wave height Hs. The values are normalized according to the basis
case in Tab. 1.

FIGURE 7. Plot of the mooring systems sensitivity to varying peak
wave period Tp. The values are normalized according to the basis case
in Tab. 1.

most unaffected by water level increase. On the other hand, a
decrease in water level results in a decrease in tension of 10%
for the turret system, significantly influences by the decrease of
pretension, while the SPM and SALM system experiences an
increase of only 5%. Since many early stage WECs are planned
for deployment near-shore, this parameter becomes paramount to
consider, as relatively large changes in water level can occur due
to tides. Turret systems need careful consideration if deployed at
sites with large water level variations.

6
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FIGURE 8. Plot of the mooring systems sensitivity to varying water
depth h. The values are normalized according to the basis case in Tab.
1.

A series of tests were also conducted with varying current
and wind speeds. The wind, as could be expected, did not cause
any significant changes in the tensions (±6%), while the cur-
rent had a larger influence with tension changes of ±10%. The
SALM system was most sensitive to these changes.

CONCLUSION
This study has used a barge structure as case study for com-

paring three different mooring configurations: SALM, SPM and
Turret. A numerical model has been constructed, using the BEM
code NEMOH and the time-domain solver OrcaFlex with inclu-
sion of drag elements. Each system layout has been cost opti-
mized by means of a surrogate-based optimization routine mak-
ing sure to design the mooring components for the most probable
maximum tension.

All the systems have similar performances in heave and
pitch since these degrees of freedom are dominated by the hydro-
static parameters of the connected barge structure. Of the three
systems the SALM and SPM have comparable surge stiffnesses.
On the contrary the turret system has a significantly higher lateral
stiffness of over a factor of 10. This is highlighted in the RAOs
for each mooring configuration. The turret system also experi-
ences the highest mooring tensions by almost a factor 4. This
can be explained by both the thinner lines and the very fixed na-
ture of such a layout.

A high mooring tension is not a suitable parameter to use
when assessing system performance, since all have been de-
signed to survive in the same conditions. Instead, the cost of
each system is used. When summing up all the CAPEX and
OPEX costs, it is clear that the SPM system has significant up-
side since the SALM and turret system are 58% and 76% more

expensive respectively. The critical difference between the total
costs of the systems is found in the cost of components, where
the SALM and turret are more than 6 times as expensive as the
SPM. For the SALM system, the biggest expenditure is by far
the cost of anchors. This is intuitively also a focus point of such
a system, since all station-keeping is supplied by a single anchor
point, and this point also being exposed to significant vertical
forces. For the turret system the biggest cost driver is the turret
itself. Despite detailed cost data, several parameters are not yet
included and might influence the overall cost from each system.
Gaining experience and knowledge in this topic, forms a critical
point for development of mooring solutions.

Since all three systems have been optimized to utilize their
components as much as possible, it is of interest to highlight how
sensitive these solutions are to changes in design conditions. De-
sign conditions have been varied by ±15% to show the corre-
lation between the environmental conditions and mooring ten-
sions. For the wave height, a high dependency was found, as
expected. While the SPM and turret systems both experience
around 45% increased tensions at 15% increased wave height,
the SALM configuration was almost twice that, at approximately
90% increased line tension. For changes in the wave period, the
impact was less severe. For longer period waves the SALM and
SPM configurations experience lower line tensions while the tur-
ret system saw an increase of around 20%. This opposite be-
haviour by the systems can be explained by to the difference in
surge natural frequencies. For changes of water depth, negligi-
ble influence was seen for the SALM and SPM systems. For
the turret system, increased tensions of almost 20% was found.
Again, the taut and fairly rigid layout of such a system makes it
susceptible to changes to the environmental conditions. Changes
to wind and current velocities did not significantly influence the
three systems, compared to the other parameter presented.

This paper has shown a comparison between three mooring
configurations currently being applied by developers. While each
system is able to support the chosen fictive barge structure, their
costs differ widely. It is seen that the SPM configuration stands
out as a significantly cheaper alternative. Of course, these opti-
mizations should be carried out for the actual device proposed
by the developer to include the correct system properties and
also capture the coupling between structure and mooring. It is
also seen that the systems have different sensitivities to design
conditions. This should be pro-actively addressed under the site
explorations.
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The desire for utilizing the sea waves as an energy source has a long history, 
but the wave energy sector did not experience concentrated focus until the 
seventies. With today’s growing world population and living standard, and 
the resulting increase in energy consumption, the need for production of re-
newable energy, such as wave energy, is more important than ever. Despite 
the relatively long development history and a significant untapped wave en-
ergy potential, none of the patented concepts have yet reached a commercial 
level that allows for feasible deployment and energy production. In this mat-
ter, mooring of wave energy converters forms an important topic, as it has not 
yet been optimized to the wave energy sector, and has given rise to an unde-
sirably high cost and several strandings of devices due to mooring failures. 
 
This thesis investigates mooring solutions for large wave energy converters 
by taking its basis in existing solutions for a number of devices. The work 
develops from the initial starting point and uses it to discuss and explore 
different system layouts and materials in order to find promising solutions. 
Different design approaches are assessed and compared through validation 
against physical tests to improve the mooring safety and reliability. Finally, 
an optimization routine is applied in the design process in the search for cost 
optimized and durable solutions.
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