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ABSTRACT

The paper compares electricity production between the semi-submersible and the
spar-buoy floating wind turbine systems under normal, stochastic and extreme wind
conditions at Utsira Nord site located on the Norwegian continental shelf in the North
Sea. The analysis of complex behavior of the floating wind turbine system and the fluid-

structure interaction is performed in aero-servo-hydro-elastic code ASHES.

The results indicate a slightly better energy performance of the semi-submersible
than the spar in all load cases but one. The pitch and heave degrees of freedom are
evaluated as the most relevant for the power output. It is shown that pitch and heave
platform motions have smaller displacement in the semi-submersible floater than in the
spar under average environmental conditions and at the rated wind speed operating
range. The simulation also confirmed that the energy vyield is very sensitive to the
magnitude of the loads: the spar performed best under mild environmental conditions,
while the semi-submersible was better under medium environmental conditions. Small
difference in energy yield is attributed to the same baseline blade and external controller
properties used for both floaters where generator torque was kept constant to limit the

power excursions above the rated power.

The method proposed under this paper has demonstrated that a good
approximation of the energy performance of the floating wind turbine system can be

performed in a fast and effective manner.

Key words: floating offshore wind turbine, semi-submersible, spar-buoy, six degrees of

freedom, platform-rotor interaction, ASHES
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Chapter 1

Introduction

1.1 Motivation and objective of the research

From the perspective of the wind industry, the floating offshore wind in deep waters
represents a major unlocked potential for the future electricity supply. European Wind
Energy Agency (EWEA) has identified already in 2013 that there were approximately
4000 GW of the floating wind potential in the European Seas in deep waters (=60 m), the
majority of which is located in the North Sea (Wind Europe, 2017). But before a full
scale commercialization is possible, there should be an advanced understanding of the
technology performance based on accurate energy predictions. The present research aims
to provide a practical insight into a modeling approach for comparison of energy output
of floaters in the initial phase of a floating offshore wind farm development.

1.2 Research question

Which type of the floating offshore concept, spar or semi-submersible, has a superior
performance in terms of energy yield under steady, stochastic and extreme wind

conditions on the Norwegian continental shelf in the North Sea?

1.3 Hypothesis
Due to smaller platform motion of the semi-submersible floater in heave and pitch
modes, there is less impact on the hub displacements which gives better electricity

output as compared to the spar-buoy floater.



1.4  Methodology

Under the limited scope of the current work, it was decided to use a novel aero-hydro-
elastic code with improved visualization effects called “ASHES” to model and simulate
6 load cases for both types of floaters. This method represents modeling compromise
because floating wind turbine analysis usually requires combination of two or more
codes to model its complex system features. However, we believe that the most
prominent aspects are being addressed and that the resulting estimate of power is a good

indication of what happens in reality.
1.5 Limitations

This paper will not provide in-depth analysis of the coupled fluid-structure interaction of
the floating wind turbines, because ASHES cannot simultaneously capture full
aerodynamic effects of unsteady flow around the rotor. Another limiting factor is that
only one turbine can be simulated at the time, which excludes analysis of entire wind
park and the associated wake effects from turbines placed in array. Only spar and semi-
submersible floaters will be evaluated because the last version of ASHES (3.3.1) used in
this research did not support modeling of tension leg platform floater. The current
analysis will focus on the impact of platform motion on nacelle and will not investigate
the influence of rotor control mechanism on platform motion which may constitute a

separate analysis.
1.6 Outline of the paper

After a brief overview of the thesis structure in the current chapter, the chapter 2 will
present literature review on the floating turbine technology, its design and main
modeling challenges. Chapter 3 will outline a methodology approach used in modeling
different components of the floating wind turbines and introduce load cases. Chapter 4
will present a case study, describe how the methodology will be applied and define input
data. The main findings will be discussed in chapter 5, while chapter 6 will summarize

conclusions and give recommendations for further research.



Chapter 2

Review of FOWT design challenges

This chapter will present literature review of the most prominent issues concerning
development of the floating wind turbine technology, including the environmental and

load conditions, design issues and modeling techniques.

2.1 Why investing in floating offshore wind technology?

The energy demand will undoubtedly increase in the future due to population growth,
economic and trade integrations, improvement of life standard and technological
advancements. In order to meet this demand in a sustainable manner, European
Commission has set out an ambitious agenda in its Energy Roadmap 2050 to decrease
the greenhouse gas emissions by 80-95% below 1990-level by 2050. Among other
measures, the Roadmap called for a transition to the low carbon economy by deploying
high level of renewable energy sources (RES), targeting gross final energy consumption
of 75% and electricity consumption 97% from RES by 2050 (European Commission,
2011). Such a High RES Scenario should be realized by increased use of hydro, wind,

solar, biomass, wave and geothermal resources. In particular, wind is expected to be the

1 The Energy Roadmap 2050 is part of EU energy acquis and as such it is a binding legislation for the EU
member states. The Roadmap provides guidance to individual energy policies of other European countries
which are not part of the EU, but are either joining EU (accession countries) or are members of the
European Economic Area. In this context, the Energy Roadmap sets out a general policy framework for
de-carbonization strategy across entire European continent.



primary renewable source for generating electricity in Europe in 2050 and more
specifically, the offshore wind resources in North and Atlantic Seas (European

Commission, 2011).

The share of wind power installation has risen significantly since 2005 in EU: from 40.7
GW in 2005 to 168.7 GW of cumulative installed capacity for onshore and offshore
wind in 2017. In the same year, the wind power was the fastest growing source of newly
installed power generating capacity in Europe, being a champion among RES and
supplying 11.7% of the European electricity demand (Wind Europe, 2017). In the recent
years, the onshore wind installation in Europe is slowly approaching a saturation point
moving to the offshore sites where wind farms are installed with the bottom-fixed
technology. This is mainly due to the absence of large scale visual and noise impact that
is often a constraint to onshore wind parks. Secondly, further from the shore the wind is
stronger and more constant, and possibility to install bigger rotor means capturing more

kinetic energy to balance off the investment costs.

Currently, the fixed bottom offshore wind farms are mainly located closer to the shore
(up to 30 km) and in the shallow waters up to 50-60 m. The offshore wind turbines are
fixed to the seabed by bottom mounted foundations of monopole or jacket (tripod) type.
However, there are significant structural and economic limitations when it comes to
applying the bottom-mounted foundations in the water deeper than 50 m. The drilling
and installation of the foundations into the seabed at higher water depth would be
technically limited involving complex logistics that would increase CAPEX?. The
decommissioning of bottom fixed structures is already a challenging issue for the
shallow waters raising environmental concerns and would be even bigger problem in the
deeper waters (Carbon Trust, 2015). This limits potential for wind exploitation to many

countries that have deep waters along their coast, such as Portugal, Norway, Japan, US.

Contrary to the seabed fixed foundations, the installation of the floating wind turbines

could be faster allowing the assembly and commissioning of wind turbines onshore,

2 Capital expenses.



transfer to the offshore site and less complex installation using specific anchoring and
mooring systems. Such a design would enable installation of future offshore wind farms
to up to 200 km from the shore in an average water depth of 215 m (EWEA, 2013).

The industrial research has demonstrated that the floating offshore concept can build
upon the experience of the bottom-fixed foundations and floating platforms used by oil
and gas industry. Carbon Trust report (2015) reviewed 18 different concepts out of more
than 30, in order to assess technological and market trends of the floating offshore wind.
Their conclusion indicated that a good potential exists for this technology to get mature
over the next couple of years and that the Levelized Cost of Energy (LCOE)® can
decrease to £85-100 MWh depending on the level of advancement of a prototype
(Carbon Trust, 2015).

With the world’s first floating wind farm Hywind (spar buoy) installed by Norwegian
Statoil (today Equinor) in 2017 near the Scottish coast, the technology seems to be on
the verge of break-through for a commercial deployment in the next 5 years. The
European front-runners in research and development are Norway, Portugal and France.
Norwegian government recently announced plans to unveil two new test sites along its
coast by the end of 2018. France has in pipeline a couple of pilot projects for 2020 that
would be based on semi-submersible design (Naval Energies): Maine Acqua Ventus (12
MW) and French Groix-Belle-Tle (24 MW). Another project - WindFloatAtlantic is
expected to be launched next year by Portugal (Deign, 2018). All these projects are
expected to contribute to a full-scale deployment of the floating wind technology

and ultimately, to generation of clean electricity in Europe.
2.2 Characteristics and typology of FOWT

The floating offshore wind turbine system is the most complex one of all wind power
concepts. It consists of multiple components: horizontal-axis turbine (although vertical-

axis are also used in some prototypes), a tower, a buoyant platform (floater), moorings

3 LCOE is a net present value of the unit cost of electricity produced over a lifetime of a wind farm. It is
the minimum amount of revenue needed to cover all costs for investment and operation of a wind farm.



and anchoring system. The term “floating station” will be used here interchangeably

with the “floating structure” or “floating system” to denote its composite configuration.

FOWT system is distinguished based on the type of the floater (or floating platform)
chosen to support the Rotor-Nacelle-Assembly (RNA). Three major platform concepts
have evolved over the last three decades of intensive research: spar-buoy* (stabilized by
ballast), semi-submersible® (stabilized by buoyancy from large floating hull) and tension
leg platform — TLP (stabilized by the mooring system), as illustrated in Figure 1. There
can be many different variations within these 3 main categories depending on the site
conditions, mooring lines, tanks and ballast. Besides that, novel concepts include multi-
turbine (semi-submersible platform carrying multiple rotors) and hybrid designs which
are combination of wind turbine rotors and the wave or tidal energy devices (Carbon
Trust, 2015).

Floating Wind
Turbine Concepts

—»
3
}

:
-

Mooring Line | ; Buoyancy Stabilized
Stabil Barg pary
Tensior "

Figure 1: Three main prototypes of FOWT (Bultterfield et al., 2005)

4 Also referred as Spar.
5> Semi-submersible typology includes also Barge floaters.



2.2.1 Spar-buoy

This type consists of a long vertical cylinder (draft) which is submerged in the water and
usually anchored by three catenary moorings. On its lower end and closer to the ground
there is a ballast for stability, which makes this part heavier, while the upper part closer
to the water surface is lighter (empty). In this way, centre of gravity (mass) is lower in
the water and counterbalanced by the centre of buoyancy (closer to the surface) enabling
the structure to float. The Hywind is considered to be so far the most advanced
prototype, developed by Norwegian oil and gas company Statoil and tested for the first
time with 2.3 MW turbine in 2009 near the Norwegian shore. A follow-up design has
aimed to improve overall mass and replace water with stone ballast (Carbon Trust,
2015). In 2017, Statoil has installed a first world’s floating wind farm, Hywind which
has 30 MW capacity, comprised of 5Xx6MW Siemens turbines (Equinor, 2018).

2.2.2 Tension leg platform (TLP)

This concept is based on the anchoring the semi-submerged structure by tensioned
mooring lines (tendons). The rather small and light buoyant structure is drifting little bit
below the surface of water. Since the floating structure is lighter, there is more stress (or
tension) on the mooring lines to support stability. The Blue H TLP prototype is based on
a submerged buoyant structure which is tightly linked to the seabed by 3 tensioned
moorings to ensure uplifting force. The platform is rigidly fixed through moorings
attached to three gravity anchors, which can fit into any type of the seabed. This
prototype was first installed in 2008 along Italian cost and recent upgrade is aimed to

decrease the structural weights (Carbon Trust, 2015).
2.2.3 Semi-submersible

This configuration consists of a larger buoyant structure that is semi-submerged and
anchored to seabed by the catenary moorings. The floating structure is made of three or
four columns interconnected by steel bars (Liu et al., 2016). The submerged structure

needs to have big plane area heavy enough to achieve the necessary stability.



The WindFloat semi-submersible is the second most famous concept after Hywind’s
spar. It was designed by Principle Power and installed in 2011 close to Portuguese shore.
This design includes a semi-submerged hull which consists of three interconnected
columns and horizontal axis turbine which is mounted on one of these columns. The
floating platform has water ballast and heave (entrapment) plates on the base of each
column, to dampen platform motion and provide stability. This configuration has high
commercial potential due to its stable performance and it is considered that it can
accommodate almost any modern turbine (Carbon Trust, 2015).

2.3  Environmental conditions

Operation of the floating turbine is affected by different environmental loads that include
meteorological and ocean phenomena (met-ocean conditions), soil conditions,
seismicity, local ecosystem. Combination of all these factors represent local climate in
which FOWT should operate over the next 20-25 years. Specifications of environmental
conditions and design loads that are applicable to FOWT are described in the Det Norske
Veritas standard - DNV 0S-J103 (2013) as well as in the International Electro-technical
Commission - IEC 61400-3 (2009) standard. Both DNV and IEC standards provide
overview of technical requirements for design, construction and in-service inspection of
the FOWT.

The following environmental loads affect operation of the FOWT:

e Aerodynamic loads created by air (wind, gusts, turbulence, wakes) and rotor
dynamics
e Hydrodynamic loads (waves, currents, tide)

e Other loads (earthquakes, marine growth and icing, snow)
2.3.1  Wind climate

Wind is horizontal movement of air characterized by certain velocity and direction.
Further from the coast, the offshore wind is stronger because there are no obstructions.

Turbulence is smaller due to relatively flat sea surface and larger distance from the coast,



followed by low roughness and small wind shear (Barthelmie, 1999 as cited in Tlrk &
Emeis, 2010). In some cases, roughness can be higher because of the strong waves,

which can increase turbulence.

Offshore wind profile is usually described by the following parameters (Burton et al.,
2011):

e Wind speed and direction

e Turbulence intensity at operating range and at extreme speed

e Standard deviation of turbulence intensity at each wind speed

e Extreme 10 minute mean wind speed with recurrence period of 50 years
e Wind shear

e Air density

Wind shear represents increase in wind speed due to distance in height from the surface
to the hub and depends on the sea roughness created by waves. In the sea environment,
wind shear is relatively low, because of small roughness length which is around zero
(0.0002 m). Another important aspect for wind profile is turbulence, which represents
random fluctuation in wind speed and direction followed by gusts. Turbulence intensity
is defined under IEC 61400-1 standard as a ratio of wind speed standard deviation to
mean wind speed. As mentioned above, the turbulence is smaller because there are no
obstacles and secondly, because there is better absorption of the heat by water surface so
the differences between air and water temperature is smaller (Danish Wind Industry
Association, 2013).

2.3.2 Seaclimate

Waves are mainly created by the wind blowing over the water which disturbs its flat
surface, creating motion. Less common are tidal waves caused by the gravitational
forces of sun and moon. The sea is represented by many small waves that are grouped in
the so-called wave or frequency spectra where each sub-group of waves has its own

amplitude, direction and frequency.
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In the analysis of site specific sea data, the wave climate is represented by the sea states.
The sea states are determined by the significant wave height (Hs) and the wave period
taken as average of all wave components (Tm). Different sea states are presented as
frequency distribution over certain period of time and per wave direction in the format of
scatter diagram (Beels et al., 2007). Besides wave conditions, IEC 61400-1 standard
prescribes that the sea climate modeling should include currents, defined as steady flow

fields with constant velocity and direction that change with the water depth.
2.3.3 Representation of offshore climate

For modeling environmental conditions at offshore sites, DNV 0S-J103 guidelines
indicate that a proper correlation between wind, wave and currents data should be
established as a long term probability distribution, which is usually expressed as 2D or
3D scatter diagrams.

The DNV standard distinguishes between stationary and extreme wind and wave
conditions that can be observed from environmental data at a given site. Similarly, IEC
61400-3 standard defines wind regime as either normal (wind conditions occur
frequently over a year) and extreme (where wind conditions have 1- or 50- year
recurrence period). Same applies for extreme sea state which is defined by the
significant wave height that can have recurrence periods of 1 or 50 years. Normal (real)
wave climate is represented by the stochastic sea state model as either Pierson-
Moskowitz or Jonswap spectrum. The stochastic sea states would include stationary
values of the significant wave height, peak spectral period and mean wind speed per
each sea state. For analysis of wave loads under specific sea state a deterministic wave

model is used.

Consequently, the assessment of environmental conditions that prevail at a specific site
should take into account the following parameters according to DNV-0S-J103:

- Significant wave height

- Peak wave period (or zero-upcrossing period)

- Mean wave direction
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- Directional spreading of waves

- 10-minute mean wind speed at reference height

- Standard deviation of wind speed

- Mean wind direction

- Misalignment between wind and wave directions

- Currents

As specified under DNV 61400-3 standard, the stationary wind conditions usually
include constant 10-minute average wind speed (Uio) and constant standard deviation
(ou) of the mean wind speed. Uio represents wind intensity and oy how much the wind
speed varies around mean wind speed. Stationary wave conditions refer to those values
of significant wave height (Hs) and peak spectral period (Tp) that are constant over 3 or 6
hours period. T, represents the period dominated by the highest energy wave component.
However, due to the difference in the averaging period of the wind and wave data, it is
necessary to adjust averaging of data by taking wind speed data of at least 1 hour and not

10 minutes, which is normally used as a reference value for onshore sites.
2.4 Design challenges

Due to interplay of different loads that act on the floating structure, designers are faced
with the challenge to reduce fatigue and ensure system’s stability at a profitable cost.
The following issues will be discussed in the next sections as the most relevant for the
current analysis: the floater motion, the rotor-floater dynamics and the modeling

technique for simulating flow-structure dynamics.

2.5 Floater motion

The movement of supporting platform is influenced by its stiffness, dynamic responses
and six degrees of freedom which contribute to acceleration of the rotor hub creating
vortices and wakes. These combined properties change amplitude and frequency of the
platform motion to a various degree and are important in understanding the floater

interaction with the rotor dynamics in the analysis of energy output.
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2.5.1 System stiffness

Due to its specific geometry, FOWT displays non-linear dynamic behavior compared to
conventional onshore and offshore wind turbines. In particular, hydrostatic and mooring
static characteristics of the floater are responsible for non-linear dynamic responses of
the floating platform and are critical for ensuring static stability. The stiffness of any
structure refers to its ability to sustain given forces and loads before it deforms. In
FOWT, the system stiffness refers to hydrostatic stiffness and mooring static stiffness,
which have different properties per each floating type. Al-Solihat & Nahon (2015)
specify that the hydrostatic stiffness of the floater should sustain hydrostatic restoring
forces and moments induced by buoyancy and gravity forces. Mooring stiffness should
endure loads relevant to the platform displacements. The authors analyzed the system
stiffness calculating and comparing the hydrostatic and mooring stiffness coefficients for
three types of FOWT (spar, barge and TLP). Results showed that the slack/catenary
mooring system configurations which are typical for spar, semi-submersible and barge
depend mostly on large hydrostatic stiffness to ensure system stability compared to taut
mooring systems, which rely on large mooring stiffness (TLP floater). The barge/semi-
submersible type exhibited bigger hydrostatic heave stiffness than spar due to larger
water plane surface (Al-Solihat & Nahon, 2015).

All physical bodies oscillate when exposed to external force at some frequency, which is
its natural frequency (eigenfrequency). A body can have many natural frequencies but
the most important for wind turbine is the first tower bending frequency that should
resonate below the frequency of a certain excitation force. Resonance occurs when the
body/structure is excited by an external force to vibrate at higher amplitude within
specific frequency (Hau, 2013).

In the floating wind turbines, the structural loads from nacelle (thrust, torque and yaw)
can be counteracted by increasing stiffness either through enlarged water plane area (e.g.
tri-floater, semi-submerged platform), or by mooring tendons (e.g. TLP) or by stiffness
that is obtained from a large mass placed under the water (e.g. spar floater).
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However, increasing stiffness of a floating structure to balance the aerodynamic loads
Mmay create too large hydrostatic stiffness causing the structure’s resonance to be same as
the resonance of the wave (Henderson, 2009), which causes high level of vibration.
When the structure’s first natural bending frequency coincides with the excitation
frequency from wind, wave or rotor, the structure can become weak, sensitive to
fractures and fatigue, failing to survive long years of operation. One method to reduce
resonant oscillations which are caused by hydrodynamic force of the wave is to decrease
the directly exposed area of the structure towards the waves either by submerging the
floating structure deeper under the water line level or by increasing it above the water
line level. This would reduce the effect of the wave resonance on the natural vibration
frequency of the floating structure. Other methods may be also effective such as
increasing the damping by adding the active damping devices (heave plates) at the
bottom of platform (Henderson, 2009). Adding the heave plates would increase mass of
the structure, suppress vortices and adjust natural frequency of the floating structure
(Longbin & Shunging, 2004).

2.5.2 The six degrees of freedom

The flow field around the floating turbine is influenced by what is known as “6 degrees
of freedom of the platform movement”. That involves 3 translational components (heave
in vertical, sway in lateral and surge in axial direction), which are distributed along X, v,
z spatial coordinates with origin point at the center of gravity of the platform. Another
three rotational components (yaw motion around vertical axis, pitch along lateral, and
roll around axial direction) are moving along the x', y', z' coordinates, which are aligned

with the hub rotational plane (Tran & Kim, 2015) as shown in Figure 2.
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Figure 2: Six degrees of freedom (Tran & Kim, 2015)

The movement of entire floating structure is combination of these specific motions or
degrees of freedom (DoF) and their amplitude would depend on the specific geometry of
the floating structure (static loads) as well as on the interaction of the hydrodynamic and
aerodynamic loads that are site dependent.

Lin, Wang & Vassalos (2018) explain that the 6 DoF contribute to creation of unsteady
aerodynamics around the rotor, such as turbulent flow, rotor-wake interaction and rotor
aerodynamic performance. In particular, yaw and pitch (rotational components) and
surge (translational component) can to a large extent influence the platform motion. In
their research, a Computational Fluid Dynamics (CFD) method was applied to analyze
impact of the platform pitch and surge motions on the aerodynamic unsteadiness around
the rotor. It was detected that the platform motion caused by these DoF creates “effective
velocity” on the blades. The authors compared two modeling approaches: CFD and the
Blade Element Momentum (BEM) that was used with the General Dynamic Wake
(GDW) model, both applied on onshore and on the floating offshore wind turbines. The

results showed the CFD was better suited to simulate complex flow field around the
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FOWT than traditional BEM approach and that floating turbines require more advanced
modeling tools than other types of wind turbines. CFD method demonstrated that there
can be different results for power and thrust when the turbine was undergoing combined
pitch-surge motions than when it was only in pitch or surge motion. The paper indicated
that the future challenge for modeling tools would be to analyze multiple DoF at the

same time in order to simulate FOWT responses accurately.
2.5.3 Vortex ring state

In analyzing impact of the platform motion, Sebastian & Lockner (2012a, 2012b, 2012c)
and Sebastian (2012) as cited in Tran & Kim (2015) argued that the two most prominent
DoF are yaw and pitch. The yaw and pitch motion create an unsteady aerodynamic field
around the rotor leading to specific phenomena called “vortex-ring state”. The platform
pitching motion activates rotor movement, which starts to pitch backwards creating

some sort of self-induced turbulence, as illustrated in Figure 3.

%—Hﬂ"@

T

Figure 3: Impact of platform motion on the flow field (Tran & Kim, 2015)

Jeon, Lee & Lee (2004) used vortex lattice method to assess aerodynamic loads of the

FOWT under specific pitch motion condition. Results showed that turbulent wake state
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was created when platform was experiencing upward pitch motion. Due to upward
pitching motion, the relative velocity of the tip of the blade became large leading to high

tip speed ratio.

Liu et al. (2015) confirmed previous work in regards to modeling platform motion
effects on the aerodynamic properties of the FOWT. The authors argued that if three
DoF (surge, heave and pitch) were modeled simultaneously (which happens in real
situations) there would be a better insight into the platform impact on the FOWT
behavior. By using an open-source OpenFOAM numerical code, the authors
demonstrated that the torque and thrust are strongly correlated to the platform motion.
Similar to findings of Jeon, Lee & Lee (2004), it has been shown that when the turbine
moves in downwind direction it interacts with its own wake which reduces vortices, and
that moving into upwind direction intensifies vortices leading to creation of a turbulent

wake state or a turbulent field.

In order to investigate aerodynamic load responses due to vortex-blade-interaction, Tran
& Kim (2015) applied different numeric modeling techniques to compare the results.
This involved an in-house developed unsteady blade element momentum (UBEM)
Matlab code with a modified FAST AeroDyn code, an advanced unsteady computational
fluid dynamics tool and the GDW method, applied on the NREL 5 MW reference wind
turbine (developed by National Renewable Energy Laboratory - NREL). Direct local
relative velocity method (DLRVM) and Equivalent Averaged Velocity Method (EQAM)
were used in combination with the in-house UBEM tool to capture additional velocity
experienced by each blade element due to the platform motion. All three types of codes
were used to assess impact of the platform pitching motion on the aerodynamic power
and thrust. The outcome demonstrated the good agreement of the results from all three
codes in case of low pitching motion amplitude of 1-2°. However, under bigger pitching
amplitude of 4°, which typically occurs in the normal wind and sea conditions, the
differences in the resulting aerodynamic power and thrust were larger. Unsteady CFD
method performed better as compared to other two numeric approaches and was capable

of simulating transient turbulent field around the rotor including visualization of small
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blade-tip-vortices. The method used in their research proved the correlation of vortex—
blade-wake interaction, where the wakes were stronger during forward pitching motion
(upstream) as compared to when turbine was moving backward (downstream), which

was due to the bigger platform pitching amplitude.
2.6 Rotor-floater interaction

As shown in the previous section, the platform motion leads to rotor acceleration
creating unsteady aerodynamics with variable power and thrust. Limiting pitch, roll and
heave motion is directly related to reducing nacelle acceleration (Carbon Trust, 2015).
Due to their geometrical configuration, the three main floating concepts have different
abilities in restricting platform’s DoF. Spar concept is in particular sensitive to pitch and
roll motions, semi-submersible has rather high heave motion and TLP is the least
susceptible to DoF motion due to its tensioned moorings and higher rigidity, which
limits the vertical and lateral movement. Besides geometry, it is highly relevant to select
an appropriate control mechanism and RNA for a floater. The rotor control mechanism
can be effectively used to limit resonances and dynamic responses due to platform

motion and in particular in case of large and irregular waves (Butterfield et al., 2007).

In conventional onshore wind turbine, the advanced control mechanism is basically used
to optimize power vyield, but also to reduce impact of the cyclical loadings imposed by
the aerodynamic effects (wind shear, turbulence, wind gusts, etc.). With each revolution,
the rotor blades are being exposed to periodic loadings that are not always the same per
each cycle, which leads to rotor fatigue. Blade pitch control and smart rotor control are
the most common methods used in advanced control mechanism to limit such loadings.
In individual blade pitch control mechanism, each blade has its own pitch actuator and
pitch angle that can be individually controlled. Collective blade pitch mechanism is
applied by central controller for speed adjustment. Smart controller includes a number of
control devices (such as trailing edge flap) that are placed along the blades for load

reduction (Plumley et al., 2014).
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Selection of an appropriate controller is even more complex for FOWT. The ability of
each type of controller to limit platform motion and also aerodynamic loadings in FOWT
has been intensively researched. Goupee, Kimbell & Dagher (2016) studied impact of
the blade pitch and generator control on the FOWT by comparing different types of
controllers with baseline case that had fixed blade pitch and rotor speed. The experiment
demonstrated that active turbine controllers have overall positive effect in limiting
loadings and motions of the floating structure. However, it should be noted that these
beneficial effects may be offset by the increase in blade pitch actuation, variation of
generator torque/thrust or alteration of rotor speed which altogether may increase loads

on other turbine components.

Wakui, Yoshimura & Yokoyama (2017) argued that the platform motion and more
specifically, pitch motion can cause additional fatigue loads on the FOWT, leading to
unsteady power generation. The authors proposed a multiple feedback control method to
reduce platform pitch motion and power fluctuation by using FAST. Multiple feedback
method refers to a combined use of controllers: gain-scheduled generator power control
with collective blade pitch manipulation and nacelle fore-aft speed control with the
generator torque manipulation. It was argued that the combined use of controllers limits

platform pitch motion and the variability of power output.

In a recent study, Ma et al. (2018) investigated the correlation of the wave prediction in
designing an optimal control mechanism to offset the wave loading effects in the FOWT.
It was argued that the feed-forward or Model Predictive Control (MPC) approach can be
effectively used to mitigate the fatigue loads. The approach includes design of an
overlaid optimal controller Linear Quadratic Regulator (LQR), which could reduce
additional fore-aft tower base bending moment, based on predictive models for wave
elevation and wave excitation forces. Although this method demonstrated good results, it
should be noted that it created increase in the rotor speed variation and side-side bending
moment, which has been an issue previously. It seems that this issue could not have been
entirely eliminated when using rotor control mechanism to minimize platform induced

motions.
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2.7 Computer based tools for modeling FOWT

The accurate modeling of FOWT represents the most critical aspect for the floating
offshore wind technology and the academia is closely collaborating with the industry in

attempt to accurately predict the fluid-structure dynamics.

Modeling of FOWT has been mostly done by numerical simulation tools, because
experiments in controlled environment inside water tanks proved to be rather expensive.
Another problem with the tank modeling tests is that they usually rely on Froude scaling
where Reynolds similarity law most often was not possible to confirm® and therefore
they could not be extended to full-scale projects (Liu et al., 2017). The most commonly
used computer aided engineering tools for numeric modeling of the FOWT’s fluid-

structure interaction (FSI)’ in a time domain are aero-hydro-servo elastic codes.
2.7.1 Aero-hydro-servo-elastic codes

This type of simulation can well represent the structural response of solid parts of
FOWT, such as platform, tower and blades when these parts are submerged in the
surrounding fluid (gases and liquid). In this way, it is possible to capture non-linear
dynamic behavior of FOWT covering aerodynamic loads, hydrodynamic loads, static
loads, control system (servo) as well as electrical machinery effects. Aero-servo-hydro-
elastic codes consist of several models/solvers which deal with each FSI component

separately.

Finite Element Momentum (FEM) theory is applied in simulation of complex structural
responses of the floating structure. FEM is used in the finite element analysis to solve
numeric model equations as an approximation of solving partial differential equations

(PDE), in order to explain certain physical phenomena, such as fluid structure

6 Reynolds similarity law states that in any model two geometrically similar flows are equal as long as
they can agree on the same Reynolds number, which is a dimensionless quantity in fluid dynamics.

" FSI refers to interaction of a movable structure (floating turbine) with the surrounding fluid such as water
and air.
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interaction, electromagnetic problems, thermo-chemo-mechanical problems, biomedical

engineering issues, etc. (Simscale, 2018).

For simulation of flow around the rotor, aero-elastic codes are usually coupled with
either BEM or CFD method. Blade Element Momentum (BEM) theory is combination of
the blade element theory, which is based on calculation of the forces that act along the
blades and the momentum theory, which is based on calculation of induced velocities
around the rotor flow field (Moriarty & Hansen, 2015). BEM has been used with various
aero-servo-hydro elastic codes to simulate aerodynamic performance, energy
optimization and the control system in conjunction with the empirical engineering model
corrections to account for unsteady effects of the flow field. CFD tools will be

considered in more detail in the next sub-section.

Most of the currently available aero-servo-hydro-elastic codes have evolved following
the baseline model of NREL’s FAST code (Fatigue, Aerodynamics, Structures &
Turbulence) and integrating a specific hydrodynamic module for analysis of coupled
effects of the floating turbine. Such examples include FASTv8/ OpenFAST, developed
by NREL; Bladed, developed by DNV GL; HAWC2, developed by DTU; 3DFloat,
developed by Nygaard (Shen et al., 2018).

In academia, FAST has been widely used mainly because it is an open source, non-
commercial software, which showed good results in modeling FOWT dynamics. Its
Hydrodyn module has been effectively integrated within FAST platform to compute
hydrodynamic loadings, but there are doubts if the damping model can accurately
simulate responses in transversal direction due to vortex shedding (Liu et al., 2017). For
modeling aerodynamic performance, FAST AeroDyn Model uses BEM theory, but
several comparative experiments with BEM showed that it was not fully capable of
predicting dynamics of unsteady flow field and failed to accurately forecast aerodynamic
loads (Sebastian & Lackner, n.a. as cited in Shen et al., 2017). Some researchers used
“vortex methods” for improved 3D analysis of flow development around the rotor and
wake interaction, but this type of modeling tends to disregard viscous effects that are

important for understanding dynamics of flow separation (Liu et al., 2017).
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2.7.2 Computation Fluid Dynamic (CFD) tools

CFD tools are based on solving Navier-Stoke equations to simulate the interaction of
fluid flows within defined boundary conditions (grid mesh). CFD methods can calculate
fluid viscosity and hydrodynamic drag forces in FOWT which gives more accurate
results in modeling flow field. Downside of this type of tools is that computation is often
time consuming and rather complex so that most of the researchers apply restrictions and
do not take into account the full aerodynamic properties or platform’s DoF motions (Liu
etal., 2017).

Among different CFD tools, OpenFoam is so far widely used because it is free and an
open source toolbox, which consists of several numerical solvers for analyzing and

predicting complex fluid dynamics of the floating structure.
2.8 Research gap

Floating offshore wind turbine represents a complex system which requires exceptional
modeling and testing resources. As shown in the literature, for an accurate analysis of
FOWT, different aspects of its behavior need to be considered simultaneously such as
floater-rotor interaction, impact of the mooring and anchoring system, loading effects
and structural responses. Researches commonly rely on coupling two or more numerical
simulation techniques because tank test and demo projects are quite expensive. It is also
questionable to what extent coupling can fully capture floating system and its complex
features. In most cases, there is a tendency to reduce simulating parameters (such as
number of degrees of freedom) or to concentrate on one specific aspect (vortices, wakes,
hydrostatic stiffness, or rotor control). The comparison of energy yield between the spar
and the semi-submersible floating concepts has been addressed to a limited extent in the
scientific literature. The researchers mainly concentrated on understanding one or
another concept in order to further improve the specific design. Therefore, the present
work represents an ambitious attempt to tackle this issue using a less computationally

demanding modeling tool which can capture most of the FOWT features.
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Chapter 3

Methodology

This section will describe a methodology which will be applied to answer the research
question and to test the hypothesis. The method is based on the numeric modeling that
would follow the ASHES configuration. After introducing the methodology framework,
the baseline properties and validation of the code will be presented and the six load cases
defined. This is followed by a description of how the environmental loads, floaters and
rotor are modeled. Finally, a method for calculation of AEP and power output will be

described in the last section of this chapter.

3.1 Methodology framework

As explained in Chapter 2, the floating wind turbines are subject to larger and more
composite loads as compared to conventional onshore and bottom fixed offshore
turbines. The loadings acting on a moving platform that carries the rotor can trigger the
system responses which then affect the field around the rotor and eventually, the turbine

energy output.

Approach to the method used in this work starts from the perspective of a floating wind
farm developer in the initial, planning phase of a project, who wants to get a better
insight on what is the impact on energy yield from loads-floater interaction and which
type of floater may therefore have advantageous performance. For any future floating

wind farm project, the accurate power curve that fully takes into account effects from
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loadings would be indispensable part of initial analysis before the project could actually
move on. As shown in the previous chapter, such an analysis would normally involve
use of two or more advanced numerical modeling tools that can be resource demanding
to a project developer who often needs a fast feedback in the initial project phase.

A simplified method as illustrated in Figure 4 is therefore proposed to address this issue:

Design load cases

|

collect input data for met-ocean
conditions

|

Test simulation lenght in ASHES

|

Select load and simulation
parametrs

l

Run simulation for load cases

—

Simulation failed Simulation converged

Process data from simulation

|

Calculate power out put

l

Compare results
between flnaters

Figure 4: Methodology flowchart
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The analysis performed under this paper will be based on numerical methodology
defined in ASHES. For both type of floaters, the properties of baseline offshore NREL 5
MW (Jonkman et al., 2009) turbine will be used in simulation of 6 load cases. Only
environmental parameters will vary per each load case, while the general parameters
related to platform system, rotor, simulation type and length will be set up initially and
kept constant with slight adjustments. The modeling of environmental conditions will be
performed by using online data available for the case study site: UTSIRA NORD
(Category A). After simulation is finished, the power output will be analyzed per each

load case and results discussed.

3.2  Modeling tool: ASHES

ASHES stands for aero-servo-hydro-elastic simulation software with 3-dimensional
spatial visualization. It was developed by SIMIS AS, a spin-off company created in 2013
from the Norwegian University of Science and Technology (NTNU). The software was
launched with an aim to assist a wide range of users in a study and design of onshore,
offshore-fixed and offshore floating wind turbines by advanced visualization graphics
and computational efficiency under the motto “Wind turbine design with superpowers”.
The version used in current work is 3.3.1, which was released in July 2018 with

improved platform for simulation of the floating offshore wind turbines.

ASHES is configured as a FEM platform which is used for structural (elastic) modeling.
FEM comes together with the co-rotational formulation of beam elements (Euler-
Bernoulli with 12 DoF) that are interconnected with the computational nodes. In
particular, the floating structures are modeled as flexible bodies, which is necessary for
obtaining accurate eigenfrequencies of entire system to reflect its dynamic responses

(transfer of loads, stress, damping, etc.).

The software is based on model templates that can be tailored per a specific load case
which needs to be analyzed. This means that pre-defined solvers for solution of linear

and non-linear equations are embedded in the system which selects a suitable option
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depending on the input model and loads specifications. For example, for solving
equations of motion, the Newton-Raphson® model (also known as Newton’s method)
will address non-linear effects while linear equations are applied in cases of linear
(predictable) motion (ASHES, 2018). Equations of motions are used in numerical
analysis to describe movement of the structure as a function of time. Dynamic motion of
the turbine is solved by calculating forces and energy of the particles at different
positions taking into account spatial coordinates. This is performed using the Newton’s
method through a system of non-linear equations.

Aerodynamic loads are modeled based on the BEM theory, with Glauert’s correction and
Prandtl’s tip-hub-loss correction, coupled with the structural responses. Wave kinematics
are solved by using Airysy (Airy theory with stretching method) while hydro loads
(based on wave kinematics) are calculated using Morison’s equation (ASHES, 2018).
The control (servo) loads are solved by DLL (Dynamic Link Library) with internal
control system (Popko et al., 2018).
Due to such configuration, it is possible to perform the integrated analysis of a full
floating wind turbine system:

e Time domain analysis

e Solutions of eignefrequencies of system responses

e Structural, aerodynamic and hydrodynamic loadings

¢ Rotor control mechanism

e Blade and airfoil properties

e Platform, tower, mooring and anchoring characteristics

e Electrical machinery properties

e Displacements

The user interface is visually advanced and straightforward with pop-up menus that
explain in a nutshell what are the parameters and which are the default and min/max

values (where relevant). Live sensors with values and graphical visualizations in time

8 Mathematical model of finding better approximation to the roots (or zeros) of a real valued function.
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simulations are supporting tool for monitoring changes per specific parameter which
needs to be analyzed. An example is given in the Figure 5, which depicts the load case
IEC EWM (extreme wind speed) in the time simulation mode. Values of the generator
sensor (right side) are read for specific time in the simulation clock while live graphs
show sensor values per time change (left bottom corner). Resulting values can be

exported in form of .txt file and visualized as graphs.
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Figure 5: Example of ASHES user interface (ASHES, 2018)

The simulation can be performed in 4 different ways:

e Time simulations where duration of simulation can be set up and controlled by
the user and different load parameters can be changed in live mode;

e Rotor characteristics simulation creates thrust and power coefficients based on
the mean reference wind speed, Tip-Speed-Ratio (TSR) and range of wind speed

for reference rotor, but without considering impact of floater motion and tower;
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e Eigenmodes simulation is used to examine a specific range of the
eigenfrequencies and to visualize the displacements of different parts of the
floating structure;

e Batch analysis is used to simulate in parallel a set of load cases with different

parameters to check some specific value and to reduce overall simulation time.
3.2.1 Validation of the code

The validation and benchmarking of ASHES has been running in parallel with its
development, which started in 2012. After each validation exercise, the code has been
further improved. The BEM of the code was tested through NORCOWE/NOWITECH
Wind Tunnel Blind Test, which showed overall a good agreement with other BEM and
CFD models (Thomassen et al., 2012). The power curve under this benchmarking test is
shown in Figure 6, where ASHES is represented by Suja & Thomassen (BEM).

In the process of further development, ASHES became part of Offshore Code
Comparison Collaboration Continuation (OC4) with Correlation (OC5) projects. Both
are continuation of OC3, a large project launched in 2005 by International Energy
Agency (IEA) Wind Task 30, with an objective to verify and validate performance of
aero-hydro-servo-elastic modeling tools for offshore wind turbines. In OC4 project,
ASHES results have partially validated unsteady BEM method (Thomassen et al., 2012).
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Figure 6: Power curve, ASHES / Suja&Thomassen (Krogstad & Eriksen, 2011)
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In the next step, OC5 phase was carried out to verify results from the simulating codes
with the actual tank test responses (Phase | and Il). The Phase Il was launched to
validate responses with the reference turbine (Senvion 5 MW) installed at the Alpha
Ventus Offshore Wind Farm in the North Sea. It involved several participants from the

industrial and academic fields from 12 countries (Popko et al., 2018).

Due to the limitations related to intellectual property rights, in the Phase Il the
participants had to use NREL 5 MW instead of real blade design and full controller data
from Senvion 5 MW. The Phase Il concentrated on the responses from the support
structure to analyze displacements and forces. The experiment included 4 different load
case scenarios: the first one analyzed mass and structural forces; the second group dealt
with the stiffness by examining interaction between rotor-nacelle-assembly and the
floating structure; third and fourth load scenarios investigated turbine and controller
performance under stepwise and turbulent wind cases. The simulation of the load cases
was run several times, during which the participants had opportunity to adjust their

models to the real responses from the Senvion turbine (Popko et al., 2018).

4Subsea was a Norwegian company that participated in the project using ASHES. The
selected load case data showed overall good match between the results of participating
modeling tools (including ASHES) and the real turbine responses for most of the load
cases. The largest discrepancy was found for the load cases 3 and 4, simulated under the
stepwise wind to analyze transient response in all operating wind speeds with 1 m/s step
difference and 50 s time length. The results from stepwise modeling (Figure 7) were
overall in agreement with the reference turbine for the partial-loading (6-8 m/s) and for
full-load operating regime (16-18 m/s), but not in the range between 8-13 m/s (Popko et
al., 2018).
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Figure 7: Rotor speed under stepwise wind, ASHES/4Subsea (Popko et al., 2018)

In the operating range 8-13 m/s, rotational speed of the rotor tends to be larger than the
one in real life for majority of codes. However, in the OC5 Phase, ASHES was
benchmarked and validated for offshore wind turbine in most of the selected load cases
except for the verification of rpm in the operating range between 8-13 m/s. This is
explained by the difference in blade design used by modeling tools and the blade
properties of actual, physical turbine of Senvion (Popko et al., 2018).

3.3  Numerical simulation

3.3.1 Modeling atmospheric conditions

As indicated earlier, ASHES aerodynamic modeling is based on BEM theory with
Glauert’s and Prandtl’s correction. However, airflow properties such as frequency
distribution of wind speed and direction, turbulence, wind shear, wakes, air pressure,
temperature, etc. cannot be simulated at the same time in this code. Instead, separate
wind file should be created per each load case with different combination of wind and air

parameters which ASHES solves automatically using one of its system algorithms.

There are six options available for modeling wind field in ASHES: live, uniform, IEC

extreme, sine, stepwise and turbulent. In the current analysis only stepwise, turbulent
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and IEC extreme wind will be used, while the rest were not considered as relevant to this
research. Stepwise wind is the fastest way to create the power curve, which is the main
reason why it was chosen as a baseline wind option but also to test floaters at normal
wind operating conditions. Turbulent and IEC wind models were selected to analyze

stochastic and extreme aerodynamic effects on the floating turbine.

There are 6 load cases that will be simulated for each floater separately in the Time
Simulation mode. This mode was selected as the most appropriate one, because of the
possibility to control timing and ability to use full-scale parameters to model the entire
floating structure. The set-up of load cases is explained in the following sections,
whereas detailed data for environmental modeling is presented in Chapter 4 (Application

of the Methodology). Input parameters for all load cases are given in Appendix 1.
3.3.1.1 Stepwise wind

The stepwise wind file is created with the wind speeds ranging from 0-25 m/s and used
for LC1, LC2, LC3 (Appendix 2). This option allows an accurate simulation of time
which elapses between each change of the wind speed. LC1, LC2 and LC3 represent
respectively the mild, mean and rough load cases as combination of stationary values of
site related climate conditions. The input for simulation is a wind file which contains
wind speed and wind directions data divided in several time steps, each with a specific
value. The wind flow under this option is assumed to be steady and uniform in the given
time step duration range (before each time step change). Under stepwise wind, it was
observed that the sudden changes of wind speed over a short time (several seconds) can
cause transient effects that can distort the power output. After several trials, it was
decided to increase duration of the time step between each change of the wind speed to
more than one minute as compared to default value of 10 s as to get stable results.

The bigger time step was allowed (500 s) at the start of the simulation and before the
turbine begins producing electricity, to limit transient effects on the rotor after which the
time step is reduced to 150 s for 4-25 m/s range. The wind direction is kept constantly at
0° because the wind turbine faces the north by default in ASHES, which is sufficient for
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this type of analysis, since there was no option to enter frequency distribution of wind

speed and wind direction.

For each load case, the stepwise wind conditions (speed, direction, duration of time
steps) were assumed to be constant at the rotor hub. Effects of turbulence including
vertical wind shear and roughness length are not considered in the analysis of stepwise

wind as the software does not give that option.
3.3.1.2 Turbulent wind

For the purpose of analyzing the stochastic effects of turbulence and wind shear on the
floaters, the turbulent wind load cases LC4 and LC5 were designed. In an offshore
environment, the turbulence and wind shear can be important under more severe
environmental conditions. ASHES uses NREL TurbSim Stochastic Inflow Turbulence
Simulator for modeling a turbulent wind (Kelley & Jonkman, 2007). NREL TurbSim
Simulator is designed for numerical simulation of coherent turbulent flow field that is
characterized by spatiotemporal turbulent velocity field, which is typical property of the
flow in an unstable boundary layer. It is based on the NREL National Wind Technology
Center Upwind (NWTCUP) spectral model that generates turbulent inflow according to

NREL’s test results of turbulent load cases.

The TurbSim effectively creates “randomized” coherent structures, which are
“superimposed” on one of the arbitrarily created turbulent fields, generated by specific
spectral model, such as SMOOTH (used for homogenous, flat terrain) WF_UPW,
WF_07D, WF_14D (used for upwind flows of multi-row wind farm and 7-14 rotor
diameters spacing) and IEC Kaimal and von Karman normal turbulence model.
However, it should be noted that such “superimposed coherent structures” can trigger

transient loading effects on rotors and structures.

The average wind speed at the hub height in our simulation (90 m) is automatically

computed in ASHES using power law formula:

V@)= V(z) () (1)
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where z is height above ground, zr is the reference height above ground and « is wind

shear exponent.

In the current analysis, LC4 is set up as Normal Turbulence Model (NTM) based on IEC
Kaimal NTM, while LC5 is configured as Extreme Turbulence Model (ETM) in line
with the IEC extreme Kaimal ETM, which are two model options available in ASHES.

For floating wind turbines, the grid size needs to be rather large because high loads tend
to move the rotor outside the wind field. Therefore, a grid size of 40% to rotor margin
will be used for LC4 (NTM) model with the grid points 40x40. In case of LC5 (ETM)
the grid size will be bit larger with 40.26% rotor margin and grid points 45x45, because

larger loads need to be simulated.

Figure 8 visualizes wind turbine operating under turbulent wind field. Changes in
turbulence regions that form turbulent wind field can be observed and tracked in regards

to time change.
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Figure 8: Semi-submersible floating turbine under turbulent wind (ASHES, 2018)
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3.3.1.3 Extreme wind

One of the IEC 61400-1 load cases can be selected in ASHES to test the performance of
a wind turbine in extreme conditions. Available models are: ECD (extreme coherent gust
with direction change), EDC (extreme direction change), EOG (extreme operating gust),
EWM (extreme wind speed), EWSH (extreme wind shear horizontally), EWSV (extreme
wind shear vertically).

Under current analysis, the extreme load case will be tested using Extreme Wind Speed
(EWM), which according to IEC 61400-1 standard can be modeled as either steady or
turbulent extreme wind (steady extreme model was selected for our simulation).

Extreme wind speed with the recurrence period of either 50-year or 1-year is defined as

function of z:

Veso (2) = 1.4 Vet (2/zoun) ®**  (50-year recurrence) )
Vei (z) = 0.8 Veso(2) (1- year recurrence) (3)

EWM is modeled without wind shear, where mean wind speed is assumed to be constant
at the rotor hub. It was also assumed that ASHES simulates extreme wind speed with 50-

year recurrence period.
3.3.2 Modeling ocean conditions

Ocean loads are modeled in ASHES using Airy theory and kinematic stretching. Airy
wave theory is linear theory which explains fluid motion of regular, periodic and 2-
dimensional waves where particles are modeled by “superposition” (Burton et al., 2011).
When Airy theory is applied, there are no modifications to water particles that occur due
to elevation of mean water surface. However, when non-linear fluid motion needs to be
modeled, other theories are used to capture irregular and bigger waves and modifications
of particles (such as kinematic stretching).

ASHES uses Wheeler algorithm for computing non-linear kinematic stretching of waves
(stretching is illustrated in Figure 9). According to Wheeler stretching method, the

velocity of fluid at still water level is considered to be reduced as compared to linear
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theory (Det Norske Veritas, 2010). At certain free surface elevation level, the fluid
velocity is calculated using linear theory for each frequency component and for each

time step in time series a vertical coordinate (z) is stretched as follows:

T . d<z<0;—-d<z;<p 4
d

where zs is the stretched z-coordinate, 7 is the free surface elevation and d is the mean

water depth.

EXTRAPOLATION

Figure 9: Stretching of wave velocity profile (Det Norske Veritas, 2010)
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Wave kinematics modeling can be supported by ramp-down option in ASHES to
improve numeric stability and better reflect kinetic behavior of particles at a certain
distance under the sea level where it occurs. There is also an option to include deep

water kinematics to improve kinematic modeling.

In ASHES, waves can be modeled as live (user defined), regular, irregular with single
spectra and irregular with double spectra (combination of sea wind and swell). The
currents can be modeled as either linear (Airy wave theory) or kinematic stretching
(based on Wheeler algorithm).

3.3.3 Modeling hydrodynamic loads

There are two main theoretical approaches to describe hydrodynamic loads imposed on
floaters: potential flow theory and the Morison’s equation, depending whether the flow
separation occurs along the upper part of the platform or not. If there is no flow
separation, the potential flow theory applies. Potential flow theory is generally used in
fluid dynamics to describe motion of the continuum as velocity field that is

mathematically represented as vector field and a gradient of scalar function.

However, for cylindrical structures, hydrodynamic coefficients depend on the Keulegan-
Carpenter number (K) and Reynolds number (Re) which increase with sea severity and

decrease with sea depth (Robertson et al, 2014). Dimensionless numbers K and Re are

defined as
T
K=— ()
and
Re =*2 (6)

where D is cylinder diameter, v is kinematic viscosity of fluid, T is wave period and u is

amplitude of fluid velocity normal to the cylinder.
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In conditions when K is bigger than 2, a flow separation occurs, which happens for the
spar only in case of severe sea state (due to its smaller upper part of platform) and in
case of the semi-submersible, the flow separation happens in most of the sea states
(moderate to severe). When the flow separation occurs, additional loads in surge, sway,
roll and pitch directions need to be represented in the potential flow theory (if this theory

is to be used) by additional linear damping.

However, in the sea conditions when the flow separation occurs, which is usually in
moderate to severe sea states, a “simplified” Morison’s equation is commonly used to
describe the flow structure interaction. As indicated by Robertson et al. (2014), most of
the wind turbine codes use Morison’s equation to model hydrodynamics for all sea states
rather than potential flow theory, because of the complexity to fully model additional
loads due to flow separation. The Morison’s equation is also used by ASHES in

modeling hydrodynamics of floating wind turbines.

The Morison’s equation is considered as an appropriate method to describe hydro loads
in both NREL baseline floaters®, in the most sea states where hydrodynamic loads are
created by wave forces such as wave excitation, radiation damping, flow separation and
additional mass loads. Morison’s equation can capture in a simple form diffraction
effects from long wavelength theory from moderate to severe sea states; the radiation
damping in the most cases is not important and the flow separation occurs in upper parts
of both floaters (Robertson et al., 2014).

The Morison’s equation describes total forces exposed on cylindrical structure

(platform) per unit of length in a transverse flow:

1 . . D? . D% ..
F==CapD(u—lu—ql+ 1+ C)p= -t~ Cop= § ()

® Both spar and semi-submersible floaters used in current analysis are based on NREL baseline models as
defined in Section 3.4.
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Where:

Cq = drag coefficient

Ca = added mass coefficient

D = diameter of cylinder

q = first time derivative of cylindrical structure velocity

¢ = second time derivative of cylindrical structure velocity
p = fluid density

u = fluid particle velocity

u = first time derivative of fluid particle velocity

3.4  Floater properties

In ASHES, default values of both floaters follow by most part the baseline
characteristics as originally developed by NREL, with slight modifications of semi-
submersible floater. Mooring and anchoring system default values were kept constant as

configured in ASHES and their structural details are given in Appendix 3.
3.4.1 Properties of the semi-submersible floater

Baseline concept for semi-submersible floating system was developed under the Phase 11
of the Offshore Code Comparison Collaboration Continuation OC4 project (Robertson et
al., 2014). Configuration of NREL semi-submersible floater is based on the DeepCwind
model. The platform consists of three offset columns and central (main) column
interconnected with each other by number of pontoons (Figure 10). Entire platform is
partly submerged. Each offset column has larger diameter cylinder (base column) which
serves to limit the platform motion mainly in heave direction but also in surge, sway,
pitch and roll directions. Offset columns are ballasted with the water in the lower parts
(Robertson et al., 2014).



38

“‘e-—2= Top of tower

Figure 10: DeepCwind semi-submersible floater (Robertson et al., 2014)

At the bottom of the columns there are entrapment (heave) plates, which add to mass and
hydrodynamic inertia of the system and limit the platform motion by increasing viscous
damping in the pitch, heave and roll motion. Given its geometric and hydrostatic
properties, it has great stability and can operate in shallow water depth (Bagbanci,
Karmakar & Soares, 2015). Baseline properties of semi-submersible floater are provided

in Appendix 3.

3.4.2 Properties of the spar-buoy floater

The spar-buoy concept emerged under the Phase IV of the Offshore Code Collaboration
project OC3 (Jonkman, 2010). The floater is modeled according to Statoil’s Hywind
design. It consist of a long pile draft, whose lower part is submerged in water and much
longer (-120 m) and a smaller upper part which is 10 m above the water (Jonkman,
2010). The lower part (draft) is larger or same as the upper part above sea water level
(when tower included), which is designed to limit the heave motion (Figure 11). Due to
its large submerged draft it requires higher water depth, and this type of floater is best
suited among all three concepts for the very deep waters (Bagbanci, Karmakar & Soares,
2015). Details of spar buoy floater are given in Appendix 3.
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Figure 11: Hywind spar floater (Jonkman, 2010)

3.5 Rotor and controller characteristics

Due to its accessibility as open source data, the properties of the NREL baseline 5 MW
offshore wind turbine will be used as input data in modeling rotor dynamics. The NREL
5 MW is 3-bladed horizontal axis wind turbine, with the variable speed and variable
pitch-to-feather-control. However, the traditional variable speed controller cannot be
used for floating wind turbine systems as it may trigger negative damping and provoke
big resonances when the rotor thrust is being decreased after the turbine enters in the
above-rated wind speed regime. As indicated by numerous research, for floating wind
turbines it is very important that the platform-to-pitch damping (ratio) remains positive
and large (Robertson et al., 2014).

To address this problem in both OC3 (spar) and OC4 (semi-submersible) concepts, the

NREL designers made specific changes to the rotor controller:

1) Controller-response natural frequency was decreased to 0.2 rad/s below the
platform - pitch natural frequency of 0.21 rad/s (also lower than wave excitation
frequency in most of the sea conditions) to preserve a positive damping of the
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support structure. In this way, the gains from blade-pitch-controller were reduced
to ensure system stiffness and stability.

2) Control law in region 3 was modified to make generator torque constant at
43,093.55 N/m, instead of keeping the power constant. This change would limit
rotor-speed exaggerations and negative damping, but there can be some overload

in generator when power gets bigger at above rated wind speed.

These modifications are incorporated in the control system Dynamic Link Library
(Robertson et al., 2014) and used in ASHES as external OC3 Phase IV controller.

Overview of fundamental properties of the NREL 5 MW turbine as used in ASHES is
given in Appendix 3.

3.6  Method for power output calculation

Reliable estimate of annual energy production (AEP) is a decisive element for viability
of any wind farm project. The assessment of annual energy electricity production is
based on the power curve performance. In its basic definition, the power curve
represents electricity output, which depends on turbine technical specification and the
wind speed regime at the site. The turbine technical properties are characterized by the
aerodynamic efficiency of the rotor, the maximum installed generator capacity, the rotor
control system and the mechanical and electrical efficiency. Aerodynamic efficiency of
the rotor is measured as power coefficient of rotor (Cpr), which is around 50% in the
modern 3-blade horizontal axis turbine, close to Betz’s theoretical maximum of 59.3%?°.
Besides rotor power coefficient, the assessment of the wind turbine electricity
production should include mechanical and electrical losses incurred due to energy

conversion system, i.e. drive train efficiency (1 mech.-electr). Hau (2013) defines combined

10 Based on the Betz’s Elementary Momentum Theory, the optimal power that can be extracted from the
free airstream velocity is given by the ratio of the flow velocity before it intersects a given cross-sectional
area (turbine rotor) and the flow velocity after the cross-sectional area. The optimal ratio is Cpr=16/27 or
59.3% and is referred to as “ideal power coefficient” or “Betz coefficient”.
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rotor and mechanical-electrical efficiency as turbine’s power efficiency (CP)!, which is

used in calculation of the electrical power output ( P,;):

Po = CP - pAv? )

where CP is the power coefficient of the turbine (CP = Cpr * 1| mech.-electr.), p IS air density

in kg/m® (default value is 1.225 kg/m?), v is the wind speed (m/s) and A is rotor swept

kgm?
s3 )

area per m2. Pe is expressed in W (1 W =

The power curve is represented as a graph that shows how large is the electrical power

output at different wind speeds. It consists of the following basic elements:

e Cut-in wind speed at which the turbine starts producing electricity (at 3 or 4 m/s)
e Rated operating wind speed (between 12-15 m/s)

e Cut-out wind speed (around 25 m/s)

The wind turbine generates its maximum power at the rated operating wind speed, when
it reaches its installed capacity, i.e. the maximum generation of electrical power that can
be sustained in a continuum over time. As noted by Hau (2013), the rated power cannot
be exactly obtained in practice, but is rather “rounded” value, because it depends on the

site-specific conditions (such as turbulence) and the type of the rotor controller.

For AEP calculation, it is necessary to know a power curve and a wind regime at the hub
height per given site. Wind regime is obtained either via site measurement campaigns or
via statistical methods such as annual wind speed frequency distribution. In the present
analysis, we will use statistical techniques to determine wind speed regime. A commonly
used method to assess how the wind velocity is distributed is a Weibull probability
density function (Manwell, McGowan & Rogers, 2009):

1 Note: Hau used “Cp” (lower index “p”) to describe power coefficient of turbine, but we will use here
the capital “P” for CP to differentiate it from the capacity factor “C,» explained later in this section.
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k

b =5 e ©

c

where ¢ (v) is probability density function of the wind speed, k is Weibull shape factor,
e is logarithmic base (normally natural logarithm, e = 2.781) and c is Weibull scale
factor. The Weibull scale factor is derived by re-arranging mathematical expressions of

probability density function and Gamma function'? and depends on the mean wind speed

(vn):

2vm

N

c= or=1.128v (10)

The k - parameter represents shape of the frequency curve, which can take value of 1, 2
and 3. When only a mean wind speed is known, it is recommended to use the k - factor
of 2 and the Weibull probability density function then becomes a Rayleigh probability
density function:

o) =2 @ (11)

If the shape of the frequency curve takes value of 2, the frequency distribution is
assumed to be characterized by continuous wind speeds and some periods of lower or
higher winds that is near to real distribution of wind statistics for most of the sites

(temperate latitudes).

When the wind regime probability density function, ¢ (v), and the power curve, P,; (v)
are known an average wind turbine power output can be calculated by the following

expression (Manwell, McGowan & Rogers, 2009):

E

J, ¢ @) * Py (v) * dv (12)

12. Gamma function is extension of factorial function defined for all complex numbers but non-positive
integersas I' = f0°° x?1 e™* dx (also know as Euler integral of second kind).
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where dv = wind speed interval (width of bin), usually 0.5 m/s or 1 m/s. In the present

analysis interval is assumed to be 1 m/s or dv = v(i) — v(i — 1).

In ASHES, the aerodynamic power from the rotor is obtained as a product of the
aerodynamic torque (from BEM) and the rotational speed of the rotor. Similarly, the
generator (electrical) power is automatically calculated by software as a product of
generator torque and rotational speed of the main shaft, where torque is set by the

controller.

In the current analysis, the AEP will be calculated for 3 stepwise load cases based on the
values of electrical (generator) power obtained from ASHES at specific time step per

each change of the wind speed (with the interval of 1m/s), starting with cut-in wind

speed 4 m/s (V¢i) until cut-out wind speed 25 m/s (Vco).

Hence, the AEP is calculated as a sum of products of electrical power output and the
fraction of Rayleigh distributed yearly hours of wind speed from cut-in to cut with the
velocity distribution range of 1m/s (A v):

AEP =377 (V) * Py (V) x 8760 h* Av (13)
For the turbulent and the extreme load cases, the average values of electricity production

will be obtained directly from ASHES to analyze instantaneous power under stochastic

and extreme conditions.

Finally, it should be noted that the performance of a turbine in respect to AEP is assessed
according to its Capacity Factor (Cp). Cp represents a ratio of the total annual energy
production i.e. equivalent full load hours and the maximum possible energy production

per year:

Co = Annual Energy Production (kWh)
P Rated Power (kw)+8760 ()

(14)
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Chapter 4

Application of the methodology

4.1 Case study

The selected site for application of the methodology is UTSIRA NORD (Category A)*.
It is located in the water depth between 185-280 m and 22 km from the south west
Norwegian shore in the North Sea with the latitude 59.276° and longitude 4.541° (Figure
12). Norwegian continental shelf is characterized by deep waters, with high waves and
complex seabed conditions. In 2013, the Norwegian Ministry of Petroleum and Energy
commissioned Norwegian Water Resource and Energy Directorate (NVE) to assess
environmental impact and opportunities for offshore wind development along
Norwegian coast. NVE report showed that Utsira had one of the best wind resources of
all 15 considered zones. The average wind speed is 10.2 m/s. The area covers 1010 km?,
which is heavily trafficked by freighters and shipping vessels. Closest populated zone is
island of Utsira. In its Strategic Environmental Assessment report, NVE classified
UTSIRA NORD as a priority offshore development site with the significant economic
and technical conditions for development and grid integration by 2025 (NVE, 2013).

13 Category A implies a priority zone for wind development as defined by Norwegian Water Resource
Directorate report (2012).
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Figure 12: Location of development site UTSIRA NORD (NVE, 2012)

In 2017, NVE recommended to the Ministry of Petroleum and Energy to consider this
site as one of the first potential demonstration sites for floating offshore development.
Estimated capacity is between 500-1500 MW and the potential grid connection would be
in Havik (4COffshore, 2018). The latest announcements from the Norwegian
government in August 2018 hinted that this could be one of two floating offshore sites
designated for development in the upcoming period.

4.2  Sources of climatology data

In absence of real measurement data, the environmental conditions for UTSIRA NORD
will be simulated based on the available online data, taking into account limitations
associated with data averaging. The atmospheric conditions will be obtained from the
Norwegian web portal E-klima'* which gives free access to climatology database of the
Norwegian Meteorological Institute. The closest station to UTSIRA NORD is “Utsira
FYR 47300” (Figure 13), which will be taken as a meteorological station for reference
values of wind speed and air temperature. Utsira FYR is located in Rogaland County, at
latitude of 59.3065° and longitude of 4.8723° and is operational since 1860.

14 www.eklima.met.no .
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Figure 13: Location of weather station UTSIRA FYR 47300 (E-klima, 2018)

It is generally assumed that due to absence of physical obstacles and relatively low sea
roughness in offshore conditions, there is an insignificant “horizontal spatial variation of
long term mean wind speed” (Barthelmie, 2013 and Coelingh et al., 1996 as cited in
Burton et al., 2011). Based on that, the long term mean wind speed data from Utsira
FYR station will be applied to simulation site UTSIRA NORD. The wind speed and air
temperature are obtained for 10-year (2008-2017) and air temperature for 30-year period
(1961-1990) as shown in Appendix 4. The two periods are selected in order to reflect

long-term (30 year) and medium-term environmental trends (10 year).

The same approach will be applied to sea temperature data. The online portal E-klima
will be used to get sea temperature values for Gullfaks C (76923) located in the North
Sea, which is the closest maritime weather station to UTSIRA NORD. Only 10-year
values of sea temperature can be obtained from this station, since it operates from 1989.
Sea temperature data for 30-year period will be assumed as average yearly sea values
available from online portal Sea Temperature®® for Utsira (Figure 14), which is based on

several years of historically observed data.®

15 https://www.seatemperature.org/europe/norway/utsira.htm .

16 The portal does not mention the exact length of data observation.


https://www.seatemperature.org/europe/norway/utsira.htm
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Figure 14: Average monthly sea temperatures at UTSIRA (SeaTemperature, 2018)
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The values of significant wave height and wave period will be taken as referent values
from the study “Wave energy resource in the North Sea” (Beels et al., 2007), which
identified typical sea states in the North Sea for Belgian, Dutch, Norwegian, UK, Danish
and German continental shelves. The reference site of Norwegian continental shelf under
this study was Utsira. It was observed that significant wave height was larger than 1 m at
this location for 80% of the time. The characteristic sea states with the significant wave
height (Hs) and wave energy period (Te) for the Norwegian continental shelf are given in
Table 1 based on study of Beels et al. (2007). Sea states are normally characterized by
the significant wave height (Hs) and the mean wave period (Tm). However, it was argued
that wave energy period, Te!’ can better reflect the lower frequencies in energy variation
in the wave spectrum than the mean wave period (Beels et al., 2007). Therefore, in the
present analysis referent sea state with values of Hs and Te will be used as per Table 1.
Three sea states 1 (mild), 5 (mean) and 10 (rough or severe) are selected for modeling

sea conditions in stepwise load cases LC1, LC2 and LC3, respectively.

17 Defined as Te = mT—;’ where my is the n™ moment of spectral density.
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Table 1: Sea states on the Norwegian continental shelf (Beels et al., 2007)

Location Lhsira

Mean water depth [m] 200

Diistance to shore [km] 21

Awverage annual available 33 12

wave power [kWim] T

Sea State 1 2 3 4 5
H.[m] 0.5 1.25 1.75 2.25 2.75
T.s] 7.13 7.44 7.69 804 8.39
Woave

power 38 5.76 1165 2020 31.49
kW fm)

O.F.[9%:] 1970 21.80 17.10 12 S D40
Sea State & 7 8 9 10
H,[m] 3.25 375 4.25 4. 75 525
Td=s] .20 Q.01 Q0 951 .96
Wave

powWer 4617 G278 B1.31 1. 17 137 56
W m)

O F. %] . 420 270 1 .60 .20

4.3 Input data for simulation

According to literature, there is a strong impact of the annual offshore cycle on the North
Sea climatology, with the highest wind speeds occurring in winter and lowest in summer
(Suselj, Sood & Heinemann, 2009). Environmental conditions in load cases will be

configured to reflect these temperature trends.

Default values for air and sea in ASHES are referenced to Standard Sea Level (SSL)
conditions at 1 atm. For air conditions, at 15°C air temperature, the air density is set to
1.225 kg/m® and dynamic viscosity at 1.81e-05kg/(m s). Default sea values are
referenced to sea temperature at 10°C, with average salinity of 3.5%, water density of
1,026.96 kg/m?® and dynamic viscosity of 1.386e-03 kg/(m s). The mean water depth is
200 m. Wind and wave angles are kept at the default value of 0°, assuming that the wind
and wave angles are aligned. For all load cases, density and viscosity scheme of air and
sea is calculated automatically by ASHES based on the input air and sea temperature and

referenced to default values.
4.3.1 Input for stepwise wind

Under normal or stepwise wind option, the 3 load cases will be set up to model mild,

mean (medium) and rough conditions, which can normally occur in the annual offshore
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cycle in the North Sea. Each stepwise load case will run for 3650 s when it reaches cut-

out wind speed of 25 m/s.

LC1 will represent “mild” case, with the summer air and sea temperatures taken for
month of August, when the highest values are observed. Wave loads will be modeled
according to Sea state 1. The air temperature will be taken from 30-year observation of
the normal values for Utsira FYR and the sea temperature from the on-line portal Sea
Temperature for August. Only one current will be modeled and hydro loads are enabled.
Due to mild sea state we will assume no flow separation, hence, no wave or currents

kinematic stretching will be modelled.

LC2 case will use the mean values from 10-year observations for air temperature at
Utsira FYR and mean sea temperature from the SeaTemperature portal. The Sea state 5
will be used to represent medium sea state. This mean value is in line with the mean
value of Hs =2.70m obtained by 1990-2008 observations at Gullfaks C (Reistad et al.,
2009). Also, the mean wind speed data agree well with Gullfaks C station (8 m/s) and
Utsira FYR (8.1 m/s) measured at 10m height. Since the waves are moderate and 2
currents included, the Wheeler kinematic stretching is applied for both currents and

wave modeling as well as hydro loads.

LC3 case will simulate rough met-ocean conditions, with air and sea temperature values
typical for winter time, taken for month of February. The corresponding Sea state is 10,
which represents the roughest characteristic sea state at Utsira. The air temperature will
be taken from E-klima for 30 year period, with the lowest value in February and the sea
temperature from the Sea Temperature portal for February. Wheeler kinematic stretching

is applied for currents and waves as well as hydro loads.
4.3.2 Input for turbulent wind

For LC4 (NTM) we will assume mean environmental conditions (as in LC2), in
combination with the mean Sea state 5. Since we will simulate mean met-ocean
conditions, we will assume wind shear exponent as 0.14 (slightly lower than normal 0.2

to reflect milder conditions) and the normal sea surface roughness of 0.0002.
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In LC5, the extreme turbulence wind file (ETM) will be used in conjunction with
minimum values of air temperature (10-year period Utsira FYR observations), minimum
sea temperature (10-year Gullfax C observations) and rough Sea state 10. Due to the
rough sea, wind shear exponent is set to 0.2, with the sea roughness assumed as 0.0005
(which is slightly higher as compared to default 0.0002 in order to reflect higher waves).

For both turbulent load cases, the average wind speed at the rotor hub (90 m) was
assumed as 12.6 m/s. Simulation will run 600 s, which is standard default length (Det
Norske Veritas, 2013), with the random seed and horizontal and vertical flow angle of
0°. Kinematic stretching will be applied only for waves. Under such a set up, it was not
possible to add currents or hydro loads on tower, because the rotor moved outside

turbulent wind field and simulation stopped.
4.3.3 Input for extreme wind

Extreme Wind Speed model (EWM) is selected as one of the IEC deterministic weather
conditions available in ASHES for checking extreme load case (LC6). The reference
mean wind speed at the hub height is 12.6 m/s, without shear and with default flow angle
of 0°. Air and sea temperature, and sea state conditions are modeled as in LC5, with
extreme (minimum) values of air and sea over a 10-year period. The extreme event starts
after 10 s and entire simulation runs for 600 s. Wheeler kinematic stretching is applied

for both waves and currents and hydro loads on tower are enabled.
4.3.4 General simulation parameters

The general parameters can be set-up in ASHES under “Analysis Parameter Dialogue”,
to specify simulation type, ramp-up and convergence scheme, RPM, TSR, azimuth and

pitch angle, aerodynamics and hydrodynamics.

General parameters are initially set up and have same values for all load cases (details
are given in Appendix 3). The present work will be based on dynamic type of analysis,
where behavior of real wind turbine is simulated using Newton’s Second Law and elastic
properties of the wind turbine to account for motion responses of the system. The rotor is
modeled as flexible with all parts of RNA moving, where structural properties of blades
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are drawn from geometry and stiffness of NREL 5 MW model (blade and airfoil
properties), which can be additionally adjusted by using Rotor and Blade parameters. All
time simulations have time step duration of 0.03 s as a default value assuming the rotor
turns 2 degrees per one time step. Ramp-up scheme is dynamic, performed in time
domain simulation and determined by time (duration), where loads are ramped-up from

zero to their full value over a certain time (30 s default).

Convergence is achieved with a maximum number of iterations set to 1000. One time
step can consist of a number of iterations which are repeated until the convergence is
reached. Per each time step the total kinetic and total strain energy of the system is
calculated. The new position of structure compared to the position of the structure in the
previous time step is calculated with the equations of motion taking into account the
forces applied to the structure. At each new position of the structure, the residual energy
is obtained. If the ratio of residual energy over kinetic energy and the ratio of the
residual energy over strain energy is bigger than the energy tolerances level, then a new
position of the structure will be calculated and iteration repeated until the ratio is lower
than the energy tolerances, after which the simulation moves to the next time step. If the
convergence does not occur within 1000 iterations then the program would stop. In the
simulations performed under current analysis, convergence usually occurred after 7
iterations under one time step. The number of iterations needed to complete one time

step depends on the load case model, environmental parameters and tolerances selected.

For floating structures, due to relatively large motions, it is recommended to model
aerodynamic and hydrodynamic loads as flexible in ASHES. Flexible modeling is
achieved by computing velocity at current position and current time for air or wave
particles as well as velocity of the structure at current time and position. RPM was set to
12, close to rated operating condition of the 5 MW NREL turbine (Liu et al., 2017).
Simplified hydrodynamic model is adjusted by Morison’s equation used in all sea states
in a form of algorithm for perpendicular loading, defined by drag and inertia components
and based on the water particle velocity and acceleration (ASHES, 2018).
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Chapter 5

Results and discussion

In the following chapter, the main findings from the simulations will be presented and

discussed.
5.1 AEP under stepwise wind

The AEP results for all three load cases show better electricity production of semi-
submersible as compared to the spar in LC2 and LC3, albeit with a small difference
(Table 2). Detailed results are presented in Appendix 5. The spar had highest energy
yield under mild environmental conditions. With increase in environment loads, the
semi-submersible floater slightly outperformed the spar. Under medium and extreme
met-ocean conditions the structural responses of semi-submersible appear to have better
capacity to dampen the system oscillations and resonances. It can be argued that such a
small difference is attributed to use of the same baseline rotor and external controller
properties of NREL 5 MW turbine, where torque was kept constant to limit the
exaggeration in the power output. As pointed out in the literature, the pitch and heave
motions have high impact on the platform motion affecting rotor aerodynamics, and
consequently the power output. The relationship between platform pitch and heave
motions and the power curve is further explained using results obtained under mean load
case (LC2).



Table 2: AEP under stepwise wind in kWh
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Semi-submersible Spar Difference (%)
LC1 21797 478.5 21 869 385.0 0.3
LC2 22 351 290.5 21698 854.8 2.9
LC3 22111 398.2 21538 151.6 2.6

From Figure 15, it can be observed that both floaters under LC2 have similar power

trend until entering the rated wind speed range (11-13 m/s), at

submersible reaches rated power output before spar at the 12 m/s.

which point the semi-

Across the wind speed

range of 8-13 m/s, the power output of semi-submersible is bigger than in the spar. In

this range the energy density is the highest along the power curve, due to k-2 shaped

Rayleigh annual frequency distribution, which combined with the higher power output

gives slightly better yield to semi-submersible floater.

Comparison of power curves

6000,00

<)

5000,00
< 7
= 4000,00

—Spar

s
> 3000,00
o
[¢B]
.S 2000,00
5 /
IE 1000,00 /
0'00 1 1 )

0,00 10,00 20,00 30,00
Wind speed

Semi-submersible

Figure 15: Comparison of power curves under LC2

Since both floaters use the same type of controller, a difference in electricity production

can be attributed to the amplitude of floater’s motion in pitch and heave modes. In the

study of Bagbanci et al. (2015) pitch and heave motions were

identified as the most
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significant degrees of freedom that directly affect the power output. The values of pitch

and heave per each wind speed change were plotted in Figure 16.
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Figure 16: Comparison of pitch (a) and heave (b) motions under LC2

Around the rated operating range (11-13 m/s), both heave and pitch motions of the semi-
submersible floater are smaller than in the spar and closer to zero (starting position when
the floater is still and no wave forces are applied). It is assumed that due to water plain
area and entrapment plates, the semi-submersible can sustain larger wave amplitudes as
compared to spar whose draft diameter is smaller and more susceptible to bigger waves.
In line with this argument, the spar performed better under LC1 at mild waves (0.3%)

while under medium and more severe sea conditions semi-submersible was more stable
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and generated better power output. Furthermore, it was observed that the hub
displacement magnitude (Figure 17) is higher in the spar than semi-submersible with
peaks for both floaters around 10 m/s, just before the turbine starts entering into
operating range after which it slowly decreases. Larger amplitude motion of the spar in
heave and pitch is translated to motion of the hub leading to its larger displacement. It is
assumed that at some point, if there is bigger wave excitation force applied on spar
floater which increases amplitude of its motion, the controller-response natural
frequency might become bigger than platform — pitch natural frequency which would
result in some loss of the energy where controller attempts to reduce negative damping

to stabilize the power output.
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Figure 17: Comparison of hub displacement magnitude under LC2

Based on the above results, the smaller platform motion and bigger stability of the semi-
submersible is apparently attributed to its geometrical properties:

e Larger mass and larger stability

e Water plane area stiffness bigger than in spar

e Buoyancy is larger than in spar

e Overall platform motion amplitude smaller than in spar
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5.2 Power output under turbulent wind

The electricity production was taken as average output after removing first 120 s to
avoid transient effects. The power output is almost same for both floaters under both
turbulent load cases, with the negligible advantage of semi-submersible over spar
(Table 3). In case of extreme turbulent wind and under extreme conditions, loads are

bigger and the energy output smaller than under normal turbulent conditions.

Table 3: Average electricity production under turbulent wind in kWh

Semi-submersible Spar
LC4 | 490.65 489.34
LC5 | 476.46 476.41

Since the simulation was run only for 10 minutes, it was not possible to establish trends
in respect to platform responses in pitch and heave motion and hub displacement
magnitude. Secondly, it was not possible to simulate currents, currents kinematic
stretching and hydro loads on the tower because rotor moved outside the turbulent grid
and simulation stopped after around 30 seconds. Under such circumstances, it is
assumed that the power output under both load cases might have been slightly

exaggerated. Additional tests might be needed to better model turbulent load cases.
5.3  Power output under extreme wind

Average electricity output of floaters under IEC EWM extreme load case showed better
performance of the semi-submersible than the spar, again with the very small difference
(Table 4). Similarly as for turbulent load cases, the power results in first 120 s were not
included in order to remove effects of rotor adjustment and power variation. The
platform motion and hub displacements were not analyzed due to limited simulation

time.
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The average electricity production was bigger in both floaters under LC6 as compared to
both turbulent load cases. This can be partly explained by the absence of stochastic
effects and variations in wind speed and direction that may limit the power output.
Another reason is that under extreme IEC load case the mean wind speed has been

magnified which may have contributed to a higher electricity output.

Table 4: Average electricity production under extreme wind in KWh

Semi-submersible Spar

LC6 502.45 501.33

5.4  Sensitivity analysis

An important factor in any simulation is its length. What is a sufficient time for a
generator to overcome the power overshooting and start simulating quite realistically the

aerodynamic behavior of the rotor?
To answer this question, two sensitivity cases were compared under LC2:

e S1 with shorter time step difference (30 s for start-up and 15 s step difference)

e S2 with longer time step difference (500 for start —up and 300s step difference)

The results demonstrated the power overshoot in SC1 (23 422 299.5 kWh), which was
almost 1 GWh bigger as compared to LC2 (22 351 290.5 kWh) and SC2 (22 311 710.9
kWh). When the time step difference in the simulation gets bigger, as in LC2 (2.5 min)
and in SC2 (5 min), the transient effects of the rotor on the power are less powerful and
the generator excursions above the rated power are smaller. Even though SC2 had twice
as large time step duration than LC2, the power output exceeded 5 MW in 6 instances
after the rated wind speed of 12 m/s was reached, as compared to LC2 which had 5 such
instances. This showed that in ASHES the time step duration needs to be at least couple

of minutes long (in our case 2.5 min) to get generally reliable results.
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55 Summary

The results obtained from the simulation confirmed that the platform motion directly
influences the field around rotor, its aerodynamic behavior and consequently, the power
output. Overall, the semi-submersible had slightly better energy yield than the spar in all
but one load case. The robustness of results was tested in the sensitivity analysis for the
semi-submersible floater under LC2 in regards to the simulation length under stepwise
wind module, which indicated that longer time steps of at least couple of minutes are

needed to avoid power exaggeration.
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Chapter 6

Conclusions

This study has investigated energy performance of the semi-submersible and the spar

buoy floating wind turbines using aero-hydro-servo-elastic software ASHES.

In all six load cases, but one (LC1), the semi-submersible had slightly better energy
yield than the spar. In particular, semi-submersible had best AEP under LC2, which is
assumed as the most relevant study load case with the mean air and sea temperature and
sea state conditions that prevail over the year at the case study site. Under the LC2, the
actual difference in power curve is observed around rated operating range (11-13m/s),
which the semi-submersible turbine enters before the spar with the higher power output.
At the same wind speed range, heave and pitch motions of the semi-submersible are
smaller than in the spar as well as hub displacement magnitude. It can be argued that
specific geometric design with large plane area and entrapment plates of the semi-
submersible improves the system stability and limits rotor displacements, which

consequently benefits the power output.

Under LC2 the AEP difference was relatively small (2.9%), which may appear
insignificant when we compare power output at the level of one turbine. However, even
such a small difference in AEP is worth considering when planning a wind farm with
installed capacity of few hundreds of MW because this difference can mean several
millions in annual income which can affect investment decision which type of floater to

use.
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The floating wind turbines can sustain bigger loads up to certain level after which the
electricity generation tends to decrease under more extreme climate conditions, which is
evident from the results under stepwise wind. With increase in loads, power output of
spar decreases in all load cases, and for semi-submersible it decreases from medium to
more severe environment conditions. The appropriate modeling of hydro loads is
extremely important in FOWT for an adequate representation of the floater-rotor
interaction. The current analysis has used Te (energy period of wave) for precise
modeling of the characteristic sea state on the Norwegian continental shelf as compared
to Tm (mean wave period) that is used in general analysis for any site, in order to better

reflect lower frequencies in the wave energy.

As in any modeling process which is not confirmed by real test data, the current results
should be treated as an approximation to physical behavior of the structure taking into
consideration the modeling limitations. However, the most relevant features of the
floating wind turbine system were modeled in ASHES, apart from aerodynamic effects
of unsteady wind field which BEM cannot fully capture. Additionally, the currents and
hydro loads on the tower proved to be hard to simulate under turbulent wind due to

limitations in the grid refinement set-up.

The further research would ideally extend the findings from the present analysis to entire
wind farm in order to analyze the impact of wake effects in the wind turbines placed in
an array. A decision which floating offshore wind concept should be installed at a given
site should be based not only on the electricity production but also taking into account a
full range of financial factors, market conditions and regulatory framework. Therefore, it
would be useful to complement this research by financial and investment analysis to
assess the LCOE and profitability of different floating concepts, which might give a
valuable insight in future deployment trends of the floating offshore wind technology for

its optimal utilization.
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APPENDIX 1: INPUT PARAMETERS FOR LOAD CASES

Parameter Loadcasel Loadcase?2 Loadcase3 Load case4 Load case 5 Load case 6
Wind type Stepwise Stepwise Stepwise Turbulent Turbulent IEC EWM
(Mild) (Mean) (Rough) (Mean) (Extreme) (Extreme)
Air (°C) 13.6 8.4 1.7 8.4 -6.5 -6.5
Sea (°C) 15 10 6 10 0 0
Hs (m) 0.5 2.75 5.25 2.75 5.25 5.25
Te (S) 7.13 8.39 9.96 8.39 9.96 9.96
Sea state 1 5 10 5 10 10
Currents 1 2 2 None None 2
Wave None Yes Yes Yes Yes Yes
kinematic (Wheeler) (Wheeler) (Wheeler) (Wheeler) (Wheeler)
stretching
Currents None Yes Yes No No Yes
kinematic (Wheeler) (Wheeler) (Wheeler)
stretching
Tubular Yes Yes Yes No No Yes

tower hydro

loading




APPENDIX 2: WIND FILE DATA

a) Stepwise wind file used for LC1, LC2 and LC3

This text file represents a stepwise wind history that can be imported into Ashes.
i.e. the wind is constant between step changes.

is positive downwind.

is relative to North (i.e. the y axis). Thus, it is positive when coming from the north - sast.
(by default the wind vurbine faces North)
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b) Turbulent wind files used for LC4 and LC5

—{ Select turbulent wind file... - Ashes 3.3.0 ? >

|C:JUserS)HD)'DocumemsJAshes 3.3.0 | . File information

Only show turbulent wind grids fitting the rotor size

Filename Date modified
extreme 55.nd B/10/2018 12:46 PM
turbulent 40 by 40.wnd
turbulent default.wnd T/Z0/2018 12:34 PM
turbulent NEW 40.wnd B/6/2018 4:12 PR
turbulent wind roughness 0.5 and .
30%¢ rotor to grid sizeawnd TA24/2018 3:35 PM
turbulent wind with roughness 1
T/24/2018 3:14 PM
mean 10.54.wnd bt Mumber of gridpoints in y direction 40
turbulent with average ws 12.27.wnd | 7/31/2018 1:33 PM MNumber of gridpeints in z direction 40
Timelength of simulation [s] 514.37
turbulent with mean 10.54 ms.wnd T/20/2018 1:42 PM Time step [s] o
Turbine hub height [m] 90,804
width [m] 176.575
Height [m] 176.573
Average wind speed at hub height [m/s] 12.27
Turbulence intensities [%%]
Longitudinally 18.7
vertically 151
Laterally 2.5
I oK. ] Cancel
—{ Select turbulent wind file... - Ashes 3.3.0 4 >
[CifusersirpiDocuments/ashes 5.3.0 File information

Only show turbulent wind grids fitting the rotor size

Filename Date modified
extreme 55.wnd 8/10/2018 12:46 P
turbulent 40 by 40.wnd F/31/2018 2:26 P
turbulent defaultawnd T/20/2018 12:34 PM

turbulent NEW

nd

turbulent wind roughness 0.5 and
S0% rotor to grid size.wnd

F/24/2018 3:39 PR

turbulent wind with roughness 1

mean 10.54.wnd e e D ER L Mumber of gridpeints in ¥ direction <0
turbulent with average ws 12.27.wnd  7/31/2018 1:33 PM Number of gridpoints in z direction <0
Timelength of simulation [s] 613.95
turbulent with mean 10.54 ms.wnd TIZO/2018 1:42 P Time step [s] P
Turbine hub height [m] S0.804
width [m] 176.236
Height [m] 1756.236
Average wind speed at hub h 12.6
Turbulence intensities [%&]
Longitudinally 19,1
Vertically 15
Laterally 0.4

[ oK | Cancsl




68

APPENDIX 3: SIMULATION DATA

a) Baseline properties of OC4 semi-submersible floater used in ASHES

Platform total mass (including ballast): 13,473t

Height: 30m Offset columns: 3

Base elevation: -19.196 m Distance: 28.87m

Top elevation: 10.804 m Upper diameter: 12m

Material: SteelUndamped ~ Upper thickness: 0.06 m
Modulus of elasticity: 2.1e+11 N/m? CM location below SWL.: 13.46 m

Max buoyancy: 171,458 kN Platform roll inertia about CM: 6.827E+9 kg/m?
Center of buoyancy below SWL.: 13.15m Platform pitch inertia about CM:  6.827E+9 kg/m?
Draft (initial): 19.196 m Platform yaw inertia about CM: 1.226E+10 kg/m?
Total water plane area stiffness: 3,812.0 KN/m Center of buoyancy below SWL: 13.15m

Main column Diameter: 6.5m

Main column Thickness: 0.03m

b) Baseline properties of OC3 spar floater used in ASHES

Platform total mass (including ballast): 7,466.0t Upper diameter: 6.5m

Height: 130 m Upper thickness: 0.05m

Base elevation: -120m Lower diameter: 94 m

Top elevation: 10m Lower thickness: 0.05m

Material: SteelRayDamped  CM location below SWL: 89.9m

Modulus of elasticity: 2.1e+11 N/m?  CG below SWL: 75m

Max buoyancy: 84,293 kN
Draft (initial): 120 m
Total water plane area stiffness: 334.2 KN/m

4229.23E6 kg-m?
4229.23E6 kg-m?
164.23E6 kg-m?

Platform roll inertia about CM:
Platform pitch inertia about CM:
Platform yaw inertia about CM:

¢) Fundamental properties of the 5 MW NREL used in ASHES

Rotor position:

Rotor orientation:
Rating:

Control:

RNA mass:

Drive train:

Rotor hub diameter:
Rotor swept area:
Hub height :

Cut —in, rated, cut out wind speed:
Transmission system:
Rotor tilt angle:
Cone angle:

Brake location:
Rated tip speed:

Horizontal axis

Upwind, 3 blades

5 MW

External controller OC3 PhaselV
350,000 kg

High speed, multiple state
1259 m

12,446 m?

90.804 m

3,115, 25

Geared

5

25

Low speed shaft

80 m/s




d) Overview of general analysis parameters used in ASHES
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Analysis type:

Rotor model:

Timestep scheme:

Load ramp-up scheme:

Analysis type for ramp-up:
Convergence (max. iterations):
Analysis mode:

Aerodynamic movement of structure:
Hub loss correction:

Tip loss correction:

Critical Glauert’s value:

RPM:

Tower shadow:

Hydrodynamic movement of structure:

Algorithm for perpendicular loading (hydro):
Moving structure for perpendicular drag (hydro):
Moving structure for perpendicular inertia (hydro):

Hydro loads below seabed:

Dynamic
Flexible
Calculated (0.03 s default)
Duration
Dynamic

1000 (default)
Non-linear solver
Flexible

Enabled

Enabled (Prandlt)
0.33

12

Enabled

Flexible

Morison

Moving

Moving

Enabled

e) Default properties of semi-submersible floater

Number of mooring lines
Angle between lines

Type of anchoring

Line diameter

Anchor distance

Fairlead center distance
Mooring line distributed mass
Elastic modulus

Yaw spring stiffness

3

120°

Catenary

0.0766

853.87 m

12m

113.35 kg/m
1.8975e+11 Pa
3.278e+06 N m/rad

f) Default properties of spar floater

Number of mooring lines
Angle between lines

Type of anchoring

Line diameter

Anchor distance

Fairlead center distance
Mooring line distributed mass
Elastic modulus

Yaw spring stiffness

3

120°

Catenary

0.09

853.87 m

47 m

77.7 kg/m
1.8975e+11 Pa
3.278e+06 N m/rad
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APPENDIX 4: CLIMATE DATA

a) 10-year wind data and wind rose at Utsira FYR (e-Klima report, 2018)

FREQUENCY DISTRIBUTION - WIND ROSE

stations
star Name operates from Operates until Altitude Latitude Longitude Municipality County  Region
47300 UTSIRA FYR Jan 1860 55 59,3065 41,8723 utsira rogaland WESTERN NORWAY
Elements
Code Name unit
b  wind direction (FF) degrees

FF wind speed (10 meters above ground) m/s

Norwegian Mean Time (NMT) is the same as Central European Time which is the timezone one hour before utc, and is therefore often describ

In the period 01.01.2008 - 31.12.2017 data from the hourly observations are used for FF and DD.

47300 Relative frequencies (%) of observations grouped by DD horizontally and FF vertically. 01.01.2008 - 31.12.2017
A1l available months. A1l available hours
DD 345 15 45 75 105 135 165 195 225 255 285 315 variable calm Total rRel.fr. cum.fr. Mean st.dev.

FF 14 44 74 104 134 164 194 224 254 284 314 344 DD DD
<= 0,2 0,8 G683 0,8 0,8
0,3 7,7 5,2 3,5 2,3 3,3 5,2 5,2 5,7 4,8 4,0 3,8 3,8 4,6 42031 51,5 52,3
7y 15,2 5,0 0,7 0,2 0,9 3,7 5,8 6,8 3,8 3,3 3,4 2,6 4,4 0,0 33104 40,6 92,9
15,3 22,7 0,8 0,0 0,0 0,0 0,6 1,5 0,9 0,4 0,5 0,8 0,5 0,7 5572 6,8 99,7
22,8 30,2 0,0 0,0 0,1 o, 0 0,0 0,0 0,0 0,0 0,0 205 0,3 100,0
> 30,2 0,0 0,0 0,0 4 0,0 100,0
Total BOB3 3458 2092 3414 7714 10297 10916 7410 6449 6636 5599 7047 1 683 81599
rel.fr. 11,0 4,2 2,6 4,2 9,5 12,6 13,4 9,1 7,9 8,1 6,9 9,7 0,0 0,8 100,0
cum, fr. 11,0 15,2 17,8 22,0 31,4 44,1 7,4 66,5 74,4 82,6 89,4 99,2 99,2 100,0
Mean FF 8,7 5,5 4,2 5,4 7,6 9,4 8,8 7,9 8,3 8,8 7,9 8,6 11,9 0,0
St.dev. FF 4,2 2,9 2,3 3,1 4,1 4,7 4,0 4,0 4,4 4,7 4,5 4,3 0,1
statistics

Statistics FF DD Date
Mean 8,1
St.dev. 4,4
Min FF 0,0 03.05.2008 21:00
Max FF 31,9 19.01.2008 03:00
Min DD
Max DD

Data coverage  93% 93%

Time of observations are given in Norwegian mean Time (NMT=UTC+1)

Wind rose, frequency distribution of wind

Winddirection divided in sectors of 30° 47300 UTSIRA FYR

Frequency distribution of wind speed in percent %

Wind speed (m/s )
| 302

m 22.8-30.2
@ 15.3-227
o 7.8-15.2
o 0.3-7.7

Calm (%) w

@ 255°

& Year: 2008 - 2017 195 165°
AN Jan, Feb, Mar, Apr, May, Jun, Jul, Aug, Sep, Oct, Nov, Dec S
Motsorctogsx  Hour: 0,1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19, 20, 21, 22,23 (NMT)

institutt



b) 10 year mean values at Utsira FYR (e-Klima, 2018)
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Monthly values per element, with summaries HZL;’SP;F,,‘;icu.
~»  Institute
Stations
Stnr Name Operates from ||Operates until | Altitude | Latitude | Longitude || Municipality| County Region
47300 |(UTSIRA FYR|Jan 1860 55( 59,3065 4,8723| Utsira Rogaland | WESTERN NORWAY
47300 UTSIRA FYR, Mean temperature (TAM)
Year Jan || Feb | Mar | Apr | May || Jun | Jul || Aug | Sep | Oct | Nov | Dec | Total | Mean || Normal | Deviation | %
2008 4,4| a9 3,4| 63| 10,2 13,0 16,6|| 15,6 13,1 9.3]| 63| a5 9,0 7,4 1,6
2000 3,4 1,4| a2 7.1 9,5(123|158|151| 13,0 86| 7.5 2,7 8,4 7,4 1,0
2010/ -0,6| -0,2| 3,6| s,8| 7,6 10,7 14,2 15,0 12,6 9,1 2,9 -0,4 6,7 7,4 -0,7
2011 26| o,7| 25| 67| 93| 116] 14,1 14,8 12,9 10,2 87| 5.0 8,3 7.4 0,9
2012| 3,5| 28| s,1| s,0| 8,5 108|136 15,1 11,6| 8,3 70| 1.6 7.7 7,4 0,3
2013| 1,4 o8| o8| 45| 9,2 12,0( 14,3 15,2| 13,0( 10,4] 70| &5 7,9 7,4 0,5
2014| 3,0| a6 53| 7.5]| 9,6 12,8 17,1|| 15,1 14,2|| 11,2 s8,4| 5.4 9,5 7,4 2,1
2015| 4,6| a4,3| s.0| s,5| 7.8 104 129| 15,7 13,5 10,7 81| 6,8 8.8 7,4 1,4
2016 2,3| 3,3| 40| 5,7 10,0 13,0 14,3|| 14,0 15,3| 9,2 56| 69 8,7 7.4 1,3
2017| 4,8| 3.4| a,5| 58| 95122 13,7 14,4 13,7 10,7 6,7 a9 8,7 7,4 1,3
Number of 10 10 10 10 10 10 10 10 10 10 10 10
Minimum || -0,6| -0,2| o0,8| 4,5| 7.6 10,4 12,9| 14,0 11,6 8,3 2.9 -0,4
Year 2010(2010((20132(12013|2010((2015(12015|2016(2012(2012| 2010|2010
Maximum || 4,8 4,9| 5,3 7.5 10,2| 13,0 17,1|| 15,7| 15,3 11,2]| 8,7| 6,9
Year 2017(2008(2014(2014||2008(2008(2014|2015(2016(2014 2011|2016
Total
Mean 29| 26| 38| 60 91| 11,9 14,7\ 15,0 12,3| 92,8 &8 4.4
Normal 23| 17| 27| a6 83| 114 13,0)|13,6]11,7| 9.3]| 59| 3.9

c) 30-year normal air temperature values at Utsira

Monthly normal values

Lala

Norwegian
Meteorological

Institute

FYR (e-Klima, 2018)

Stations
Stnr Name | Operates from|Operates until|Altitude||Latitude | Longitude | Municipality|| County Region
47300 | UTSIRA FYR|Jan 1860 55| 59,3065 4,8723|Utsira Rogaland |[WESTERN NORWAY

Month normals 1961 - 1990 for TAM, Mean temperature

St.no

Jan ||Feb||Mar

Apr

May

Jun

Jul

Aug| Sep

Oct|| Nov

Dec|Year

47300

2,3 1,7|| 2,7

4,6

8,3

11,4

13,0

13,6(11,7

9,3| 5,9

39| 7.4




APPENDIX 5: AEP RESULTS

LC1: Semi-submersible

Variable Value Unit
Mean velocity 10,20] mys
Nominal power S000] kWY
Scale factor 11,51)m/s
Maximum energy yield A 3300000 ) KW h
Capacity factor 0,453] -
Wind speed Rayleigh distribution of yearly hours Power curve Energy yield kWh
o o 0 0
1 131,26338535 0 0
2 256,6490537 0 0
3 370,7135714 0 0
4 468,8433349 35 164059,51347
5 547,555955385 176,4 96589,51325
6 G04,7125238 402,27 243215,5355
7 635,5517254 726 464570,3733
g 652,6649246 1168.5 J626338,9643
| g45,8155054 1747,2 11233638,851
10 f21,6911003 2452.4 1545502,853
11 5&83,6050538 3428,5 2000839,944
12 535,1830338 4475,7 23595318,727
13 430,0673832 5004,3 2402641,239
14 421,66509592 459596,3 2106765,335
15 362,9565739 4595,3 1813253,477
16 306,37230249 4559,5 1531741,465
17 253, 7400271 5007,5 1270603,136
13 206,2839408 5001,1 1031646,616
15 164,6805805 5012,1 8253595,5376
20 1259,1359077 5005,1 646353,5945
21 95,50133132 5017,2 455213,0755
22 75,345438145 5007,2 3772659,3947
23 b6, 08233139 S020,2 281547,2337
24 41,04163966 5009,1 205581,6772
25 259,5329593149 5009,7 147951,436
26 20,859959253 0 0
27 14,54682653 0 0
23 §,955634316 0 0
29 6, 708237045 0 0
30 4,445329339 0 0
Total 21757478,55




LC1: Spar-buoy

Variable Value Unit

Mean velocity 10,20] m/'s

Mominal power SO0 kW

Scale factor 11,51|m/=

Maximum energy yield A3300000 ] KWh

Capacity factor 0,4549] -

Wind speed Rayleigh distribution of yearly hours | Power curve | Energy yield kWh
0 0 0 0
1 131,2638535 0 0
2 256,6490587 0 0
3 370,7135714 0 0
4 468,84338415 36,5 17112,78355
5 547,5595989 1831,3 99272,55528
6 604,7129283 412,1 245202,1575
7 639,5517254 741 4735907,8285
8 652,6649246 1150,1 776736,5267
5 645,8155054 17624 1138185,247
10 621,6911003 2515.,1 1563615,286
11 583,6050588 34537 2015596,792
12 535,1830388 4532,3 2425610,087
13 430,0673832 45518 2396400,363
14 421,66509592 4591.8 2104867,842
15 362,9565789 45952 18118759,242
16 306,3728029 45594.6 1530209,601
17 253, 7400271 4535.5 1265020,5905
18 206,2539403 4550,2 10259398,121
13 164,6805805 4934,2 §208040,9494
20 1259,139077 4552,3 644701,0143
21 895,50133132 45989.,5 496461,8926
22 75,34548145 45959.5 376689,7345
23 5608288185 45957,6 280279,8106
24 41,04163966 5008.9 205573,46389
25 25,53295311% 5006, 7 147862,837
26 20,89959258 0 0
27 14,54682653 0 0
28 5,959684816 0 0
29 6, 708287045 0 0
30 4,4453298319 0 0
Total 21365385,09
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LC2: Semi-submersible

Variable Value Unit

IMean velocity 10,20] my's

Nominal power SO00] KW

Scale factor 11,51 m/s

Maximum energy yield A330000] KWh

Capacity factor 0,510] -

Wind speed Rayleigh distribution of yearly hours | Power curve | Energy yield kih
0 0 0 0
1 131,2633535 0 0
2 256,6450537 0 0
3 370,7135714 0 0
4 468,8433845 23,7 11111,53822
5 547,5555535 143,2 78410,53456
B 604,7125233 369,2 123260,0133
7 639,5517254 746 476785,8113
& 652,66459246 1250,3 242133,5522
9 645,8155054 1507,7 1232022,24
10 621,6911003 2697,9 1677260.42
11 583,6050533 3596.5 2053935,554
12 535,1830333 4560.6 2654523,932
13 430,0673832 4927,1 2365340,004
14 421,6650992 4330,2 2057810,017
15 362,9565735 4511,5 1782806,42
16 306,3723029 4553 15257159,405
17 253, 7400271 5065,5 1285320,103
13 206,2839403 5121,2 1056421,3138
15 164,6805805 5104.4 240555,5552
20 125,135077 50516 652358,9616
21 599,50133132 4953,5 4923745,8447
12 75,34543145 4357,7 3650159,5645
23 56, 08288185 4377,2 273527,4316
24 41,04163966 4538,1 202667,7203
25 29,53299319 5013.5 148075,4746
26 20,89959253 0 0
27 14,54682693 0 0
23 §9,9509624816 0 0
29 6, 703287045 0 0
30 4,4453 29839 0 0
Total 22351290,56
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LC2: Spar-buoy

Variable Value Unit

Iean velocity 10,20] m/=s

Nominal power SO00] W

Scale factor 11,51)m/=

Maximum energy yield 433000040 | EWh

Capacity factor 0,455]-

Wind speed Rayleigh distribution of yearly hours | Power curve | Energy yield kWh
0 0 0 0
1 131,2638535 {0 0
2 256,6490537 0 0
3 370,7135714 {0 0
4 468,8433349 26 12139,92301
5 547,5585535 1595,1 106328,8777
6 604,7129233 470 284215,0765
7 635,5517254 d43 S542020,0873
g 652,6649246 1284,5 838348,08956
5 645,8155054 1773,2 1145160,054
10 621,6911003 24438,1 1521961,933
11 583,6050533 3337.3 1947665,163
12 535,1830333 35951,5 2114775,773
13 430,0673332 45963,5 2335406,32
14 421,6650992 5039,4 2124939,101
15 362,9565735 5091,5 1343138,604
16 306,3728029 5104,4 1563849,335
17 253, 7400271 5055,1 1233696,171
13 206, 2339403 4585,6 10:23449,215
15 164,63805305 4920,5 2102310,7965
20 129,135077 A350,4 631541,7424
21 8959,50133132 4923,1 435355,004.2
22 75,34548145 4532,6 375416,35955
23 56,08288135 50616 233369,115
24 41,04163566 5104,4 205452,9455
25 29,532959219 5103.6 150724,534
26 20,85955253 {0 0
27 14,54682693 0 0
23 §,9559684216 {0 0
25 6, 708287045 0 0
30 4,445325335 { 0
Total 21653854,87
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LC3: Semi-submersible

Variable Value Unit
Mean velocity 10,200 my's
MNominal power SO00) kW
Scale factor 11,51 mys
Maximum energy yield 42300000 KWh
Capacity factor 0,505] -
-
Wind speed Rayleigh distribution of yearly hours | Power curve | Energy yield kWh
0 0 0 0
1 131,2638535 0 0
2 156,6490537 0 0
3 370,7135714 0 0
4 463,8433845 105,1 49275,43975
5 547,5595589 207,1 113399,5929
6 604,71259233 357,2 216003,4531
7 £359,5517254 573 369738,8076
8 652,6649246 5138.,5 5559733,7992
3 645,8155054 1611,2 1040537,942
10 621,6911003 2352,7 1487520,296
11 L83,6050533 3302,2 1527180,625
12 535,1830333 5182,5 2773586,093
13 480,0673832 5211,8 2502015,188
14 421,665059592 5254,3 2232421,534
15 362,9565735 5323 1532017,87
16 306,3723029 5300,2 1623837,13
17 253,7400271 5215,5 1324396,072
138 206,2339403 5103,2 1052708,207
15 164,6805305 4562,3 817194,4447
20 125,1359077 4333.5 624339,4243
21 99,50133132 4745,5 472183,5678
22 75,345438145 4653,3 353656,6203
23 Ge, 08238185 d636,3 262321,2094
24 41,041635966 4730,5 194147,4764
25 259,532959319 4812,7 142133,4363
26 20,8559559253 0 0
27 14,546826593 0 0
23 8,9559634316 0 0
29 6, 708287045 0 0
30 4,4453259333 0 0
Total 22111353,24
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LC3: Spar-buoy

Variable Value Unit
Mean velocity 10,200 m/s
Nominal power SO00] kWY
Scale factor 11,51 m/s
Maximum energy yield A3 B KW h
Capacity factor 0,4592]-
Appendi
'Wind speed Rayleigh distribution of yearly hours | Power curve Energy yield kWh
0 0 L, 0
1 131,2638535 L, 0
2 256,64590537 0 [0
3 370,7135714 0 0
4 4638,8433845 160.4 75202,47393
5 547,55955939 323,3 177026,0183
B 604,71259238 545,1 329629,0175
7 639,5517254 226 523461,5907
& 652,6649246 1178.1 768904,5476
) 645,8155054 1753,2 1132243,744
10 621,6911003 2337 14501593,568
11 583.6050538 3043.9 1779937069
12 535,1830388 3744.4 2003939,37
13 430,0673332 4332,7 2320021,643
14 421,6650992 4522,9 2075815,117
15 362,9565789 5039.8 1829228.567
16 306,3728029 5145,7 1576502,532
17 253, 7400271 5235,2 1328379,75
13 206,28359403 5270.3 1087178,253
15 164,6805805 5261 866384,5341
20 1259,1359077 5133,1 670632,141
21 5959,50133132 5105,8 508033,8975
22 75,345438145 4937.7 376554,1126
23 Se,08288189 4505.8 275131,402
24 41,04163966 4317,7 197726,3074
25 259,53295319 4775,2 141025,9491
26 20,89955258 L, 0
27 14,546826593 0 0
28 §9,959684816 0 [0
25 6, 708237045 L, 0
30 4,445329339 L, 0
Total 21538151.65

77



