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1 INTRODUCTION

The Deliverable D4.36 defing requirementsand shows the challengedor desigring future 20MW
wind turbines andillustrates a possible design solution for such very large turbines. A 20MW wind
turbine model and loads arerequired as a prerequisite for this design task. An extrapolated wind
turbine and tower model is developedh INNWIND.EWVork Packagel and basic eeroelastic load
calculations are performed. At this stage a so called lanersion of the wind turbine isapplicable
[5]. Consequently, lhe jacket design is carried out in greliminary level using static extreme loads
and simpified load cases for the fatigue analysithat are based onnon-correlated wind and wave
fatigue calculations. More sophisticated conceptual design studies require a moreaccurate
offshore wind turbine modeland integrated load simulationunder due consicration of loads and
responses for which the preliminary jacket is a requirement. Results of the more accurate
conceptual analysis are compared with theesults of the preliminary analysisof the jacket

The 20MWwind turbine modelis derived from upscaing the 10MW reference wind turbine[4].

Tower root ultimate and fatigue loads arealculated for a few relevant IEG51400 DLCs. These
tower bottom loads areused for the jacket predesign. The subsequent conceptual analysesf the

full offshore wind turbine mode] which consists of theupscaled wind turbine the initial jacket

from the predesign and soilpile interaction is modelled and analysed usingaero-hydroelastic

calculations according togoverningDLCs(i.e. design drivig DLCfor the foundation) These load
calculations are carried outwith DNVGL BADED The resultingtower bottom interface load time

series are used toiterate the jacket conceptdesign. Tl load iteration procedure of the models is
following stateof-the-art methods used by the industry

The design basis of the 10MW reference jacketdesign is applied also for the 20MW design.
Hence the water depth of the structure isstill 50m and identical assumptions for soil and met
ocean conditions are assumedn order to perform a fair cost comparison between 10MW and
20MW jacket solutions

The designconsidersultimate limit state analysis for steel and soil bearing capacities, fatigue limit
state analysis and natural frequency analysig-or the primary structureof the jacket foundation,
the analyses are performedvith the Ramboll Offshore Structural Analysis Programamed ROSAP.

Even if the turbine is an upscaled landgersion and probably not an optimized solution in terms of
size and mass, the analsis of a 20 MW offshore wind turbine illustrates how a support structure
would look like by using statefthe-art design processes and toolsThe result show critical design
challenges and enablesliscussionsregardingnecessary improvementof methods and modelsto
designsuch large structures.
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2 DESIGNASSUMPTIONS ANIIMITATIONS
2.1 Site Description

The chosenlocation for the INNWIND.ELproject is a 50m deep offshore site in the North Sea

which is the same location as used in the UpWind projecthe design basis showshe data for a

K13 deep offshore site in the Dutch North Seal he coor di nates of K13 are 53A
3A136136 east , haman origimakewatsr d&oth sfi2Bnebut for studies related to

deep water sites, the site data is correlated to a@®n site. Detailed information about the site

conditions is given in7].

Figure2-1: Locations for which Rijkswaterstaat measures wind and wave d4@

2.2 JacketSupport Structure Concept

The general arrangement and used terms of the overall design layout is giverfrigure2-2. A pre
installed pile solution using a piling template is considered for thigacket design. The annulus
between the jacket leg and the pile is filled with grout after the jacket is installed on the piles
Shear keys will be used for the improvement of axial load transfer.

The jacket legs are designed to be flooded, which means that alé will be included in each leg at
the bottom of the jacket to allowsea water to flow in during installation. Similarly, an air release
hole will be designed at the top of each leg. These holes are sealed after installation, which will
prohibit exchangeof fresh air and seawater inside the legs and thereby internal corrosion in the
legs is avoided.Braces are nonflooded and assumed to be sealed after welding to prohibit
internal corrosion of the braces.
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Figure2-2: Definition of offshore wind turbineand the jacket

Secondary steel isncluded in the analyses of the primary steel by applying appropriate wave grea
volume and masse, i.e. the additional loading from these structures are includedowever the
detailed design of the secondary steeparts is not taken into accountand the properties are
based only on estimationsThe secondary steeparts include items that are part of the access
arrangement external platform, internal platforms,cable protecion systems and corrosion
protection system.

The hydrodynamic loads on the secondary structural members that will increase the hydrodynamic
loading in general are influenced by their orientation relatively to the direction of the flow (wave
and current) which isalso considered in the wave load analysis accordingly

The design of the boat landing shall ensure safe and easy access and egress and provide at least
one safe rescue facility in case of emergency situations. The boat landing shall consist of two
inner steel tubes with the ladder in between and two outer fender steel tubes. The lowest impact
level shall be determined from the transfer vessel properties of the smallest boat and the
corresponding sea state that is acceptable for access operationshé outer fender tubes shall be
extended sufficiently far below the lowest water level for boat access, considering the level of the
lowest point of the boat mounted fender and the worst wave conditions that are acceptable for
access operations in order toensure safe access and egress and to provide a safety margin
against the boat becoming trapped under the bottom of the boat landing fenders. The highest
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impact level and the lowest acceptable location of the transfer platform / lowest resting platform
shall be determined from the transfer vessel properties of the largest boat and the corresponding
sea state that is acceptable for access operations. The outer fender tubes shall be extended
sufficiently far above the highest water level for boat access, codsring the highest point of the
boat mounted fender and the worst wave conditions that are acceptable for access operations in
order to ensure safe access and egress.

All external access ladders shall have two side stringerBhe external ladders below tle access
platform shall be designed for wave loads and slamming. In order to ease the access to and
egress from the access or resting platforms, ladders shall be extended by at least insbove the
platform or alternatively the sidebars of the ladder shiabe extended by handrails of at least 1.5
m. On the access platform the extended part of the ladder shall be removable in order to ease
service operations on the access platform and in order to ease the tower installation. The external
ladders shall be deigned in such way that they can be replaced in case they are damaged or
corroded to an extent that the safety is not guaranteed any morgxternal ladders above the boat
landing ladder shall be designed with a fall arrest system or as shifted caged ladsleGafety
hoops and fall arrest systems below the access platform shall be designed for wave loads and
slamming.

2.3 Design Standards

The foundation structures are designed in accordance with DNV&E0126 [4], DNVGLST0437
[10] and IEC61400-3 [2].

2.4 Units andCoordinate Systems

The ISO Internationasystem of units is used in all calculations accordinglin case of exchange of
loads between the different project participants the loadshould be spedfied in global coordinate
system with consisted units.Otherwise the coordinate systems and units must be clearly
documented.

The definition of the direction of wind and wavelirections is depicted in Figure 2-3: A wind
direction of 90° (or East) means for example, that wind is blowing frorBast to West. In contrast,
the currents direction is defined as going towards the given direction.

00
North Wind/wave direction
4 (coming from)

A J
180°
West

Figure2-3: Global coordirate system of the substructures

The global coordinate system of the substructur@nd wind turbine models appliedy the different
analysis tools (i.e. Gasmb, BLADED andROSA are shown in Figure 2-4. Global loads and
displacements, which are given in these coordinate systemsieed to be transformedaccordingly.
The vertical elevation is given in meters above mean sea level (offshore condition) and meters
above ground (onshore conditions).
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GAST.mb BLADED ROSA
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y z z
X
/7 downwind

North

Figure2-4: GAST.mbBladed and ROSAoordinate system
2.5 Assumptions

2.5.1 Global Dimensions

The general layout of the jacket has been maintained, which means that the jacket has four legs
and four levels of Xracings. The water depth is 50nMSL. Thejacket legs, bracesand joints are
mainly driven by wind turbine fatigue loads and less by the wave acti@nly the legsin the splash
zoneare also influencedby wave actionbut the governing loads are from thevind turbine.

The bottom elevation of the tnsition piece is determined by the maximum wave crest, sea level
rise and an additional safety air gap. According to the reference design the lowésvation above
mean sea levelis defined to 18m. The transition piece design height is 8m, which is coneréd to

be the minimum height. The interface elevation between WTG tower and transition piece is
therefore 26m. Figue 2-5 shows the comparative summary between the 10MW and 20MW
concept.

The height of thetransition piecewith only 8m is a given requirementn order to avoid additional
stiffening of the entire model. It is an outcome of the natural frequency study of the 20MW
reference wind turbine[5], which indicated the risk of developing generally too stiff structure
with 3p excitation risks. The jacket design of the 10MW reference wind turbine required this
dimension[1], which indicates that a larger transition piece or a differertansition piececoncept

is required to transfer the tower loads of the 20MW turbine safely to the jackeEinally, a box
girder concept is selected for the current jacket design. However the dimensions of the box girder
are estimated only and not part of the design assessment yet.
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137.14 m 167.9m
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\\\
g ; 50m
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Figure 2-5: Comparisonof the INNWIND.EUOMW and 20MWjacket concept

The tubular members of the jacket are based on standasdid diameter and wall thickness, where
possible, to ensure a cosefficient design. Usally steps of full inches are used for diameters of
the piles, jacket leg and bracesWall thickness increments of/z inch are mainly consideredIn
advance of the design implementation an estimation based on experience was made, the
summary is given inTable 2-1. The designwill results in an estimationof the overall layout,
dimensions and masses of the jacket, pile and transition piecgith the following details

f
f
f
f

Dimensionsof legs, bracesand piles

Node coordinates

Wall thicknessdistribution
Masses of jacket, piles and transition piece

Table2-1: Estimated jacket dimensions for 20MW offshore wind turbines

. Reference jacket Estimated jacket

FELEN B s for 10M{N for 20MJW
RNA mass t] 6761 1730
Interface level MLAT] 26
Water depth MLAT] 50
Width at mudline m 33 38
Width at top? m 16 20
Total heighg [m] _ N
of assembled jacket 82 82
Lifting mass [t] 900-1100 1600-1700

L according to INNWIND.EU referea wind turbine[4]

2 with respect to center of leg, neglecting appurtenances

3 including leg extension below mudline
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2.5.2 Design Lifetime

The lifdime of the foundation structures shall be 25 year®f operation and it is assumed that no
inspection of the primary steel is requiredTherefore the design fatigue factor of 3.0 is required
according to DNVST0126 [8] which results in a target design lifetime of 75 years.

2.5.3 Corrosion Protedbn
The corrosion control of the substructurés combination of corrosion allowance, protective coating
and cathodic protection. The structure is split into various protective zones. The 3 zones relevant

for the jacket design are:

1 Atmospheric Zone
1 SplashZone
1 Submerged zone

For a visual breakdown of the structure intthe various zones sed-igure2-6.

Outer surfaces Internal surfaces
SN-curve Protection Protection SN-curve
¢ t t
Q .
o Coating
5 A\
= A
Y Linair”
o .
g i Coating
4
g Linair”
o
N
£ MSL -- -* —————————————
F 4 Sealed:
= ,sea water” Coaticg +CP (prevent fresh »in air”
water exchange)

()
o
Q Corrosion
?D ,sea water” Protection (CP)
] (e.g. anodes)
£
o)
=3
(2]

Mudline v

Figure2-6: Overview of the Corrosion Control Strategy for pam jacket

Corrosionallowanceis taken into accountin the splash zone where it cannot be assumedhat the
cathodic protection has an effect herenor that the coating can be maintained Due to lower
lifetime of the coating compared to the lifetime of thestructure the corrosion allowance \thin the
splash zoneis defined as follows:

Corrosion rate according to DNV standai8]: 0.3mm/year

Applicable corrosion period: 25 years (reference period)
Commissioning/decommissionig: 2 years

Coating 15 years

Applicable corrosion allowance: 12 x 0.3mm =3.6mm
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The legs are assumed to be floodednd sealed after installation. Therefore onlgxternal corrosion
allowance isconsideredin the splash zone for the legs.

Al members that are fully submerged below the splash zoneare protected by acathodic
protection systemto prevent the structure fromcorrosionin this zone.

For fatigue calculations, half of the corrosion allowance has to & taken into accountas an
average ovetthe lifetime. For extremeoad calculations, the fullcorrosionallowanceis applied.

2.5.4 Pile Driving Assessment

The piles should be driven by means of a hammer installed at the pile top. The lowest pile section
can feature a larger wall thickness in ordeto account for higher strains at this part during driving
and to enlarge the stiffness of the pile if a pile dring shoe is needed.

Driving modes shall be selected considering the stratigraphy in order to minimize the reduction in
servicelife. The damae due to pile drivingcan be determined in the pile driving analysis and
added to the predicted damage during operation.

Pile driving analysis may be carried out on the basis of wave equation analysis of pile driving. The
three components of the drivingsystem (piling hammer incl. pile cap, pile and soil) shall be
modelled by mass points, springs and damping elements.

The ultimate bearing capacities of the pile shaft and the tip (SRBSoil Resistance during Driving)
shall be calculated to determine thenumber of blows and pile stresses over the embedded length.
This shall be done in order to verify the driveability of the piles and to choose the appropriate pile
driving equipment.

Fatigue due to pile driving can be calculated on the basis of the numbef blows and the
associated stress range in the pile for each lamcrement of the embedded length. The damages
are added up by means of the PalmgreMiner-Rule. The damage due to the pile driving shall be
considered as a reduction of the remaining servidéetime of the piles.

The pile driving assessmentlescribed aboveis not analysed for this 20 MW jacket desigim the
current design phase. Conservatively the design lifetime of the pilesincreased by 1 year to
consider the additional damage in a simfied mannerand it is assumed that driveability is not an
issue for this site.

2.6 Limitations

The manufacturing of a 20MW structure is technically feasible with technologies currently applied
in the offshore and marine market, for instance when comparinggket components (legs and
braces) with large monopiles. The main manufacturing cost contributors (material, welding,
coating and assembly coasts) are independent of the size of the structure and the general layout.
But the overall size of the structure beomes challenging for transport and installation and the
current vessel fleet for installing large structure is small and expensive see 1i&j.

The total height of jacket impproximatelybetween 80-90m. Thefootprint of the jacket is about 38
x 38m whereas the top area is about 20 x 20m.The overall height and width of the jacket structure
can lead to additional coasts for transportation, installation and a logistical issue for fabrication.

To transport and install jacket fandations specific types of vessels are required which can travel
to the wind park location under certain maximum conditions. The limiting environmental factors
are wave height, wind speed and currents and they lead to a weather window with sufficient teng
(with a maximum sea state) to carry out the transportation and installation process. Due to the
large dimensions of the jacket there are only a few installation vessels, which can handle a 88m
high jacket and install rotor and nacelle in 170m above LAT.
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For these large installation vessels there are additionally port and harbour requirements. The
berth at quayside needs to have a sufficient water depth for the (in some cases) deep drafted
installation vessels at any time of tide. Additionally, also thHeerth needs to be of sufficient length

to reach the complete deck area by the harbour cranes. Those cranes need to have sufficient
loading capacity (mass and hook height) to shift the jackets on the vessel. The storage and
handling area is another criticafactor of the harbour infrastructure see ref{3].

Installation times per foundation vary between four and eight days. In general vessel types Gack
up vessels and heavy crane vessels) that can carry two jacket foundationseddess time per
foundation. The time for installation cycles is of similar magnitude for all vessel types, and the
duration of offshore lifting operations is comparable as the jacket needs to be slowly lowered to
the ground in every case. The overall infnce of mobilization and demobilization on the total time

is negligible and will be even further reduced if the amount of WTG in the wind park increases. The
same applies to the transfer to and from the base harbour. As the vessels are situated in Europe
the distance to the base harbour will be roughly of equal length. Exceptions are sheerlegs from
Asia transferred to Europe for specific installation purposes. This is only economically feasible
because sheerlegs in Asia are readily available for low da#yes ref.[3].

Heavy crane vessels and sheerlegs represent the highest installation costs per foundation. Heavy
crane vessels have a high occupancy rate which raises the charter rate. Even though the
installation time per foundation is the lowest, the high costs per foundation can be explained with
charter rates. The assumed maximum sea state for heavy crane vessels results in very low
downtime costs. Sheerlegs can be chartered for lower rates, the installatiamd feeder cycle
require more time so that the costs per foundation are nearly equal to heavy lift vessels. Japk
vessels (394t generation) and the Ltbarge prototype represent the lowest installation costs.
Jackup vessels have a fairly low charterate and a satisfying behaviour in a seaway rd8].
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3 DESIGN PROCEDURE
3.1 General

The design procedure is in accordance to the standards and guidelines for offshore support
structures see ref. [8]. The design of substructures involves a number of different analyses in
order to verify the overall structural integrity of the system for all loading conditions that may be
experienced during the construction, installation, operation and demmissioning phases.The
following analysis are considered

Natural frequencyanalysis (NFA)

Extreme eventanalysis (ULS)

Fatigueanalysis (FLS)

Serviceabilityanalysis (SLS)

Accidental limit state analysis (ALS)

Ship impact

Corrosion protectioranalysis

Finite element analysis ofocal details and grouted connections
Transportation and Installatioranalysis

=4 =4 =4 -4 -4 -8 -8 -8 -9

The present jacket design is carried out in a conceptualesign level considering the main design
driving limit states, which are NFA, FLS and ULSI gimary steel of the jacket and piles is
evaluated.

3.2 Natural Frequency Analysis

The natural frequency analysis (NFA) is carried out to determine the natural frequencies of the
integrated foundation and wind turbine structureThe purpose of this analysiis to demonstrate
that the natural frequency of the entire structure falls inside the allowable frequency band
specified by the turbine vendor.

The first natural frequency of the integrated system is determined based on a sdttigue and
stiff configuration. The parameters for marine growth thickness, corrosion allowance, water levels,
soil profiles and scour are adapted to account for these conditions. Characteristically, for jacket
support structure the bandwidth between these two configurations iather low.

The obtained natural frequencies of the system will be utilized in other analyses, such as input for
the damping model applied in the load calculation and load expansion. The natural frequency
analyses (NFA) will be based on characteristic dfitions, i.e. partial safety factors will be set to
unity.

Given the global stiffness matrix0 and the global mass matrix 0 , the angular frequencies
corresponding to the natural periods and the mode shapes are determined by solution of the following
eigenvalue problem:

0 1 0 0 i

In the above expression, the eigenvalues,, are used to determine the natural frequencies of the
structural vibration, and the eigenvectorsu determine the shapes of these vibrational modes.
The corresponding natural period is given by:

<
1
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3.3 Ultimate Limit State

The pupose of the extreme event analysis is to ensure that the jacket structure is capable of
supporting the WTG for the least favourable combination of permanent loads, variable functional
loads, wind turbine loads and environmental load conditiondlormal (N)and abnormal (A)design
situations are considered in ULS. The purpose of the ULS analysis is to verify the capacity of all the
elements and joints in thejacket. Full corrosion allowancemaximum marinegrowth, varying water
levels, extreme waves, dreme currents, extreme wind loads and appropriate load safety factors
are considered.The extreme load analysis is conducted with characteristic soil conditions, i.e.
without soil safety factors.

The ULS design criterion for steel members is to keep the maximunember utilization ratio equal
to or below 1.00, with this value being the ratio of the actual design stress in the member divided
by the design material strengthFrom this analysis the pile design loads are extracted.

Table3-1: Partial safety factors for loads

ULS partial load safety factory
Type of design situation Favourable permanent loads
N A ... SLSg
Normal Abnormal All design situations
1.35 1.10 0.90 1.00
1 Favourable gravity or buoyanceads if significantly relieve the total response

The pilesoil utilization checkto determine the minimum required pile penetrationgravity and
buoyancy loads are considered unfavourable for the piles under maximum compression and
favourable for the piles under maximum tensionThe pile design is based on plastic soil conditions
including soil safety factorsin this geotechnical analysis the pile design loads from ULS are taken
into account.

Unless otherwise specified, the following material safety fact sw ard applied to the
characteristic soil strength parameterso determine the design soil resistance:

Table3-2: Partialmaterial safety factors forpile foundations[8]

Limit state
Type of geotechnical analysis ULs SLS
H Iyl
Effective stress analysis 1.15 1.0
Total stress analysis 1.25 1.0

3.4 Fdigue Limit State

The structural design shall ensure that the fatigue lives of all members and details fulfil the
required service life.The foundationis designedaccording to therecommended practiceDNVVRP
C203 [9]. The fatgue analyss is performed characteristically(i.e. no safety factors on loads and
material) to account accurately for the biHinear SNcurves and subsequently the resulting
damages are multiplied with theDesign Fatigue Factor (DFF) of three.(. This alows the design

to survive without any service inspection. Thereby, if the target lifetime is 25 years, a design life
time of 75 years is requiredsee also section2.5.2.

The fatigue damage is determined using an-IS curve appoach combined with appropriate stress

concentration factors (SCH, which consider the change in thickness and transitions between

cylindrical and conical sections and tubular joints by joint classification according Efthymiou

[11]. An overview of the applied Siurves is given inTable 3-3. Welds are considered as full

penetration welds.A simplified approach is chosen in the upper splash zone region where free

corrosion can occur aer the coating reaches its lifetime. SMurves specified aséi n sea water 6
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are applied over the entire lifetime instead of combiningSNur ves o0i n air o6,n where th
placcand oO0free corrosi oemodedwhere the coating 1is

Table3-3: Applied SNcurves for FLS

SN Curve
Description In and below Above splash Valid for
splash zone zone
DNVDW DNVD-A Circumferential weldsmade
from both sides
Circumfereniial welds made
1 Element DNVFW DNVFA from one sidewith a backing
Fatigue) bar
Circumferential weldsmade
DNVF3-W DNWF3-A from one sidewithout a
backingbar
. Circumferential welds
2 | Tubular Joint® DNMVT-W DNVT-A welded from both sides
Attachment
3 fatigue with DNMVD-W DNVD-A Internally and externally
SCPR)

DWelds at the legs are made doublsided, welds at braces are made singigided.
2) SCFs calculated according to Efthymid1]
3) With appropriate SCbased on experience

The fatigue anaysis methodology is based on the hot spot stress approach. This means that the
geometrical stresses created by the considered details are calculated, while the notch stress
induced by the local weld geometry is excluded from the stress calculatidie notch effect is
accounted for in the corresponding hot spot-8 curve.

The damage is calculated by using rafftow counting on the stresses obtained from the dynamic
analysis of the support structure. The fatigue damag® is calculated using the PalmgrerAViner
rules

O B 0 7169 1

The various fatigue contributiondgrom in-place analysis (i.e. operation), transport and installation
are calculated separately and the individual damages are subsequently combined. The damage
from in-place operation is calculated as a yearly damage, whereas damage from construction,
transport and installation will be calculated as isolated ontime damages. In the current
conceptual design only the damage from iplace analysis is consideredTherefore he inverse of
the yearly damage is equal the resulting lifetime.

3.5 Load Simulation Approach
3.5.1 Methodology

The land version of the 20 MW Reference Wind Turbife] derived from the upscaling of the
10MW DTU RWT and is intended tela Class IGthe 10 MW DTU RWT is an IEBZ400 Class IA
design).This is mainly expected to affect the fatigue loads which awsuallythe design driversfor
jackets. Classical upscaling techniqueare applied inthe beginningto derivethe parameters Ina
second step the upscaled dataare adjusted to considerlearning curve expectationgnd technical
innovations of future wind turbinesin terms of reduced components mases. Most challengingis
the definition of thes y s t &rshBagural frequency in cainection to the variable speed schedule
of the (onshore)turbine in order to account for the dynamics of the offshoreonfiguration [5]. A
number of different tower configurations are considered to calculate differerfatigue load
scenarios for different first natural frequencies.
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Theland versionWTG loadqrefer to section5.1) are taken at interface height and are combined
conservatively with random sea statefor the foundationpredesign At this stage this means that
the wind turbine loads do not consider the true stiffness of the structure and thus quite high
uncertainty of the results must be expected.

The calculation method for subsequent load iterationfor the concept designis different. The
design loads are based oran integrated wind turbine and foundation analyses with exchange of
foundation superelements and interface loads(refer to section 5.2). Thus he jacket design
calculations are based orload time series that accurately consider wind and wave excitation and
structural response In a first step a superelement of the initiajacket from the predesign is
calculated and implemented in the wind turbine load simulation. The design load cases are
performed and the interface forces at tower bottom are saved for the subsequent jacket design.
These interface forces are combined with the wave loads from wiodrrelated sea states. The
stresses in the jacket members are calculated and further processed in the gigorocessing for
ULS and FLS design check&igure 3-1 illustrates the load simulation methodin three iterative

steps.

Foundation Model and Loads Integrated Load Analysis Foundation Design
Model preparation: Superelement Integrated WTG load analysis Design of foundation:
Loads from Creation: including superelement with Interface loads and
waves, currents (CraigBampton)  wave loads. waves & current

Finterface(t)

—_ T

Mredv Dred’

Sedv Fred
= (N X N) [ J )
"F. 'J .u \ \""‘ I Fmterface(t)
wave(t; all “M ’\
. g " vN’\‘* ‘*w
SE|

Figure3-1: Load iterationsequencefor the jacket support structure design

The integrated models usedor the foundation analysisand WTGanalysishave to be compared by
means of modal properties of the models. This means that the NFA results of the full systezed
to agree.Differences will bepresent as the foundation design tools use a simplifiedpproximation
of the rotornacelle-assembly in thenatural frequency analysis. However, thdifference of the first
global bending frequencys very small and is sufficient for the model validation.

3.5.2 DampingModel

Damping is usedcomprehensiveterm that shall have the meaning of all dampingontributions
other than aerodynamic damping, i.ematerial damping of steel, soil damping damping due to
friction and wave damping (radiation).

The finite element model of the jacket substructure model(ROSA)applies Rayleigh damping
which basically is a mass and stiffness matrix proportional damping. The damping parameters are
calculated from the assumed critical damping values of thdst and 2 fore-aft bending
frequencies of the entire model (i.e. including simplified WTG and foundation)n this way the
damping matrixof the jacket superelement model accurately accounts for the entire systeffhe
considered critical damping value othis model is 1% for bothmodes. Figure 3-2 shows a
representative example of Rayleigh damping and how the different frequencies are damped.
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Rayleigh damping

0.035 :

0.03 + —M-damp _|
20.025 | = ——Kdamp
o |
E 002 =" ——M+K damp-
£ ‘
© /
= 0015 - L=
2 0.01 /
= . T —
o

0.005 —
. )<_

0 0.5 1 15 2 25 3 35
Frequency [Hz]

Figure3-2: Example of Rayleigh dampingsing 1%critical damping at 0.17Hz and 0.95Hz

The damping matrix C is a linear combination sfiffness and mass proportional dampingvith the
following relation:

Eo il i L
The Rayleigh coefficients A and & anxedefoaifocul ated f
the first and second global bendingn at ur al f rue. qifheefollowiing salcutéitions are
performed:
q - ¢
_7Z —_ 8] -
| ] ] 1 1 (e, Y
¢ -1 ol - ¢
I T ($1) v

The criti cyafbrthd moket foundatioleisassumed to be 1.0%(i.e. 4.4% logarithmic
decrement). The correspondindrequenciesof the offshore model are given in the NFA results.

The wind turbine model (Bladed) applies a different damping model. Here, the damping is defined
as the ratio of the critical damping for each mode individuallyei.modal damping. It is possible to
assign different damping ratios for each mode of the support structure and rotor blades. Once the
foundation superelement is implemented in the wind turbine model the entire dampimg the full
model deviates from the spcified system damping because the model now consists of two
damping contributions in a row.The foundation superelementshould not be adjusted as this
would conflict the model consistency in the third step of the load iteration. Henamly the modal
damping of the towercan be adjusted (increased)The full system damping can be evaluatefdom

a free decays analysis for example using an emergency shut down load case
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4 BASIS FORESIGN

The load cases reflect the different operating conditions of the vdrturbine considering the wind
and wave climate as well as other functional loads of the turbine. The results of these
investigations with focus on the wind turbine are applied on the model of the jackBt.this section
further details about loads and mebcean parameters are given.

4.1 Permanent Loads

Permanent loads are loads that do not vary in magnitude, position or direction during the service
life considered. The weight of the structure and all appurtenances are denoted as dead weight.
These loads areconsidered constant and are included in all design load conditions.

Deadweight of the jacket structure includegypically the following items:

All structural members

RotorNacelleAssembly (RNA)

Equipment inside the tower (ladders, platforms)
Other eledrical components

Power units

Boat landing

Access ladder

Internal power cables

Internal platforms

External platforms

Anodes (GACP)

Concrete/grout filling material for suction buckets

=4 =4 =4 4 -4 -4 -4 4 -8 4 -4 A

4.2 Variable Functional Loads

Variable loads are loads which may vary inagnitude, position or direction during the period
under consideration, and which are related to operations and normal use of the installation.

For an offshore wind turbine structure, these loads are only relevant for local design purposes, e.g.
walkways and platforms. For the global primary steel analyses, variable functional loads on
platform areas arecomparable small and neglected

The variable functional loads on an offshore wind turbine typically include the following:

Start-up loads

Loads applied @ access ways and internal structures, such as ladders and platforms
Crane operational loads

Stored material and equipment

Loads associated with installation operations

=A =4 =4 -4 A

4.3 Environmental Conditions

Environmental loads usually vary in magnitude, position ardirection during the lifetime of the
foundation structure. Typically, these loads come from or are influenced by:
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Wwind

Waves

Currents

Tidal effects

Spray and precipitation ic€if relevant for the site)

Marine growth

Scour {f relevant for the sitg

Hydrostatic pressures according to varying water surface elevation

=A =4 =4 4 -4 -4 -4 -

The parameters describing environmental conditions are based on observations close to the wind
farm site, as well as on general knowledge on environmental conditions in the area. Simultaneous
occurrence of waves, wind and current has to be considered.

The environmental loads shall be determined with the required probability of exceedance. The
statistical analysis of measured or simulated data should make use of the different statistical

methods to evaluate the accuracy of results. Environmental loads shall be determined in

accordance withload cases according to IE61400-3 [2]:

1 Dynamic loadsfrom correlated wind and waves shall be considered in time domain
simulations during different operational states of the wind turbine

1 Hydrodynamic loads induced by additional structures and attachments (anodes;cess
systems mooring platforms, etc.) shall be accounted for.

1 The assumption of loads induced by water level sthaccount for different water levels
whichever is more unfavourable.

4.3.1 Wave Load Conditions
4.3.1.1 Seawater
For the sea water, the following values are assumed, see rgf].

Table4-1: Sea waterdata

Water density 1025 kg/m3
Water salinity 3.5%
Water temperature (min/max) 0°C/22°C

4.3.1.2 Water Depth and Levels

The water depth is 50m. IrFigure4-1: an overview of time offsets and tidal range in the German
Bight is given.
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Figure4-1: Overview of time offsets and tidal range in the German Bight

The followingFigure4-2: depicts the different water levels, which are design relevant.
A typcal resulting total water level elevation consists of a superposition of water level elevations
caused by astronomical tide and wind and storm surge.

HEWLF

Max. / Highest Still Water Level

L[\

2
A

c
k

Min. / Lowest Still Water Level

Symbol Description

Positive storm surge
Tidal range

Negative storm surge
Maximum crest elevation
Minimum trough elevation

mooOw>

Figure4-2: Definition of water levels

Themeasuredwater level and surge datas available for the K13 site.Figure4-2 shows the water
level values.The 50 year positive storm surge is 2.13 m, while the 50 year negative storm surge is

-1.31 m.

Table4-2: Measured water levels at thdocation [7]

HSWL +3.29 m MSL
HAT +1.16 m MSL
MSL Om

(INNWINDEU, Deliverable D4.36)
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LAT (CD) ~1.06 m MSL
LSWL -2.37 m MSL
A +2.13 m MSL

B 2.22m
C -1.31 m MSL

4.3.1.3 Splash Zone
According tothe Upwind design basisef. [7], the splash zone is determined as

SZ, = HAT +0.6{§1/3) &M, (100yearg = +4.6Im MSL
SZ, =LAT- 0.4G1/3) &, (100yearg =-3.50m MSL

Upper limit:
Lower limit:

with Hs max(100years) = 16.05 m, HAT = 1.4m and LAT-&.1m.

4.3.1.4 Marine Growth

The presence of plants, animals and bacteria leads to the marine fouling of submerged structures
and structures in the splash zone. The presence of marine growth on the structural members can
be taken into account by increasing their oet diameter.

For design purposes, marine growth has to be assumed. The density has to be taken as 1100
kg/m3. Table4-3 shows the thickness as determined according {@].

Table4-3: Assumptions for marine growths

Level [m] Thickness [mm]

MSL-2 to 40 100

4.3.1.5 Wave Parameters

The significant wave heights for different return periods (1, 180, 100 years) can be found irthe
met-ocean repot of the specific location.

In Table4-4 different significant wave height values for different periods of occurrence are given.
To obtain the maximum wave height the following relationship is used:

0 P& ¢O
Table4-4: Extreme wave heights as a function the return perigd]

Return period Hs Tp Hmax
[yr] [m] [s] [m]

1 6.05 10.12 11.25
5 6.95 10.54 12.93
10 7.34 10.69 13.65
50 8.24 10.97 15.33
100 8.63 11.05 16.05

The wave and winccorrelation, i.e. turbulence intensity, wave period and height, are taken from
the UPWINDdesign basis for the deep water sit&13. The values are shown ifable4-5.
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Table4-5: Wind and wave correlation

2 4 6 8 10 12 14 16 18 20 22 24

Tl [%] 292 1204|175 | 16 |152 |146|14.2 139|136 | 134 | 133 | 131
Hs [m] 107 | 1.1 | 118 | 131|148 | 1.7 | 191|219 | 247 | 2.76 | 3.09 | 3.42

Tp [m] 6.03 | 5.88 | 5.76 | 5.67 | 5.74 | 588 | 6.07 | 6.37 | 6.71 | 6.99 | 7.4 | 7.8

4.3.1.6 Wave Load Generation and Wave Spectrum

The | oading is automatically generated by ROSA,
0§ 0 Y 6 oQTy
° csf © T Q0

where

Drag coefficient

fluid density

referencediameter of the structural member
Water particle velocity

inertia coefficient

O Ccowp

Waves kinematics are modelled representing a JONSWaiectrum with governing parameters &1
Tp (or f) and the peak enhancement factog.

YT oY 1 ¢
where

Sev( HU)PiersonMoskowitz spectrum

g non-dimensional peak shape parameter
s spectral width parameter

s=saf or JHu O H

s=spfortu >» H

Ay 1-0.287In(g) is a normalizing factor

I
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where:
1 Hy=2p/Ty is the angular spectral peak frequency
1 gis the peak enhancement factor given by:
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Accordingly, the zeraipcrossing periodT is calculated depending on the frand| as follows:
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For exteme load analyses based on extreme sea states (ESBg maximum irregular wave in the

time seriesis replaced bydo bl endi ng i nd6 a s i {inearstrpaendundtianevavena x i mum n
This allows for consideration of the dynamic behaviour of the structuietroduced from the

hydrodynamics prior to occurrence of the embedded, maximum wave.

The calculations are based on the assumption of neéireaking waves. If the replacement wave as
described above cannot exist at positions with small water depths, the waleight is decreased
to the maximum wave height that can theoretically exist.

The contribution to the water particle velocities from the steaeyate current is added by
specifying the current profile. The current is also taken into account when deterimnig the wave

kinematics as a Doppler shiftHydrostatic pressure and buoyancy from thactual water level(i.e.
wave surface)is included in the calculations.

4.3.1.7 Current
In general currents consist of

T currents induced by tidal movement and
T wind and wave iduced currents (residual currents).

The current profileis chosen as:

. . ¢ Q7 g, ¢ Q°
0™ oY O- -0 -
‘ Q Q
where,
d is the water depth to SWL,
Z is the vertical distance above SWL,
CS(2) is the current speed at vertical height z,
CSurface is the current speed at SWL,
CSa is the depthaveraged current speed.
4.3.1.8 Scour

Scour effects can occur in two scales, local scour and global scour. Global scour describes
changes of the seabed levebver larger areas. Local scour describes the variations of the seabed
due to hydraulic effects of the substructures. The jacket legs can beequipped with a scour
protection in order to prevent any local changes in the seabed.

In this jacket design m soour protection isintended, an additional depth in relation to scour
effects has been assumed in accordance to the outer diameter of the water piercing members, D,
to be (1.3M) according to[10].

4.3.2 WindLoadConditions

Wind loals acting on the wind turbine and tower are included in thaterface loads
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In Figure 4-3: the wind speed distribution of the K13 site at hub height can be seen. The
measured wind data wasconvertedfrom the reference height of 10 m to the hub height. The wind
speed atelevation z above LAT is according [@]:

In az
(

V()= ()t
| azl'ef
Nae_—

ch

with:

V(z) = wind speed at elevation z

V(zef) = wind speed at elevation zref

Zref = elevationfor which wind speed is given

2 = roughness length, 0.002 m for offshore conditions

The relevant Weibull parameters are A= 11.68 m/s and k= 2.04, which leads to an annual mean
wind speed of 10.05 m/s.

Wind distribution
— Weibull distribution
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Figure4-3: Wind speed distribution for the measurement location
Table4-6 shows the maximumwind speed at hub height as a function of the return period. The
values averaged 16min wind speeds, where the original Brs stationary situations were
converted with a factor 0.9 according to IEC.

Table4-6: Extreme wind speeds as a function of the return period

Treturn VW (10m I n)
[yr] [m/s]
1 32.74
5 36.85
10 38.62
50 42.73
100 44.50
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4.3.3 Soil Conditions

The soil is modelled using ¥, Tz and Qw curves. The curves are derived from a defined soil
profile, which is the same as for the reference jacket design. The profile is giverAjmpendix Bd
Soil Profile

4.4 Design Load Cases

A 100 % availability of the turbingés consideredconservatively Fatigue loads of jackets are driven
usually by normal operation and not from idling/Vind and wave are assumed aligned. The wind
rose will be the reference in aler to determine the directional probabilities.

For FLS the DLC 1.2and 6.4 are taken into accountunder consideration of thedirectional wind
rose that is discretized inl2 sectors each with30° width.

For DLC 1.2 the followingpplies in the conceptwal design

M 12 load directions

1 11 wind speedsbetween cut in and cut out wind speed
1 2 yaw errors (++ 8 degree)

1 Varyingturbulence seeds

For DLC 6.4 the following is needed:

M 12 load directions

1 wind speedsbelow cut in and above cut out
1 2vyaw errors (+- 8 degree)

1 Varyingturbulence seeds

Table4-7: Load Case Table

Load case table
) Design Loaf Wind|[ ~ Wind Yaw o Inm.all- Simulation| Total | YP8|  partial
Design Sea|Water| Wave Direction zation of
situation Case ace. f cor- | Speeds | emor state| level |period [s] [°] length length length ana- safety
IEC 61400-|dition | Vp,, [M/s] [°] [s] [s] . | factor[-]
[s] lysis
Power
production 1.2 NTM[n 2 ¢ 2 |-8,2 3 XSS mtan{|[ T(H) [nZonZcj 58300600 650 | F/U| 1.00/1.35
Parked
(standing stil 6.4 NTM| <4/>24 |-8,+§ NS xa{[[ T(H) [nZonZcj 58300600 650 | F/U| 1.00/1.35
oridling)
Wave definitions General definitions
NSS|Normal Sea State F  Fatigue Limit Stat
Wind definitions U Ultimate Limit Sta
NTM |Norma| Turbulence Modegl
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5 WIND TURBINE
5.1 Preliminary Loads

An extrapolated 20 MW wind turbine and tower model is developed by WP1 and basic aeroelastic
load calailations are performed[5]. At this stage a so called landersion of the wind turbine is
available. The main data of this wind turbine is summarized ihable5-1. Since the wind turbie is
not certified according to standards and not optimised for jacket support structure desigrnise
data and results shown are preliminary and probably have a high uncertainty in accuracyhe
given tower data ishased on a modified version of the providd onshore tower, which is cut at an
elevation 26m to agree with the jacket interface elevation A simple drawing of the tower is given
in Appendix GO Tower Geometryln further design studies of the wind turbine it is recommendie
to improve the tower geometryand hub height, currently the resulting clearance between lowest
blade tip elevation and interface elevation is rather large and could be reduced if possible
regarding aerodynamic requirements.

Table5-1: Main data of the wind turbine ref5]

Wind turbine data

Wind turbine model Upscaled 20MW
Rated electrical capacity MW 20.0
Number of blades - 3

Hub height m LAT +167.9
Rotar diameter m 252.2
Blade Length M 122.14
Design Extreme Thrust Value kN 9600
Rated wind speed m/s 11.4
Minimum rotor speed rpm 4.45
Maximum rotor speed rpm 7.13
Weight of rotor (hub and 3 blades) t 632
Weight of nacelle without hub and blades t 1098
Weight of suppordtower incl. internals ¢nshoretower) t 1600-1780
Distance from the tower upper flange plane to the hub m 4.76
Tower outer diameter at top of tower (preliminary tower) m 7.78
Tower outer diameter at interface level (+2én LAT)

(preliminary tower) m 1174

1st natural frequency (onshore) Hz 0.18 -0.21Hz

The 20MW reference wind turbine is designed fdECClass IC.The design of a 20 MW offshore
turbine includes further challenges regarding the proper selection of systems first ghbfrequency

in connection to the variable speed schedule of the turbine which is essential for its high
performance. Further @viations from classical upscahg are thus effected to avoid the cross
cutting of the rotor 3P frequency with the st global frequency at wind speeds that are critical for
the turbine performance and loading5].

The aeroelastic data of the onshore versiofb] makes a first evaluation of the 20MW RWT
(onshore version) inérms of its dynamics (natural frequencies of the system) and loads. Blade
and tower ultimate and fatigue loads are presented for two relevant #BC400 DLCs. The tower
bottom loadsat 26m height are given for the designing thgacket.
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According to[5] it is preferred to achieve a 1st global frequency of the offshore turbine close to
0.20 Hz. Higher values would move toweotor resonance at higher wind speeds while lower
values might increase wave excitation loads. To do thdiet land version of the turbine should
have an even lowest global frequency.This can be done either by increasing the tower height or
increasing the towertop mass. Finally, anincrease of the tower heighthas been chosen for the
wind turbine design, with results ina bladesea water clearance ofipproximately42m. Although

a longer tower increases the ultimate and fatigue moments on the support structure this will be
counterbalanced through the suppression of the dynamic loads (ro®upport structure
interaction) and the reduction of turbulence induced loads (both ultimate and fatigue) since the
design class is now IC compared to the IA of the 10MW RWT[5&f

The 20MW RWTpreliminary loads (onshore) are calculated in a irst step for two critical load
cases, DLC 1.2 (fatigue) and DLC 6.2 (ultimate). DLC 1.2 is power production design situation with
a normal turbulence model wind condition, normal sea state, normal current model and normal
water level range for fatigue anlysis. DLC 6.2 is a parked or still standing situation with an
extreme wind model (wind speed 50m/s for Class I), extreme sea state or reduced wave height, an
extreme current model and an extreme water leVrange for ultimate analysis.

5.2 WindTurbine for Conceptual Jacket Design

In a second design phase (concept design) an offshore configuration of the 20MW wind turbine is
taken into account to appropriately consider dynamic wind loads, wave loads and the structural
response of the offshore support structe. The modelis a modification of the provided land
version of the 20MW wind turbine and the resulting preliminary 20MW jacket desigh.large
modern offshore wind turbine is a complex structure. Therefore, sophisticated methods are
required to predict thedetailed performance and loading of a largeffshore wind turbine. These
methods should take into account:

A The aerodynamics of the rotating blade, including induced flows (i.e. the modification of
the flow field caused by the turbine itself), thredimensional flow effects and dynamic
stall effects when appropriate;

structural analysis of the blades, drive train and tower, allowing their vibrational dynamics
to be modelled;

aeroelastic feedback, i.e. the modification of the aerodynamic forces due to the
vibrational velocities of the structure;

dynamic response of subsystems such as the generator, yaw system and blade pitch
control system;

control algorithms used during normal operation, stattp and shutdown of the turbine;
Temporal and spatial variationf the wind field impinging on the turbine, including the
three-dimensional structure of the turbulence itself.

Hydrodynamic forces on the submerged structure; and

Hydro elastic feedback, i.e. the modification of the hydrodynamic forces due to the
vibrational velocities of the structure.

oo ToBe o o Do

The input data forthe Bladed softwarerequire detailed information about therotor blades (blade
geometry, aerofoil sections, mass and stiffness), aerofoil proSl€lift, drag and pitching moment
characteristics of theblade), rotor (the turbine configuration data about turbine and rotor, and
about the hub), the tower, the drive train (transmission, mounting and electrical or mechanical
losses), the nacelle, the control system (power production control and supervisory mool), wind
and aerodynamic characteristics (upwind turbine wake, turbulence, time varying wind, wind shear
and tower shadow) and sea state (currents, waves, tidejhe dfferent modules for the wind
turbine modelling are described below.

5.2.1 Blades andAerofoil

Input data for the blade and aerofoils arédentical to the initial upscaled data from 10MW wind
turbine data[5].
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5.2.2 Rotor andHub

The geometrical information of rotor and hub as well as the mass of hub aapplied. Detailed
information on the hub and rotor parameterss provided in[5].

5.2.3 SupportStructure

The structural model in Bladed is based on the multibody formulation. Each body has its own
coordinate systemand is connected via constrais. The aerodynamic and hydrodynamic loadings
are calculated at each time step and the resultant forces are distributed on the nodes along the
blade and support structure. The support structure can be designed as a simple tldoutower or

as multi memberlattice structure. In this project,the multi member feature is considered for the
offshore tower since the foundation is a jacket.

For defining the tower in bladed, first step is to define all the connection nodes. The set@tep is

to define all members as cylindrical or asymmetric members. The members are defined with two
ending nodes, the geometrical properties as diameter of each end, thickness of the element and
material properties.

5.2.4 Foundationand Soil

The jacket foundhtion is supported by four piles penetrated from the mudline to the soil with an
approximately penetration length of 50m. To model the sqille interaction, the soil behaviour is
modelled using the lateral, vertical and torsional springs represented respgaely with the Ry, Tz
and Qw curves for different soil layers. The-¥3 Tz and Qw curves are calculated from the API
standards using the site specific soil parameters. Considering the spring like behaviour of the saill,
a stiffness matrix of soil isdefined in bladed using By curve values as a look up table with values
of force and deflection shown irFigure5-1.

Distributed springs Equivalent point springs
(typical P-y curve data) (Bladed foundation input)
2m
4m P oM AT
P (N/m) [y (mm) F (M) y (mm)
0 0f 0 0
102.3 5 4094 5
139.9 10f 559.5 10
150.0 20] 599.9 20
150.4 40f 601.4 40
150.4 100 601.4 100
150.4 200 601.4 200

Figure5-1: Typical py curves defined as a lokup table at different soil layers

The boundary conditions for the piles below the mudline were defined for different layers of soil. In
this way the pile was defined by specific nodes representing each layer of sumild then the
stiffness was defined foreach node in a look up table containing the data of the lateral
displacement values (m) and resistance values (N).

5.2.5 DriveTrain and Nacelle
The drive train and generatorparameters e.g. masses, dimensions,the transmission system,

mounting and electricalor mechanical losses areconsidered according to the upscaledwind
turbine data [5].
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5.2.6 ControlSystem

The external controller model is similar to the one used for 10MW wind turbine. All controller
parameters are tuned to give a proper behaviour of th20MW wind turbine at the whole
operational range.

5.2.7 Wind

The wind model is generated as a rectangular culvdth a large number of discretegpoints forming
the grid The accuracy of the wind field increases with refirg the grid The Kaimalwind model is
chosen which simulates the atmospheric turbulence of stochastic wind, including sudden
accelerations, gust events etc. The turbulenagrid is large enough to includ¢he entire rotor.

The wind shear with a power law rpfile is chosenusing a wind shear exponentof 0.14. In

addition, the tower shadow which accounts the velocity deficit due to the presence of the tower is
considered. The upwind turbine wake is not considered in simulations.

5.2.8 Waves

The hydrodynamicloastig i s cal cul ated from the Morisonfs equat
modelled with an irregular wave model with a Jonswap spectrum.

The wind turbine modelfrom Bladed including the rotor nacelle assembly (RNA), tower, jacket
structure and piles aredepicted inFigure5-2.
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Figure5-2: 20MW INNWIND.EWffshore wind turbinemodel in Bladed
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6 DESIGN RESULEBMW JACKET

Two design phases are considered for thedket as described on chapter3. For both phases the
structure is analysed regarding natural frequencies, ultimate limit state and fatigue limit state.
First is a preliminary design which is based on the provided onshore loads,described in section
5.1, which are superimposed with separated wave loads afterwards in ordgt a first estimation

of the 20MW jacketgeometry and dimensions This model is very basic because the givemind
turbine loadsneglect any interaction with the jacket

The second design phase called the concept design phasensiders a load iteration approach.
Dynamic loads from combined wind and waves and the structural response are considered very
accurately which results in anore accurately design results. Starting points for this second phase
is jacket geometry from the preliminary designhich is further optimized afterwards. A number of
studies are taken into account to show the important design aspects.

6.1 Preliminary Desig

The substructure of the 20 MW wind turbine is a fodegged jacketwith 4 levels of xbraces A
subsea template is used to ensure the correct position of ¢hpre-installed piles. When the piles
are inserted into the seabed, the jacket substructure is Ieved and fitted into the piles. The piles
and jacket are connected by a grout connection. The transition pieisea box girder, which has a
small height as required in the design assumptionsn Figure 6-1 the design concept and main
dimensions are depicted.

Hub elevation

1 4.76m

Yaw bearing
126.1m
137.14
167.9m (results ina large gap
betweenTP and blade tip)
A
Interface z = 26m
41.8m 8m
18m
¥ MSLzZ=0m
50m
Mudline
> 40m

Figure6-1: Estimated dimensions of the 20MW jacket
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The preliminary design of thgacket substructure has been based on the conditions provided in
the 20MW Reference Wind Tiine calculated with GAST.mksee ref.[5] and Table5-1 for a brief
summary of the main parameters.

The provided wind-only preliminaryloads for the 20MWwind turbine consider DLC 62 for the
extreme event analysis and DLC 1.2 for fatigue. DLC Ic@nsiders all operational wind speeds
with a 2m/s binning, assumingnormal turbulence IC conditions, using 6 turbulence generation
seeds. Calculations are performed for 0, £8 yaw misalignmeat angles DLC 6.2 is run forthe
reference wind speed 50m/s (Class I) assuming turbulent wingbnditions using 3 seeds. The yaw
misalignment range considered is-1800, 1800] discretized in steps of 15°. No safety factors have
been applied to the calcula¢d ultimate and fatigue loads, see refl5].

The simplified model of tower, transition piece, jacket and piles in ROSA modegivenin Figure
6-2. The tor and nacele are included as point masss.

¢

Figure6-2: Simplified model with RNA, tower, jacket, piles and soil

6.1.1 Natural FrequencyResults

The natural frequency analysis (NFA$ carried out to determine the Bndwidth of the natural
frequencies of the integrated foundation and wind turbine structurkased on a soff fatigue and
stiff configuration. The natural frequency analysiis based on characteristic conditions, i.e. partial
safety factorsof the soilwill be set to unity.

The purpose of this analysis is to demonstrate that the natural frequency of the entire structure
falls inside the allowable frequency band specified by the turbine vendufrthe preliminary design
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Theobtained natural frequenciesof the fatigue configurationare the input for the damping model
applied in thedynamicload calculation
6.1.1.1 Influence of Stiffness Configurations

There are three differentstiffness configurationsfor the integrated foundation:

1 Softest configuration: max. capsion, marine growth included, local scour, water level HWL
1 Fatigue configuration: 50% corrosion, marine growth included, local scour water level MWL
1 Stiffest configuration: no corrosion, no marine growth, no local scour, water level LAT

Table6-1: Natural frequency of the first 10 modes

Combin. | Freq. | Freq. | Freq. | Freq. | Freq. | Freq. | Freq. | Freqg. | Freq. | Freq.
name 1 2 3 4 5 6 7 8 9 10
(1/s) (1/s) (1/s) (1/s) (1/s) (1/s) (1/s) (1/s) (1/s) (1/s) (1/s)
AX4LSOF 0.1627| 0.1635| 0.816| 0.9026| 0.9576| 1.2947| 1.3344| 1.8819| 2.0014| 2.2745
AXALFAT| 0.1628| 0.1635| 0.8169| 0.9048| 0.961| 1.3084| 1.3471| 1.8989| 2.0066| 2.2772
AXALSTIH 0.1632| 0.164| 0.8254| 0.9303| 1.0005| 1.5978| 1.6352| 2.4639| 2.4673| 2.4796

Table6-2: Periods of the first 10 modes

Combin. | Period | Period | Period | Period | Period | Period | Period | Period | Period | Period
name 1 2 3 4 5 6 7 8 9 10
(s) (s) (s) (s) (s) (s) (s) (s) (s) (s) (s)
AXALSOH 6.1447| 6.1167| 1.2255| 1.1079| 1.0443| 0.7724| 0.7494| 0.5314| 0.4997| 0.4397
AXALFAT| 6.1425| 6.1146| 1.2242| 1.1053| 1.0406| 0.7643| 0.7424| 0.5266| 0.4984| 0.4391
AXA4LSTIH 6.1274| 6.0993| 1.2115| 1.0749| 0.9995| 0.6259| 0.6115| 0.4059| 0.4053| 0.4033

1st mode 4t mode 5t mode 6t mode

Figure6-3: Frst eight eigenmodes of the jacket substructure
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In addition, a modal analysis is performed for the full model of the turbine in Bladed. It is possible
to set the number of the blade and support structurenodes in Bladed. In this study, the first 6
modes of the tower and blades are considered. The natural frequencies of the full model in Bladed
are calculated and compared with the simplified model in ROSA. The results are summarised in
Table6-3.

Table6-3: Comparison of thenatural frequenciesof the first two modes

ROSA BLADED

; Simplified RNA Superelement Full model

Global bending modes + Substructure model uil mode
Modal o Modal .

Modal Freq. (Hz) freq. (Hz) Error (%) freq. (Hz) Error (%)

1st side-side mode 0.1628 0.165 +1.35% 0.1675 +2.88%
1st fore-aft mode 0.1635 0.167 +2.14% 0.1686 +3.20%
2nd fore-aft mode 0.8169 N.A. -- 0.6518 -20.2%
2nd side-side mode 0.9048 N.A. -- 0.8919 -1.42%

6.1.1.2 Influence of Jacket Geometry

In order to check the influence of the jacket geometry to the natural frequencies a study with nine
different bottom width from 25m to 45m and ten different top width from 14m to 24m has been
carried out. The esults of all possible combinations of top width and bottom width aighown in

Figure6-4.
1st Support Sturcture Bending Mode
0,165
0,164
0,163
0,162
== Bottom Width 25 m
£ 0,161 - —m—Bottom Width 27.5m
F.
=] -
§ 0,16 | ~#—Bottom Width 30 m
g == Bottom Width 32.5m
= 0,159 :
- ===Bottom Width 35 m
m
£ 0,158 /'./_.\'\ T —e—Bottom Width 37.5m
z |
Bottom Width 40 m
0,157 Bottom Width 42.5m
0,156 \ Bottom Width 45m
0,155
0,154 : : : : : : : . . :
14 15 16 17 18 19 20 21 22 23 24

Top Width [m]
Figure6-4: 1st Support bending mode for different bottom and top width

Althoughthere is a big range ofl0m top width range and20m bottom width range, the maximum
difference in the 1st natural frequency for the bottom width rangeis only 0.007 Hz, the overall
maximum range of all possible bottom and top widthcombinations is 0.0087 Hz. That
corresponds to a deviation oapproximately5% in the natural frequency.
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6.1.1.3 Influence of RNA mass

Another possibilityto influence the natural frequency is tomodify the RNA massin this studythe
RNA masses are variedp to £15 %. The results of this stugd areshownin Figure6-5.

1st Support Sturcture Bending Mode

0,175
0,17
N \‘
==
=
£ 0,165
Qo \
3
o
]
=3
'S
= 0,16 —4—Frequency 1
g \
=
[}
=
0,155
0,15 T T T

MO085 MO0O20 MO095 M100 M105 M110 M115
RNA masses: 85% - 115%

Figure6-5: 1st Support bending mode for different RNA mass

The variation of the RNA massgesults in a maximum differenceof the 1st natural frequency d
0.013Hz. That corresponds to a deviation afipproximately8 % in the natural frequencywith a
linear trend, whereby the RNA mass rangis 30 %.

The influence of variation the RNA masses atarger than the geometry of the jacket for the &
natural frequency of the structure.

6.1.1.4 Influence of the Tower Length

The influence of the tower length for the natural frequency of the entire system was also
examined. The tower lengtlis varied with +/- 6m length. The results of the tower length influence
can be seenin Figure6-6.

1st Support Sturcture Bending Mode

0,175
Y \
\ —+—Frequency 1

—@—Frequency 2

0,155

Natural Frequency [Hz]
o
&

0,15

0,145 1
TOW1 TOW?2 TOW3

tower length +/-6m

Figure6-6: 1st support bending mode for different tower length
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The variation of the tower length inducted a maximum difference in thet hatural frequency of
0.013Hz. That corresponds to a deviation of 8 % in the natural frequenayhereby the tower
length rangeis 8.7%.

It clearly shows that he influence of the tower length isignificantly largerthan major changes of
the jacketgeometry for the Ft natural frequency of the structure.

6.1.2 Ultimate Strength (ULS)

The extreme environmental loads on the sukstructure due to wind and waves are calculatedith
ROSAby superposition of the design wind loads and superimposed deterministic extreme wave
loads according tosection 3.3. The results for the most critical member utilization is shown in
Table6-4 and for the most critical joints inTable6-5

Table6-4: Maximum stress utilisations for beanelementsd ULS

Load Load | max. Stres:
Condition | Side| Beam| Section| Case | Utilisation
ULS A | AQ30L 3 91 0.85
ULS B | BQ40L 3 88 0.75
ULS P | AP40L 3 89 0.77
ULS Q |AQ30L 3 91 0.85

Table6-5: Maximum stress utilisations fojjoints 8 ULS

Punching
Load Shear | Load | max. Stresy
Condition | Side| Node | Check | Case | Utilisation
ULS A | 30A2V| Push 34 0.54
ULS B |35B1V| Push 46 0.71
ULS P |13P2V| Push 47 0.65
ULS Q [45Q1V, Push 95 0.57

6.1.3 FatigueStrength (FLS)

The cumulative (annual) damage of welded joints, piledegs, braces and attachment are
calculated in the fatigue analysisThe loads for the check of the fatigue strength areombined
loads from the wave loadswhich are computed withROSAand the loads given by the turbine
manufacturer, here the onshore wind load time seriesThe probability of every time series is
determined from multiplication of the wind direction probabtly and Weibull distribution of the
mean wind speed divided by the number of considered random seeds.

The structural stressesare determined using stress concentration factorsand the resulting
damage is obtained from rainflow counting and comparison withthe appropriate SN curve
according to the method described in sectior8.4. The resulting lifetime is the inverse of the
annual damage.The results given below are design lifetimes including the DFF.

The detailcategory that is assigned depends on the geometry of theelded componens and the
type of weld that is used(i.e. singlesided or doublesided full penetration weld) All attachment
welds are positioned in such a way that the distance to the next attactent or the next
circumferential weld is sufficient to ensure that the stress concentrations are not influencing each
other.

The jacket legs are designed for SNcurve D, the bracesconservativelyfor SNcurve F3 and the
joints for SNcurve T according tdDNV[9]. A higher detail category can be useif grinding the
welds, for example the jacket legs have the detail categoby (transverse slices in plates flats and
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rolled sections), this can be increased to category C1 when highality welding is achieved and
the weld is proven free from significant defects by nethestructive examination, all welds are
ground flush to plate surface.

6.1.3.1 Jacket Legs

In Table6-6 the minimum fatigue life of the legs withougrinding are summarised.

Table6-6: Minimum fatigue life for legs

Load SN min.
Condition | Side| Beam| Section| Curve | Fatigue Life
FLS A |AQ30L 3 D 56
FLS B | BP30L 3 D 55
FLS P | BP30L 3 D 55
FLS Q |AQ30oL 3 D 56

In Figure 6-7 the life time of the main legs for SMurve D are depicted. Lifetimes of the braces
should be ignored, which are given in subsectiof.1.3.2 for the correct SNcurve. The given
valuesin the image are the worst lifetimes of a component and can be from any stress points in
the element, at subelement ends inner stress points, inside and outside of the element.
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Figure6-7: Fatigue Livefor SNicurve Dto be considered for the jacket legsiacket Side A

In both upper levels of the jacket the fourth weld between section 3 and 4 of the leg has to be
grinded to have a sufficient design life time of 75 yearsDesign Fatigue Factor DEF3 with a
target lifetime is 25 year9. In level 2 of the jacket the third weld between section 2 and 3 has to
be giinded. Figure6-8 shows the locations.
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Figure6-8: Giinded Welds of theJacket Leg

6.1.3.2 JacketBraces

In Table6-7 the minimum fatigue life of the braces with and without grinding are summarised.

Table6-7: Minimum fatigue life for braces

min.
Fatigue Lif¢ min. Fatigue
Load SN without Life with
Condition | Sde | Beam| Section| Curve | grinding grinding
FLS A | 13ALT 2 F3 8 107
FLS B | 13BLT| 2 F3 8 110
FLS P | 13PLT| 2 F3 7 93
FLS Q [130QLT 2 F3 7 90
FLS A | 25ALT 1 F3 86
FLS B | 25BLT| 1 F3 91
FLS P | 25PLT 1 F3 83
FLS Q [25QLT 1 F3 87

In Figure6-9 the life times of thebracesfor SNcurve F3 are depictedLifetimes of the leg should
be ignored, which are given in subsectio8.1.3.1 for the correct SNcurve. The given values in the
image are the worst lifetimes of a component and can be from any stress points in the element, at

sub-element ends inner stress points, inside and outside of the element.
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Figure6-9: Fatiguelives for SNcurve F3to be considered for the bracegacket side A

Thewelds in thex-brace ends in level A (lowest)and C as well as the lower end of level 2 ha to
be giinded to have a sufficient design life time of 75 yearsDesign FatigueFactor DFE 3 with a
target lifetime is 25 year3. The locations are shown ifrigure6-10.
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Figure6-10: Giinded welds of thejacket braces
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6.1.3.3 JacketJoints

In Table 6-8 the minimum fatigue life of thetubular joints without grinding are summarised. The
joints in the first 4 rows have a fatigue live lower than 75 years and have to be grinded; the other
joints of this jacket side have a sufficienfatigue life far the joints without grinding (seeFigure
6-11).

Table6-8: Minimum fatigue life for tubular joints

min.
Load . . has to be | Fatigie Life

Row Condition St Joint SIS grinded wi?hout

grinding
1 FLS A 30A2T T X 27
2 FLS B 35B1T T X 27
3 FLS P 35P1T T X 27
4 FLS Q 30Q1v T X 28
5 FLS A 45ALV T - 83
6 FLS B 45BLV T - 84
7 FLS P 45PLT T - 83
8 FLS Q 45QLV T - 83
9 FLS all other T - >75

In Figure 6-11 the lifetimes of the tubular joints for SNcurve T are depictedThe given values in
the image are the worst lifetimes of a joint and can be from any stress points along the welding
curvature at the inside and outside of the brace or chordds of the joint.
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Figure6-11: Fatigue Ives for SNcurve Tto be considered for the jointsjacket side A

TheK-joints in lowest level A, the K-joints of levelC and corresponding Joints have to be gmded
to reach a sufficient design life time of 75 years Qesign Fatigue Factor DEF3 with a target
lifetime is 25 year9. The locations are shown ifrigure6-12.
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Figure6-12: Giinded welds of thejacket joints
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6.2 Conceptual Design
6.2.1 OperationalCharacteristics of the 20 MW RWT

As it was shown at the preliminary analysis of the onshore version of the 20MW RWB]T the
Campbell diagramshowed a resonance between the first fundamental model of the wind turbine
and the blade passing frequency around wind speed 8m/s. For the full model with a jacket
foundation, lower natural frequencies of the entire system are expected. The natural freqoes

of the full systemwith the preliminary jacketare shown inTable6-3. Currently, the focus is on the
first natural frequency of the turbine with the jacketfFigure6-13 illustrates the revised Campbell
diagram of the 20MW RWT witthe preliminary jacket design.
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Figure6-13: Campbell diagram of the 20MW RWT with preliminary jacket design.

As it can be seen from theifjure, the resonance between the firshatural frequency of the
structure and the rotor 1P and 3P frequencies occurs at rotor speed of 9.6 rpm. However, the
rotor speed range is between 4.45 rpm and 7.13 rpm (yellow highlighted) during the @utand
cut-out speeds. A problem with 3P excitation is also avoided due to the significant lower natural
frequency of the full offshore model.

6.2.2 SteadyOperational Loads

The first analysis of the wind turbine is the steady operational loads which are determined from a
uniform steady wind filed. This calculation generates the quastatic wind loads caused by a
uniform wind field as a function of wind speed. The steady loads calculation is an early analysis in
the design of the wind turbine to ensure that both the struatal model and the control system are
working properly. The tower base steady moments at both feaft and sideside directions are
shown inFigure6-14.
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Figure6-14: Average tower base moments in foraft and sideside directions with respect to the wind speed

In addition the rotor speed curve, power curve and mean blade pitch curve varying with wind
speed are depicted inFigure6-15.
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Figure6-15: The power curve, blades pitch angle and rotor speed as a function of wind speed calculated by
the steady analysis

6.2.3 Fatigue Strength (FLS)

The conceptual designis focused on the fatigue strength, because the preliminary desighas
shown thatthe fatigue analysis isthe main driver for the 20 MW jacket design.

The fatigue assessmentis performed very similarto the preliminary design, but with a more
accurate and integrated load simulation model to determine the hot spot stresses. Assumptions
for the applied SN curves andype of weld are identical. Stress concentration factors are geometry
specific calculated.The jacket legs aredesigned forSN-curve D, the bracesconservativelyfor SN
curve F3 and the joints for SMurve T according to DNY8]. A higher detail category can be used
by grounding the welds (see chaptes.1.3.).
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The member stressesfor the check of the fatigie strength areobtained from the integratedioads
analysis between Bladed and ROSA. Thus accurate loads from wind and waves under due
consideration of the dynamic response of the support structure is taken into account.

For theassessmentof the influence of severaldesign variationsa reduced mini setup of the WTG
loads withonly 10 m/s and 12 m/s mean wind speedand correlating waves andprobabilities is
used as a representative set of load casesThefinal resulting fatigue analyse has been done with
the completeload casesetup.

Analysed conditionsare for example the wave loadslt has been shown that the influence of the

wave loads is marginal and that the damage of the jacket elemeist due to the WTG loads only.

Furthermore investigations concering fatigue strength increase due to massive wall thickness
changes,different bottom width and ageneralstiffer transition piece are investigated.

The analyss of a strengthened jacketwith significant wall thickness increase showshat the
lifetimes of the jacketare increasedonlylittle. Due to the increase of the wall thicknesses and the
resulting wall thickness leaps the SCF factor increasegry unfavourable Hence abetter lifetime
due to a more massive jacket structure is compensated due to the we SCF valuesSimilar
results have been found for the jacket with changes of the bottom width or TP stiffnéasrease
Both solutions show only marginal improvements ofome FLS results, but do not results in a
sufficient overall design.

The tower legth was extendedfor the onshore wind turbine extrapolatiorfor the preliminary
onshore conditions becausethey expect a first global frequency of 0.18 Hz, which would move
towards 0.20 Hz if a shorter tower was usednd combined with a jacke{see[5]). The assumption
that the system stiffness of jacket and WTG will bewards stiff and therefore the system has to
be softer has not been confirmed The natural frequency analysigsee 6.1.1) has shown that the
1st natural frequency is approximately0.163 Hz and an extension of the tower length is not
necessary. It is even negative for the support structure design resulting in larger overturning
moments.

The present WTG loads are too conservative.rrexamplethe tower length can be reduced The
distance between the bottom edge of the tower and the bladéptis approximately16m, a
clearance of about 68m could be sufficient. Therefore the tower length can be shortened by
around 8-10m, a reduction of6-7% of the tower length. Due to that thelynamic moments of the
WTG at interfacewill be reduced.

The fatigue analysisising integrated load simulationshas shownthat the life time of the jacket at
this stage of the design processs not sufficient fora design life of 25 years (including DFF of 3
=75 years). Differences in the behaviour of these structural elements due to the preliminary or the
conceptual loads are demonstrated in chapte.2.4.

The fatigue life in the lowst level A is too low, the fatigue life in level B iitical, but with post-
weld improvement such agyrinding of the welds the legs will have a sufficient life time for level B.
Figure6-16 shows the designated parts of the jaakt. Most of the joints of the lowest three leval
have too low lifetimein general
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Figure6-16: Fatigue ives of the jacketbeamswith less than 25 years

Table 6-9: Damageequivalentmoments atinterface (tower bottom)

Description Equ'i:\l,';ent Fatgiue Life [a] Fatgiue Life [a] Fatgiue Life [2]
Moments Curve D - Legs Curve F3 - Braces Curve T - Joints

[MNm] [AP13L AP20L AP40L| 13ALV| 25A1T| 35ALT| 15ALT| 30A2T| 45ALV,
Predesign 165 88 7 65 10 365 44 146 37 86
% TFF 12 m/S 24 mini setup, predesign 175 4 52 | 62 0 4 13 ] 10 | 18 | &2
§ mini setup without waves, predesign 175 4 52 62 0 4 24 10 16 | 52
% TFF 12 m/S 24 mini setup, reinforced jackdt 175 12 | 580 | 240 | 3 19 131] 1 2 56
§ mini setup without waves, reinforced jackgt 173 12 | 572 ] 288 | 3 19 [ 218 | 1 7 55
3 |iteration 02, complete setup 173 1 31 54 0 1 4 2 3 20

The damage equivalentending momentsat interface (Table 6-9) show, that the loads of the
offshore WTG i®nly 6% highercompared to the preliminary lads from the land version WTQut
the amplification ofleg and braceelements is significant higher, there is a resonance between the
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WTG and the jacketwhich is not excited using the preliminary loagddor further details see
chapter6.2.4.

6.2.4 Excitation of the Jacket using feliminary andConceptual Loads

To analyse the discrepancies between the preliminary onshore loa@TUA and the conceptual
offshore loads of(Uni Oldenburg the amplitude spectra of one main leg (AQ13L)ral one brace
element (15ALV) in the lowest level A of the jacket structure are comparddhe time series with
mean wind speed of 10m/s and 12m/s are taken into account.

Brace 15ALV

Leg AQ13L

Figure6-17: Positon of analged main leg andbrace member

6.2.4.1 Main Leg AQ13L

Figure6-18 shows the spectrumfrom the preliminaryloads for the out of plane bending moment V
[KNm]. In Figure 6-19 the spectrum of the in plane bending mment W [KNm] is shown. The
maximum amplitudes are approximately 20&Nm for both moments.
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— NTUA-IT02_4X4L_000_500007_01_rp_0001.TXT - V-moment (kNm) for element AQ13L, node 13A0Q0, stress point 1 pwr spec

NTUA-IT02_4X4L_030_500006_01_rp_0001.TXT - V-moment (kNm) for element AQ13L, node 13A0Q0, stress poir
— NTUA-IT02_4X4L_060_500005_01_rp_0001.TXT - V-moment (kNm) for element AQ13L, node 13A0Q0, stress
— NTUA-IT02_4X4L_090_500004_01_rp_0001.TXT - V-moment (kNm) for element AQ13L, node 13A0Q0, stress
350 — NTUA-IT02_4X41_120_S00003_01_rp_0001.TXT - V-moment (kNm) for element AQ13L, node 13A0Q0, stress
NTUA-IT02_4X4L_150_500002_01_rp_0001.TXT - V-moment (kNm) for element AQ13L, node 13A0Q0, stress
NTUA-IT02_4X4L_180_500001_01_rp_0001.TXT - V-moment (kNm) for element AQ13L, node 13A0Q0, stress

— NTUA-IT02_4X41_210_500012_01_rp_0001.TXT - V-moment (kNm) for element AQ13L, node 13A0Q0, stress point 1 pwr spec
= NTUA-IT02_4X4L_240_500011_01_rp_0004.TXT - V-moment (kNm) for element 15ALV, node 15AAQ2, stress.
— NTUA-IT02_4X4L_270_500010_01_rp_0001.TXT - V-moment (kNm) for element AQ13L, node 13A0Q0, stress

300 NTUA-IT02_4X4L_300_500009_01_rp_0001.TXT - V-moment (kNm) for element AQ13L, node 13A0Q0, stress.
- NTUA-IT02_4X4L_330_S00008_01_rp_0001.TXT - V-moment (kNim) for element AQ131, node 13A0Q0, stress point 1 pwr spec
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Figure6-18: Amplitudespectrumleg & preliminary onshore load$ out of plane bending moment

~— NTUA-IT02_4X41_000_500007_01_rp_0001.TXT - V-moment (kNm) for element AQ13L, node 13A0Q0, stress point 1 pwr spec
500006_01_rp_0001.TXT - V-moment (kNm) for element AQ13L, node 13A0Q, stress
- V-moment (kNm) for element AQ13L, node 13A0Q0, stress
- V-moment (kNm) for element AQ13L, node 13A0Q, stress
-V-moment (kNm) for element AQ13L, node 13A0Q, stress

3504 — NTUA-IT02_4X41_1. X
NTUA-IT02_4X41L_150_500002_01_rp_0001.TXT - V-moment (kNm) for element AQ13L. node 13A0Q0, stress
NTUA-IT02_4X41_180_500001_01_rp_0001.TXT - V-moment (kNm) for element AQ13L, node 13A0Q0, stress
— NTUA-IT02_4X41_210_500012_01_rp_0001.TXT - V-moment (kNim) for element AQ13L node 13A0QU, stress point 1 pwr spec
— NTUA-IT02_4X4(_240_500011_01_rp_0004.TXT - V-moment (Nim) for element 15ALV, node 15AAQ2, stress point 1 pwr spec

— NTUA-IT02_4X41_270_500010_01_rp_0001.TXT - V-moment (kNm) for element AQ13L, node 13A0Q0, stress point 1 pwr spec

300 NTUA-TT02_4X4L_300_500009_01_rp_0001.TXT - V-moment (kNimj for element AQ13L, node 13A0Q0, stress
— NTUA-IT02_4X4L_330_500008_01_rp_0001.TXT - V-moment (kNm) for element AQ131, node 13A0Q0, stress point 1 pwr spec
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Figure6-19: Amplitudespectrumleg - preliminary onshore loads) in plane bending moment

Figure6-20 shows the spectrumfrom the conceptualloads for the out of plane bending moment V
[KNm]. In Figure 6-21 the spectrum of the in plane bending moment W [kNm] is shown. The
maximum amplitudes are approximately 24&Nm for the out of plane bending moment and 620
kNm for the in plane bending moment.
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~— OL-IT01c_4X4L_000_500007_01_rp_0001.TXT - V-moment {kNm) for element AQ13L, node 13A0Q0, stress point 1 pwr spec
OL-IT01¢_4X4L_030_500006_01_rp_0001.TXT - V-moment (kNm) for element AQI3L node 13A0Q0, stress point 1 pwr spec
~— OL-IT01c_4X4L_060_500005_01_rp_0001.TXT - V-moment (kNm) for element AQ13L, node 13A0QU, stress point 1 pwr spec

— OLIT01c_4X4L_090_500004_01_rp_0001.TXT - V-moment (kNm) for element AQI3L, node 13A0Q0, stress point 1 pwr spec

a0 ~— OLIT01c_4X4l_120_500003_01_rp_0001.TXT - V-moment (kNm) for element AQ13L, node 13A0QU, stress point 1 pwr spec
OL-IT01¢_4X4L_150_500002_01 _rp_0001.TXT - V-moment (kNm) for element AQI3L. nade 13A0Q0, stress point 1 pwr spec
OL-IT01c 4X4L_180_500001_01_rp_0001.TXT - ¥-moment (kNm) for element AQI3L. nade 13A0Q0, stress point 1 pwr spec
~— OLITO1c 4X4L_210_500012 01 rp_0001.TXT - V-moment (kNmj for element AQ13L, node 13A0QU, stress point 1 pwr spec
— OL-IT01c_4X4L_240_500011_01_rp_0001.TXT - V-moment {kNmj for element AQ13L, node 13A0Q0, stress point 1 pwr spec
307 — OL-IT01c_4X41_270_500010_01_rp_0004.TXT - V-moment (kNm) for element 15ALY, node 15AAQ2, stress point 1 pwr spec
OL-IT01¢_4X4L_300_500009_01 _rp_0001.TXT - V-moment (kNm) for element AQI3L node 13A0Q0, stress point 1 pwr spec
-~ OL-IT01c_4X4L_330_500008_01_rp_0001.TXT - V-moment (kNm) for element AQ13L, node 13A0Q0, stress point 1 pwr spec
300
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Figure6-20: Amplitude spectrum leg - conceptual offshore loadsd out of plane bending moment

— OL-IT01c_aX41_000_S00007_01_rp_000LTXT - W-moment (kNim) for element AQ13L, node 13A0Q0, stress point 1 pwr spec
1800 7 OL-IT01 ¢_4X4L_030_S00006_01_rp_0001.TXT - W-moment (kNim) for element AQ13L, node 13A0Q0, stress point 1 pwr spec
~ OL-IT01c_4X4L_060_500005_01_rp_000LTXT - W-moment (kNim) for element AQ13L, node 13A0Q0, stress point 1 pwr spec
~ OL-IT01c_4X4L_090_500004_01_rp_000LTXT - W-moment (kNim) for element AQ13L, node 13A0Q0, stress point 1 pwr spec
— OL-IT01¢_AX41_120_500003_01_rp_000LTXT - W-moment (kNim) for element AQ13L, node 13A0Q0, stress point 1 pwr spec
X P. - W-moment {kNim) for element AQ13L, node 13A0Q0, stress point 1 pwr spec
16001 - W-moment (kNim) for element AQ13L, node 13A0Q0, stress point 1 pwr spec
— OL-IM01c_4X4L TXT - W-moment (kNim) for element AQ13L, node 13A0Q0, stress paint 1 pwr spec
— OL-I01c_4X4L TXT - W-moment (kNim) for element AQ13L, node 13A0Q0, stress paint 1 pwr spec
— OL-IT01C_4X4L TXT - W-moment (kNm) for element 15ALV, node 15AAQ2, stress point 1 pwr spec
1400 300 X - W-moment (kNim) for element AQ13L, node 13A0Q0, stress point 1 pwr spec
- OL-T01c_4X41_330_500008_03 W-moment (kNm) for element AQ13L, node 13A0Q0, stress point 1 pwr spec
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Figure6-21: Amplitude spectrum leg - conceptual offshore loadss in plane bending momeh

The spectrashowthat there are quiet high amplificationf the in planeand out of planebending
moments at 1.28 Hz, which clearly dominate in conceptual design using the integrated offshore
model. For the frequency of 1.28 Hz there is a resonandeetween the 12p excitation and a
coupled blade and support structure mode (12p at a rotor speed of 6.3 rpmand another
resonance occurs near the rated rotor speed (7.13 rpm) and 6fpheCampbell Diagraris given in
Figure6-22.
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Campbell Diagram
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Figure6-22: Campbelldiagram
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Figure6-23: Corresponding rotor speed at different wind speeds

In Figure6-24, Figure6-25 and Figure6-26 the amplitude spectra of time seriesshowing largest
differencesare compared. For the out of plane bending moment the maximum amplitudes are:
1 preliminary design 1.2649 Hz Amplitude: 110kNm
1 Conceeptual design: 1.2685 Hz Amplitude: 492kNm

The amplitudes of the in plane bending moments are:
1 preliminary design 1.2649 Hz Amplitude:45 kNm
1 Conceptual design 1.2685 Hz Amplitude:582 kNm

53| Page
(INNWINDEU, Deliverable D4.36)



450 ~— OL-IT01c_4X41_180_S00013_01_rp_0001.TXT - V-moment (kim) for element AQI3L, node 13A00Q0, stress point 1 pwr spec

—— NTUA-IT02_4X4L_180_500013_01_rp_D001.TXT - V-moment (kKNm) for element AQ13L, node 1340Q0, stress point 1 pwr spec
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Figuré6-24: Comparison out of plane bendin'g moment

—— OL-IT01c_4X4L_180_S00013_01_rp_0001.TXT - W-moment (kNm) for element AQ13L, node 13A0Q0, stress point 1 pwr spec
~— NTUA-TT02_4X4L_180_S00013_01_rp_0001,TXT - W-moment (kNm) for element AQ13L, node 13A0Q0, stress point 1 pwr spec
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Figure6-25: Comparison in plane bending moment
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OL-IT01¢_4X4L_180_S00013_01_rp_0BDL.TXT - W-moment fknumj for element AQ13t, node 13A0Q0, stress point 1 pir spec
NTUA-ITD2_4X41_180_S00013_01_rp_0001.TXT - W-moment (kNm) for element AQ13L, node 13A000, stress point 1 pwr spec
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Figure6-26: Detail in plane bending moment

The amplitudes of the nain leg element AQ13L have &arge discrepancy with a factor between 4
kNm and 10 kNm for the bending moments and due to the higher loads of the elements the
lifetime of these elements is significant reduced for the conceptual design.

6.2.4.2 Brace 15ALV

Figure6-27 shows the spectrumfrom the preliminary loads for the out of plane bending moment V
[KNm]. InFigure6-28 the spectrum of the in plane bending moment W [kNm] is shown.

—— NTUA-IT02_4X4L_000_S00007_01_rp_0004.TXT - V-moment (kNm) for element 15ALV, node 15AAQ2, stress point 1 pwr spec
NTUA-IT02_4X4L_030_S00006_01_rp_0004.TXT - V-moment (kNim) for element 15ALV, node 15AAQ2, stress point 1 pwr spec
104 — NTUA-IT02_4X4L_060_500005_01_rp_0004.TXT - V-moment (kNm) for element 15ALV, node 15AAQ2, stress point 1 pwr spec
— NTUA-IT02 X4t 090_5S00004_01_p_0004.TXT - V-moment (kim) for element 15ALV. node 15AAQ2, stress point 1 pur spec
— NTUA-IT02_4X4L_120_500003_01_rp_0004.TXT - V-moment (kNm) for element 15ALV, node 15AAQ2, stress point 1 pwr spec
NTUA-IT02_4X4L_150_S00002_01_rp_0004.TXT - V-moment (kNm) for element 15ALV, node 15AAQ2, stress point 1 pwr spec
9 NTUA-IT02_4X4L_180_500001_01_rp_0004.TXT - V-moment (kNm) for element 15ALV, node 15AAQ2, stress point 1 pwr spec
—— NTUA-IT02_4X4L_210_S00012_01_rp_0004.TXT - V-moment (kNm) for element 15ALV, node 15AAQ2, stress point 1 pwr spec
— NTUA-TT02_4X41_240_800011_01_rp_0004.TXT - V-moment (kNm) for element 15ALV, node 15AAQ?, stress point 1 pur spec
~— NTUA-IT02_4X4L_270_S00010_01_rp_0004.TXT - V-moment (kNm) for element 15ALV, node 15AAQ2, stress point 1 pwr spec
NTUA-IT02_4X4L_300_500009_01_rp_0004.TXT - V-moment (kNm) for element 15ALV, node 15AAQ2, stress point 1 pwr spec
8- - NTUA-IT02_4X4L_330_500008_01_rp_0004.TXT - V-moment (kNm) for element 15ALV, node 15AAQ2, stress point 1 pwr spec
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Figure6-27: Amplitude spectrum brace - preliminary onshore loads out of plane bending moment
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24 ~— NTUA-IT02_4X4L_000_500007_01_rp_0004.TXT - W-moment (kNm) for element 15ALV, node 15AAQ2, stress point 1 pwr spec
NTUA-IT02_4X41_030_800006_01_rp_0004.TXT - W-moment (kNmj for element 15ALY, node 15AAQ2, stress point 1 pwr spec
~— NTUA-IT02_4X4L_060_S00005_01_rp_0004.TXT - W-moment (kNm) for element 15ALV, node 15AAQ2, stress point 1 pwr spec
—— NTUA-IT02_4X4L_090_500004_01_rp_0004.TXT - W-moment (kNm) for element 15ALV, node 15AAQ2, stress point 1 pwr spec
20 . 0, TXT - W-moment (kNmj for element 15ALV, node 15AAQ2, stress point 1 pwr spec
- W-moment (cNimj for element 15ALY, node 1SAAQ, stress point 1 pwr spec
- W-moment (kNm) for element 15ALY, node 15AAQZ, stress point 1 pwr spec
X - W-moment (kNm) for element 15ALV, node 15AAQ2, stress point 1 pwr spec
184 — NTUA-ITO: 0. - W-moment (Nimj for element 15ALY, node 15AAQZ, stress point 1 pwr spec
— NTUA-TT02_4X41_270_ W-moment (kNmj for element 15ALV, node 15AAQ?, stress point 1 pwr spec
NTUA-IT02_4X41_300_00009_01_rp_0004.TXT - W-moment (kNmj for element 15ALY, node 15AAQ2, stress point 1 pwr spec
~-= NTUA-IT02_4X4L_330_500008_01_rp_0004.TXT - W-moment (kNm) for element 15ALV, node 15AAQ2, stress point 1 pwr spec
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Figure6-28: Amplitude spectrum brace - preliminary onshore loads$ in plane bending manent

Figure6-29 shows the spectrumfrom the conceptualloads for the out of plane bending moment V
[KNm]. In Figure 6-30 the spectrum of the in plane bending moment W [kNnfpr the conceptual
loads is shown.

The maximum amplitudesof the preliminary loads areapproximately 8 kNm and for the
conceptual loads the maximum amplitude for the in plane bending moment iskdm and for the
out of plane bending moment is 2GkNm.

— OL-IT01c_4X4L_000_S00007_01,rp_0004TXT - V-moment {kNm)for element 15ALY, node 15AAQ2, stress point 1 pwr spec
OL-1T01c_4X4L_030_500006_01 _Fp_0004.TXT - V-moment (kNm)for element 15ALY, node 15AAQ2, siress poirt 1 pwr spec
24 — OL-TFO1c_4X41 060_500005. 01_rp_0004.TXT - V-moment (kNmj for element 15ALY, node 154AQ2, stress point 1 pwr spec
— OL-IFO1c_4X41_090_S00004_01_rp_0004.TXT - V-moment (kNmj for element 15ALY, node 154AQ2, stress point 1 pwr spec
— OL-IFO1c_4X41_120_S00003_01_rp_0004TXT - V-morment {kNmj for element 15ALY, node 154AQ2, stress point 1 pwr spec
OL-IT01c4X4L 15050000201 _Fp_0004.TXT - V-moment (kNm)for element 15ALY, node 15AAQ2, siress poirt 1 pwr spec
204 OL-T01c_4X4L_180_500001_01 rp_0004.TXT - V-moment (kNm) for element 15ALY, node 15AAQ2, siress poirt 1 pwr spec
— OL-IFO1C_4X41 210_500012_01_rp_0004.TXT - V-moment (kNmj for element 15ALY, node 154AQ2, stress point 1 pwr spec
— OL-TFO1c_4X41_240_S00011_01_rp_0004TXT - V-morment {kNmj for element 15ALY, node 154AQ2, stress point 1 pwr spec
— OL-IFO1c_4X41 270.500010_01.rp_0004TXT - V-moment (kNmj for element 1ALV, node 15AAQ2, stress point 1 pwr spec
184 OL-TT01c 4X4L_300_500009_01 rp_0004.TXT - V-moment (kNm)for element 15ALY, node 15AAQ2, siress poirt 1 pwr spec
~— OL-IT01C_4X4L_330_500008.01.rp_0004.TXT - V-moment (kNm)for element 15ALY, node 15AAQ2, stress poirt 1 pwr spec
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Figure6-29: Amplitude spectrum brace - conceptual offshore loadsd out of plane bending moment
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127 ~— OL-ITO1.c_4X41_000_500007_01_rp_0004TXT - W-moment (kNm) for element 15ALV, node 15AAQ2, stress point 1 pwr spec
OL-ITO01 ¢_4X41_030_500006_01_rp_0004.TXT - W-moment (kNimj for element 15ALV, node 15AAQ2, stress point 1 pwr spec
— OL-ITO1.c_4X41_060_500005_01_rp_0004TXT - W-moment (kNm) for element 15ALV, node 15AAQ2, stress point 1 pwr spec
1] ~— OL-IT01c_4X41_090_500004_01_rp_0004.TXT - W-moment (kNm) for element 15ALV, node 15AAQ2, stress point 1 pwr spec
~— OLIT01c_4X4L_120_500003_01_rp_0004.TXT - W-moment (kNm) for element 15ALV, node 15AAQ2, stress point 1 pwr spec
OL-IT01 ¢_4X41_150_500002_01 rp_0004.TXT - W-moment (kNim for element 15ALV, node 15AAQ2, stress point 1 pwr spec
OL-TT01 ¢_4X4L_180_500001_01_rp_0004.TXT - W-moment (kNmj for element 15ALV, node 15AAQ2, stress point 1 pwr spec
10 — OL-IT01.c_4X41_210_500012_01_rp_0004TXT - W-moment (kNm) for element 15ALV, node 15AAQ2, stress point 1 pwr spec
— OL-ITO1c_4X41_240_500011_01_rp_0004TXT - W-moment (kNm) for element 15ALV, node 15AAQ2, stress point 1 pwr spec
— OL-ITO1.c_4X41_270_500010_01_rp_0004TXT - W-moment (kNm) for element 15ALV, node 15AAQ2, stress point 1 pwr spec
OL-IT01 ¢_4X41_300_500009_01_rp_0004.TXT - W-moment (kNimj for element 15ALV, node 15AAQ2, stress point 1 pwr spec
9] ~— OL-ITOL¢_4X41_330_500008 01 rp_0004.TXT - W-moment (Nm) for element 15ALV, node 15AAQ2, stress point 1 pwr spec
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Figure6-30: Amplitude spectrum brace - conceptual offshore loads3 in plane bending moment

The results for the brace show also the different excitations between the preliminary loads and the
conceptual loads.These spectra of the conceptual results show a much larger amplitude peak

approximately 1.28 Hz, which correlates with a support strucre eigenmode and the 12p
excitation of the rotor

In the following figures the amplitudes of themaximum time series for the brace 15ALVare
compared.

—— OL-T01c_4X4L_180_500001_01_rp_0001.TXT - V-moment (kiNm) for element AQ13L, node 13A0Q0, stress point 1 pwr spec
NTUA-IT02_4X4L_180_S00001_01_rp_0001.TXT - V-moment (kNim) for element AQ13L, node 13A0Q0, stress point 1 pwr spec
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Figure6-31: Comparison out of plane bending mone
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OL-IT01c_4X4L_180_500001_01_rp_0001.TXT - W-moment (kNm) for element AQ13L, node 1340Q0, stress point 1 pwr spec

1400 NTUA-IT02_4X4L_180_500001_01_rp_0001.TXT - W-moment (kNimj for element AG13L, node 13A0GQ0, stress point 1 pwr spec
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Figure6-32: Comparison inwplane bending moment

The amplitudes of the brace element 15ALV hawesmaller difference (factor 2) as the legs. For
the out of plane bending moments the amplification is evein the same range.

6.2.5 Mitigation of Local Jacket Vibrations

In chapter 6.2.4 local jacket vibrations due to resonance arevinced The particular resonance
peak at 1.28Hz comparedwith other frequencies is very large for theraces and lower amplified
for the legs. Therefore the jacket has been stiffeed with additionally horizontal and diamond
braces in the lower levelsas highlighted in Figure 6-33. Several configurations have been
investigated and the shown version has the largest influence on the resulting fatigue lives. It
should be noted that these additional braces mostly reduce the oaf-plane vibration of the
braces and also increase the complexity of the-ints, which in principle requiredinite element
analysis to derive the SCF more accurately plane excitation are not mitigated significantlwith
these braces
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Figure6-33: Jacket with horizontals and diamond braces

Thedesign studyis performedwith the conceptual loadsnitially derived fromthe predesign jacket
geometrywithout the horizontaland diamond braces.Hence, the wind turbine loads do not reflect
the different jacket geometry. More accurately results demand Idaterations according toFigure
3-1, but inthe current scope of the projecthese additionalload iterations have not been possible.
Therefore loads and responses are not consistent for this study and the obtained fatigue liaes
inaccurate.

Consistency of loads and responses is in general important for accurate results. Especially since
the wind turbine and support structures are becoming very large and natural frequencies become
rather low. According to the NFA results of éhintegrated model most natural frequencies are
below 2 Hz and are prone to 1p to 12p excitations from the rotor. Therefore close cooperation
between the wind turbine design and foundation design should be intended.

The different dynamics of the jacket structure can be demonstratedfrom the natural frequency
analysis. The local bending modes of the braces (8 to 8" mode of the structure) are compared
for the preliminaryjacket and the stiffened conceptualjacket in Figure6-34 and Figure6-35.
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Figure6-34: eigenmodes of the braces preliminary design

Figure6-35: eigenmodes of the brace® conceptual design
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The fatigue analysis was conducted with the predesign jacket and witie strengthened jacket.
The lifetime of the original jacket shows a minimum lifetime for the upper legs (lexé D) of51
years, in level B of 20 years and in the lowegtvel A the lifetime is below 10 years. The legs of the
reinforced jacket have a nearly doubled lifetime, but in thlewestlevel Athe calculated lifetime of

is still not sufficient and below the design lifetime

The same occurs in the braces, the fatigueesults are increased in the parts where the additional
braces are installed. Some braces in the upper level C and D, where not additional braces are
located, the fatigue results are becoming even worse. Overall FLS results are improved from this
design gudy, but are still insufficient for many details (i.e. legs, braces and joints)

6.3 DesignSummary

It is assumed not realistic to design the 20MW jacket withoufurther improvements of the wind
turbine model, i.e. updatedmodel and assumptions. A land basedextrapolated wind turbine
model is not an adequate starting point for the design. The dynamic influence of very large wind
turbines and jackets issignificant and requires closercollaboration betweenthe wind turbine and
foundation designs. Therefore iis sensible to improve thewind turbine performance based on the
findings of the preliminary designed jackebefore continuing the jacket desigr(see Table 6-10,
Appendix A3 Preliminary Jacket Dimensionsand ref. [15]). For example modifications of the
height of the TP and tower, load reduction (height of the tower, damping) and refining the
controller performance acceoding to the natural frequency results should be considered.

Table6-10: Overview othe jacket geometry and massesrom the preliminary design

Structural member Dimensions Value |
Jacket \

Base Width m 38
Top Width m 20
Interface elevation [m] wrt MSL 26
Transition Piece height [m] 8

4
Jacket legs diameter (outer) [mm] 1829-2642
Jacket legs maximum wall thickness [mm] 101.6
Jacket legs minimum wall thickness [mm] 44.5

4
Diameter upper xbraces diameters (outer) [mm] 914
Diameter nmiddle upper xbraces diameters (outer) [mm] 965/1219
Diameter middle lower xbraces diameters (outer) [mm] 965/ 1219
Diameter bwer xbraces diameters (outer) [mm] 1168 /1828
Braces wall thicknesses [mm] 20-40.5

4
Pile penetration [m] 50
Pile diameter [mm] 3500
Pile wall thicknesses [mm] 3490673
Pile top elevation above mudline (Stielp length) [m] 1.8
Overlap length (grout length) [m] 7.5
Jacket structure 1670
Transition Piece (estimation) t 450
Steel Appurtenances (estimation) t 50
Piles t 4x 230
Totallifting mass (no piles) t 2170

Natural frequency overall structure \
1st eigenfrequency (% bendingmode) [Hz] 0.165
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7 COSTANALYSIS

Costs associated withthe fabrication of jackets are evaluated using two different cost models.
Firstly, alumped price model is used to calculate the total costs of the 20MW jackeEhis model
was applied for other support structures designed for the 10MW wind turbind1], [12], [13] and
therefore can be used to compare the costShe assumed unit price rates are derived as of 2012
the beginning of the INNWIND.EU projecThe costs are proportional to the mass of the
components (i.e. transition piece, jacket and piles) anithus different aspects of steel works and
assembly costs cannot be considered

Secondly,relative cost differences between the 10MW and 20MWacket designs are calculated
using a more detailedfabrication cost model Figure7-1), which allows a comparison amportant
cost contributors for the jacket namely material costs, welding costs anddditional costs. The
latter consists of coss for scaffold, crane, vesselsassembly aids,coating and logistics However,
the model is confidential and further details about the calculation and parameters cannot be
explained

Theresulting levelized cts of energy(LCOEJfor the 20MW wind turbine including the jacket are
in the order of 9[B4 Thd Wiueneecottioerjadkietrfadpricatian costs on the
LCOE is rather small. It is estimated thataincrease about10% of the jacket osts transfers into
and LCOE increase df.44% (approximately 7:1)

It should be noted thatthe consideredjacket designfor the cost analysesare based on the same
design procedures regarding NFA, FLS and ULS, which is a necessary requirement fiaira
comparison.But different models and tools for the wind turbine load analyses have been applied
throughout the INNWIND.EUproject, which have not been compared in detail and therefore the
developedijacket designs and the costcan be imaccurate. The load aalyses for the 10MW jacket
designs are performed using an integrated model (superelement approach) in LACFLEX. The
20MW jacket is designed using the preliminary (onshore) loads calculated with GAST.mb and
superimposed with separate wave loads in ROSA. Tinéegrated model from BLADED has been
applied in the subsequent loadand designiterations of the 20MW jacket (whichg part of the
conceptual designin this report).

. Number of welds/elements
TUbU|ar prOflle * Size/weight of the elements
and weight

Surface Welding volumen

* Specific local conditions

Cost of welding
Tubular cost

Coating costs «  Preperation Assembly

* Standardized pipes *  Welding
¢ Documentation

=
g
)
Q
c
=]
(=
+—
wv
(o}
)

Figure7-1: Fabrication cost model fojackets

The comparison of thefabrication costs with the lumped price model is shown iffable 7-1. The
costs for the jacket increase between 44%61% dthough the nominal power of the wind turbine
is doubled. The jacketstudy with additional bracings mitigates local vibrationand improves the
fatigue results, but increases the fabrication costsadditionally. It should be investigated if other
possibilities exist to mitigate the identified load excitatiorirom the wind turbine (see section
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6.2.4) instead of increasing thecomplexity of the jacket structure However, he maturity of the
wind turbine models, especially the 20MW wind turbine, is rather low and tipeesent turbine
model is not optimized for the considered offshore siteand thus might result in overly
conservativeresults.

Table7-1: Fabrication costs for LOMW and 20MW jackets using the lumped price model.

Jacket 20MW

Unit Price Reference Jacket 10MV Innovative Jacket 10MW Jacket 20MW )
+ diamond braces

WE K 2y Mass|t] Costs Mass [t] Costs Mass [t] Costs Mass [t] Costs
TP 5000 330 MXcpn3n 258 MZ H Y n A0 HXHpA3nAS0 HXHPpJY

SEGG] 4800 1210 p Xy ny 3 n hoa3 p X Hnc 3 n B6A0 y Znmc 3 n hofl dEIn MH J

Piles 1200 380 npcnpn34e nwmnaxnhnole MZ Man3n 820 MZwmMAan 2
Sum TXdmnidnnn cXdncdynn MMXIoTAlEnnn |amHXZTCC
Base Case Change -12 % Change 44 % Change 61 %

The results of the more detailedabrication cost model show a similabutcome, but the predicted

differences of the resulting overall costbetween the designsare smaller compared with the
lumped price mode] e.g. only +33% cost increase of the 20MW jacket instead of 44%igure7-2

shows the results of the four jacketsnormalized with the total costs of the reference jacketfor

10MW.

Fabrication Costs (normalized to ref. Jacket)
+54.4%

160%
140%

120% -

100% -5.4%
80% = Additional Costs

+33.0%

m Welding costs

60%
40%
20%

0% T T T
Ref Jacket Opt. Jacket Jacket 20MW 20MW Jacket
10MwW 10MwW +Diamond

Figure7-2: Relative cost comparison athe L0MW and 20MW jackets using the fabrication cost model

m Material Costs

In generalthe cost composition of jackeffabrication costs is verysimilar between the 10MW and
20MW jacket designs.The main cost contributors are from material costs, which contribute
between 55% and 60% to the overall costsWelding costs of tubular joints and costs for butt
welds of straight pipes contribute between 28% and 30%. Thmmposition of costsfor the
preliminary 20MW jacket the conceptual 20MW jacket with the additional bracingsand the
10MW reference jacket areshown inFigure7-3.
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Costs Jacket 20MW

m Standard pipes

m Non-standard pipes
m Butt-joints

m Nodes

m Additional Costs

Costs Jacket 20MW + Diamond Braces

m Standard pipes

m Non-standard pipes
m Butt-joints

m Nodes

m Additional Costs

Costs Reference Jacket 10MW

Figure7-3: Cost composition of jacket fabrication costs
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APPENDIX A PRELIMINARYACKET DIMENSIONS
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APPENDIX B SOIL PROFILE

DESIGN PARAMETERS FOR SOIL INO1 WITH PILE AOPOP
depth Soll 1’ | qq ¢ Cy E €5y 13 1y q
m | tpe |eNm) | (9 | MPa) | (deg) | (kPa) | (MPa) (Pa) | (xPa) | (MPa)
. SAND 9.00 350 57 0.0 0.0 0.0
(4]
33l SAND 9.00 350 57 0.0 0.0 0.0
SAND 9.00 350 13.7 15.1 15.1 1.1
9.0
1000 SAND 9.00 350 166 328 328 24
SAND 9.00 350 19.7 470 470 34
15.0L
SAND 10.00 350 244 A 71 5.1
20.01__
I 225 | | SAND | 1050 35.0 215 89.8 898 6.5
T 100 SAND 11.00 350 308 105.5 105.5 8.1
320[ | [ SAND | 1100 350 340 1150 | 1150 9.9
5 ano SAND | 11.00 350 %8 1150 | 1150 12
-5 40.0 SAND | 11.00 350 39.1 1150 | 1150 120
SAND 11.00 350 503 1150 1150 120
90.0_
' Submerged unit weight Design code: DNV-J101
I :Plasticity index Partial coefficient on angle of internal fricton: 1.00
Qs : Unconfined compression strength Partial coefficient on undrained shear stength:  1.00
¢ :Characteristc angle of internal friction Partial coefficient on axial bearing capacity: 1.00
¢, :Characteristic undrained shear strength
E :Modulus of elasticity Scour: Local scour: 33m
£gg : Strain which occurs at one-half of the maximum Giobal scour: 0.0m
siress in laboratory undrained compression test Scouwr angle: 18.0deg
te :Unit skin friction, compression
t, :Unit skin friction, ®ension LJ Piletpdepth: 3800m
q :Unittip resistance, compression Pile tip diameter:  2540.0 mm
Pile tip thickness: 31.8 mm

Ramboll Wind

Subject: InnWind Soil Protle

Program: ROSA 500

Prepared: TVB Checked: BJOS Approved: TIMF Rev. 0 Date: 2013-09-25
Staddeich 7 Tel: +49 40 3020200 Web: waw ramboll.com Awind
GER 20097 Hamburg Fax: +49 40 302020 199 Email: info@ramboll. com
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APPENDIX 8 TOWER GEOMETRY

The modified geometryof the onshore tower[5] with bottom elevation 26mMSL is shown in this
appendix.
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APPENDIX D PRELIMINARY DESIGESULTS

ULS results- beams
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COMPANY: INNWIND.EU
PROJECT: JACKET MODEL 20 MW
SUBJECT : STRESS UTILISATION PLOTS - STRESS AND STABILITY CHECK

(INNWINDEU Deliverable D4.36)

[AGMLL |
| 0.00 43 |
Utilization Ratio Summary, Limit = 1.00
Jacket Side A - View from outside jacket
Direction: X:-0701 ¥:-0.701 Z:-0.135
Limits: X 0.000, 26.870) ¥( 0.000, 26.870) Z(-56.300, 18.000)
Plot 1: Date: 2017-04-03 Time: 07:40:02 Job EPHQYB (STPLOT 5.1)
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Ramboll Wind

Direction: X001 ¥:0.701
Limits: X( -26.870, -0.000) Y( -26.870, 0.000)
Flat  2: Date: 2017-04-03 Time: 07:40:02

COMPANY: INNWIND.EU
PROJECT: JACKET MODEL 20 MW
SUBJECT : STRESS UTILISATION PLOTS - STRESS AND STABILITY CHECK

Stadtdeich 7 Tel: +49 40 302020 0
GER 20097 Hamburg Fax:+49 40 302020 199

20135
Z(-56.300, 18.000)
Job EPHQYB (STPLOT 5.1)

Web: www.ramboll.comiwind
Email: info@ramboll.com
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Jacket Side P - View from outside jacket

Ramboll Wind

Direction: X050 Y070
Limits: X( -0.000, 26.870) Y( -26.870, 0.000)
Flot  3: Date: 2017-04-03 Time: 07:40:02

COMPANY: INNWIND.EL
PROJECT: JACKET MODEL 20 MW
SUBJECT : STRESS UTILISATION PLOTS - STRESS AND STABILITY CHECK

Stadtdeich 7 Tel: +49 40 302020 0
GER 20097 Hamburg Fax:+49 40 302020 199

20135
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Email: info@ramboll.com
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Jacket Side Q - View from outside jacket

Ramboll Wind
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COMPANY: INNWIND.EU
PROJECT: JACKET MODEL 20 MW
SUBJECT : STRESS UTILISATION PLOTS - STRESS AND STABILITY CHECK
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ULS results- nodes
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Tubular Joint Stress Check, Maximum Utilization Ratios, Limit = 1.00
Jacket Side A - View from outside jacket

Ramboll Wind

Direction: X-0701 Y:-0.701 £-0.135
Limits: X( 0.000, 26.870) Y( 0.000, 26.870) Z(-56.300, 18.000)
Plat  1: Date: 2017-04-03 Time: 07:40:03 Job EPHOYF (STPLOT 5.1)

COMPANY: INNWIND.EU
PROJECT: JACKET MODEL 20 MW
SUBJECT : PUNCHING SHEAR UTILISATION PLOTS - PUNCHING SHEAR CHECK
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Tubular Joint Stress Check, Maximum Utilization Ratios, Limit = 1.00
Jacket Side B - View from outside jacket
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Ramboll Wind

Direction: x:07m ¥: 0701
Limits: X( -26.870, -0.000) Y( -26.870, 0.000)
Flot  2: Date: 2017-04-03 Time: 07:40:03

COMPANY: INNWIND.EU
PROJECT: JACKET MODEL 20 MW
SUBJECT : PUNCHING SHEAR UTILISATION PLOTS - PUNCHING SHEAR CHECK

Stadtdeich 7 Tel: +49 40 302020 0
GER 20097 Hamburg Fax: +49 40 302020 199

2:0135
2(-56.300, 18.000)
Job EPHQYF (STPLOT 5.1)

‘Web: www.rambaoll.com/wind
Email: info@ramboll.com
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Tubular Joint Stress Check, Maximum Utilization Ratios, Limit = 1.00
Jacket Side P - View from outside jacket

COMPANY: INNWIND.EU

Stadtdeich 7
GER 20097 Hamburg

Ramboll Wind

Dirgction: X:-0.70 Y0701
Limits: X( -0.000, 26.870) Y( -26.870, 0.000)
Flot  3: Date: 2017-04-03 Time: 07:40:03

PROJECT: JACKET MODEL 20 MW
SUBJECT : PUNCHING SHEAR UTILISATION PLOTS - PUNCHING SHEAR CHECK

Tel: +49 40 302020 0
Fax: +49 40 302020 199

2-0135
2(-56.300, 18.000)
Job EPHQYF (STPLOT 5.1)

Web: www.rambaoll.com/wind
Email: info@rambaoll.com
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Tubular Joint Stress Check, Maximum Utilization Ratios, Limit = 1.00
Jacket Side Q - View from outside jacket
Dirgction: X 07m ¥:-0.701 £:-0.135
Limits: X -26.870, 0.000) ¥{ 0.000, 26.870) Z(-56.300, 18.000)
Plat  4: Date: 2017-04-03 Time: 07:40:03 Job EPHOYF (STPLOT 5.1)
COMPANY: INNWIND.EU
PROJECT: JACKET MODEL 20 MW
SUBJECT : PUNCHING SHEAR UTILISATION PLOTS - PUNCHING SHEAR CHEGCK
Stadtdeich 7 Tel: +49 40 302020 0 ‘Web: www.ramball.com/wind
‘GER 20097 Hamburg Fax: +49 40 302020 199 Email: info@ramboll.com
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Fatigue Lives, Jacket Side P, SN Curvede considered for legs
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