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Overview

Introduction

Overall system and planning
Considerations per part or phase
Cost of energy
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Hardware components of the farm

Offshore wind turbinels Rotor-nacelle assembly
Support structur{a
Electrical infrastructur*e Power collection Systevln

Power transmission systegm

Facilities (& remainderb Central platform

Met-mast

Auxiliary equipmentl

Onshore premises
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Procedures

Implementatiori Procurement, assembly and Iogisiics

Installation

Commissioning

Exploitation Operation|

Maintenance

(Service, repairs and overhaul)
Post-exploitatior|| Refurbishment

Dismantling
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Design as part of development phase

« Feasibility study, project identification
Conceptual design (cost-benefit, showstoppers)

e Permitting, financing, investment decision
System layout (costs, EIA, visual impact)

« Contracting
Preliminary design (reference, budgeting)

e Go ahead
Final design, specifications, planning
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“The example”

Throughout this lecture “Horns Rev” will be used to
exemplify the design of a state-of-the-art largaesc
offshore wind farm

The picturs and illustrations of this wind farm,
developed by Elsam and Eltra, are taken from the
website www.hornsrev.dKopyright: Elsam A/S
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Overall system and planning
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General considerations

 Company / consortium skills (needed and available)

e Requirements, standards and recommended practices
e Legal framework

» (International) developments and policy

« Safety / risk / lifetime

e Environmental impact

« Technological preferences or constraints

» General targets (e.q. size, indication of location)

» Cost-benefit (see next slide)
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Cost-benefit considerations

* Costs
« Tax incentives
* Financing and insurance

e Energy quality and quantity, including availability and
controllability

» Predictability (particularly wind forecast)
e Market value
* Other revenues (green certificates, subsidy)
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Know (and show) what you’re talking

about
Parties with ‘Dlease vourself’
different P y ) Deadline stress
. Interpretations
conventions

_S
Or:
S wes
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Definition of terms

( Wind turbine?

Foundation?

R
]
TUDelft



Definition of used reference system

centre yaw bearit

g
Lowest Astronomical Tide Still Water Level ~ zN
1= (LAT) -7 (SWL)
.- Sea bhottom _.- Sea bottom wd Speed/
S: :W S W
E N E N
LAT (installation) SWL (hydrodynamic loads) Nacelle

Seabed (structural loads)Tower top (interface WT) Hub (non-rotating)
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Reference report

“Terminology, reference systems and conventions”

Avalilable on blackboard in folder ‘Course Documeénts

(Report used in the project “Design methods fosludfe wind turbines at
exposed sites (OWTES)” under contract with the Eeapmpcommission)
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Interactions in the design process

Rotor-nacelle assembly

Farm layout

l

Grid connection

Support structure

Operation
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General considerations (example)

[z 2

15

HEIEEEEEEEEEEE

Homs Rev

Tender phase
Prequalification of tenderers
Tender specifications
Tender phase
Contract phase

Execution
Planning
Manufacturing
Erection on site

Commissioning
Voltage - internal cabling
Voltage -onshore connection
Commissioning
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General considerations (example)

e Total investment: 2 GDKK (270 M€)

e Total energy yield: 600 GWh/year - around 150.000
households

* Fixed price: 0.33 DKK/kWh (0.045 €/kWh) (up till
energy production of around 10 years)

e Green certificate trading: 0.10-0.27 DKK/kWh (0.014-
0.036 €/kWh)
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General considerations (example)

Safety

* Yellow lights at outer turbines

* Two red warning lights on each nacelle
e Orange blade tips
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General considerations (example)

- - TR RrE
m ERTw Deson vove Gwee Segwwe Jas mhbew bmowwe mm Ty
Seal monitorin g i ) B e ) K ST Y1 7N o S S 0] o PP RS B P 113

programme Den 18/ 872 nr.8373
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Site selection

2007-2008

e
]
TU Delft

Delft University of Technology



Site selection

Design choices: Considerations:

Location *Resources/potential

*General size and shape *Planning (users/infrastructure)
Indication of costs and technical
feasibility

*Relevant developments
*Regulations
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Site selection (example)

P e Studies started in 1993
A,
b e, 4 preferred areas
e P * 1997: “Action plan for
gﬁfif, ; offshore windfarms in Danish
| LS waters”
E. il » 1998: Contract negotiations
W eV T with electricity suppliers
By .ﬁ;w P ' * 1999: Preliminary go-ahead
HomsRev.| 0| | "Stiigeunde for 4 sites
[ T of B T
s g R B ERE SR
TSy "'r". -

. ;
e E

Rodsand S I Godser
Riv

I ———
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Site selection (example)

0-10.m

10-20 m
20-30m
20[E0)-40 m
#0-100'm
100-200m
200-300m
B 300.400m
400-500m
500-500m

S0-700m

 Hard sand reef of
moraine gravel of
early ice ages

« Water depth
between 1 and 10 m
e But... harsh sea
conditions: “The
Devil’'s Horn”
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Wind farm layout
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Wind farm layout

Design choices: Considerations:

-NL_lmber of turbines and turbine  «\Wake losses

rat'”? Electrical losses and costs E-
'OUtI'f‘e shape infrastructure

*Spacing

*(Annual) Energy yield
Indication of costs and technical
feasibility

*Planning (users/infrastructure)

*Relative positions

*Positions w.r.t. geographical
marks

*Number of support structure
designs
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Wind farm layout (example)

160 MW =80x 2 M

-2 s i = —
g AR el b e 48
e - i e
3 o Rt e
F = =g . “h.

Homs Rev

7=t
Pa ot
X
-
=
Mande . .. -
i

Filling the shallow with a 10x8
array (6-14 m depth, 560 m
spacing, 20 k)
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Wind farm layout (example)

~sA. S e . Tl

Slugen

Lsperance By

Wake losseqg

Visualisation
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Wind farm layout (example)

Horns Rev - Wind Speed Distribution - Level 62 m Horns Rev - Wind Distribution - Level 62 m
N

Ny
(]
X

i
WL /747
2
AARS
[T

é,..
Y
\

SR
A
P2 34 85 67 8 910N IZ 314G 17191920 202233243 3 372800 s - ‘

Top of Wind Speed Bin [mis]

Indication of energy vield, site optimisation,
orientation w.r.t prevailing wind direction
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Wind farm layout (example)

. Stable bank, consisting of:
» Sand

.- *Gravel

..+« Pebble gravel

|« Stones

Variation within farm resulted
In single monopile design,
with variable length.
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Rotor-nacelle assembly
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Rotor-nacelle assembly

Design choices: (Generally Considerations:

selection and not design) *Efficiency / vyield

*Rating, power and thrust «Controllability

«Control concept «Loading and dynamics
*Electrical system Minimum hub height and tip
*Gearbox / direct drive clearance

*Rotor size, number of blades and <Reliability / maintainability /
bending serviceability

*Hoisting systems Installation

Climate conditioning
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Rotor-nacelle assembly (example)
Vestas V80

Output curve for Vestas Va0 - 2,0 MW

Output kW

1500 /

1000 |

2 MW, 80 m rotor, varlable speed, pltch /
control, rated wind speed 13 m/s, - e L
doubly fed generator Vind valocity ms

e
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Support structure

2007-2008
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Support structure

Design choices: Considerations:
«Concept and material *Rotor clearance / air gap
*Hub height *Energy yield w.r.t. shear

«(Element) shape and size «Structural reliability and lifetime
Seabed scour

eAccess facilities
o Manufacture and onshore
eCable tie-in IOgiStiCS

*Transition piece Installation
*(Turbine) maintenance

et s
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Support structure (example)

hove | 110 m

* 4 m foundation piles 5
 Wall thickness 5 cm |
e 22 - 24 m penetration e

* Transition piece
4.6 m diameter

« 6 M grout
e Platform 9 m above sea )
* 61 m conical tower (-
. Foundgation | |} om I
« 70 m hub height
» Total mass 340-390 ton T y '
(seaBed | iias ot mebeiaony "
| e
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Support structure (example)

Environmental conditions: wind,
waves AND correlation (scatter
diagram)
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Support structure (example)

Transition piece with boat landing
and platform

Cable tie-in and J-tubes
(1x, 2x or 3x, PVC)

E
l_i‘_i_‘-‘—h
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Scour protection
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Scour protection

Design choices: Considerations:

*Apply or not? *Necessity

«Concept *Support function of soil

«Overall size oFilter effect

*Specification of elements (rock) eStability (self and surrounding
soil)

eInstallation

SR ..
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Scour protection (example)

Gravel mattress (soill filter)
0.5 m, grading 0.03-0.2 m
Gravel/stone armour layer
0.8 m, grading 0.35-0.55 m

Specialised installation
equipment (existing)

o]
TU Delft



Electrical collection

2007-2008
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Electrical collection

Design choices: Considerations:
*Topology Installation

*Voltage level *Risks (switch/re-route)
*AC or DC

*Hydrodynamic conditions
_ «Capacity and losses

*Transformers, inverters, N pacity .

rectifiers, switches, ... €CeSsary conversions

«Cable protection -Controllability

«Connections (above/below
surface)

«Cable type and size

R
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T

Electrical collection (example)

Trnaeme 5 double strings, AC
e ﬁ 36 kV (Medium Voltage)
. \ \I “~_ No submerged connections
1 | (connections in turbines)

i
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Electrical transmission
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Electrical transmission

Design choices: Considerations:
*Route Installation
*\/oltage level *Planning

*AC or DC

*Risks (cable ploughing)

«Cable type, size and number «(Extreme) hydrodynamic

*Transformers, inverters,

- . conditions
rectifiers, switches, shunt _
inductors, ... -Capacity and losses
«Cable protection *Necessary conversions

«Controllability

SR —
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Electrical transmission (example
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Other structures
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Other structures

Design choices: Considerations:
sMet-mast *Necessity
*Transformer platform *Possible combinations (also with
+O&M base turbine support structures)
«Shunt inductor platforms *Function
(electrical transmission) Structural reliability
Moment of installation (met-
mast)

SR —
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Other structures (example)

Installed spring 1999
Stand-alone (energy, data tx)
1.7 m monopile, square lattice
15, 30, 45, 62 m met. sensors
58 m extra, separate system
2 wave riders + Doppler radar

Mind Speed [mis
B &5 B

=a
T T T T T T T T T T T
IO T MDD @©OD @m 'om 2m m Il I I IO mm

Tirme Storm, 3/12/99
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Other structures (example)

20 x 28 m substation, housing
e Transformer 36/150 kV
 Electronic systems
 Emergency diesel generator
 Fire extinguisher (sea water)
o Staff facilities

* Helipad

e Crawler crane

 Man over board boat

Existing installation equipment
(oversized for turbines)
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Installation
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Installation

Design choices: (installation of Considerations:

structures, cables and (scour) «Duration (w.r.t. season)
protection) Workability

*Equipment -Stability of equipment as
-Adaptations working platform

L ogistics «Component weights, dimensions,
*Procedures connections

«Workability limits *Equipment availability

e
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Installation (example)

5 . .
\/ Modified container
carrier ‘Ocean Hanne

4 6 From
A2SEA

S

1. Foundation
, - 2. Transition piece
- 3. Lower tower
.............. 4. Upper tower
5. Nacelle with
two blades
6. Third blade
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Installation (example)
1. L L

i | i #
ey el e T
) I

:
.
H
(=1

A, i e L T Sl S
N e

Pile, scour protection and transition piece inatalh sequence
S wmaes s
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Installation (example)

/j Max load on hook : 155 fon
Pile driving of 4 m pile with
existing equipment

Pilequide to ppen for passage

/

of hammer and pileslesve

Waterling

- Ill
. . = 1 =
i L Y ﬁ r
|
HAVBUNN = 57 M (HGH PONT) : S
1.4 M (LOW PONT) e ;

m
|
|
|
|

HOIN00000.00000.
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Installation (example)

Specialised installation
equipment (existing)
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Installation (example)

o 2002
Tank Hastrien dul | Aug| Sep| Oct [ How| Dec| Jan | Feb| Mar [ Apr | May] Jun | Jul [ Aeg| Sep| Oct [ How |

Foundations
Production of Piles and Transition Pieces [ ]
Storage in Eshjerg Harbour [ 1
Start Erection on Horns Rev ¥ 040302
Erection [ |
Turbines _——
Production and Assembly of Nacelles | ]
Production of Towers [ |
Production of Blades [ |
Pre-mounting of Turbines at Esbjerg GQuay [ ]
Start of Erection on Horms Rev L RUECE
Erection/installation [ ]
¥ Commissioning [ |

"Wind Farm-nternal Cables [ ——————————
5 Production of 34 KV Cables [ ]

2 Transfer of Cables to Esbjerg | |
" Start Laving and Burial of Cables ¥ oz
" Laying and Burial e

Commissioning I

Connection to Shore
Shop Mounting of Electrical Systems [ —
Mounting of Elec. System on Transformer Module El:|
Production of Transfomer Module [ ]
Mounting of Transformer Module onHems Rey 1
Main Cables to Turbines, Pulling onto Transf. Module /

Laying of Land Cable L I | Th e Ove ral I

Laying of Sea Cable |

Energization of 150 k¥ Cable Connec. to Land System W onoraz SC h e d U I e
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Installation (example)

Cppavenawm March 2002 April 2002 May 2002 June 2002 July 2002 |Augusi 2002 |September 2002]
Stage 1, 10 units ' !
Foundations, and scour protection _—
Turbines -
Cables | e — [

sta.ﬂe 2_; 14 UH“S b L L - » L | L L L L]

Foundations, and scour protection [———————1 4 alle 40l 4]14 414 4

Turbines =

Cables e
| ———— ¢

Stage 3. 14 units
Foundations, and scour protection
Turbines

Cables B ¢ e s e e

e —
Staqe 4. 14 units
Foundations, and scour proteciion ji=—=0=—=u
Turbines
Cables

|
Installation and
Stage 5,_14 units _ . . . .
:mﬁaet;nns. and scour protection COmmISSIOnIng In [ ——
= groups of 16 -
Stage 6, 14 units

Foundations, and scour protection I S
Turbines turblnes ]
Cables | | | —
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Operation
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Operation

Design choices: Considerations:
*Periods for scheduled service *Service needs
sFarm/power plant control «Controllability
*Spot market strategy *Value of energy quantity, power

and control quality
*Persistence of power
*Predictability of wind

e e
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Operation (Example)

5

PR N
o U1 O
" B

(Not taken from Horns Rev wind farm)

Windspeed at
Hub height (m/s)

5

0
0

8
6
4
2
0

Farm power
(MW)

ENERCON

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200
Time (sec)
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Maintenance

2007-2008
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Maintenance

Design choices: Considerations:

*Equipment «Component reliability
eLogistics Difference and similarity of
«Procedures maintenance needs
*Workability limits *Accessibility/workability
«Crew deployment Duration of procedures (w.r.t

«Decision support downtime and weather windows)

e s
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Maintenance (example)
QDRI 1 wans wroos o

r-————">"">"~"7>"™="7 ’_ Y N I
I L] L [ [|Hmi+Enginesring |
I [Main Switeh & | main suiten 6 | r— |
I
: 34kY | :
| Fwitchgear :| . Mfg?'—"'i” :'Eﬁgg |
1] or mn
I ';E'gp'ff“age Main Cortrolle |
I :I (Reduncart PLE's] |
Diesel A
I en. Set |
rAarnsT ormner =]y 7]
| ;] O Transf Plaf |
| |5tafi e —— -
| quarters — I 34 Mbitsz .
| microwawe |1 Gbit's
e - - SM Fiber optic
Off-shiore
kT.r' .................................................................... o
| | | Switsh & ] 5witch B I_—@ HMI
e [ |
———=2 ———2 HHIIE‘IQ”‘IEEHHQ
HMIJOPC Datzbase -H-:"-rter I:I
B s RO) server server

Scada — Supervisory control & data acquisitié
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Maintenance (example)

Access of personnel
and small parts

Combination of boat and
helicopter access \
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Maintenance (example)
\ " Two annual general

service inspections

~ planned per turbine

(Prototype at Tjeereb

In addit 1-3 service
checks after failure
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Maintenance (example)

Weather climate used
to predict general
workability

Weather forecast used
to plan activities. Here:
Wave conditions

according to DMI
(Danmarks Meteorologiske
Institut)
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Dismantling
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Dismantling

Design choices: Considerations:

*Equipment Duration (w.r.t. end of license)

«Adaptations *Workability

eLogistics *Reusable components

*Procedures *Waste and pollution

*Workability limits *Off-season for equipment (less
time critical)

e e
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Dismantling (example)

Fortunately no example of dismantling for Horns Rev

B A
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Cost of energy

2007-2008
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Levelised Production Cost

(Actualised-nominal values)
(Weighted for amortisation benefit)

E = energy production
T r = real Interest rate
Y E(1+r)" t =yearin lifecycle
t=0 T = economic lifetime
S wwaes e
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Distribution of costs and yield

Investment

Decommissioning

Operation and Maintenance l
1

VY VY VY VY VYV OV OV

2
Weight (-)
1.

0.8

0.6

0.4

0.2

0.0

10 11 12 13 14 15 16 17 18 19 20 ' Me ears)

BERERERE
S weres
1(';UDeIft

01 2

w1

4

6

8




Typical contributions to LPC (1)

Assumptions
Start-up of entire farm after construction

Annual O&M costs are constant
Annual energy production is constant
Decommissioning after shut-down of farm

I -T'
LPC = Cinvest + CO&M + CD (1+ r)

aLEy Ey aEy

(a = Annuity factor)

= T
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Typical contributions to LPC (2)

Decommissioning

Operation 3%
and

Maintenance
23%

Investment
14%

SR
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Cost component breakdown
Investmentost breakdown

Project
power
transmis:s.iorqnf"n%,%ement
Power 8% Wind
collection turbine
13% 45%
OWEC
Installation

7% Support
structure

f 25%

et s
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Detailed breakdown

Power collection and transmission cost breakdown

. cable material
cable laying 3904

38%

switchgears transformer transformers
8% support 13%
structure
2%

=
]
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Appendix

Necessary information for design considerations

2007-2008
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Site selection

Necessary information:
« Wind speed distribution — general wind farm scale

» General water depth — bathymetry (w.r.t. structure and offshore
equipment)

* General environmental conditions (w.r.t loading, accessibility,
lightning, ...)

» Location and specification of grid connection points, landfalls,
harbours, consumers (end-clients)

e Other users and infrastructure (incl. other wind farms)
» General developments in these issues

B e e
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Wind farm layout

Necessary information:

» Size (rating) of the wind farm

» Possible preferences/restriction for turbine selection
* Wind speed distribution

» Aerodynamic properties of the turbine (thrust/power)
» Trends of costs and losses of the E-infrastructure

« Variation of water depth, soil conditions and other issues w.r.t.
support structure design within the area

e QOther users and infrastructure

SR T
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Rotor-nacelle assembly

Necessary information:

« Available turbines, preferences or pre-selection
e Turbine data

« Configurability (design adaptations or options)

* Precise environmental conditions w.r.t. design requirements
(wind, lightning, ...) and yield
« Installation and maintenance options

e s
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Support structure

Necessary information:

e Rotor diameter, tilt and cone angle, blade bending
» Precise water depth

* Precise environmental conditions (w.r.t loading)

* Precise soil conditions

« Turbine loading characteristics (extremes, fatigue, damping,
dynamic behaviour, mass, ...)

e
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Scour protection

Necessary information:

« Effect of omitting scour protection

» Volume of soil active in resistance of loading
* Soil grading

« Water depth

« Dimensions of support structure

« Wave and current conditions

SR .. T
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Electrical collection

Necessary information:

« Soil conditions

« Wind farm layout

« Quantity and variation of electricity per turbine

» Properties of electrical transmission and turbine electrical system

« Existing technology (power electronics, subsea connectors and
installation options)

et e
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Electrical transmission

Necessary information:

« Soil conditions

e Other users and infrastructure

« Distance and location of public grid and landfalls
« Quantity and variation of electricity supply

* Properties of public grid and farm grid

» Existing technology (power electronics)

SR ..
]
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Other structures

Necessary information:

e Functional requirements

* Precise environmental conditions

* Precise soil conditions

» Possibility to adapt turbine support structures

« (For met-mast:) Existence and quality of data on environmental
conditions (w.r.t. loading and energy)

SR
]
TUDelft



Installation

Necessary information:

« Dimensions and properties of components that will be installed
(masses, cable bending and pull strength, ...)

» Connections and sequence of assembly

» General environmental conditions (w.r.t. workability)

« Equipment options (which types of equipment exist)

* Equipment data: availability, mobilisation times, workability
limits/dynamic behaviour

* Facilities and location(s) of harbour(s)

et e
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Operation

Necessary information:

e Periodicity and duration of service

e Turbine controllability and park-grid controllability
« Availability and power output

e kWh prices on spot market

e Penalties for not meeting Unit Commitment

e Regulations and compensation for power control

« Wind prediction accuracy (function of prediction time, weather
conditions, ...)

SR ..
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Maintenance

Necessary information:

» Failure modes and maintenance requirements: properties of
(spare) parts, replacement prescriptions

e Onshore logistics: spare part storage and ordering

» General environmental conditions (w.r.t. workability)

« Equipment options (which types of equipment exist)

e Equipment data: availability, mobilisation times, workability
limits/dynamic behaviour

* Facilities and location(s) of harbour(s)
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Dismantling

Necessary information:

« Dimensions and properties of components

« Handling requirements for reusable components

» Policy and regulations for waste (e.g. cut-off piles)

* General environmental conditions (w.r.t. workability)

» Equipment options

e Equipment data: availability, mobilisation times, workability
limits/dynamic behaviour

SR ..
]
TUDelft



