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Overview

» The design task
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Hardware components

Offshore wind turbines

Rotor-nacelle assembly

Support structure

Electrical infrastructure

Power collection system

Power transmission system

Facilities (& remainder)

Central platform

Layout

Met-mast

Auxiliary equipment

Onshore premises
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Offshore wind turbine

Rotor-nacelle assembly

1 Tower T iy o aly
Tower
T FanY e
L -t c 1 fil . S
= | | structure
-]
- A ; !
Water level
Sub-structure __Sub-structure |
Pile —f | [
Sea floor _ 74%/ / ,‘
== L r — —

—— —iis

Seabed |
eabe f%g

T -Foundation”

] . S
TU Delft TU Delft Wind Energy Institute DeSIgn ConSIderatlonS 5




Rotor-nacelle assembly

Developments:

e Upscaling

® Gearbox - Direct drive >
1 or 2 stage gearbox

e 2 blades (or keep 3?)

® More monitoring and
remote control

® Helicopter access (or not?)

Design considerations 6
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Support structure

Developments:
e XXL Monopile

e Deeper and deeper water:
Monopile - Jacket >
Floating structures

® No transition piece

® Designed for installation
(suction can, slip-joint, ...)
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Electrical infrastructure

% Collection system Transmission system
_n . e—ee + — public grid
@ ® ® ® > Sea
- Shore
Components:
® cables

* transformers for voltage adaptations

e switch gears for protection and redundancy
e offshore connection platform (not always)
® onshore connection point
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Power collection system

Developments: ﬁ’ﬁjﬁi;ﬁ“%x

e More complex (optimised) BRRY 1%\ L
topologies 1\\ \\ \ \

* Higher voltage 1 \ \\- RRRLR
(from 33-36 kV to 66 kV) ' |
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Power transmission system
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Developments:
e AC connections - DC connections

® TSO responsible (instead of farm owner)
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Facilities: Central platform

Developments:
® |Lean platform on monopile or at turbine (clustered)
® Include maintenance base

] . S
TU Delft TU Delft Wind Energy Institute DeSIgn ConSIderatlonS 11




Facilities: Metmast

Issues and
developments:

e Often subsidised by
government, with public
access to data

® (Floating) lidar: cheaper
and more mobile

® More use of reanalysis
data (hindcast data) and
satellite data

Design considerations 12
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Facilities: onshore premises
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Developments:

® More monitoring and remote control (as in RNA)
® Access to more and better environmental data
e Better predictions of weather (power & workability)
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Activities (procedures)

Development Site selection, investigation and permitting

Design, engineering, financing
and contracting

Realisation Procurement, assembly and logistics

Installation

Commissioning

Exploitation Operation

Maintenance (Service, repairs, overhaul)

Post-exploitation Refurbishment

Dismantling

% . . .
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Site selection, investigation and
permitting

Developments:

® Developers pick (outside
exclusion zones) =

® Governments pick
® Designated areas
® Specific wind farm site

e Governments do site
investigation

Offshore Wind
Energy Roadmap
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Financing

Senior Lender
(PPA/cash debt + PTC debt)

Developments: -

(1% of equity) (99% of equity)
- \\ \ / //
. (CO m p I eX) m IXtu re contingent equity\\\x Project ;ompany K’//contingent equity

(equity + PPA debt + PTC debt)

of equity and I

® O pti m isatl O n S Of | Cash Revenue | | Il’roduction Tax Credits (PTCs) |

— ———{ e F{ o> —

Ca S h fl OWS (e u g u Op:::cing Tax-Deduc{c?;Ise Expenses
- Expenses (including MACRS and interest on debt)
for tax benefits) I
< fess equals

* Investment and P Tkl Losesfca
risk transfer (after D
installation) < Cemon | omrmns |

o cawsoon | omw/10%> |
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Procurement and logistics

Developments:
® Transport over water (large components)
® Manufacturing facilities close to sea or waterways
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Installation: Monopiles

Developments:

® Larger vessels, anvils and
positioning tools

® Pile driving without transition
piece

® Noise mitigation (bubble
screen or ‘quiet seasons’)

® New pile driving techniques
(vibration, ‘blue piling”)

Design considerations 18
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Installation: rotor-nacelle assembly

Developments:

® Dedicated, large wind turbine installation vessels (TIV)
Self-elevating (jack-up), self-propelled

® Pre-assembly in harbour versus offshore assembly
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Installation: Floating wind turbines

Developments/opportunities:
e Complete pre-assembly in sheltered place
® Tow to place with tugboats

Design considerations 20
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Installation: cables

Developments:
e Easier trenching / cable protection, with less damage

e Use of remotely operated underwater vehicles (ROV)
less/no diver operations: safer

Design considerations 21
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Installation: Transformer platform

Developments:
® Mostly ‘Business as usual’ (for oil & gas industry)
e Platform on monopile or at turbine: no extra equipment

Design considerations 22
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Maintenance: Access/logistics 1

Developments:

e Short-term decision
support

® Crew comfort during
transfer

e Safety
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Maintenance: Access/logistics 2

T
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Development of gangways for high and safe accessibility
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Maintenance: Replacement large
components

Issues and
developments:

* (Expensive) Lifting
equipment needs to be
mobilised

¢ Built-in cranes to lower
components to platform

® Modular versus integrated
drive train designs
(maintainability)
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Dismantling

Issues and
developments:

e Similar to installation (but
less sensitive)

® Recycling of blades?
e Complete removal of piles?

® |Leave foundations as
artificial reefs?
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Sources of information

https://www.4coffshore.com
https://sea-1impact.com

* Wind farms (existing and planned)
® Turbines

® Support structures

® Substations

® Cables

® \/essels
[ ]
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https://www.4coffshore.com/
https://sea-impact.com/

Overview

» The design process
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Design as part of OWE development

Select existi products — Modify equipment — Use existing concepts
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TU Delft TU Delft Wind Energy Institute DeSIgn ConSIderatlonS 29




Organisational setting OWF design

Local Service Harbour
government contractor Manager
Permit office W '?d

turbine
Wm .
supplier
Wind turbine
Authority installer
Wbr
Foundation
. supplier
Tax Office Developer Main
contractor
Foundation
installer
Subsidy office
Utility/ Investors submarine
. cable supplier
Operator & insurers .
& installer
Desi Transf. station
esign ;
consultants supplier &
installer
National MER Onshore
system works
conducters
operator subcontractor
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Contractual arrangements

Examples '‘EPC’ contract Examples Multi-contracting

e North Hoyle e Horns Rev I and II
e Scroby Sands e Rhyl Flats

* Arklow e Thornton Bank

* Barrow » Gunfleet Sands

e Kentish Flats e Sheringham Shoal
e OWEZ e London Array

More cooperative: consortia & alliances

Contract structure & supply chain integration influence
responsibilities, risk distribution and design integration

Design considerations 31
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Project 1dentification|
/ Planning

Production and installation

Engineering

evelopment < Realisation Exploitation

:

Design as part of project lifecycle

Lifetime
extension?

Operation and maintenance
|

ﬁl\

(Next slide)
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Interaction des1gn and planning

Strategic planning Design
Project identification P

/Object./ProbIem //I — e e - - —»| Technical feasibility
statement study
. * H H

Economic feasibility | — _ _ Cost- // Function — Reallsatlon /
study benefit/Showstoppers plan

Y

/ Updated objectives / '“ e - = Conceptual design

Y

Permitting - Financing [+ —i— :'/Costs EIA / / :;ﬁ'ég::ary de5|gn /

Y

/ Updated objectives / e - ——— =*| Structural design

Y

Contracting - —— _/IB:ti?:at::l?g- / <_/ Final design /
: !
/ Updated objectives / i R —»| Elaboration /
specification
: !
Go ahead decision — - _ g,/iraenCIflcatIOI‘lS - Work /<_/System specifications /
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Overview

e From task to solution: some reflections
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Objective of the design task

Requirements: Environment: Solution:
Functions Core ) :
Physical Working
Constraints + .y _ >> concepts | - principles
— Institutional Configuration
Objectives )
Dimensions

5 . o
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Characterisation of the offshore

environment
Requirements: Environment: Solution:
Functions Core ) :
Physical Working
Constraints + .y _ >> concepts | ~ principles
— Institutional Configuration
Objectives )
Dimensions

5
TU Delft TU Delft Wind Energy Institute DeSIgn ConSIderatlonS 36




Relevant physical factors

Offshore wind farm
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Relevant institutional factors

Offshore wind farm
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Differences w.r.t. onshore wind
regarding functions

Requirements: Environment: Solution:
Functions Core ) :
| Physical Working
—Constraints + .y _ >> concepts | ~ principles
— Institutional Configuration
Objectives )
Dimensions
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Functions

Function of the primary process: the energy chain

e Energy conversion
e Energy collection
e Energy transmission

Same working principles as for onshore wind possible
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Examples of design solutions

“Classical” turbine concept and (AC) connections
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Functions

Support structure functions:

» Keep nacelle in place
e Provide access to nacelle

Other working principles possible than for onshore wind

Working principles can be similar to those used in Oil & Gas

5
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Examples of design solutions

» Adapted offshore monopile and GBS
* Floating structures

Design considerations 43
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Functions

Logistics functions:

e Transporting equipment
 Transporting people
e Enabling installation

Other working principles needed than for onshore wind

Working principles can be similar to those used in Oil & Gas

Design considerations 44
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Examples of design solutions

» Classical (onshore) O&M / installation procedures
» Adapted offshore installation equipment
» Adapted offshore access equipment

5 . o
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Differences w.r.t. onshore wind
regarding constraints

Requirements: Environment: Solution:
Functions Core ) :
Physical Working
Constraints ‘+ .y _ >> concepts | - principles
— Institutional Configuration
Objectives )
Dimensions
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Constraints

Changes in constraints w.r.t. onshore wind:

e Noise restriction

e Visual impact restriction More severe onshore
e Space restriction More severe offshore
e Logistics

e Material deterioration

e Hydrodynamic loading

* Wind loading

e Ice loading

e Effects on nature (e.g. bird migration)

5 . o
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Examples of design solutions

Design Power Tip speed Ratio
[kW] [m/s] (offshore/land)

Vestas V66 (land) 1650 66 121
Vestas V80 (offshore) 2000 80 |
Nordex N60 1300 60 . |
Nordex N80 (offshore) 2000 80
Bonus 1300 (land) 1300 62 11
Bonus 2000 (offshore) 2000 68
NEG Micon 1000/60 (land) 1000 57 119
NEG Micon 2000/72 (offshore) 2000 68

Reduced noise constraint:

Higher tip speeds _ _
Reduced visual impact:

Renewed interest
in 2-bladed turbines

] . : :
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Differences w.r.t. onshore wind
regarding objectives

Requirements: Environment: Solution:
Functions Core ) :
Physical Working
Constraints + .y _ >> concepts | - principles
— Institutional Configuration
Objectives )
Dimensions
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Objectives

Same objective as for onshore wind, but other
relative contributions Note: more ‘value’, instead of (only) on ‘costs’

22%

O Wind turbine (including tower) 61%
B Foundation 4%

2%
O Grid-connection 9%
2% O Consultancy & finance 2%
9% 61% B Land purchase & roads 2%
4% @ Operation & maintenance 22%
Onshore

- other trade-offs!

3%

O wind turbine 34%
B Support structure & installation 24%

O Grid connection 15%

O Management 1%

B Operation & maintenance 23%
@ Decommissioning 3%

1%
15%

24%

Offshore

] . S
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Example of design solution (1)

w7
A O S N N S
R I
REEEEE RS E
R T
I + 3+ r++ 444 %1
FEE R R R RV R
S S B T S R

Upscaling — trade-off between turbine performance and ‘offshore’ costs
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Example of design solution (2)

Onshore (typical): Offshore (typical):

) Aluminium Copper

(3x)
e Cheaper to manufacture e Cheaper to install
* Cheaper material » Bending no problem

 Easier to bend (installation)  (large vessels available)
e Lower losses
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Overview

» Design interactions
« Physical interactions
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Procedures

Installation

Maintenance

\

Overview of physical interactions

Hardware <P = Strong
4P = Medium
+«—> = Weak

Support structure Farm layout
Rotor-nacelle assembly Grid connection

5 . o
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Support structure €-2> Rotor nacelle

Modal analysis: Opti-OWECS Monopile ME3b

Loads Response (aecrodynamic damping)

Design considerations 55
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Support structure € -2 Installation

Geometry — mass — working principles — installation loads

5 -

5
TU Delft TU Delft Wind Energy Institute DeSIgn ConSIderatlonS 56




Interactions: The N2 diagram

ell

| el 2 YH » This entry shows
This entry shows G relation between
relation between L) element 2 and 4
elgnjentt_ 4 a}nd 2 el 3 originating from
originating from % N element 2

| t4 el 4
elemen - &\
el n
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N2 diagram - Example

\\

Apply loads |
to

Determine
position &
motion
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Dealing with interactions (1)

/
Clusters —

Design considerations 59
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Dealing with interactions (2)

Decomposition of the solution

—>

Rearrange using
N2 diagram

» Clusters driven by internal coherence (interactions)

» Internal interactions maximised, external interactions minimised
e External interactions replaced by interface requirements

* Close cooperation in semi-autonomous cluster

5
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Overview

» Design interactions

- Trade-offs in objective(s)
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Examples of trade-offs

Design solution / target

(Claimed) Positive effect

(Claimed) Negative effect

Low hub height

Low support / installation
costs

Low energy yield

Large spacing

Low losses (wake)

Long cables / more space

Closer to shore

Low support / cable /
maintenance costs

Low wind speed / yield

Floating support
(vs fixed)

Easy to install

High costs for structure

DC (vs AC)

Low losses

High costs

Irregular layout (vs
regular)

High yield / persistence

High (worst-case) fatigue
loading

'I’!U Delft M@
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Support structure (concept trade-ofi)

Brindisi
Floating platform & installation

Lattice tower & installation steps

]
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Dealing with trade-offs (1):

Multi-criteria analysis o
Criteria

o B Score

_ o Weight | 0.7 |0.3
e Define criteria

®
(performance indicators) 2 |A
» Identify ‘killer requirements’ 2
» Define weighing factors » |B

» Define performance classifications
(Computed numbers when possible (e.g. costs)
Otherwise e.g. ‘Good’ =8, ‘Poor’ =2)

» Use colour scheme for first impression

 Avoid ranking per criterion (not arithmetic)
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Example: Site selection

Criteria/ |Wind
Location |climate

Soil Water
Currents |conditions |depth

Wave
climate

0
0
0 e A
0
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Dealing with trade-offs (2):
Numerical optimisation

C>C>C>0 .20,

Optimiser

Values for objective

Values for design
function and

_ variables
constrained (rotor diameter, — _ fawwP N
parameters voltage level, ...) 2 - 1 3 \4 5 pout
(LPC, maximum A
stress, ...)
The wider the scope of the design
Analyser - variables and (consequentially) of the
evaluator analysis, the more ‘integration’ (and the

more complex — time consuming)
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MDAO: Multidisciplinary design
analysis and optimisation

Blade design, srel pred

tip rotor

Bathymetry Availability

Rl'ﬂf ar H ‘l?r'iiur' H Pr ated

Tater de rhine &

Turbine Water depth X Tm ll‘l(:&_

5 at each substation
coordinates ; 2

/ turbine | K coordinates

= Power eurve, Mrray Urated;
RNA pe
/ Ce curve | Trotors Ryaw

Wake Turbulence
Aaodynamies ﬁ Intensity at

| each turbine

Support
Structure

P:-a!rd- Rr-mur '
T

Layout.

r
C i

AEP /

Cabling

C'r'm'- C'ﬂﬁ.’”l'

Cecom

Constraint
value

Constraint

Objective
Funetion
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Example: Layout and cable topology
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Overview

» Trends in farm design
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New roles and goals

e Selling power
® Energy quantity
® Predictability / Persistence
e Dispatchability
® Providing services
® Frequency response
® Reactive power control
® Black start capability

® Customers: Power to X
* Hydrogen / Gas
® Heat

e Sustainability

] . : :
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Effects of wakes/layout on value

Normalized wind-farm power output vs. wind direction

® Energy loss Q;:%
® More variability / lower s .

Wind direction t
wind

persistence
® |ower predictability

7 5 o
Mean streamwise velocity for 6 \ving = 173

Can we design and control
the farm to have less effects
Of WakeS? 0 7 14 21 28 35 42 49 56 63

Normalized distance
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Dispatchability: wind power plant
control

N
(&)

— — N
o O1 O
I =1 ' |

Windspeed at
Hub height (m/s)

o O

—
o

ENERCON

Farm power
(MW)

8
6
4
2
0

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200

Time (s)
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Hybrids to improve value and
multifunctional use of space

Generation Transmission Collection & conversion
Wind Farms AC platforms Artificial island Onshore collection
o
ZIN I\ 1IN\ > H
I I | E > H, 2

Possible future developments (?):
e Integration with power to gas (hydrogen)

e Offshore farms combined with: storage,
floating solar, aquaculture, ...

Design considerations 73
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Environmental impact and
circularity

» Piling noise alleviation/mitigation

Noise abatement...

- 1OF 580 creatures: Alr bubbie curtains wil
noses fom Continental reduce noise durng
the construction of clfshane wind farms
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Environmental impact and

circularity
CETECPROJECT

Circular Economy for Thermosers Epoxy Co

Wind
turbine blades
end-of-life

e Piling noise alleviation/mitigation ey
» Recycling (blades)

blades

Disassembly
of epoxy
A\ andfibre

s - | hiogy L,
New epoxy resin -
made from recycled _
raw materials Epoxy fraction

NS

Chemcycling with direct recovery
of high-value building blocks
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Environmental impact and
circularity

e Piling noise alleviation/mitigation
 Recycling (blades) _
» Removal of foundations | PILE
 Removal of cables i REMOVAL

e Reuse of rare materials

Design considerations 76
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Conclusions

* The major challenge of designing an offshore wind farm is:

- ... hot to get something that works (= meets the constraints)

- ... but something that works ‘best’ (= trade-offs in objective function)
e Many trade-offs lead to intuitive directions for the solutions:

- Larger turbines

- More reliable turbines

 Turbines that are easier to install
e Insight in design process and tools help exceed the intuitive level
e Targets for wind farms are being raised (value & impact)
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