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ABSTRACT

This report includes the presentations from the wind power R&D seminar 20-21 January 2011 1in
Trondheim, Norwauy. The research and development on deep sea offshore wind power is
addressed through invited presentations by industry and research. Emphasis is on presenting
results from the strong Norwegian research programmes on offshore wind power.

The seminar has been arranged every year since 2004, and has been established as an
important venue for the wind power sector in Norway and internationally. Presentations include
plenary sessions with broad appesal and parallel sessions on specific technical themes:

a) New turbine and generator technology

b) Grid connection and power system integration
c) Met-ocean conditions

d) Dperation and maintenance

e) Installation and sub-structures

f) Wind farm madelling

Plenary presentations include offshore wind opportunities and success staries.
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Final programme 17 January 2011

Wind Power R&D seminar — deep sea offshore wind
20-21 January 2011, Royal Garden Hotel, Kjspmannsgata 73, Trondheim, NORWAY

Thursday 20 January
09.00 [ Registration & coffee
Opening session — offshore wind opportunities
Chairs: John Olav Tande, SINTEF/NOWITECH and Kristin Guldbrandsen Frgysa, CMR/NORCOWE
09.30 [ Opening and welcome by chair
09.40 | Norway as a battery for Europe — prospects for supply of technology and services
Jon Dugstad, Regional Director INTPOW
10.10 | Potential supplies from Norwegian industry to offshore wind developments
Asle Lygre, Arena NOW
10.30 | New research initiatives for advancing development of deep sea offshore wind technology
John Olav Gizever Tande, Director NOWITECH / Senior Scientist SINTEF Energy Research
11.00 | Norwegian met/ocean infrastructure for offshore wind energy research
Prof. Joachim Reuder, University of Bergen
11.30 | Plans for Havsul offshore wind farm
Tore Engevik, Vestavind Offshore
11.50 | Summary and discussions by chair
12.00 | Lunch
Parallel sessions
A1) New turbine technology B1) Power system integration C1) Met-ocean conditions
Chairs: Jasna B. Jakobsen, Uni. of Chairs: Prof Tore Undeland, NTNU, Prof Chairs: Prof Jochen Reuder, Uni. of
Stavanger, Roy Stenbro, IFE Kjetil Uhlen, NTNU Bergen, Erik Berge, IFE
13.00 | Introduction by Chair Introduction by Chair Introduction by Chair
13.10 | Development of the SWAY tower Offshore Wind farm Grid Integration Condlitions for Offshore Wind
concept; Michal Forland, SWAY challenges, Doggerbank; Energy Use;
Sharifabadi Kamran, Statkraft Prof D Heinemann, Uni. Oldenburg
13.30 | Loads analysis of selected floating Offshore grid developments; Atmospheric profiling by lidar for
designs; Kjartan Hauglum, Statnett wind energy research;
Amy Robertson, NREL Torben Mikkelsen, DTU Risg
14.00 | Aluminium as a viable solution for Characterization and modelling of the From tower to tower;
offshore wind turbines; power output variability of wind farms; Svein Erling Hansen, Fugro Oceanor
Simon Jupp, Hydro Aluminium Prof Hans Georg Beyer, Uni of Agder
14.20 | HiPRWind - large floating turbines for Supply of offshore wind energy to oil and | The effects of ocean waves on
intermediate water depths; gas installations; offshore wind generators;
Jochen Bard, Fraunhofer IWES Harald Svendsen, SINTEF Alastair Jenkins, Uni Research
14.40 | Prospects of large floating vertical axis Balancing offshore wind; Large Eddy Simulation;
wind turbines; Post Doc Steve Voller, NTNU Alla Sapronova, Uni Research
Uwe Schmidt Paulsen, Risg DTU
15.00 | Refreshments
A2) New turbine technology B2) Grid connection C2) Met-ocean conditions
Chairs: Conrad Carstensen, Uni. of Chairs: Prof Tore Undeland, NTNU, Prof K | Chairs: Prof Jochen Reuder, Uni. of
Stavanger, BW Tveiten, SINTEF Uhlen, NTNU Bergen, Erik Berge, IFE
15.30 | Introduction by Chair Introduction by Chair Introduction by Chair
15.35 | Novel PM generators for large wind Challenges and design of offshore Wave extremes in the Northeast
turbines; substations; Atlantic;
Alexey Matveev, SmartMotor C. Olerud, Goodtech Projects & Services Ole Johan Aarnes, met.no
15.55 | Novel methodology for fatigue design Voltage control of wind power plants with | The HyWind forecasting project;
of wind turbine components of ductile DFIG; Birgitte Furevik, met.no
cast iron; Prof G Harkegard, NTNU Jorge Martinez Garcia, Vestas
16.15 | New power electronic schemes for large | Wind farm measurements and model A comparison of sonic and lidar-
wind turbines; validation; sensed wind velocity;
Prof Marta Molinas, NTNU Prof Kjetil Uhlen, NTNU PhD stud Fabio Pierella, NTNU
16.35 | Need for international standards on Transient analysis of transformers and Design and operation of floating
floating offshore wind turbines; cables for offshore wind connection; met-masts;
Johan Sandberg, DNV Bjgrn Gustavsen, SINTEF Israel Pinto Grijuela, Grupo APIAXXI
16.55 | Closing by Chair Closing by Chair Closing by Chair
17.00 | Poster Session with refreshments and presentation of PhD students on offshore wind

19.00

Dinner
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Wind Power R&D seminar — deep sea offshore wind

20-21 January 2010, Royal Garden Hotel, Kjppmannsgata 73, Trondheim, NORWAY

Friday 21 January

Parallel sessions

D) Operations & maintenance
Chairs: Jgrn Heggset, SINTEF, Hans
Georg Beyer, Uni. of Agder

E) Installation & sub-structures
Chairs: Prof Geir Moe, NTNU, Prof Ivar
Langen, Uni of Stavanger

F) Wind farm modelling
Chairs: Prof Trond Kvamsdal, NTNU,
Lene Saxlen, CMR Gexcon

09.00 | Introduction by Chair Introduction by Chair Introduction by Chair

09.05 | The German wind turbine reliability Coupled analysis of floating wind Wakes between large wind farms;
database (WMEP); turbines; Idar Barstad, Uni Research
Jochen Bard, Fraunhofer IWES Elizabeth Passano, MARINTEK

09.25 | Framework for risk-based O&M The effects of breaking wave-induced Wake models compared with
planning for offshore wind turbines; currents; measurements;
Prof John D Sgrensen, Uni. of Aalborg | PhD stud Sung-Jin Choi, Uni of Stavanger | Jennifer van Rij, IFE

09.45 | Cooperation on O&M and LCC Analysis of piled foundations by means Wind and wake modelling using CFD;
analysis with Vattenfall; of various soil models; Jens A Melheim, CMR GexCon
F. Besnard, Chalmers Uni. Technology | PhD stud Eric van Buren, NTNU

10.05 | HSE challenges of installing and Installation of bottom supported wind A model study of wind turbine
operating offshore wind farms; turbines at Sheringham Shoal, interference; Prof Per Age Krogstad,
Camilla Tveiten, SINTEF Jan Ingar Knutsen, Master Marine NTNU

10.25 | Closing by Chair Closing by Chair Closing by Chair

10.30 | Refreshments
Closing session — Success stories from Offshore Wind Research, Development and Deployment
Chairs: John Olav Tande, SINTEF/NOWITECH and Kristin Guldbrandsen Frgysa, CMR/NORCOWE

11.00 | Introduction by Chair

11.05 | Carbon Trust’s Offshore Wind Accelerator,
Phil de Villiers, Carbon Trust

11.25 | From Scanwind to GE — becoming a global player anchored in Mid-Norway
Martin Degen, GE

11.45 | HyWind — A success story — A catalyst with Access as an example,
Sjur Bratland, Statoil

12.05 | Offshore wind farm forecasting and energy production,
Jostein Malan, StormGeo

12.25 | Using research experiences in marine technology for advancing offshore wind technology
Prof. Torgeir Moan, NTNU

12.45 | Research gives results
Espen B Christophersen, Research Council of Norway

13.05 | Closing by Chair

13.10

Lunch
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Summary of the offshore wind energy market In the EU In 2040:

Is offshore wind the New Oil?

- Tatal Instalied capacity of 3,000 MW - Mesting D.3% of total EU siectriclty demand
« AU InStaations of 1,100 MW - AwOIGINg 7 MLOT €O, annually
- Blactricity production of 11 TWh - Annual Invesstments In wind turtines of £2.5 illon

Summary of the offshore wind energy market In the EU In 2030:

~Total Instafied capacity of 150,000 MW - Meating between 12.8% and 16.7% of total EL
demand

+ANNILA! INSTERGHONS 01 13,650 MW

wwiintpow.com

+ Awolding 282 Wt of 0, annually
+EIBCEricty PrOJUCtion of 563 TWH

« Anmual Investments n vind tuibines of £16.5 tillan

The big picture ° intpow

Today

The North Sea Grid

Implications — for whom?

wwwintpow.com




13

2011-02-14

Statnett vision for 2020 onwards...

..And a number of other concepts... o i_n_‘t_ggw

Benefiting the European electricity market o i_n_‘t_ggw

The Challenges

@ intoow

Is it feasible?

@ intoow

- DC grids are feasiie
+ Regional DG grids can be built today — no technology

gaps to be salved

- Interregional OC grids will be bult in the near future —

technology gaps are worked on

issues such as how io manage such new

- Reguiatory
qids nead 1o be solved

wwwintpow.com

@ intoow

Europe’s battery?
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The Norwegian benefits ° intpow ° intpow

.. or supplier?

wwwwintpow.com

° intpow The Norwegian Offshore Wind Industry ° intpow

....but to utilise our strong maritime and offshore expertise
in this new and exiting market!

wwwwintpow.com

Challenges to Norwegian Supply Chain ° i_l"'l_'t__p_g\ﬁ Trends ° i_n_‘t_p_g‘\._g
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INTPOW activities & initiatives

& intpow

& intpow
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upplies from,N‘E;nN
offshore Wind Develo

drena NOw

Offshore Wind = What can Norway offer?

¢ 40 years accumulated experience from development
and operations of offshore oil & gas installations

¢ Strong Norwegian oil & gas and maritime industry
clusters with global outreach

¢ Strong renewable energy sector based on hydro
power

» Norwegian industry is well positioned to service the
emerging global offshore wind energy market

na NOW r

W
m

I

Development & Consent — Examples of Potential Supplies

¢ Environmental surveys

¢ Met station surveys/wave measurements
* Wind and wave simulations

* Sea bed surveys

* Front-end engineering and design

darena NOW

2011-02-14

Offshore Wind — Norwegian Industrial Clusters

e Wind Cluster Mid-Norway,
Trgndelag

¢ Vindi.Mgre,
Mgre og Romsdal

¢ Vindkraftforum Sogn og Fjordane,
Sogn og Fjordane

¢ Arena NOW, Hordaland &
Rogaland

* A 100+ companies associated with
these clusters along the entire
value chain

Offshore Wind Supplier Segments

oo o
o
e
e

'& Operations & Maintenence

darena NOW r

Offshore Wind Turbines — Examples of Potential Supplies

¢ Complete wind turbines

¢ Generators

* Towers

* Moulds for blade casting

» Systems/sensors related to pitch-control
* Nacelle auxilliary systems
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Balance of Plant — Examples of Potential Supplies

* Cables, export and inter array
* Complete Substations

* Foundations

e Crew access systems

e Floaters & moorings

-

drena NOw

2011-02-14

Installation & Commissioning — Examples of Supplies

* Logistics and base services

e Export and inter array cable laying (trenching and
laying)

* Foundation installation

» Offshore substation installation

e Turbine installation

drena NOw

Operations & Maintenance — Examples of Supplies

e Logistics & base services

¢ Operation of service vessels

e Large component refurbishment, replacement and
repair

* Weather forecasts/production forecasts

e Environmental monitoring

arend NOW r

Cable Installation

e Technocean’s
Polar Prince

* Cable Installation
at
» Greater Gabbard
» Thanet

» Nordergrunde

arend NOW r

Arena NOW — Examples of offshore wind suppliers

Odfjell Renewat
Energy

arend NOW

rrent solution/reference!

» NorWind/BiFab/OWEC Tower  » Aker Verdal » Vici Ventus

arend NOW
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Installation Vessels - Examples

» Master Marine — Installation vessel
«NORA» to be delivered in 2011

» NorWind — DP floating jacket
foundation installation vessel

Wind Turbine Generators

¢ SWAY
» New 10 MW WTG
prototype under
development and to be
tested on land near
Bergen.
¢ GE/ScanWind
» 4MW WTG developed and
tested on land, further
developments taking place
in Verdal.

Courtesy SWAY

arend NOW r

Wind cluster Mid-Norway

"Building Norway’s Bremerhaven”

e

arend NOW

2011-02-14

Offshore wind substations

¢ Turn key solution for
Offshore Substation

» Flexible design —
easy to accommodate
client requirements

¥

Minimum maintenance
for primary electrical
components
Minimised offshore
hoop-up work

Y

Safe an innovative
solutions for all
interfaces

¥

Troll Rosenberg Offshore Substation

drena NOw

Floating wind turbines
- a solution for the future!

HyWind 2,3 MW test in
operation Sept. 2009

Sway 1:6 scale demo
to be deployed in 2011
Nowitech/Norcowe
R&D unit in 2011/12

arend NOW

Arena NOW ¥
Member organization

|
-
T TECHNOCEAN [INWIND COPELL DR TECHNDLOGY gmﬂowwp

— i Siry seapuoor/SoLuTions 7@-&
INNOVA winadsi : = —
estouind GSE

-
2 Norind n et POLYTEC

= SToRnE S

= - -— <dkeypex
NOR-OCEAN  J¢ mariimecclours el ==
e - ]
EECthLe o LUTELANDET I;IE_E;]' : -
N
EIRmUS &) e g ’
. SWAY

» Currently 37 member organizations

arend NOW r




19

Arena NOW .
Partners

B sporchonentest

\Jestonind
) Mg EESREY
BE REEN @yse
q} Forsknimgsridet
@lsi arena

.o
e ®

innovAsien *
NORGE

WwWww.arenanow.no

drena NOw >

2011-02-14
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New Research Initiatives for
Advancing the Development of
Deep Sea Offshore Wind
Technology

John Olav Gieever Tande
Director NOWITECH
Senior Research Scientist
SINTEF Energy Research
John.tande@sintef.no
www.nowitech.no

LTI ———

o rloer Domsing -5 4 developed to reduce kWh cost
. : " Kantish
*EWEA estimate fof EU-

Motivation

Offshore 2030: 15
Offshor(-irZK)ZD'

GW*
Karmﬂ .
Hlen .
“‘03""9-200'“{" )‘ > Huge potential — vital for
- economic exploitation of wind
resource over deep waters

= A
_' ~ @i»—fﬁA » Development at an early stage —
) il by o “‘ '— Beatrice, Alpha Ventus and
~ gl *- HyWind are the only full scale
= 2y deep water projects in operation
= Qacke!&mpods 3om g
”"’L?méx » Technology needs to be

LTI ———

Key issue: cost of energy

Cost of offshore wind energy

“Seller’s market”

R&D Goal:
Cost reduction

1EUR ~ 8 NOK

LTI ———

Research Challenges

LPC distribution of
offshore wind farm
(example)

Offshore wind energy is a multi-disciplinary challenge

NOWITECH .. Con o Ot W e

Offshore wind installation (Beatrice 45 m depth)

NOWITECH ... 0 ok

Offshore wind installation (HyWind 200 m depth)

» In-shore assembly in
sheltered waters

» Tug-boats for transport
to site for installation

» Alternative: WindFlip?

NOWITECH .. Con o Ot W e
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Aker Vici Ven

NOWITECH ..

Alternative sub-structures (examples)

NREL/MIT

e for Cffshore Wind Tachnology

New concepts (examples)

NOVA

NOWITECH

Nacelle weight (t)
350

300
250
200
150
100

50

Tower top weight is critical for cost reductions

/ Down-wind rotor

New

generator
technology

0
0 1 2 3 4
Rated power (MW)

NOWITECH s

5 6 Hydraulic

transmission

esmacch Centea bor Offsbarn Wind Tachnology

New grid solutions are required

Statnett visio

Inside wind farms and between wind farms
Develop offshore transmission system
Many possible grid configurations

New market solutions are required

New technology (HVDC VSC, multi-terminal,
hybrid HYDC/HVAC, ..)

Operation and Control

Cost, Reliability and Security of Supply

YyVVYYY

vy

Wind and hydro:
awin-win combination

NOWITECH s

exnasch Centrn for Offehars Wind Tochnology.

» Need for both; long term R&D
are the answer to be prepared
for the urgencies of tomorrow

» New solutions should be robust

» Systems for remote monitoring,
state estimation and control
should be developed

» Improved systems for access
and HSE must be developed

» Much can be learnt from the
offshore oil and gas sector

NOWITECH s

Why bother with all this new, when there are
plenty of challenges in need for urgent attention?

Turbines in treuble

A ft

Copy from Recharge June 2010

e for Offshore Wind Tachnology

NOWITECH in brief

» Objective:
Pre-competitive research laying a foundation for industrial value
creation and cost-effective offshore wind farms. Emphasis on deep
sea (+30 m).

» Work packages:
1. Numerical design tools (including wind and hydrodynamics)

2. Energy conversion system
(new materials for lightweight blades & generators)

. Novel substructures (bottom-fixed and floaters)
. Grid connection and system integration
. Operation and maintenance

o U~ W

. Concept validation, experiments and demonstration

» Total budget (2009-2017):
+NOK 320 millions including 25 PhD/post docs

NOWITECH ..

tar Cfshaore Wind Tochnology
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R&D partners
e, ITNU — Temmlizeion
® SINTEF B=25550 10

Associate R&D partners

—

| R Laboratory 21U Zi Fraunhofer Strathclyde
for Sustainable Energy % wis Glasgow
I I I Hmm Massachusetts il NQ'I
Institute of « .
II Technology & TU Delft

L[l p———

Industry partners
Vestas ‘estouind WEANTE ss” @se R

A ‘
@ ‘%‘Slalnil DONG 43 Statnett
eDF

Associate industry partners
D
Navitas Network ﬁt

. -> ‘o0
i W R —— .. (X )
Lty NCE Instrumentafion ; enova INNOVATION * NvE

NORWAY

/:\{ EnergiNorge

Norsk vindkroftforening

L[l p———

NOWERI — Norwegian Offshore Wind Energy Research Infrastructure
(NORCOWE & NOWITECH - in contract negotiations 2010)

o T B, LR

Offshore Bonndary

Layer Olsermtory

0BLO

et mast

Vil 1)
1

-, —
=N,
FLEXWT

Floating ~225 kW
Test Turbine

Wawe: By
nil) Gl

L[l p———

Rounding up

» Remarkable results are already achieved by industry and
R&D institutes on deep offshore wind technology

» Technology still in an early phase — Big potential
provided technical development and bringing cost down

» NOWITECH plays a significant role in providing new
knowledge as basis for industrial development and cost-
effective offshore wind farms at deep sea

» Cooperation between research and industry is essential
for ensuring relevance, quality and value creation

L[l p———
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Norwegian Met-Ocean
Infrastructure for Offshore
Wind Energy Research

Prof. Joachim Reuder
Geophysical Institute, University of Bergen & Christian Michelsen Research (CMR)
Joachim.reuder@gfi.uib.no

Wind Power R&D seminar — deep sea offshore wind
20-21 January 2011, Trondheim

R

Outline

= Introduction

= The marine atmospheric boundary layer (MABL)
o Specific characteristics of the MABL
a Knowledge gaps

= The Norwegian Offshore Wind Energy Research Infrastructure
(NOWERI)

a OBLO: The Oceanic Boundary Layer Obsevatory
o Land based super-sites
= Outlook and conclusion

™) 1. Reuder, Geophysical Institute, ~ Wind Power R&D seminar — deep sea offshore wind NORCOWE
University of Bergen Trondheim, 20./21.01.2011 .

Marine Atmospheric Boundary Layer (MABL)

Of interest:
a Average wind speed
o Wind shear over the rotor
disk
o Turbulence intensity

These parameters depend on:
Synoptic situation

a

o Temperature stratification
o
a

Underlying ocean wave field
Proximity to land

The main problem:

o Massive lack of
observational data in the
relevant altitude range (30-

0 m)

Source: http: awind.org/GWEC_PD  pof

J. Reuder, Geophysical Institute, ~ Wind Power R&D seminar — deep sea offshore wind NORCOWE
University of Bergen Trondheim, 20./21.01.2011 -

Only few offshore measurements

Measurements up to 100 m
Shallow waters (~ 20 m)

Deep water measurements possible
Measurements only up to ~20 m

J. Reuder, Geophysical Institute, ~ Wind Power R&D seminar — deep sea offshore wind NORCOWE
University of Bergen Trondheim, 20./21.01.2011 -

Satellite data (SAR, QuickScat)

Ocean wind speed map from ERS
SAR from Horns Rev in the North
Sea, Denmark observed 6 October
2004. The Horns Rev offshore wind
farm is located in the trapezoid.

Shortcomings:
= limited temporal
resolution
= uncertainty in
determination of relevant
wind speed over the rotor
disk

Source: m _ukhtml

J. Reuder, Geophysical Institute, ~ Wind Power R&D seminar — deep sea offshore wind NORCOWE
University of Bergen Trondheim, 20./21.01.2011 -

Description of wind shear

The wind power community is mainly working with an empirical power
law description of the vertical wind shear:
a

U(Z) = uref

ref

Meteorologists use the physically based approach of the logarithmic
wind profile (only valid for neutral conditions !!!):

J. Reuder, Geophysical Institute, ~ Wind Power R&D seminar — deep sea offshore wind NORCOWE
University of Bergen Trondheim, 20./21.01.2011 -
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Wind shear depends on stability and surface roughness

(- Unstable
(L=-25m

[ T
o} oo weasima !

Heght 2 (m]
]

s
‘et Speed pma]

Courtesy: Soren E. Larsen, DTU, Riso

Wind speed v (m s}

Sorensen, B., Renewable Energy, Elsevier Academic Press,
004

™) 1. Reuder, Geophysical Institute,  Wind Power R&D seminar — deep sea offshore wind NORCOWE
University of Bergen Trondheim, 20./21.01.2011 ol sirin S

‘ Wind profiles and stability

Problem:

Measurements at high towers show, that these wind profiles based on
surface-layer theory and Monin-Obukhov scaling are only valid up to
ca. 50-80 m

New approach for extension to

100 44 3 higher altitudes over land
1 L L & . .
1 1A & given by:
5 [{ Gryning, S--E., E. Batchvarova, B.
¥ | m # Brimmer, H. Jgrgensen, S.

Larsen, On the extension of the
aq | wind profile over homogeneous
terrain beyond the surface
boundary layer. Bound.-Lay.
e LT Meteorol., 124, 251-268, 2007.

2 n a0
Hormalsed wind speed A (10 m)

™) 1. Reuder, Geophysical Institute,  Wind Power R&D seminar — deep sea offshore wind NORCOWE
University of Bergen Trondheim, 20./21.01.2011 ol sirin S

Wind profiles and stability

Splitting of the relevant length = +
scale: t Lsi Lase

Neutral:

Hizy 1
Stable: ==
iy K

niz)
Unstable: =

1)

J. Reuder, Geophysical Institute, ~ Wind Power R&D seminar — deep sea offshore wind N 0 R C 0 W E
University of Bergen Trondheim, 20./21.01.2011

L]

‘ Wind profiles and stability

300
200 o
A
—~
100 A
P ] 5
E ]
E 50 o
= ]
E — — -100<<S0m
E — — —-200<L<-100m
-500<L<-200 m
20 o L<-500; L»500m
200<L<500 m
50<L<200 m
- - 10<Les0m
10 o
10

Normalised wind speed wu_(10m)

Gryning et al,, On the extension of the wind profile over homogeneous terrain beyond the surface boundaty layer
Bound.-Lay. Meteorol, 124, 251-268, 2007.

J. Reuder, Geophysical Institute, ~ Wind Power R&D seminar — deep sea offshore wind N 0 R C 0 W E
University of Bergen Trondheim, 20./21.01.2011 -

Wind-wave interactions (from LES)

vertical wind sneed

horizontal wind speed

—_— —ec

2

.:i.'!,“.. “_I_ » Y ] ! (W

IV

.m_tl —L—‘—.— i-q;—‘ -«l-‘

Sullivan et al, Large edcy and of marine boundary layers above
non-equilibrium surface waves. Journal of the Atmospheric Sciences. , 65, 1225-1245, 2008.

J. Reuder, Geophysical Institute, ~ Wind Power R&D seminar — deep sea offshore wind N 0 R C 0 W E
University of Bergen Trondheim, 20./21.01.2011

Plans for national infrastructure

Floating Offshore Boundary Layer Observatory (OBLO)
Floating Experimental Wind Turbine (FLEXWT)
a Scale 1:4; ca. 250 kW; 30 m

In a next step:
3-4 onshore “super-sites”
a 100 m meteorological mast with advanced (in particular
turbulence) instrumentation
a Wind Lidar and/or Sodar RASS
o Met-ocean buoy system
a in close cooperation with industry partners with interest at
specific sites
o upgrade/standardization/interconnection of existing
infrastructure and connection/co-location to technical test

facilities
J. Reuder, Geophysical Institute, ~ Wind Power R&D seminar — deep sea offshore wind N 0 R C 0 W E
University of Bergen Trondheim, 20./21.01.2011 -




‘ Components of NOWERI

_—
— _h“w A
OHfshore Bonndary
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g Met-mast
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! Bird Radar
i Wivve Buoy
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2 ")\ 1. Reuder, Geophysical Institute,  Wind Power R&D seminar — deep sea offshore wind
University of Bergen Trondheim, 20./21.01.2011

Motivation for NOWERI

Vision:
easily accessible Norwegian offshore wind energy related research
infrastructure for the measurement of:
o the state of the atmospheric and oceanic boundary layer with
focus on specific offshore conditions
o the resulting atmospheric and oceanic forcing on the
foundation, tower and rotor structures for offshore wind
energy production
o the effects of the forcing on the structures for strength and
fatigue investigations
o the potential environmental impact of offshore wind
installations

2 ")\ 1. Reuder, Geophysical Institute,  Wind Power R&D seminar — deep sea offshore wind
University of Bergen Trondheim, 20./21.01.2011

NORCOWE

NOWERI

NOWERI: Norwegian Offshore Wind Energy Infrastructure (77
MNOK, ca. 10 M€)

a NFR: national research infrastructure programme
Joint application NORCOWE, NOWITECH and CEDREN
Advanced platforms and instrumentation (OBLO, FLEXWT)
Funding of 66 MNOK approved
Contract negotiations with NFR started on 10.06.2010
Drift and ownership model under development
Pre-design project is ongoing.

[ S N = = =)

NOREOWE
University of Bergen Trondheim, 20./21.01.2011 e e e s

@ J. Reuder, Geophysical Institute, ~ Wind Power R&D seminar — deep sea offshore wind

OBLO (Oceanic Boundary Layer Observatory)

Observatory for the advanced characterization of all relevant atmospheric
and oceanic parameters

Measurement mast with top at around 100 m a.s.l; (dense profiles of
temperature and wind; direct turbulence measurements by sonic
anemometers)

Platform for additional instrumentation (e.g. lidar, sodar, avian radar, etc.)
Additional buoy system for characterization of the waves and currents
Dedicated both to basic and applied research on offshore wind energy

o Improvement of the understanding of the offshore marine boundary
layers in atmosphere and ocean, e.g.
- wave atmosphere interactions
- turbulence structure
- key for validation and improvement of corresponding models
o Basis for applied research on forcing and effects by co-location with
FLEXWT

@ J. Reuder, Geophysical Institute, ~ Wind Power R&D seminar — deep sea offshore wind

NOREOWE
University of Bergen Trondheim, 20./21.01.2011 e b S e

FINO platforms

NOREOWE
University of Bergen Trondheim, 20./21.01.2011 e =

@ J. Reuder, Geophysical Institute, ~ Wind Power R&D seminar — deep sea offshore wind

E%OWI (Equipment for Offshore Wind Energy Infrastructure)

2 laser wind profilers
(WindCube, Leosphere) ;

2 met-ocean buoy systems
(FUGRO OCEANOR)

@ J. Reuder, Geophysical Institute, ~ Wind Power R&D seminar — deep sea offshore wind

1 laser scintillometers (Scintec BLS900) |

NOREOWE
University of Bergen Trondheim, 20./21.01.2011 e =
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P

Ongoing field deployment Frgya/Sletringen

placement of Fugro Oceanor
met-ocean buoy system ca.
4 km offshore (since
Novenber 2010) »

Sletringen: existing 45 m
mast, not instrumented
deployment of wind lidar
system 2

FroyalTitran: existing 100 m
mast, partly instrumented,
deployment of wind lidar
system 1

turbulence measurements by
scintillometer bettween the
both wind lidar sites

2. Reuder, Geophysical Institute, ~ Wind Power R&D seminar —

University of Bergen Trondheim, 20./21.01.2011

deep sea offshore wind

NORCOWE

Summary and conclusion

advanced and continuous atmospheric and oceanic measurements
are desperately required for an improved understanding of the MABL
for offshore wind energy applications

intended measurement program is ambitious and challenging, but
there are no alternatives at the moment

envisaged full operation of OBLO in the beginning of 2013

EFOWI was (and is) an important step in for the build-up of
experience in key measurement technologies (e.g. lidar) and for the
design and operation of an appropriate database structure

ég? J. Reuder, Geophysical Institute,  Wind Power R&D seminar — deep sea offshore wind

NORCOWE
University of Bergen Trondheim, 20./21.01.2011 ke e

OBLO =FINO 4 ?

J. Reuder, Geophysical Institute, ~ Wind Power R&D seminar — deep sea offshore wind

University of Bergen Trondheim, 20./21.01.2011

NORCOWE

Outlook

FI'NO.

Floating Infrastructure for Norwegian Offshore Wind Energy Research
ar

Floating Instrumentation for Nerwegian Offshore Wind Energy Research

@ M. Durstewitz, 2010

J. Reuder, Geophysical Institute, ~ Wind Power R&D seminar — deep sea offshore wind

NORCOWE
University of Bergen Trondheim, 20./21.01.2011 e b s
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Trondheim, 20.01.2011 =,
Tore Engevik, President, Vestavind Offshore \J Estou|r~1d

Vestavind Offshore

Established August 2009

+ Owned by 7 energy producers in 3
Norway, “Vestlandsalliansen” ot e A — R o

« Core business in marine
renewable energy production and
distribution

« Norway's only licence for a full
scale offshore wind farm - Havsul

— September 2009

\Jes.tcmfjc:ﬂ

Milestones Havsul

Project execution in four phases:

Feasibility Study
October 2010
« Concept Study in 3 parts
June 2011
* Pre-engineering
December 2011
— Basis for investment decision 1Q 2012

« Detailed engineering, procurement and
construction
— Phase 1 windfarm ready for start-up 1Q 2014
— Full scale 2015

\Jestcmfjc}

Project company 100 percent owned by Vestavind Offshore
Norway's only license for a full scale offshore windfarm
Estimated yearly energy production up to 1 TWh

Havsul improves regional energy production and reduces local energy crisis

\Jestoufwc}

Concept competition substructure, inshore assembly
total windmill and offshore installation of same

Scope:
o T gy and
Inshore assembly of complete windmill including substructure, tower, nacelle and
blades and located assembly site
Offshore installation targeted in 1 offshore operation
Cost estimate

A

If pre-engineering phase is decided in Q3 2011
« 1-3 players for further pre-engineering

\Jestoufwc}

Background

« Full scale execution of Havsul
— Current cost level too high
— Our target — cost competitive energy production

« Costdrivers « Mitigation
— No's of offshore operations — Reduce
— Assembly & logistics — New industry standard

— Design and materials
— Few players on turbines

Optimize design
Increase competition

\Jestoufwc}
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Metmast Skrapen \lestouind

Milestones / Plan

* May - Sep 2010 Feasibility study completed

* Sep-Oct 2010 Develop design basis for concept studies

« Oct- Nov 2010 Prequalification (30 companies applied)

« Nov - Dec 2010 Tender competition (16 tenders of 17 prequal.)

« Dec-Jan 2011 Evaluation — qualification meetings
« Jan-May 2011 Execute concept study (4 companies)
* May - Jun 2011 Evaluation — concept selection (1-3)

Internal total cost estimate +/- 30%

\Uestouind

Strong companies/industrial groups as winners

— Reinertsen (concrete and steel)
+ Vattenfall power consultant AB

— Technip (steel)

— Vici Ventus (concrete)
+ AF-Gruppen ASA
+ Dr.techn.Olav Olsen AS
. Lyse AS

- Westcon (concrete)
« Eide Marine Services AS
+ Kruse Smith Entrepengrer AS
+ Norconsult AS

\Uestouind

Tender competition process
« Prequalification — announced on TED / Doffin
« Prequalified candidates received ITT
« Shortlisting of candidates

« Clarifications with shortlisted candidates
* Recommendation

* Selection (4 companies/Industrial Groups)

\Uestouind

Market Dimensions

Adding 30,000 MW offshore wind capacity requires to buld 2 large offshore wind turbines per day undil 2020

\lestouind

TWh/ A

Prognosis energy consumption Mid-Norway

Prognose

Hustadmarmor
10

forsyning

Eksisterende (total)
0 ¥ u
1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024

Arsforbruk Produksjon (Arsmiddel)

Mare og Romsdal 201 \‘JEEtC'[\_IET—\d
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VESTAVIND Offshore’s "Kinderegg”

— Energy crisis in Mid-Norway
« Part of permanent solution
« New production renewable energy from 2013/2014
«+ Local energy production — SHORT TRAVELLED!

— Climate friendly
« Renewable energy
« Short travelled
« Paradigm shift, from Onshore to Offshore approach

— New industrial approach
+ New innovative solutions based on proven technology
« Capitalize on offshore Petromarine core competence
« Cost-effective, sound solutions

\J EStD_\_.iII‘ﬁ(?

Vestavind Offshore’s goals in offshore wind:

« Create tomorrows global solutions in offshore wind together with the
industry in a ‘wind — wind’ approach

« Utilize unique offshore Petromarine competence in marine renewable
energy production

« New market opportunities for the industry
ek

\J EStD}_.iII‘__ﬁq

\J EStD_\_.iII‘ﬁq
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Al) New turbine technology

Development of the SWAY tower concept, Michal Forland, SWAY
Loads analysis of selected floating designs, Amy Robertson, NREL

Aluminium as a viable solution for offshore wind turbines,
Simon Jupp, Hydro Aluminium

HiPRWind — large floating turbines for intermediate water depths,
Jochen Bard, Fraunhofer IWES

Prospects of large floating vertical axis wind turbines,
Uwe Schmidt Paulsen, Risp DTU
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Major owners:
«Statoil
«Statkraft
*G-Group
sLyse

Sway business strategy:

The four key factors for success will be qualification

of the technology through:
e 1:6 floating model Q1 2011
e Full scale pilot 2013

 Thereafter use the existing industry and their
industrial and financial muscles by licensing the
technology

* Use local manufacturers in the major home
markets

« Max single wave H=30m
« 20 years service fatigue life (60

Water depth and weather conditions

« 60 —300m+

- Designed for extreme weather
conditions (North Sea).

« 100 year significant wave height
Hs=17m

years actual life)

Sway history in short

Sway origins from oil and subsea
industry

2002-07 Developed a fully integrated
simulation tool

2007: €20M equity raise. Statoil and
Lyse new co-owners

2007: Verification of scaled prototype
in wave tank

2009: Sway received concession
floater

2010: Split of Sway into two separate
companies.

Q1 - 2011: Deployment of 1:6 scale
floater
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The road to the best technical sollution

* Patented technology for floating towers, upwind and downwind mounted

Wind direction

System description

Down wind
Spreader beams for turbine
attaching the
tension cable ~——— Upper and lower
tension cable or
rod

Floating
tower

Yaw Mechanism
(To turn the

tower) Tension leg from

2 Universal 50 to 300 m long
Joints
Mooring
Connector and
Anchor

Snapshot from simulation

1:45 tank test

Sn

Power cable
upport frame

Yaw system
receptacle

Bell mouth

Lower universal joint and anchor

Tension leg

Lower universal joint

Mooring connector
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Why deep water?

« Similar Capex to shallow water, but 20-30% higher annual
production

« Flexible positioning (fisheries and other interest)

« Possible to place nearby load centers (save onshore grid)

« Many countries have no alternatives to deep offshore; Spain,
US, Japan and Portugal

« Unlimited source of cost competitive clean Productivity in KWH/KW installed wind power
energy available from 2015 5000

« Potential to reduce costs significantly
(30-50%) the next 10-15 years by
technology steps.

« Floaters can be game changer in

3750
3000
3000
renewable contribution to world energy 1000
production
o .

Onshore field  Horns Rev Sway
Norway Offshore Denmark

4415

Iy
8
8
8

KWh pr. kW installed
8
8
8

Market for the SWAY floater
technology

« Large scale power export to the
onshore grid — Asia, USA, Europe etc.

- USA (North East and West coast)
- Canada

- Ireland

- Portugal

-Spain

- France

- Italy

-Malta

- Other Mediteranian countries
- Norway

- Japan

- South Korea -and many more

Tower/foundation/anchor costsincl.

installation
20.00
18.00
16.00 // ——Jacket
14.00 —
12.00 ~ wm=Tri-floater
10.00 /

8.00 /‘\—___ Multiple tension leg
6.00
4.00 N\ way upwind without

2.00 bracing, slack mooring

0.00 T T T ]
0 50 100 150 200 250

Sway single tension leg

Water depth (m)

Sway floating tower 1:6 scale in Q1 2011

The test location is near Oil & Gas
service facilities at Kollsnes, appx
40 minutes drive from the Bergen
airport and Bergen city centre

Overall length:
Sway floating tower for SMW WTG Hub height:
scaled 1:6,5 Draft:
Rotor diameter:
Water depth:

Installation in January 2011
Located outside Bergen, Norway

The/t/ést location is near Oil & Gas service
- fa«;/(lities at Kollsnes, appx 40 minutes drive

= from the Bergen airport and Bergen city
centre

Model testing turbine
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Test program

Setting to work, qualification of

March 2011 safety systems
Testing of motion characteristics Increasing wind speeds,
vs individual pitch control system ave heights, current:

April - June 2011 and yaw damping mechanism fferent combinatig

Testing of system simplifications
(eliminating features that the testing

May - July 2011 indicate have little influence)

Testing of installation methods for

shallow and deep completion sites
Summer/ autumn 2011

[ Availability for scientific testing ]

2011-02-14
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ENRE_I___ Outline

« U.S. government priorities

Offshore Wind Power in the United States « U.S. Offshore wind resource
« Roadmap for developing resource
* DOE’s role
Wind Power R&D Seminar — « Offshore wind projects in the U.S.

LD B0 CL AT W * NREL work in offshore wind

Amy Robertson

— International Collaborations

January 20, 2011 — Design concept loads analysis

ryofthe U, Department f Eneray. Ofic of Eneray Eficency and Reneniable Eneray.operated by the llance for Sustainabl Eneray.LLC

White House & DOE Priorities Offshore Wind Potential = 4150 GW

_Great Lﬁkes: 734 GW s

« Reduce carbon emissions 80% by 2050 T *
« Stimulate jobs and economic recovery through RE development Wind Speed o 90 m

—_—

]
u
* Promote energy security through reliable, clean, and affordable energy g
 Strengthening scientific discovery and economic competitiveness 0
through science and technology innovation :g
18
1a5
1 R
oo. 1 Atlantic:

« Strengthen U.S. energy security, environmental quality, and economic Pacific:
vitalit
: 930 GW

——

1256 GW

« Optimize growth & momentum of wind and water power deployment Hawaii: 637 GW Gulf Coast: 594 GW L —

Total gross resource potential does not consider exclusion zones or siting concerns

Slide Credit: Chris Hart, DOE

NATIONAL RENEWABLE ENERGY LABORATORY. NATIONAL RENEWABLE ENERGY LABORATORY

U.S. Offshore Wind Resource and Bathymetry 20% Wind Report: 54-GW Offshore Wind by 2030
300 -
2= _ 54-GW of
= Offshore
; 9 250
Region .
New England b
~{Mid Atantc 2. 200 |
S. Atlantic Bight
| California S‘
— 2 150
Gulf of Mexico
Fawai = 20%
N Total > 100 .
ks _ Scenario ~
- 50 -
3 Actual
Assumptions:
5 MW/km2 0 -
7m/s and greater 2000 2006 2012 2018 2024 2030
0-50nm for shore
https://www1.eere.energy.gov/windandhydro/pdfs/41869.pdf

NATIONAL RENEWABLE ENERGY LABORATORY

NATIONAL RENEWABLE ENERGY LABORATORY.
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NREL Releases Report on Offshore Wind in U.S.

Offshore Wind Innovation and Demonstration (OSWInD)
Initiative

* Detailed assessment of the
Nation’s offshore wind resources
and wind industry

— Estimated 4000 GW offshore
wind resource over 7.0 m/s

Offshore
Wind Power
in the United

| ) States

* Analyzes: ASSESSMENT OF
— Technology challenges OPPORTUNITIES
— Economics AND BARRIERS

— Permitting procedures
— Potential risks/benefits

» Report will be used to help guide
the U.S. efforts in offshore wind

NATIONAL RENEWABLE ENERGY LABORATORY

54 GW at 7-9 ¢/kWh by 2030
(10 GW at 13 ¢/kWh by 2020)

Reduce
deployment
timeline

Critical

Objectives Reduce COE

Program OSWInD Strategy

Slide Credit: Chris Hart, DOE
NATIONAL REN LE ENERGY LABORATORY

OSWInD Initiative Structure

Offshore Wind Market Status

$49.5 Million
available
funding for
2011

0SWInD

Technology
Development

Market Barrier
Removal

Advanced Technology
Demonstration

Computational Tools
&Test Data

Adv Tech Demo
Projects (1+?)

ng and Permitting

e

Innovative Turbin g
EIEETATES Infrastructure

Marine Systems
Engineering

Resource Planning

~Capawind (M)

T Pt s

Fruzans fy Cnargasicn incorpermad,

Slide Credit: Chris Hart, DOE

NATIONAL RENEWABLE ENERG!

Cape Wind

Great Lakes - 20 MW Freshwater Project

« Location: Horseshoe Shoal in Nantucket
Sound

— 5.2 miles from shore
— Mean wind speeds of 8-9 m/s
— 0.2—15mdeep

« Project Status:

— On October 6%, 2010, U.S. Secretary of
Interior Ken Salazar signed the first offshore
wind farm lease in U.S. Waters for Cape Wind

— Construction not started, will take 2 years

+ Technology:
— Monopile foundation
— 3.6 MW GE wind turbines sy

Infarmation AP

« Capacity:
— 130 offshore wind turbines over 24 square miles
— 3.6 MW turbines x 130 = 468 MW power

NATIONAL RENEWABLE ENERGY LABORATORY

ks

SR [EE
‘ é; |

I

leveland, Ohio, USA

Slide Credit: Walt Musial, NREL
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Cleveland 20-MW Offshore Wind Project

Wind/Wave Hybrid Technology - WindWaveFloat

 Location:

— Site is 3.5 miles off
downtown Cleveland

— Shallowest of the Great
Lakes — maximum depth
in central basin is 24-m

» Potentially first
freshwater project

~ « Surface ice floe is a
' unique design condition

Ice research studies are
planned

Slide Credit: Walt Musial, NREL
NATIONAL RENEWABLE ENERGY LABORATORY

« Principle Power is a U.S.-based .
technology developer focused on WindFloat .
the deep-water offshore wind energy : —
market. . .

» WindFloat is Principle Power’s
semi-submersible floating wind
turbine design.

— Full-scale prototype is expected to
be deployed off the north coast of
Portugal in mid-2011

» WindWaveFloat — modified version
of WindFloat which adds wave
power take-off (PTO) mechanisms

— Received DOE funding for planning,
concept design, physical modeling
& wave tank testing, and pilot-scale
testing of the WindWaveFloat
device in ocean waters.

Photograph: Principle Power

NATIONAL RENEWABLE ENERGY LABORATORY 14

DeepCwind Project — Maine, USA

DeepCwind - Wind/ Wave 1/50th Scale Model Testing

Deep Water >60-m

« New Technology Development
Initiative for floating wind
technology

¢ Funding ~$25M US Dollars
« 1/50th Scale Model Testing
« 1/3 scale open ocean testing

« Goal: Develop engineering tools
to enable the design of
optimized full-scale systems.

NATIONAL RENEWABLE ENERGY LABORATORY.

+ 1/50th Scale models will be
tested at Marin facility

Flrting Turbune et [ank Seabs Madsle st 1240 Scals

3 generic platforms

Models are based upon
NREL 5MW reference
turbine

Over 15 scaling parameters
considered to maximize full
scale and 1/3 scale
relevance

Model testing is scheduled
for April 2011.

Pitch control (inactive for

now)
Slide Credit: University of Maine
ATIONAL RENEWABLE ENERGY LABORATORY

Testing of 1/3 Scale Turbine at Test Site

NREL Work in Offshore Wind

Approximately 1/3rd Scale of
a 5Mw

« Commercial turbine with
proven record of performance
is planned ~100 kW.

Floating platform designs will
be selected from competitive
industry solicitation

« System will deployed off the
coast of Maine near
Monhegan island.

Turbine will be deployed at
times when desired scaled
wind/ wave conditions are

present.

Example 100 kW turbine for 1/3 scale
testing at UMaine Test Site deployment

Slide Credit: University of Maine

NATIONAL RENEWABLE ENERGY LABORATORY

< Improving our simulation tool, FAST
— Modularizing code, improving ability to interface to other codes
— Improving wind/water loading formulations

— Adding functionality to model a variety of offshore wind turbine
designs

— Validating code through test data
« Collaborating on a number of international projects

« Performing design conceptual studies

NATIONAL RENEWABLE ENERGY LABORATORY 18
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FAST with AeroDyn and HydroDyn

« Structural-dynamic model for horizontal-axis
turbines:
— Coupled to AeroDyn, HydroDyn, and controller
for aero-hydro-servo-elastic simulation
— Evaluated by Germanischer Lloyd WindEnergie

» Turbine Configurations
— HAWT
— 2 or 3-bladed
— Upwind or downwind
— Land-based or offshore
— Offshore monopiles or floating
— Rigid or flexible foundation

NATIONAL RENEWABLE ENERGY LABORATORY

International Collaborations
N Floating offshore wind project in U.S. - includes scale model
D
GBS testing and 1/3 scale demonstration project
Riso Collaboration to share information on a variety of wind-turbine
related topics
oca |IEA Offshore Codes Comparison Collaboration, Continued — jacket
and semi (co-leading project)
ORECCA EU development of offshore renewables roadmap
. Norwegian research group on deep offshore wind. Strong
Nowitech . -
empbhasis on supporting PhD and post-doctoral research.
HiPRWind 5-yr project to help development of deep-water offshore wind.
Will deploy a 1-MW demonstration turbine.
DeepWind Examination of vertical-axis offshore WT
UpWind Assessing requirements for design of very large turbines

NATIONAL RENEWABLE ENERGY LABORATORY

Loads Analysis of Generic Platform Types

Loads Analysis

* Modeling of three generic platform
configurations at full-scale (5 MW)

« Loads analysis with full-scale
models
— Variety of normal load conditions
— Fault conditions TLP
— Extreme conditions
— Fatigue
* Compare results of loads analysis
to previous loads analysis
* Compare loads on different
platform types to land-based
system Spar Semi

NATIONAL RENEWABLE ENERGY LABORATORY.

DLC Winds Waves Controls / Events Type Load
Model Speed Model Height Direction Factor

1) Power Production

Vin < Viuo < Vour Hy = E[HIVhu] Normal operation 1.25%1.2
Vir < Viao < Vour Hy = EH, V] Normal operation 1.00

Vin < Viuo < Vour Hs = E[H;|Vhu]
Viuo = V,, V,22mls H, = E[H |V hus] Normal operation; £A wind dirn. 1.35
Vin < Viuo < Vour Hy = EH.IVhu] Normal operation; A ver. & hor. shr.

Normal operation 1.35

Vi < Vias < Vour H, =1.09xH,5 1B = Normal operation

Pitch runaway — Shutdown

Loss of load — Shutdown

, £30° |Seized blade; Yaw = 0°, +8°

NATIONAL RENEWABLE ENERGY LABORATORY 22

Concept Designs for Loads Analysis

MIT/NREL TLP

OC3 Hywind Spar ITI Energy Barge

UMaine
Hywind Spar UMaine
4 Semi-submersible

UMaine TLP

NATIONAL RENEWABLE ENERGY LABORATORY 23

0C3-Hywind | OC3-Hywind UMaine
MIT/NREL i 4 kb ITI Energy ,
Tip | UMaineTLP | SparBuoy | SparBuoy | PR Semi-
320 m Depth | 200 m Depth 9 Submersible
Diameter or 6.5109.4 6.5109.4 13.5and 20
width x length (m) ® ]5 (is tapered) (is tapered) 4040 (diameters)
Drat (m) 4789 2 120 120 4 20
Water displacement ( m?) 12,180 2,767 8,020 8,020 6,000 6232
Viass, inciuaing balast (ko) 8,600,000 774940 7,466,000 7,466,000 5452,000 5,591,400
CM location of the platform below 4061 1972 89.92 89.92 0.2818 511
SwL(m)
Roll inerla about CM(kg - ) | 571600000 | 150780000 | 2229.000,000 | 4229000000 | 726900000 | 3062000,000
Pitch inerta about CM (kg +m) | 571600000 | 150,780.000 | 429,000,000 | 4229000000 | 726800000 | 3062000000
YYaw inertia about CM ( kg » m?) 361,400,000 98,850,000 164,200,000 164,200,000 1,454,000,000 3,673,000,000
Number of mooring lines 8 (4 pairs) 3 3 3 8 3
4789 285 70 70 4 7
faifeads, anchor
Depth to fairleads, anchors 200 200 220 200 150 200
27 ) 52 52 2828 36558
Radius to fateads, anchors (m) it b ot ho 5 o
Unstretched e fength (m) 1517 1714 9022 168 4733 1017
Line diameter (m) 0127 0222 009 009 00809 00766
Line mass density (kg/m) 116 302.89 77.71 145 130.4 1134
Line extensional siiness (\) | 1500000000 | 7.720,000000 | 384200000 | 384200000 | 589,000000 | 753,600,000
NATIONAL RENEWABLE ENERGY LABORATORY 2
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Sea-to-Land Ratios of Ultimate Loads
(DLCs 1.1, 1.3, 1.4, 1.5)

Extreme Event Comparison

I IT/NREL TLP
[ Urmaine TLP
[ oc3-Hywind
[ uMaine Hywind
I 1 Energy Barge
2 | B UMaine Semi | — — — — — —

Ratios of Sea to Land

Blade-Root Low-Speed-Shaft Yaw-Bearing Tower-Base
Bending Moment Bending Moment Bending Moment Bending Moment

NATIONAL RENEWABLE ENERGY LABORATORY 25

. 0C3-Hywind |Umaine Hywind| ITI Energy
Ultimate Load Land-Based | MITINRELTLP | UMaine TLP | "o Z 00 sparBioy Barge

System System System Gt v Gt

Blade-root bending

pLC14 bLC14 DLC 14 bLC13 pLc13 bLC11
moment
Low-speed-shaft

pLC14 pLC14 bLC14 bLc13 pLCc13 bLc11
bending moment
vaw-bearing bending DLC13 DLC14 DLC13 DLC13 DLC13 pLC L1
moment
Tower-base bending DLC13 pLC11 bLC11 bLc13 pLC11 bLCLl

moment

NATIONAL RENEWABLE ENERGY LABORATORY 26

Summary of Ultimate Loads — Land vs. Offshore

Summary of System Ultimate Loads

« Land-based system
— Many of the greatest loads on blades and shaft from gust of DLC1.4

— Most other large loads driven by DLC 1.3 (extreme turbulence) at
rated wind speed.

« Offshore systems
— Larger motion of offshore systems in general results in larger loads
— Increased loads caused by inertial forces on the system.

— These loads get greater as you move from the top of the turbine to the
platform

— Yaw errors allow for more side-to-side excitation in the system

NATIONAL RENEWABLE ENERGY LABORATORY. 27

< ITI Energy Barge
— Affected more by the waves than the wind

— Since waves are same for DLCs, DLC 1.1 dominates large loads due
to higher safety factor

¢ TLPs

— TLPs have much less motion than the barge, and therefore lower
loads (especially pitch, roll), but more than land-based

— Greatest loads are in the same DLC as land-based, DLC 1.4

— Umaine TLP much smaller and lighter than NREL/MIT TLP, but
motions remain similar - TLP motion different than other concepts

— Slight decrease in Umaine TLP loads due to surge motion at time of
gust

NATIONAL RENEWABLE ENERGY LABORATORY 28

Summary of System Ultimate Loads, cont.

Sea-to-Land Ratios of Fatigue Loads

« Hywind Spar Buoy
— Spar system has greater motion than TLP in pitch and roll, but less
in yaw (damping from tests)
— Load increases are somewhat compensated for by a control system
that limits blade and tower loads

— Result is that some loads increase in spar system and some
decrease compared to TLP

— DLC 1.3 was the force driver rather than 1.4 due to controller
limiting load on blades

— UMaine Hywind very similar to OC3 Hywind

NATIONAL RENEWABLE ENERGY LABORATORY. 29

PP [T o P LT TR paeep——
s e e [l et unane e [ et ocasmna [ mesos, e o [J] met0,m ey sae

s e [0 ez umaenie [ etz ocomund [ mei2s, v i [ me125 vy sae
T

Ratios of Sea to Land

Blade-Root Blado-Root  Low-Spood-Shaft Low-Spood-Shaft Yaw-Boaring  Yaw-Boaring owerBase ToworBase
onding Moment Bonding Moment Bending Moment
InPlan OutofPlane 20° Sido-to-Sido Foro-Att Sido-to-Sido Fore-Att

©
NATIONAL RENEWABLE ENERGY LABORATORY 30
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Summary of Fatigue Loads ENREL

< In general, fatigue load ratios show similar trends to those of
the ultimate load ratios, and are produced by the same
physics explained for the ultimate loads.

Thank You for Your Attention

ITI Energy barge the greatest —particularly for the blade and
tower.

The out-of-plane blade-root bending in spar less than land-

Amy Robertson
based, due to controller Y

Senior Engineer
UMaine TLP shows increased fatigue compared to NREL/MIT 1 +1 (303) 384-7157

TLP, though ultimate loads decreased - looser mooring ; L : Amy.Robertson@nrel.gov
allowed for more motion : il

Umaine TLP pitch motion decreases — shown in decrease in
fore/aft tower loading and out-of-plane blade loading

TLP and spar systems similar, except for the tower base,
which are greater in the Hywind systems.

NATIONAL RENEWABLE ENERGY LABORATORY 31 e U.S. Der of Eneray. O ated by the for Sustainable Eneray, LLC.
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Aluminium as a viable solution for offshore
wind turbines

Dr. Simon Jupp
Deep Sea Offshore Wind R&D Seminar, 20. January 2011

(1) 18 January 2011

HYDRD

Hydro’s mission - to create a
more viable society - implies
making solutions to the
climate challenge an inherent
part of our business model

The Business Opportunity:
Reduce emissions and
improve energy efficiency

Technology a key driver

(@) 18 January 2011

HYDRD

Why aluminium?

Cost analysis for offshore wind turbine

Management; 2
Grid connection; 15

Support structure; 24

oam23

s

Decommissioning; 3 Turbine; 33

Source: Kurian and Ganapathy 2010

(3) 18 January 2011
HYDRD

Why aluminium?

Lightweight

Built-in fire protection

Ease of inspection

High thermal conductivity
Recyclability> End-of-use value
Wide range of surface treatments

(@

18 January 2011

HYDRD

Mechanical properties comparison

Weight-normalised strength (c,/p)

Mild steel (ASTM 131) 235 MPa/7.8 = 30
5083 H113 aluminium 155 MPa/2.7 = 57
170 MPa/2.0 = 85

E-glass GFRP

(5) 18 January 2011

HYDRD

Electrical conductivity

Functionality

Aluminium is a good electrical conductor > 60% IACS

LN 3maluminiumand copper price (UsD)  44Y
January 2003 - November 2010

Cost of 100% IACS
Cu ~ 8500 US$/tonne
Al ~ 2400 US$/tonne

Pcy = 8900 kg/m?3 2
P = 2700 kg/m? 3,3 Factor .

100% IACS =1 gg,= 1.12 x 102 cm? x 100 cm = 0.0085 US$ 7 Factor
100% IACS = 0.5 g, = 1.87 x 102 cm2 x 100 cm = 0.0012 US$ actol

3,5 Factor &

%, % 4 %
% @% %"7) %% ‘s}‘{u %'o

(6) 18 January 2011
HYDRD
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Lightweight structure (e.g. nacelle)

Aluminium stiffeners weigh 40%-50% less than steel stiffeners
with the same deflection resistance

The weight disadvantage to GRP is equalized by the advantage
in stiffness. P o o

(7) 18 January 2011
HYDRD

Lightweight in nacelle equipment

The weight advantage of aluminium can also be used in
nacelle equipment parts:

Helicopter Hoist Platforms
Electrical cabinets

Floor sheets

Steps and ladders
Ventilation channels
Transformers

Cabling

(8) 18 January 2011
HYDRD

Built-in fire protection

Aluminium is incombustible and does not contribute to a fire
Wide use of aluminium profiles in fire protection doors

There is no need for additional lightning protection (an
aluminium skin builds a natural Faraday’s cage)

Aluminium has no electrostatic potential

(9) 18 January 2011
HYDRD

High thermal conductivity

Aluminium's thermal conductivity is 3-4 times that of steel
and more than 100 times that of plastics

Enables better heat dissipation through the outer skin of a
nacelle and therefore allows smaller cooler sizes

Aluminium is also extensively used in heat exchangers,
both as tubes and for fins

(10) 18 January 2011
HYDAD

Recyclability

Aluminium can be infinitely recycled without a loss in quality
with a saving of 95% of energy compared to its primary
production

Aluminium keeps a commercial value along its whole lifetime;
e.g. the ,scrap value" is typically in the range of 1.000-1.500
EUR/tonne (Note: as of 5 Jan 2011, LME Al scrap price
>1800€/tonne).

(11) 18 January 2011
HYDAD

Longevity

75% of all aluminium produced so far is still in use
Aluminium can be kept unpainted in normal environmental
conditions

Oldest aluminium roof in the world: San Gioacchino church of
1896

Aluminium survives harshest marine conditions:

Wide use in helicopter decks and living quarters of offshore
platforms

12)

HYDAD
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Ease of inspection

As aluminium does not need to be painted and is rust- free,
it can easily be inspected with visual means. Any other
inspection methods for other metals can also be applied on
aluminium.

This is expected to reduce the need for costly and intensive
maintenance - especially when used in offshore wind
turbines.

Source: ZDF

(13) 18 January 2011
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Wide range of surface treatments

o Due to its natural oxide layer, an aluminium surface does not
corrode and does not need to be painted for surface
protection

o For aesthetical reasons and to gain a certain appearance, an
aluminium surface can be:
©Sand- or shot-blasted
© Painted
©Brushed or polished
© Anodized

(14) 18 January 2011

HYDAD

North Sea Buoy II

» Container with measuring equipment
© Made of painted aluminium

7o |
N
B

7 £
o
sagad—r—
© NSB II is part of a network of
meteorological measurement

stations in the North Sea

(15) 18 January 2011

HYDAD

North Sea Buoy II

©NSB II has been operated in the open sea for 32 years with no
maintenance other than occasional cleaning
Maintenancel Wdidune 2010 due to collision damage
Buoy was cl gh pressure water jet
NSB II is in ;

North Sea Buoy II
Technical survey in 2005

© No substantial wall thickness reduction on any part of the buoy
©No cracks in base material or weld seams
© Weldability identical to new material

© Joints with stainless steel screws (1.4571) fully intact without
galvanic isolation

Result: =
No objection against
another 10 years

of operation — —

(17) 18 January 2011

HYDAD

North Sea Buoy II

o Investigation of samples at Hydro R&D after
32 years in service
Plate from splash water zone|
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Galvanic Corrosion
Outdoor exposure trial on Helgoland

Practical potential series
in seawater pH 7.5 [mV]

h Stainless 1.4571 Al MgSi
Stainless 14571 + 220 {7 ‘ oess LA,
Silver + 149
Copper + 10 Samples:

Stainless 1.4301 - 145 friction stir welded rods

Lead - 259

Unalloyed steel 580 <::| ‘ Unalloyed steel ‘ Al MgSi
Aluminium -670 |

Zinc - 806

(19) 18 January 2011
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Galvanic Corrosion
Outdoor exposure trial

area ratio 3:1

Practical potential series
in seawater pH 7.5 [mV]

Stainless 1.4571  + 220 {7

Silver + 149 area ratio 1:1

Copper + 10 AIMgSi/1.4571 after 3 years

Stainless 1.4301 - 145

area ratio 3:1 e
Lead - 259 ; Altgrnate

’ immersion
Unalloyed steel - 580 <::| & Bone
g

Aluminium - 670 | area ratio 1:1
Zinc - 806 AIMgSI/C35  after 2 years

Source: Prof. Dr. B. Amold, IWS Hamburg

(20) 18 January 2011

Galvanic Corrosion
Outdoor exposure trial

practical potential ) No galvanic
ractical potential series corrosion
in seawater pH 7.5 [mV] |
Stainless 1.4571  + 220 (7]
Silver + 149
AIMgSi 1.4571]

Copper + 10 3 -
Stainless 1.4301 - 145 Significant

) galvanic
Lead - 259 corrosion
Unalloyed steel - 580 <: i
Aluminium -670 | AlMgSi | C35
Zinc - 806 =

Source: Prof. Dr. B. Amold, IWS Hamburg

(21) 18 January 2011
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Galvanic Corrosion
Conclusions
Al alloys are compatible with seawater proof stainless steel (with Mo)

If Al alloys are coupled with
unalloyed steel, or
stainless steel without Mo

the cathode (steel) should be coated
to effectively avoid galvanic corrosion

The smaller the cathodic (steel) surface is with respect to the Al
surface, the smaller is the galvanic corrosion rate

Do not coat the anode only!
(coating defects will cause strong local corrosion)

(22) 18 January 2011
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Lille Frigg Protection Cover after
removal

Steel structure with
protection cover at top
of aluminium
extrusions

(23) 18 January 2011
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Lille Frigg Protection Cover after
removal

Aluminium top cover
of aluminium
extrusions

(24) 18 January 2011

HYDAD
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Lille Frigg Protection Cover after
removal

Hinge for aluminium
protection cover and
steel structure

(25) 18 January 2011 w
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Lille Frigg Protection Cover

For corrosion
protection, galvanic
anodes are used. The
need for galvanic
anodes is ~10%

of what is needed

for steel structures.

(26) 18 January 2011 w
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Summary

Lightweight
Typical weight savings of 50% for both mechanical and electrical
applications

Built-in fire protection
Inherent lightning protection
Ease of inspection
Unpainted surfaces for simplified visual inspection
High thermal conductivity
Further weight reductions through reduced cooling requirements
Recyclability
End-of-use value helps to offset decommissioning costs
Wide range of surface treatments
Combination of steel and aluminium possible through appropriate
design and surface coating of steel.

(27) 18 January 2011
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An opportunity for the Wind Industry?

A major issue regarding life cycle costs of o I

wind turbines, is durability and end of life / ) ;
scrapping of fibreglass/CFRP rotor blades. | X 7 e
T

It has been suggested by several turbine ¢ ﬁ\‘;@’ -
manufacturers that an Al solution would be VA Ng
desirable. i

Experience from the aerospace industries
suggests that this would be possible.

However, the development and testing of a Sandwich core structure for
full scale blade is a major investment and aircraft wings

would require industry-wide interest and
support.

A solution would be to form an industry- =
wide consortium, including Hydro
Aluminium as partner.

Aircraft Wing Box

(28) 18 January 2011
HYDAD

Thank you for your attention

Contact: Dr. Simon Jupp
simon.jupp@hydro.com
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European offshore wind market development: (QRECCA
EWEA scenario and “project pipeline”

HiPRWind
Large floating turbines for
intermediate water depths

Jochen Bard?, Louis Quesnel!, Jan Erik Hanssen?
L . ‘t.‘_

17,000
16,000 — ™M number of wind turbines
15,000 ~ JEWEA data capacity

- announced capacity
14,000

13,000
12,000
11,000
10,000
9,000
8,000
7,000
6,000
5,000
4,000
3,000
2,000
1,000
0

total number of wind turbines.
total electrical capacity [MW]

1Fraunhofer Institute for Wind Energy and Energy Systems Technology SEFLSLFL LTI LS IS F
21-Tech, Brussels Source: DENA, EWEA, 4C Offshore. Yyear
_? i Fraunhofer i Fraunhofer
e Devel h f the EU offshore wind market |on
European EEZs and bathymetry map lQBEGCA ! evelopment phases of the [0} AS ore wind market lQm
S - in terms of water depth (m) and distance to shore (km)
[ = : up to 2025
ey .

®1991-2007

#2008 -2014
42015 - 2026 (GER)
© 2015 - 2026 (UK)

= 2015 - 2026 (others)

average distance to shore [km]

K round3
announced floating projects
o(m = . .t .
60 80 100 120 140

9
1st market
phase

2 Fraunhofer WWW.ORECCA.EU 2 Fraunhofer
s s

average depth [m]

Platform technologies change with water depth Floating concepts: project examples

i i i %
monopile  gravity, tripod,  jacket, semisub, spar, tension leg
3 suction tripile truss
o
o
£
2
k|
= /
transitional
shallow water i floating
T T T T T T T T T T T T
0 20 40 60 80 100 120 m

Source: NREL, NTNU

i Fraunhofer ...and many more... i Fraunhofer
wes wes
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Call FP7-ENERGY-2010-1

« Topic ENERGY.2010.2.3-1: Cross-sectoral approach to the development of
very large offshore wind turbines

« Collaborative project, where ,the active participation of stakeholders involved
in harsh environment industrial developments is essential to achieving the full
impact of the project.”

* Scope
Testing at industrial prototype scale to develop 10 MW range OWT

Treat bottleneck issues such as maintenance, power stability, weight/size
limitations

Advanced power electronics and ICT sub-systems
 1st deadline on 15th October 2009
« 35 M€ available for 6 distinct topics in 3 different research areas

=2 Fraunhofer

HiPRwind: key facts and figures

LHigh Power, high Reliability offshore wind technology*
Project coordinator: Fraunhofer IWES

« Funded under the European Commission's 7th Framework Programme
Main source for European R&D funding, 50+ billions € over 7 years

Theme ENERGY.2010.2.3-1: Cross-sectoral approach to the
development of very large offshore wind turbines

Involvement of offshore industry stakeholders required

« Project start date: November 1, 2010. End date: October 31, 2015
« Total budget ~ 20 million €, total EC-funding 11 million €
« 1130 man months over 5 years

=2 Fraunhofer

Programme

" Aim:
install and operate a floating MW-class wind
turbine for research purpose

" Potential Location:
Bay of Biscay, off Bilbao in Spain

" Industrial challenge: design, procurement, construction and installation of
the floating WT within three years of project start and within the available
budget

" Research prospects: ,unrestricted“ access to data from experiments on a
real wind turbine in harsh offshore conditions during at least two years

= Fraunhofer

Work plan

Main research topics:

« Floater and mooring systems

« Controls, power and grid

« Condition and structural health monitoring
« Advanced rotor concepts

Timing:

« 1styear: design of the floating platform and of the research equipment

- 2ndand 3 year: procurement, construction and installation of the floating WT
e 4% and 5% year: WT operation and maintenance for experimental research

= Fraunhofer

Consortium: Partners

A strong consortium with experience in offshore developments:

= Fraunhofer

Consortium: Nationalities and partners/country

= Fraunhofer
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Consortium: Cross-sectoral composition

Partners by category Budget distribution

2
N indhsstrial companie Bindustry: demo part (WP 2)
o Innovative SMEs Dindustry: SMEs
¥ Fswwardh onganizations Bindustry: other
Universities BResearch instutes

=2 Fraunhofer

Budget overview

Total budget
EC funding
Work volume

19.8 M€
11.0 ME Totsl budget by type of costx

1130 Man-months 2%

m Pevsonned Incl.
Overhead

B Subcariracting

N Hardware

Tranced

=2 Fraunhofer

Challenges in the design process

COOPERATION

" Ilterative design process

® Competences, contributions and roles of the partners

" Auvailable software tools, interfaces between the tools and partners
" Design framework (Metocean, wind turbine, budget, ...)

" Requirements for wave tank testing of a physical model

B Turbine modification vs olatform stabilit: Moorings an "
Turoine modification vs piatiorm stabiiity, Moorings ana

" Assembly, Installation and Commissioning Procedures
" Operation and Maintenance concept

" Generation of a reliable budget for manufacturing, assembly, installation and
operation

" Certification and Permitting requirements for the offshore site

www.hyperwind.eu i Fraunhofer
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Prospects of Large Floating Vertical Axis Wind Turbines

Wind Power R&D seminar — Deep sea offshore wind
20-21/01/2011
Trondheim, No

Uwe Schmidt Paulsen

Wind Energy Division — Risg DTU
uwpa@riso.dtu.dk

Riss DTU

Agenda

= Introduction

= DeepWind concept description

= Dimensions

= Challenges and results from first order investigations
= DeepWind project description and partners

= Conclusions

Risg DTU, Technical University of Denmark P s of Large Floating

VAWT  20-01-201

Agenda

= Introduction
= Cost of on shore and off shore wind energy
= Hypothesis of the project
= From shore to deep sea

Risg DTU, Technical University of Denmark Prospects of Large Floating VAWT 20-01-201

Introduction
Cost of onshore to offshore wind power

= Offshore wind energy is growing fast. In Europe, new offshore

power

installation is expected to grow by 28% each year (EWEA report 2009)

...BUT

= In average the cost of offshore wind energy is 2400 Euro/kW versus the
1250 Euro/kW of the on shore wind energy (data 2008, from EWEA

report 2009)

= The deployment of new wind resources is limited by the logistic, for
example the water depth, the distance from shore, the grid connection...

Risg DTU, Technical University of Denmark Prospects of Large Floating

Introduction
DeepWind hypothesis

= So far, offshore wind energy has been mainly based on onshore
technology moved in shallow waters

= In order to reduce the cost, offshore wind energy needs new concepts
specifically designed for offshore conditions

= Key issues for a successful offshore concept are:
v Simplicity
v'Up-scaling potential
v Suitability for deep sites

Risg DTU, Technical University of Denmark Pre 20-01-20

Introduction
From shore to deep sea

Monopile
Faundation

fized battom
(ddmpth
20-80m

from NREL and MIT (Sclavounos)

Risg DTU, Technical University of Denmark Prospects of Large Floating

Floatng
Srrurture
depth

40000

Luca Vita
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Agenda

= DeepWind concept description
= General concept description
- Components description
= Upscaling
= Installation and O&M strategies

Risg DTU, Technical University of Denmark Prospects of Large Floating VAWT ~ 20-01-2011

DeepWind concept description m
General concept description 8

® floating and
rotating tube as
a spar buoy Light weight rotor
with pultruded

® No pitch, no blades

yaw system

® C.O.G. very
low —counter
weight at bottom
of tube

Long slender
and rotating
underwater
tube

*Safety system

i Torque absorption

system

Mooring system

Risg DTU, Technical University of Denmark 15 of Large Floating VAWT = 20-01-2011

DeepWind concept description ml
Components - Generator configurations =

= The Generator is at the bottom end of the tube; several configuration are
possible to convert the energy

= Three selected to be investigated first:
1. Generator fixed on the torque arms, shaft rotating with the tower
2. Generator inside the structure and rotating with the tower. Shaft

fixed to the torque arms

torque al

w

. Generator fixed on the sea bed and tower. The tower is fixed on the

bottom (not floating).

B 2 3

| | |

| | Sea bed
| | |

Risg DTU, Technical University of Denmark Prospects of Large Floating VAWT ~ 20-01-2011

DeepWind concept description
Components — Blades technology

= The blade geometry is constant along the blade length
= The blades can be produces in GRP

= Pultrusion technology:
11 m chord, several 100 m long blade length

Resn®am,  Hosted Die  PUNers S
Py

= Pultrusion technology could be performed on a ship
at site

Flber Creel  Preform Plass
-

= Blades can be produced in modules

Risg DTU, Technical University of Denmark Prospects of Large Floating 20-01-2011

Deep Wind Concept
Installation, Operation and Maintenance

= INSTALLATION
v'Using a two bladed rotor, the

turbine and the rotor can be towed
to the site by a ship. The
structure, without counterweight,
can float horizontally in the water.
Ballast can be gradually added to
tilt up the turbine.

= 0&M
v'Moving the counterweight in the
bottom of the foundation is
possible to tilt up the submerged
part for service.
v It is possible to place a lift inside
the tubular structure.

Risg DTU, Technical University of Denmark

Deep Wind Concept
Upscaling

= Pultrusion technology allows for very
long and fail-free manufactured blades

= Concept simplicity
= Few components with less down time
failures

= Cost-effective different materials for
large structure

= Specific requirements to maintain the
underwater components

Risg DTU, Technical University of Denmark Prospects of Large Floating 20-01-2011

Luca Vita
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Agenda

- Dimensions
< 2MW design
= 2MW VAWT vs HAWT dimension comparison
< Outlook upscale

Risg DTU, Technical University of Denmark

Prospects of Large Floating VAWT ~ 20-01-2011

Dimensions
2MW Dimensions

Risg DTU, Technical University of Denmark

Prospects of Large Floating VAWT ~ 20-01-2011

Dimensions
2MW VAWT vs HAWT

12 MW

67 m
75m

B2m@ |3

)
150mpm  [16.0rpm

13.0m
4.15m

183 m (93m) [165 (100)

13000 tons {5300 tons.

**HYWIND, Concept, challenges and opportunities *, Statoil

Risg DTU, Technical University of Denmark

Prospects of Large Floating VAWT 20-01-2011

Dimensions
20 MW outlook

120 MW
1240 m

l240m
11.0m(2)

4.1 rpm

13.0m
16.5m

183 m (93m) [340 (105)

13000 tons {13000 tons:

Risg DTU, Technical University of Denmark Prospects of Large Floating VAWT ~ 20-01-2011

Agenda

= Introduction

= DeepWind concept description

= Dimensions

= Challenges and results from first order investigation
= Challenges
= Cfd calculations
= Time domain simulations with aero-elastic code

= DeepWind project description and partners

= Conclusions

Risg DTU, Technical University of Denmark

Prospects of Large Floating VAWT 20-01-2011

Challenges and results from first order investigations m
Main challenges connected with the concept =3

= Very large lateral forces on the underwater part of the rotating structure due
to water currents
= Very large torque at the bottom of the structure

= Maintenance operation needed in very deep water

Wind speed
Water current speed

Significant wave height and wave period
Aerodynamic force on the rotor
Aerodynamic torque

Hydrodynamic side force

Hydrodynamic forces in oscillatory flow as
formulated by Morrison

Friction Moment

Risg DTU, Technical University of Denmark Prospects of Large Floating VAWT ~ 20-01-2011

Luca Vita
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Challenges and results from first order investigations m
Fluid interaction investigation: loads on the 8
tower and friction losses
L=L(Re a)
R
U
U=1m/s
R=3m
L per " i e
o meter Aerodynamic |Friction Power | Generated Friction/Generated
[kN/m] Thrust [kN] | [kW] Power [kW] | power
1.4 (5.5rpm) |9.950 65.81 3.71 0.0 /
2.9 (11rpm) |23.72 186.85 16.69 1050 0.012(1.2%)
3.9 (15rpm) |25.15 239.65 43.20 1960 0.022(2.2%)

Risg DTU, Technical University of Denmark Prospects of Large Floating VAWT ~ 20-01-2011

Challenges and results from first order investigations
Degrees of freedom of the system

s
Vs \ x
£ ‘/d:mrge
y dy=sway - Roll
R ——
Pitch
I dz=Heave
:'__3_ Yaw
1

Risg DTU, Technical University of Denmark

Prospects of Large Floating VAWT ~ 20-01-2011

Challenges and results from first order investigations m
Selected configuration =

3rd Configuration

Risg DTU, Technical University of Denmark Prospects of Large Floating VAWT ~ 20-01-2011

Challenges and results from first order investigations
Selected configuration

- Wind speed: | | -
v'14 m/s constant, no turbulence *
v Direction y axis
¥v'Wind shear: power law, «=0.14

= Water currents:
v'im/s

v Direction x axis /

- Waves: el
v Regular waves A
v Significant height 4.0m |
v'Wave Period 9.0s F I
v Direction: x axis il ]}

e ]

X T s
Risg DTU, Technical University of Denmark Prospects of Large Floating

20-01-2011

Challenges and results from first order investigations m
1st load case =2

T
; xI |x

RS\ Eem |
- X

1st load case:
*Y0=24.9m and X0=1m

= «Tilt angle of 15.9 degrees

Risp DTU, Technical University of Denmark Prospects of Large Floating

Challenges and results from first order investigations
2nd |oad case

2nd Joad case:
*Y0=-0.75m and X0=-0.25

& «Tilt angle <1 degree

Risg DTU, Technical University of Denmark

Prospects of Large Floating 20-01-2011

Luca Vita
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Challenges and results from first order investigations
3rd |oad case

i J B 1#load case
b 2w l0ad case
7 3 load case
)
- 3rd |oad case:

*Y0=25.0m and X0=1.1m
«Amplitude of the elliptical
motion: a=2.1 b=2.0

«Tilt angle of 16.5 degrees

S o 1 oo

¥ vhsauwas

= m m = m = m m m
™

Risg DTU, Technical University of Denmark Prospects of Large Floating VAWT

Challenges and results from first order investigations

ml
Currents (in theory) 8

= Coriolis forces deflect each successive
layer of water slightly more clockwise.
Main water transport, the average of all
speeds in all directions, is perpendicular to
the wind, Surface flow is theoretically at
45 degrees to the wind.

= In practice, the layers of water are
restricted in their flow, particularly near
the coasts. Net flow is then in a direction
no more than 30 degrees from the
direction of the wind

= About 90% of oceanic water currents ,
below 400m is driven by thermohaline
circulation(density driven)

Risg DTU, Technical University of Denmark Prospects of

Challenges and results from first order investigations
Currents (Real data)

Sletringen site (Thanks to Joachim Reuder and OCEANOR)

Risg DTU, Technical University of Denmark

Waler depth [m]

Challenges and results from first order investigations m
Currents (Real data) 2

Water currents profile (waler depth 259m) ‘Water current direction (water depth 259m)

Water depth [m]

Wanter spaed [cmis]

Risg DTU, Technical University of Denmark

Agenda

= DeepWind project description and partners
- DeepWind project
- Work packages and partners

Risg DTU, Technical University of Denmark Prospects of Large Floating VAWT  20-01-20

DeepWind project description and partners m
DeepWind project and partners 2

DeepWind, EU call FP7 Future Emerging Technologies for Energy Applications
= Duration: 4 years (October 2010-2014)

= Cost: 4.18 M€ (2.99 ME financed by EU)

= Academic: 2PhD and 2 Post doc included

= Project objectives:

v Investigation of the feasibility of the concept with a 1kW proof-of-
principle turbine

¥ Design of 5MW size including all the components (around 200m
water depth)

¥ Outlook for up-scaling possibility to larger sizes (20MW)

Risg DTU, Technical University of Denmark Prospects of Large Floating VAWT  20-01-20

Luca Vita
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DeepWind project description and partners m
DeepWind project and partners =

® Work Packages:

Aero-elastic fully coupled code implementation and simulation
Blade technology and blade design

Generator concepts

Turbine system controls

Mooring, floating and torque absorption systems

Exploration of torque, lift and drag on a rotating tube
Proof-of-principle experiments

Integration of technologies and upscaling

[

PN AP, ON

Partners:
v'Risg-DTU, MEK-DTU, TUDelft, Aalborg University, DHI,
SINTEF, Marintek, Universita di Trento, NREL
v'Vestas, Nenuphar, Statoil
Advisory board:
v L.O.R.C., DNV, Grontmij CarlBro, DS SM A/S, Vatenfall,
Vertax Wind LtD

Risg DTU, Technical University of Denmark Prospects of Large Floating VAWT ~ 20-01-2011

Agenda

= Conclusions

Risg DTU, Technical University of Denmark

Prospects of Large Floating VAWT 20-01-2011

Conclusions m
Preliminary conclusions and next steps =

® DeepWind aim is to address a solution for offshore wind power at deep sea
® Hydrodynamics forces seem to be dominant in the analysis of the concept

® The choice of the site is crucial for DeepWind concept; a thorough
investigation of the met-ocean data at the site is needed

® The simplicity of the design can allow some adaptation strategies to
particular sites, if previously investigated

* DeepWind has potential for large up-scaling
® Specific challenges will be investigated in the WPs

® A first experimental study on a small demonstrator will be carried out at
Risg fjord at the end of the year

Risg DTU, Technical University of Denmark Prospects of Large Floating VAWT ~ 20-01-2011

Conclusions
Questions and discussion

Risg DTU, Technical University of Denmark

Prospects of Large Floating

20-01-2011

Luca Vita
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A2) New turbine technology

Novel PM generators for large wind turbines, Alexey Matveev, SmartMotor

Novel methodology for fatigue design of wind turbine components of ductile cast
iron, Prof Gunnar Harkegard, NTNU

New power electronic schemes for large wind turbines,
Prof Marta Molinas, NTNU

Standard for floating wind turbine structures,
Johan Sandberg, DNV
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SmartMotor

Smarter Energy Conversion @

Novel PM generators for large
wind turbines

by Alexey Matveev

Wind Power R&D seminar - Deep sea offshore wind power, 20-21 January 2011, Trondheim, Norway

Contents

The general drive train scheme

= Drive train configurations ‘

* State-of-the-art PMG-based solutions

* Integration: the path to win for direct drive

* SmartMotor in wind

Nacelle and tower

GB — gearbox

B — brake

G — generator
C - converter

T —transformer
P - protection

18.01.2011 2

18.01.2011 3

Basic drive train solutions

Configuration 3: direct SG with wound rotor

Configuration 1: gear + double-fed IG

o] ” E
: fuy N b

EREPOWES

i ENERCON

=1 Mulibrid

SIEMENS

SIEMENS

ot

18.01.2011 2

Efficiency of different drive trains

Direct drive vs geared solution

* Components included: gearbox, generator, converter, transformer
—  Direct driven PM generator solution gives the best efficiency at speeds below rated

= Direct drive is larger and heavier, but
* it doesn’t suffer gearbox-related problems

100,00 %
LS - low speed
B MS - medium speed
95,00% HS - high speed
90,00 % 7 PMSG — permanent magnet
synchronous generator
85,00 % DFIG — doubly-fed induction
a generator
5 80.00% EESG— ically excited
2 / /7/ synchronous generator
= 75009% — — MS_PMSG  ==mmHS_PMSG | | SCIG— squirel-cage
N induction generator
——HS_DFIG —=— MS_EESG
70,00 % —
-+ HS_SCIG ———HS_EESG Analysis performed in
65,00 % - cooperation with Zhaogiang
=LS_PMSG = ——LS EESG 'z)ha'ni, A;T:UN(iuperv.scr Source: NTNU
50.00% rof. Robert Nilssen)
3 5 7 9 1 13 15
Wind Speed (rpm)
18.01.2011 5 18.01.2011
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High-torque generator for direct drive Some conclusions ...next part
> High-torque generator for direct drive is large. This is basically * Drive trains with PM generators have the best efficiency « Drive train configurations
the only drawback of direct drive solution — Especially without gear (direct drive) and 1-stage gear
* However, there are other characteristics to take into account: « State-of-the-art PMG-based solutions
— Weight
~ Cost ey
— Power factor o tenion oo * Integration: the path to win for direct drive
— Lifetime = —o—Design1
— Reliability e
~ Manufacturability ~<oesna * SmartMotor in wind
- 1/tength *p/kg ¥ Design 5
%/k’s
PM generator from Siemens. 3 MW, 17 rpm B * Design means finding a trade-off between various criteria
18.01.2011 7 SMI;MDmr. 18.01.2011 8 SMI;MDmr. 18.01.2011 9 SMI;MDmr.
Available solutions with PMG Products of ABB and TheSwitch Commercial power electronics
* Low-speed, medium-speed and high-speed generators * Examples of medium-voltage (ABB) and low-voltage (TheSwitch)

converters

ABB TheSwitch

<1 MW
<2000 rpm

<33MwW <4.25 MW
<300 rpm <20 rpm

' ‘ High-speed PMG (3-s.g.) ‘

18.01.2011 10 SmartMotor 18.01.2011 11 SmartMotor 18.01.2011 12 SmartMotor
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Is it end of the story?

* Big companies have products and even complete packages up
to approximately 5-7 MW. Is it end of the development?

NO!!!
* New concepts under investigation, for example:
— Magnetic gears and Pseudo-direct drive

— Superconducting machines

* There are problems when going to powers higher then 5-7

Examples of new concepts

Technology frontier for PM generators

* Magnetic gears, pseudo-direct drive (PDD), superconducting
machines

* The concepts have not been proven yet for high-power WEC

0®

* State-of-the-art in generator weight (expressed via power and
torque densities, each point corresponds to one generator design)

45000

VT S<isMW
0000 & [ass2mw mi52MW
L e a3
L ®3.4MW
35000
o MW
30000 AN  Superconducting
: 4 - Some new designs

25000

20000

15000

Areaofstate-of- o~ | semens

Power Density (W/kg)

Theswitch 33
: Theswin
M geared e
7 56

the-art designs S \\'\ MWOD
e = ; Analysis performed in

Magnetic gears PDD Direct drive using HTS superconductors s000 e ‘°‘;:*fa“°" W':: Z::,;?,i,ang
MW. These are to be solved! vt et
Magnomatics Converteam/Zenergy ml,m 1000 10000
Torque Density (Nm/kg)
18.01.2011 13 d_'___'-.\ 18.01.2011 14 d_'___'-.\ 18.01.2011 15 -'_'___%;;\
Active parts, cooling and carrying structure When going for higher powers... ...next part

* Active parts make 30-40% of total weight

*  Cooling system defines size of active parts, it
may take considerable space

*  Carrying structure is usually massive

~6000

TheSwitch

~1000-1500

* Weight of carrying structure grows disproportionally!

Power rating (MW)

Source: TU Delft

= Drive train configurations

* State of the art PMG-based solutions

* Integration: the path to win for direct drive

* SmartMotor in wind

18.01.2011 17

18.01.2011 18
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Integration strategies

* For drive trains with gearboxes: integrate generator with
gearbox (see examples below)

* For direct drive: integrate generator with the turbine!
(examples will follow)

o et
e

.

Y 7

7
GzzzZZA— "]

Magnomatics

TheSwitch ABB

18.01.2011

Direct-driven generator in the nacelle

Direct-driven generator in the nacelle

* Just a few of numerous patented designs

* Popular concept: generator between blades and tower

Vensys

| MTorres

Northwind

18.01.2011

18.01.2011

Direct-driven generator in the nacelle

* Integration variants

oM CoMGRARTOH [ 1es smar mume

Source: NREL | “d wacms [ B %=

18.01.2011

Direct-driven generator outside the nacelle

Direct-driven generator outside the nacelle

* No shaft
* Single bearing common for generator and blades

Outer rotor

J-
Bearing
/ Inner stator

Emergia

» Different approaches to weight reduction

Concept: integration of generator
with blades

Concept: light carrying structure
of the generator

23

18.01.2011

18.01.2011
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Key to success for generator supplier

* Work in close contact with the turbine designers

* Provide best active parts
— Lightest
— Most compact
— Giving high efficient energy conversion
— Segmented
— Easy to integrate
— Cheap in production
— With low cogging
— Medium- and low-voltage

...next part

What is SmartMotor

* Drive train configurations

* State of the art PMG-based solutions

* Integration: the path to win for direct drive

* SmartMotor in wind

*  Established in 1996 in Trondheim, Norway
* One of the largest R&D groups in the world with focus on PM technology

SmartMotor

Smaster foncgy Converaian

Oil&Gas Marine Renewable

Reference projects offshore

* Low-voltage and medium-voltage machines of MW-class

The technologies we believe in

Our technologies

0.8 MW propulsion system
for RO”_S’RDVCE Marine (in 10 MW offshore wind turbine of
operation) SWAY (under construction)
1.1 MW tidal turbine of Atlantis
Resource Corporation (delivered)
18.01.2011 28

Smartiotor

*  PM machines with concentrated winding and ironless machines
* Ideal for high-torque applications like wind turbines with direct drive

* Concentrated winding technology is advantageous compared to
distributed winding in high-torque applications due to
— higher slot fill factor and consequently better cooling of the copper

= Pre-shaping of the coil

= No insulation is needed between different phases
— segmentation with distributed winding leads to half-empty slots (10% loss
in total slot filling), while with concentrated winding all slots are filled

— low coggin
o Sl

= Competitors achieve this by shaping magnets
= SmartMotor apply patented slot/pole combinations

* lronless technology is advantageous for machines with large
diameter
— There is no attracting force between rotors and stator
— The structure is not sensitive to relative displacement of rotors and stator

Smartiotor

29

Smartiotor
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Our R&D directions

*  Shift PMG technology frontier by introducing new concepts
*  Find new integration solutions together with wind turbine manufacturers

200

© state-of-the-art

%o (@ New active parts (NAP)
= © NAP+mech. integration
z (® MAG-concept
2
@
3 100
5 ——
Q
3
H Siemens 3.0 MW
& %, Siemen
Vensys LSMW " 3cmw |
. TheSwitch
Enercon 4.5 MW 42 MW
0
o 30 60

Torque per weight [Nm/kg]

Our R&D directions

...the end)

18.01.2011 3

* Novel transformer-less concepts

* ABB have developed concepts with direct high-voltage DC outputs based
on use of machines with high-voltage insulation

* SmartMotor have developed similar concept where machine with low-
voltage insulation can be used (which means considerably more compact
and cheap machine)

Permanant magnats
circle roter edge

Oenerator

Thank you!

\&

o0
=

Contact information: alexey@smartmotor.no, www.smartmotor.no

18.01.2011

18.01.2011 33
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Wind Power R&D Seminar
Trondheim, 20 January 2011

Novel Methodology for Fatigue Design of
Wind Turbine Components of
Ductile Cast Iron

Gunnar Hirkegdrd
Department of Engineering Design and Materials
NTNU, Trondheim

(C)
Z
—_
=
=
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3 MW wind turbine with components made
of ductile cast iron EN-GJS-400-18-LT

NNIN®

Blade hub

Machine foundation

NNIN®

Ductile cast iron GJS-400 with spheroidal
graphite nodules in a ferritic matrix

NNIN®

FATIGUE DESIGN

Traditional fatigue design
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* Surface condition
* Environment

\\' Safety margin )z

~

o
.

* Multiaxial stress
* Variable amplitude
* Stress distribution
* Mean stress
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Mean stress vs. stress amplitude histogram
according to rain-flow cycle count

Peak-stress S—N (stress — life) approach
|

Py -

Fatigue crack initiation and growth from a
sub-mm shrinkage cavity in ductile cast iron

Different approaches to fatigue analysis
implemented in P FAT, a FEA based
post-processor developed at NTNU

Material properties | Deterministic Probabilistic
Fatigue model
Fatigue crack ‘initiation’ | Peak Stress ‘Weakest Link
S-N-data (¢ = 1 mm)
Fatigue crack growth Single Defect Random Defect

da/dn = f(Ac; a; R)

WEAKEST-LINK MODELLING OF
STATISTICAL SIZE EFFECT

Weakest-link theory due to Weibull
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Weibull stress amplitude

A homogeneously stressed ‘reference’ specimen of volume
V, has the same probability of survival as an arbitrary
component, if its stress amplitude is chosen such that

l ; 1/;’"
- (1 b A1
rru_(% ﬂ,rx& (U)

321 and Q50 fatigue test specimens cut out
of T95 GJS-400 ‘reference’ casting

[MPa)

Siress ampituda, o

S-N data demonstrating Prediction of size effect
size effect for @21 and for @50 by means of
@50 specimens weakest-link theory

R o
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Nurmtet of cycies to failure, N,

Number of cydles 1o failure, N,

140 x 120 fatigue test specimens cut out of
T150 GJS-400 ‘reference’ casting

=

FATIGUE-CRACK GROWTH

Fatigue life in the presence of casting
defect based on S-N and FCG analysis

Synthetic
Fatigue crack |

220}

180}
180}

140}

by
1204 m=4.4%

100| \

Stress amplitude, o [MPa]

10* 10° 10" 107 10
Number of cycles to fadure, N,
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Single Defect

Crack configurations implemented in PeFAT

2a embeddad crack

Definition of crack plane and
local co-ordinate system

free surface
L
Az

crack plane -~
- n
crack — y
y o
/‘ = X

Computation of K;(P) from stress field (FEA)
and weight function (integration mesh)

K(P)= [o.(x,)) g(x,y',P)d4

A

crack

Growth of sub-mm and mm size
fatigue cracks in GJS-400

10, &R=9

10

i f

£ [

""E lo-ﬁ:_ .............

E 5
=|= 5 a;= 0,19 mm
'5'5105 cap=2.44 mm

I d = 0.8 mm 1
B e S A mma s AKy=63MPam'?

AK(MPa m'?)

Samples cut out of a rejected hub
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S-N data for defective and ‘reference’ GJS-400
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100

Mumber of cycles to failure, N'

Modelling defect in PeFAT

Predicticn

Fatigue life predictions
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Fatigue test bar - 30

Random Defect

Schematic of a CT system

ANIN @

X-ray computed tomography of
021 fatigue test specimen
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Defect size distribution
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Stress distribution of 21 test specimen

‘Monte Carlo’ simulation of S-/V data
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Number of Cycles to Failure

Turbine hub stress field for post-processing

Fatigue assessment moving from empirical
rules towards mechanism-based analysis

U Post-processing of the complete FEA stress field as
opposed to empirical local-stress concepts

U Account for crack growth from material defects
v/ NDE findings
v statistical distribution

U Through-process modelling
v casting
v welding

pational Symposium on
ie Design & Material Defects

niversity of Science and Technelogy.
hieim,. Norveay, 23-23 May 2011

Co-organised by the Swedish Fatigue Network, UTMIS

Welcome back to Trondheim in May 2011 to learn more about
Fatigue & Defects!
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Offshore Wind Farm Research:

Quo Vadis’i
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Marta Molinas
Wind Seminar 2011

P

14 februar 2011

Outline

Outline

Offshore new challenges

Offshore new challenges

e Power density: weight and size
e Platforms

Operation
e Grid integration
o Reliability
 Efficiency

BNTNL

h

marta.molinas@elkraft.ntnu.no

New opportunities

Research opportunities \ '
e DC grids e Modulation

e AC grids, Hybrids
¢ Series, parallel

¢ Control

Energy conversion system

* Modularity
e Reduced number of stages
* New type of semiconductor devices

BNTNL

marta.molinas@elkraft.ntnu.no
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New opportunities

£

LT

Rheinisct ‘Aachen, Germany, 2007

marta.molinas@elkraft.ntnu.no

Fan g A0S

ibi 1000 MW il laru

[ n C. Meyer, "Key components for future offshore DC grids,” PhD dissertation, J .m
g h H

Outline

AC-AC direct
conversion

Our ldea

Reduced Matrix Converter

MF
transformer

AC >DC DC 2AC

A. Mogstad, M. Molinas, "Power collection and integration on the electric grid from offshore
wind parks,” In proc. NORPIE 2008, June 2008, pp. 21062112.

i

}

PR marta molinas@elkraft.ntnu.no

BNTNL
e

New opportunities

No Platform

marta.molinas@elkraft.ntnu.no

AC-AC direct

conversion

State of the art

1

Nacelle

|"bcibc T T T WF
transformer

G EAc-bpc

5 Lundber, Wind form coniguration and energyefficiency sudie - seresdeversus acvous. | [ TNTTNILT
Lic. of Eng. thesis, Chalmers University of technology, Goteborg, Sweden, 2006.

marta.molinas@elkraft.ntnu.no

AC-AC direct
conversion

Reduced matrix converter

7~ N o
v
{ o

e A

Frrrrrrrrrrreere.

Generador /
High frequency transformer

Full-bridge

marta.molinas@elkraft.ntnu.no
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0.2 L L . L ]
10 20 30 40 50 60 70
Time [s]
W MNITIL
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h marta.molinas@elkraft.ntnu.no

AC-AC direct

conversion

Modularity

L marta.molinas@elkraft.ntnu.no

AC-AC direct
conversion

A
|

Benefits

Reduction of size

e Less stages of conversion
* No electrolytic capacitor
¢ High frequency transformer

o2l

Efficiency

* Less stages of conversion
e Optimized modulation

e Use of RB-IGBT

marta.molinas@elkraft.ntnu.no

AC-AC direct
conversion

Power [pu]

AC-AC direct
conversion

Series DC farm

h marta molinas@elkraft.ntnu.no

AC-AC direct
conversion

Farm study

{ T12: Wind veinelly = [10 mis]

1o

TS Winc: velosity 342 mis)

& marta.molinas@elkraft.ntnu.no

@ Chuster 1
@ Chgter2

BNTNL

AC-AC direct
conversion

10 20 30 40 50

Time [s]

& marta.molinas@elkraft.ntnu.no
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AC-AC direct

conversion

Pitch control
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marta.molinas@elkraft.ntnu.no

Hybrid HVDC

Hybrid HVDC

N

/i; _7-]< |

Lo
AC
wrid

DC cable

marta.molinas@elkraft.ntnu.no

BNTNL

Outline

Hybrid HVDC

Hybrid HVDC /E T

Advantages

e LCC can handle high power levels

¢ VSC is very flexible (independent control of
active and reactive power, mitigation of power
quality disturbance, feeding islands and passive
ac)

e Lower losses and less cost in Hybrid HVDC
compared with VSC HVDC

Some outputs

Ikraft.ntnu.no

Hybrid HVDC

BNTNL

marta.molinas@elkraft.ntnu.no
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Active comp.
FACTS

Series compensation
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Active comp.
FACTS

Voltage and Current Plots/[

Source Phase Voltage and Line Current

Magnitude (pu)
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Active comp

Shunt Compensation
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marta.molinas@elkraft.ntnu.no

Active comp

Active filtering

Magnitude (per unit)

Magnitde {per unit)

Time (seconds)

! . . . H " h " . INTNU
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Active comp
FACTS

Effect on Instantaneous V\?(en’

Magnitude (Watis)

Time (seconds)

marta.molinas@elkraft.ntnu.no

Active comp
FACTS

Q compensation
w/ Matrix Converter

. Compact: PM Machine, Conventional
Matrix Converter and small input filter to
smoothen input current

. Dual role: It controls the speed of the
PMSM as well as the reactive power on
the grid side.

. Can provide Q compensation alone or in
combination with active power

. Q range strongly depends on the
modulation technique of the matrix ©{(~) W
converter.

h marta.molinas@elkraft.ntnu.no
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Active comp
FACTS
P A
Q Range
Indirect SVM
P and Q strongly correlated.
If P=0, Q=0

Pure Q compensation not possible

Three-Vector-Scheme

Decouples P and Q

e
marta.molinas@elkraft.ntnu.no

"We’'ve passed the point of no return
for offshore wind — it is happening on a big scale”

Control

Parameters

Generator
Turbine

Paramete
Nominal Power 2 MW S(nominal) 2 MW
Rotor diameter 75 |m U(nominal) 690 \Y%
Nominal speed 18 rpm Unc(nominal) | 2 kv
Rs 0.0023805 |Q
Cable Ld 0.6062 mH
Lq 0.3789 mH
Flux 2.8471
Num poles | 20
34 [uF Inertia _ |1342 Nms

marta.molinas@elkraft.ntnu.no

Research Needs ’ E

Grid flexibility

¢ Modelling and design tools for farms: integrated
modelling (meta models)

» Offshore grid stability

e Storage technology

e
marta molinas@elkraft.ntnu.no
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for your attention
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Control

Coordinated control
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marta.molinas@elkraft.ntnu.no




74

Short circuit : model used

Turbine 1

SN ANA,

Turbine 2

Turbine 3 . g

\ Turbine 4 to 80
[~ Same as V;

marta.molinas@elkraft.ntnu.no

BNTNU

Converter losses

Wind Velocitie [m /]

E marta.molinas@elkraft.ntnu.no
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h marta.molinas@elkraft.ntnu.no

BNTNL

Control

L martamolinas@elkraft.ntnu.no

Modelling

L marta molinas@elkraft.ntnu.no

Turbine speed

L marta.molinas@elkraft.ntnu.no
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Onshore values
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Proposed Topology

10 MW ”Britannia”

conventiial high

speed PM generator;
of 660kW each.

L — marta.molinas@elkraft.ntnu.no
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Potential applications /?é\
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[ln 3. Cotrell. A preliminary evaluation of a Multiple generator drive train configuration
For

wind turbines. National renewable energy laboratory. Colorado 2002. W BNTNU
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Technical Contents - Key Issues

Johan Sandberg
20 January 2011

Background

= Existing standards are in practice restricted to bottom-fixed structures only:
- IEC61400-3
- DNV-0S-J101
- GL (IV Part 2)

= Shortcomings of existing standards exist with respect to:
- Stability
- Station keeping
- Site conditions (related to LF floater motions)
- Floater-specific structural components
(tendons, mooring lines, anchors)
- Accidental loads
- ALS design in intact and damaged condition
- Other: Simulation periods, higher order responses, safety level...

= DNV guideline 2009 (technical report):
- Addresses some of the issues not dealt with in existing standards

Current DNV documents

o
CRFSIORE STANIWRD
BNVOS 141 [onev]

DESIGN OF OFFSHORE WIND
TURBINE STRUCTURES

ERCTORER 007

DET NOoRSKE VERITAS

Energy Fepart
Gideline for offsbore floating wind
turbine structurcs

T NOHSKE VERITAS

Technical tasks

= Safety Philosophy and Design Principles
= Site conditions, loads and response

= Materials and corrosion protection

= Structural design

= Foundation design

= Stability

= Station keeping

= Control and protection system

= Mechanical system and electrical system
= Transport and installation

= In-service inspection, maintenance and monitoring

Safety philosophy and design principles; safety level

= Safety philosophy as for fixed wind turbine structures in DNV-OS-J101
- Safety class methodology; three classes are considered depending on severity of failure
consequences:
- Low
- Normal
- High
- Target failure probability; is set depending on required safety class
= Design principles
- Partial safety factor method
- Requirements for partial safety factor; are set depending on required target failure probability

= Safety level

- Itis an important task of the project to determine/decide an adequate safety level for various
structural components of floating wind turbine structures

Safety level

= The target safety level of the existing standards is taken as equal to the safety level
for wind turbines on land as given in IEC61400-1, i.e. normal safety class

= The scope for the target safety level has been expanded several times:
- Extrapolation from smaller turbines to larger turbines
- Extrapolation from onshore turbines to offshore turbines
- Extrapolation from turbine+tower to support structure
- Extrapolation from individual structures to multiple structures in large wind farms

Cost-benefit analyses would likely show a need to go up one safety class, from
normal to high, at least for some structural components

The DNV guideline for floating wind turbine
structures recommends design of station
keeping system to high safety class

(with a view to consequences of failure)
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Site conditions

Special issues to be considered relative to current requirements in existing codes:
= Adequate representation of wind in low frequency range

= Adequate representation of dynamics may require more thorough/improved
representation of simultaneous wind, waves and current

= Gust events based on gust periods in excess of 12 sec must be defined; must cover
expected events and reflect frequencies encountered for dynamics of floaters

= For floaters which can be excited by swell,
the JONSWAP wave spectrum is insufficient
and an alternative power spectral density
model must be applied

= For tension leg platforms, water level
and seismicity may be of significant
importance

Loads

Special issues to be considered relative to current practice for bottom-fixed structures:

= Simulation periods to be increased from standard 10 min to 3 to 6 hrs
- Purpose: Capture effects of nonlinearities, second-order effects, slowly varying responses
- Challenge: Wind is not stationary over 3- to 6-hr time scales

= Load categorization to be supplemented by loads associated with station keeping
system
- Pretension of tendons (permanent load)
- Pretension of mooring lines (permanent load)

= Ship impact loads (from maximum expected |
service vessel) need more thorough docu-
mentation than for bottom-fixed structures
- Larger consequences of ship collision
- Motion of two bodies with different motion
characteristics

I -
|

Loads — continued

= Additional load cases to be defined, accounting for
- Changes necessitated by new/additional gust events
- The fact that the control system is used to keep turbine in place by compensating for motions

= Accidental loads to be considered; examples:
- Dropped objects
- Change of intended pressure difference
- Unintended change in ballast distribution
- Trawling
- Collision impact from unintended ship collisions
- Explosions and fire

Structural design

= Calibration of partial safety factor requirements for design of structural components
not covered by DNV-0S-J101

- Examples: tendons, mooring lines

= Existing design standards may be capitalized on to some extent:
- DNV-0S-C101 for tendons
- DNV-0S-E301 for mooring lines
- Difficulties because of different definition of characteristic loads
- Shortcomings because of rotor-fiitrated wind ioads are not covered by existing standards

Need for data to define a representative set of design situations for safety factor
calibrations
- Load and response data for various structural components, which can be made available to
the project
- Full scale data (example Hywind)
- Model scale data
- Data from analytical models

Stability

= Sufficient floating stability is an absolute requirement
- In operation phase and in temporary phases
- Inintact as well as in damaged condition

= Additional compartmentalization is usually not required for unmanned structures

= The need for a collision ring in the splash zone depends on
- Manned/unmanned
- Substructure material (concrete/steel/composites)
- Size of service vessel and resistance against ship impacts

= Location and design of manholes and hatches to be carried out
with a view to avoid water ingress

= For some concepts, dropped objects may pose a threat in case
of repairs and lifting operations

Station keeping

= Three types are foreseen:
- Catenary or taut systems of chain, wire or fibre ropes
- Tendon systems of metal or composites for restrained systems such as TLPs
- Dynamic positioning

= Various issues for catenary and taut moorings:
- Mooring system is vital for keeping wind turbine in position such that it can produce electricity
and maintain transfer of electricity to receiver
- Optimization of mooring systems may lead to non-redundant systems where a mooring
failure may lead to loss of position and conflict with adjacent wind turbines
- Sufficient yaw stiffness of the floater must be ensured

= Various issues for tendon systems:
- Systems with only one tendon will be compliant in roll and pitch
- Floaters with restrained modes will typically experience responses in three ranges of
frequencies
- High frequency, wave frequency, low frequency
- More complex to analyse than other structures
- Terminations are critical components, regardless of whether tendon is metallic or composite
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Needs for information

= Load/response data for various structural components
- Tendons
- Mooring lines
- Structural components in floater
from analysis models and/or full scale measurements

= Wind data for definition of new gust events
= Wind data in low frequency range (?)
= Ship impact load data

= Data for accidental loads and frequencies of accidental
events causing damage of wind turbine structure

= List to be expanded...

 osting ind tubine sictures

Dot Norske Vertas AS. Al ghs reseved n

Key floater issues

In design:

= Mathieu Instability and Vortex Induced Motions must be avoided or be controllable

= Cautious selection of eigenperiods in heave, pitch and roll

= State-of-the-art offshore design practice provides guidance

In particular for compliant floaters:

= Location of fairleads

= Use of "crowfoots” to ensure sufficient restoring stiffness in yaw
In particular for restrained floaters:

= Terminations are usually critical

= Caution to be exercised with respect to risk of higher order responses
(ringing, springing); springing is very dependent on damping

= Eigenperiods to be above the fundamental wave periods to avoid resonance

indard for otng wind trbine srctures
Dot Norske Vertas AS. Al ghs resenved. 1 aarerw E

Key floater issues — continued

In operational mode:
= Effects of rotating turbine on global motions must be accounted for

= Control software and algorithms to be used to
- limit inclinations and thereby limit motions, accelerations, bending moments (roll and pitch
wind damping effects may be vital)
- positively influence mooring and cable hang-off motions with respect to fatigue
- positively influence stability of floater

Safeguarding life, property
and the environment

www.dnv.com
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B1) Power system integration

Offshore Wind farm Grid Integration challenges, Sharifabadi Kamran, Statkraft
Offshore grid developments, Kjartan Hauglum, Statnett

Characterization and modelling of the power output variability of wind farms
clusters, Prof Hans Georg Beyer, Uni of Agder

Supply of offshore wind energy to oil and gas installations,
Harald Svendsen, SINTEFEnergi AS

Balance management with large scale offshore wind Integration,
Post Doc Steve Voller, NTNU
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OFFSHORE WINDKARM GRID
INTEGRATION CH NGE

#
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FOREWIND OFFSHORE WIND
PROJECTS

Round 3
3¢

Statoll

eSSE 2) statkraft RWE

THE DOGGERBANK ZONE

Dogger Bank Zone 2

+ 135-300 kilometres = |
east of the Yorkshire .
coast

« Zone: 8660 km?

« Ocean depth:
18-63 meter

« Potential of installed
apacity:
-13 GW

-y
o
ool
s
-
i

2) statkraft

Pages

ONE ZONE — SEVERAL PROJECTS

Tranche A

« Identified by July 2010
« 2 years of comprehensive stakeholder engagement,
surveys and studies in progress

 Apply for consent end of 2012

« Consent decision end of 2013

« Commence pre construction work thereafter

Tranche B
« Identified by July 2011

Tranche C
« Identified by July 2012

Tranche D (I N AT W

:a swutkraft  + Identified by July 2013

Pages

GENERAL CHALLENGES

- Accurate modelling of energy capture
for large arrays and multiple arrays

Increased reliability for turbines to
reduce access requirements in more
challenging locations

o

Collector grid, offshore & onshore grid,

&

Offshore installation technologies

&

Costs of technology development

+

2) statkraft

CHALLENGES WITH OFFSHORE GRID

—= AC or DC transmission lines and grid

—= Grid development & interface on shore

L

Off shore installations, platforms

Operation & Maintenance, Marine operations

L

- Infeed loss risk due to DC link failure,

—» Real time balancing, need for rotating reserves

2) statkraft
.
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ELECTRICAL SYSTEM DESIGN

-» Design & Technical considerations
- Functionality and reliability
~ How many turbines per string?

- Distance between turbines?
Wake effects vs. available area, CAPEX (cables) and OPEX (O&M, reliability)

- Voltage level, DC or AC
- Optimising the cable system (cross-section against losses)
- Proof of concept

£) Statkraft

Page?

OPTIMISING THE INTER-ARRAY LAYOUT

-» Alternative configurations and technologies

- Meshed or radial network?

- How many substations? Subsea reactive compensations?

- How many collector platforms?

- Distance between turbines?
- Wake effects vs. available area, CAPEX (cables) and OPEX (O&M,

reliability)

- Wind farm grid voltage?

- AC or DC collector grid? Advances in converter technology to higher
voltages opens more options

£) Statkraft

OWNERSHIP AND RESPONSIBILITIES

Offshore
UK 1 DC grid & grid design Icoliection 1 Tyrpine
Transmission | Devel 1 Arrays
Network 1 Transmission Owner (OFTO) joeveloper
1 _ Ithen OFTO | Developer
National Grid | % V 2 +/-320kV DC _ Iva13xvac |
& 5 <
v=aookvac |z g ! = Dyssawac
s 12 £ 2 13 1
5 = 3 5 5
2 5 & 2 H 2
L B R 3 2! g |
5 1 g 1 85 g < s 1 S |
a 2 o0 e 1S 3 g 2 1
e s 85, 8 2 H
1 [ E 5 1 5 [}
1 ! R 2 1 1

) stavkraft |

Pages

COLLECTING THE POWER

Radial configuration is the traditional solution Turbine
v 33KVAC Amays
v Adopted from onshore wind farms Developer
v" Approximately 8 turbines on each array string
(max. 40MW)
V233kV AC

¥ Two or three variations on cross section

Offshore Collector Station

£) statkraft

Page o

OFFSHORE CABLE TECHNOLOGY

275kV 3 core AC cable

630mm? copper conductors
500MVA capacity

5-7 year development timescales

Not used in studies

650kV MI (PPL) Bipole — laid separately
2500mm copper conductors
3000MW Capacity

2-3 year development timescales

500kV HVDC XLPE Bipole Pair
2500mm? copper conductors
2000MW capacity

4 year development timescales
Not used in studies Not used in studies before 2020

GRID INTERFACE CHALLEMGE

Source: ODIS 2010




82

INTERCONNECTION INITIATIVES (UK)

North Seas’ Countries Grid Initiative ko 3

Political declaration of 10 N Sea countries \d
Signed up to by UK Government < f

IFA (GB — France): 2GW
Moyle (NI — Scotland): 450MW

BritNed (GB — Netherlands): 1GW
East-West (GB - Ireland): 500MW

Other potential links

Belgium: 1GW from 2016/17
France: 1GW from 2018
Norway: 1GW — 2GW from 2018
Ireland #2: 1GW max from 2018

THE “SUPERGRID” ?

v md protetial Futimre wmdesset Cabie
[omiiectitig semewable |mievmational seszy
[ ——

FINLAND

NORWAY SWEDEN / I

TESTONIA

\ G . LATVIA
\ LITHUANIA
S Sk

BELARUS

POLAND
GERMANY

2) Stata... £) Statkraft
Puh”/\La‘E source: ENTSO-E draft TYNP e
INTEGRATED SOLUTIONS WITH MULTITERMINAL CONGESTED SEA BED AND CABLE PATH
Consumption, oil platform
- — Normally lots of constraints on the sea bed, pipelines, cables
Grid interface and other infrastructure (requires crossing agreements).
Point 1 Inductive interference
2 x 500 MW
a  Power flow control? )[ Zl 2 x 500 MW -= Dumping sites, waste (toxic), ship wrecks, dredging areas and
a  Fault handling? 2 x 500 MW unexploded objects from WW2
» Faults in DC system
> Faultsin AC system Connected on -> Shipping activities, fishing, protected see bed environment,
o SEE - ACseror wild life, etc
i side”
Grid Interface,
Point 2
£) statkraft £) Statkraft
TECHNOLOGY GAPS (ELECTRICAL) TECHNOLOGY GAPS SUMMERY
| I:
-= Platform design needs to be defined for each application n genera
o Scaling up VSC HVDC technology for GW transmission
-= Development of high capacity AC Cables, subsea reactive — -
compensation technologies o Reliability for offshore application must be demonstrated
o XLPE submarine cable systems must be proven for operation at
-= Development of 1GW or higher VSC HVDC links and 300kV DC or higher, Cable joint technologies for deep see
multiterminal solutions ) ) )
o Multi-terminal HVDC technology & control strategies, power flow
Suppliers indicate that these technologies can be a Development of DG Circuit Breakers
developed but require a large market to justify
the development costs o Automatic network restoration
o DC Protection relay technologies for DC grid
£) Statkraft £) statkraft

Page 17

Pagets
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R1 - “Onshore” design

2) statkraft

Page1s

OFFSHORE SUBSTATIONS

R2 - Integrated designs

Sheringham Shoal
(Areva + Wood Group Engineering)

R3 — Standardisation?

Global Tech 1 (400MW)

2) statkraft

Page20

WAY FORWARD AND SUMMARY

-» How can we future proof the new
technologies & solutions with focus on
costs?

-» How can we assure and identify the show
stoppers?

13

Technology development with vendors
R&D programs, national and EU R&D
programs.

It is required to develop new technologies
and approaches, with focus on
reliability, flexibility and lower costs

PURE
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/ Statnett Statnett

Vision
Possible offshore

development
2020 -2040

-

Phase 1
Phase2 =« —
Phase 3 «eeseeee

20 jan. 2011 Kjartan Hauglum, Statnett

Statnetts mission towards 2030 Statnett Offshore wind areas for possible development Statnett
-To build the next generation high voltage power grid P P

Areas 50- 60 km from
connection points will
normally use AC

2010 2015 2030

@ Floating windparks

@ Fixed windparks

Areas more than 50-
60 km offshore will
normally use DC

« Today's grid with regional « Our strategic actions and « An integrated Norwegian 420kV
challenges investments on short term power grid
+ Grid development to improve « Security of supply, new « Increased renevable production
security of supply and utilization  renewables and increased « Increased interconnector capacity
of national resources exchange with our neighbors  ang a more integrated power market ‘

Planned interconnectors ENTSO-E: a trans-European network

| South of Sweden

« Fully operational since July 2009

« Represents 41 TSOs from 34
countries

« 525 million citizens served

,"_/ NSN
!
828 GW generation

Cable to England
g 305,000 Km of transition lines

5 e = 1 managed by the TSOs
R | ] * 3,400 TWh/year demand
b = 1 « 400 TWh/year exchanges
7 1 F PPAREL.. « Replaces former TSO organisations:
) i NorNed 2 SNl Skagerak 4 ATSOI, BALTSO, RTSO, NORDEL,

\ Cable to the Netherlands Cable to Denmark UCTE, UKTSOA
£

NORD LINK
Cable to Germany

o,

European Network of Transmission System Operators for Electricity

g etoet 1 T U ———
Cable to Germany.

entso@
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ENTSO-E: The System Development Committee (SDC)

ENTSO-E -

The structure
Working Groups

System
Development

. a Committee

- entso@

Impl -
tation &

Regional Groups

Continental i Continental § Continental § Continental
Baltic Sea Centre

South

South South Central
West East East

Upcoming ENTSO-E Conference

« .
* “Towards electricity EU - Energy Infrastructure Package
infrastructure for a
carbon neutral
»
Euro pe « In the electricity sector four EU priority corridors are identified:
Confirmed speakers include:
* Brussels, 10-11 February < An offshore grid in the Northern Seas and connection to Northern and
2011 Tamas FELLEGI, 'f;;‘;:j;;’l’f"e'gyv Hungarian Central Europe to transport power produced by offshore wind parks to
) ) Giinther OETTINGER, EU Energy Commissioner consumers in big cities and to store power in the hydro electric power
e More information and Connie HEDEGAARD, EU Climate Action Commissioner lants in the Alps and the Nordic countries.
regi stration at: Claude TURMES MEP, MEP, ITRE Member « Interconnections in South Western Europe to transport power generated
: Arthouros ZERVOS, President, EWEA, EREC and CEO, from wind, solar, hydro to the rest of the continent.
Public Pover Corp « Ci i in Central Eastern und South Eastern Eur trengthenin
«  WWwWWw.entsoe-event.eu Alberto POTOTSCHNIG, Director, ACER thonne(_: IOnIS mMe K al Eastern u ou astel urope, strengthening
Heinz HILBRECHT, Director, Security of Supply, Energy € regional network.
Markets & Networks, EC « Integration of the Baltic Energy Market into the European market.
Daniel DOBBENI, ENTSO-E President and CEO, ELIA
entso@ entso@

2 winbe
Statnett North Sea Countries Offshore Grid €€t

North Seas Countries Offshore Grid Initiative Initiative

set by MoU signed by
ENTSO-E MINISTERS COMMISSION ERGEG

Lo

Steering

Programme Board

Oife- o9 energiminister Terje Ris-Johansen ag SU-kommisjonens enerpikommisier Glnther
Dettinger.

The North Seas Countries” Offshore Grid Initiative er et ti-lands samarbeid bvor Norge deltar
sammen med Eelgia, Danmark, Frankrike, [riand, Luxemibourg. Nederiand, Storbraances,
Sverige og Tyskiand, Intistives e et rammeyerk for regionalt samarseid for § finne felles

Ipsningar for e cvarforingenett bl havs, i forkandnies med s freetidig uibgging av hanwvind i Head NL - DK Head UK -IRL Head  FR-GE

Nordsjgen og andre havemrider | Nord-Curcon. Grid configuration and Market and regulatory Planning and authorization

- Selv am ol fulll integrer] kroftoverfaringsnell il havs lgger lanat frem § id er integration issues F economie
dana: -

dat viktig at da ulike la oy
et godt samarbeld, slik at vi fir en keordinert og effektiv utvikling av et nett til
havs, sier Olie- oo energiminister Terje Riie Johanse

= . Ty 7 A W |
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ce™
NSCOGI support

European Commissioner for Energy Guinther Oettinger welcomed the agreement. “The
offshore grid in the North Sea and its connection to northern and central Europe has been
identified as one of the priorities in matters of electricity," he said in a statement.

"It is very encouraging to observe that today EU member states and Norway are taking this
significant step ahead by signing the Memorandum of Understanding," he added.

Daniel Dobbeni, president of the Network of Transmission System Operators for Electricity
(ENTSO-E), described the initiative as "a significant step in the direction of regional cooperation
with a shared vision, concrete objectives and an ambitious, but also pragmatic action plan®.

"It is based on a common understanding on the potential of the renewable energy sources of the
North Seas in contributing to the EU Energy Policy goals," he stated, adding that ENTSO-E
would be signing a letter of intent to collaborate on the project.

= economie

AN\ A A W

Time line

cee™

2011.06-30:
TR 201212
R 2012.06-30: 30:
costs & benefits case study

report

* analysis on grid
conditions

* progress report

2012-06:

2011-06: 12
i G * proposals common regulatory

identification of proposals for approach to anticipatory investment
market/regulatory Han

(i B * proposals to address.
L market/regulatory barriers
e o cost/benefits
* Proposals market mechnaisms

2011-06-30: 2011-12-30:
progress report to common procedural guidelines as

coordinators recommendation

.4economie

AN\ A A W

Offshore grid is technically feasible, but... Statnett

® Multi terminal VSC HVDC has not yet been delivered

® Only one contractor with a fixed (jacket) offshore project in operation
® DC breakers need development

® High losses in VSC — AC/DC converters

® Deliveries from different suppliers have to interact in the same grid

® Technical operation of onshore grid very demanding with more interconnectors

Offshore grid — regulatory challenges Statnett

Different framework in different countries
Developer prioritize areas with the most profitable solutions

Some regulators do not allow direct energy flow from national renewable power
plants directly to another nation

Protectionist development — every nation and supplier eager for own industry
development

Different set of rules for grid connection

Grid development onshore caused by offshore wind — who pays?

Norway has

« ...large amount of resources
from renewable energy...

« ...and aflexible hydro power
system well suited for supply
balancing services to Europe
and hereby reduce the CO,

emission

ompetence on subsea

Offshore power grid Statnett
- some reflections

20110214 18

Focus for the time being is national targets

Modular development from national development in the southern part
of the North Sea

Different technical standards and markets at both ends of the
interconnectors

Electrification of oil and gas installations may contribute to
development of an offshore power grid on Norwegian shelf

Offshore wind may be a driver if the society is willing to pay the price,
subsidies included
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Statnett

EUROPEAN ENERGY REVIEW

® The Dutch lose faith in windmills

*  Karel Beckman and Alexander Haje

® The new Dutch right-wing government has announced a
radical overhaul of Dutch energy policy. It is cutting
subsidies for most forms of renewable energy drastically
and is even putting an end to all subsidies for offshore
wind, solar power and largescale biomass. It has also
announced a warm welcome for new nuclear power
stations — the first time a Dutch government has done so
since the Chernobyl-disaster in 1986. However, not all is
lost for the renewable energy sector: the cabinet is still
brooding on along-term strategy and a “Green Deal” that
might yet put the Netherlands back on a “greener” course.

2011-02-14 19

Main message Statnett

® Not very likely that we will have an international offshore grid before 2020
* Will slowly emerge from national development

® Offshore grid are technically feasible but very demanding

* Complicated structures with many countries involved — standardization and harmonization is
needed

® Offshore TSOs not nominated in several countries

® The value of flexible Norwegian hydropower for balancing and storage will
increase with more interconnectors

® Statnett works actively through ENTSO-E related to interconnectors, a
possible future offshore grid and European market development

® Offshore grid will become a reality when the drivers are strong enough

14. februar 2011 20

Statnett

2 \ision

Offshore 2020 -2040
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# || UNIVERSITETET | AGDER|

Characterization and modelling
of the power output variability of wind farms clusters

Hans Georg Beyer
Department of Engineering
University of Agder, Grimstad

# || UNIVERSITETET | AGDER|

Characterization and modelling
of the power output variability of wind farms clusters

- increasing contribution of
non-dispatchable (renewable) power
calls for new strategies of system operation, unit dispatch
and storage management

- for the design of the new strategies,
detailed knowledge on
the characteristics of the renewable power flows
is nececessary

# Il| UNIVERSITETET | AGDER

Characterization and modelling
of the power output variability of wind farms clusters

= detailed knowledge on
the characteristics of the renewable power flows
is necessary

exampies are e.g. deveioped in Germany
where regional shares of wind energy may amount up to ~50%

L ez
s s

i

i

it I

! | [T T——

//:(////f//’///fj/f/ Source: DEWI 2010

(]

# Il| UNIVERSITETET | AGDER

Characterization and modelling
of the power output variability of wind farms clusters

= detailed knowledge on
the characteristics of the renewable power flows
is necessary

exampies are e.g. deveioped in Germany

- for day-to day operation:
schemes for wind power forecasting are in operational use

- for planning of capacity extension and grid reinforcement:
tools for the characterization of the power output variability
had bee set up

# Il| UNIVERSITETET | AGDER

Characterization and modelling
of the power output variability of wind farms clusters

- examples are e.g. developed in Germany
- for planning of capacity extension and grid reinforcement:
tools for the characterization of the power output variability
had been set up
eg. Quintero et al. DEWEK 2008
Knorr et al. EWEC 2009
coop. with Fraunhofer IWES, Kassel, Germany
following:

- approaches used

- outlook: how to extend to the Norwegian offshore environmen

# Il| UNIVERSITETET | AGDER

Characterisation output variability / example
(?.n{mnr]y

wind power of

whole Germany

|
single wind turbine

Smoothing effect: Increasing size of aggregation = lower variability
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approaches for characterisation
Aim: Quantification of smoothing effect

Statistical Approach
 Aggregation of Power Output

* Probability Density Function
» Modeling

Spectral Approach

» Power Spectral Density
* Low Frequency Range
« High Frequency Range
* Coherence Function
« Total Spectrum

# || UNIVERSITETET | AGDER|

aggregation of power output / example

60 wind farms:
- distributed over whole
Germany
- 1 hour mean values of
wind power & prediction
- recorded in 2005
Aggregation 1 = Wind farm 1 = 34 MW

Aggregation 2 = Wind farm 1
+ Wind farm 2 = 126 MW

Aggregation 60 = Wind farm 1 + ...
+ Wind farm 60 = 2057 MW

]

- wind power increments dP

randoml

chosen

# Il| UNIVERSITETET | AGDER

probability density functions

100

* P B )

+ pldPy)  (P,= 2057 Mw)
I B

Gaussian distribution (o= 0.071)

p(dP) [%]

1
daily (0.4%) —&——|
=

© 4 .

ﬁ W4
onceina a b
year (0.01%) — 00M e+ 4

70 B0 0 -40 -30 20 -10 10 20 30 40 50 B0 70
hourly increments of Wind power dP [% of P]

e

20V ff P et tweseern - 8% et S af AR,
not Gaussian, but intermittent distributed

# Il| UNIVERSITETET | AGDER

smoothing effect of wind farm aggregations

— Top view H
2000 : : T : i

1800
1600
1400
1200
10004
800

100 1041

nominal power P [MW]

n

600

4001
200%-

(|
0
-60 -40 -30 -20 -0 a 10 0 30 40 50
L hourly increments of wind power dP [% of P, ] -

# Il| UNIVERSITETET | AGDER

approaches for characterisation

Aim: Quantification of smoothing effect

Statistical Approach
 Aggregation of Power Output

* Probability Density Function
* Modeling

Spectral Approach
» Power Spectral Density
* Low Frequency Range
« High Frequency Range
+ Coherence Function
« Total Spectrum

11

# Il| UNIVERSITETET | AGDER

spectral approagh.-""“'""""---..
“‘

",

I

] | |
= ! powdr spectral density
2 |
I 1 1
4 wind turbines . L L r
i 1lht mint  1min?t
resolution: 0.1s \_v_];'s‘
2 Q
.0 ‘O’
20 wind farms Bad

coherence

T T 7.7
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= |[| UNIVERSITETET | AGDER
power spectral density: low frequency range power spectral density: high frequency range
1E-74 W Average of 20 wind farms spektrum (] m Average of 4 wind turbines spektrum
T Fitin frequency range from 1h- up to 15min-t ~ Fitin frequency range from 15min- up to 15min-t
1E-7H
1E-85 .,
-y 0n

c 1E-97 < 1683 = . -'Mﬁ\.".
@ 2 N
— b " - -

1E-105 . 1E-94 . .-

- -
et E\ "
1E-10 T T T T T T T N
1E-3 0,01 0, 1 10 100
T T T v frequency][Hz]
1E-7 1E-6 1E-5 1E-4 1E-3 0,01 approach: T
a a=0,00003
Teouencyiz] Kaimal — Spectrum mmp | f S(f)= 7(“[) Iy - b= 557
approach: | f S(f )= 7,6110713 f 70’556| + extensions (Risg) )
13 14

# Il| UNIVERSITETET | AGDER

coherence between wind farms

# Il| UNIVERSITETET | AGDER

- at a station network
with interstation distances
500m (turbine spacing in farm)
several 10km — 100km (spacing of farms)

— every contribution to data sets welcome !

Definition \ 1 & =
i N . Totel Sperivm iy fimctisn of BLN=—7s
2 oof | - . T Gt b et W 2RSS
ORI " oo B
. .‘.l distance = 30 km
) é 3 spectrum power output fluctuations
Theoretic &os LY combined power output in a grid section
Expectation | s measured and modelled
2 3
14 (di,j, f)= | Y
—C,(d; ,)xf t kY
¢ (d; j)e (o) IR - STV, Iy | Pue
e
w
= 3 1/(100s)
g 1/(24h) M
7 frequency [Hz] h .
distance d [km] 15
# |I| UNIVERSITETET | AGDER # |I| UNIVERSITETET | AGDER
how to extend to the Norwegian offshore environment ?
application of the schemes presented EW_EA 20y §
¢
. . | x&;p
-> requires adaption model parameters
for Nor\fveglan wind climate -443‘1-:;; Thanks 1
-> requires data ot
[max. wich] L] eﬁ;r
wind speed and power output ‘ﬁ_r
. . o e
- with temporal resolution 1a — 1s o
L
; ;)

18
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o] UMIVERSITETET | AGOE RS,

] ]
Toitel Sperium iy fmeiien of = [ sinsan
- S prrear spsirom 5 = izr it
- e on i rotie bebmen wind S ey gl
P idasemhnimeiati,

20

z NIVERSITETET | AGDER z NIVERSITETET | AGDE

conclusion Modell Building — Simulation

anticipating future scenarios
- development of model of PDF of

wind power gradients good fit weather model data l 2004 - 2007, 1h

Preparation of the weather model data
e _logarithmical interpolation at hub heights 2020
spatial distribution -insertion of measured 15min-values of wind speed
should be integrated -across-the-board decrease of wind speed

of the time series of wind speed

depending on installed capacity — —ow 7

- approach to model the PSD of wind farms
for low frequency range ———————————— exponential function
and high frequency range ———————————> Kaimal spektrum

- analysis of coherence —_ » model needs
improvements

further development

wand specd gy 2004 — 2007, 16min
| Park eftect

reduced wind speed | 2004 — 2007, 15min
Power curves of wind farms 2020
~determination of nominal power 2020
~dalation and repcwering of okl wind turtinss
-summarizing of remaining and modelled power curves
~spatial smoothing of summarized power curves

wind power | 2020, 4 wand years, 15min

Losses of power cutput
-availability
-grid losses

reduced wind power l 2020, 4 wind years, 15min

# Il| UNIVERSITETET | AGDER

Park effect::
Wind farm efficiency (average for 12 farms)

F g o
10 } 0 25
5 ——"gq 135

Wind Speed [m/s] 2l Wind Direction [

z NIVERSITETET | AGDER

Estimation of power curves for future ‘average’ turbine

08| POWET CUrve,
efter 2008

A H Vu
sommarized [ £ speval i smncthad
power curve i smoothing & pawer curve
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Estimation of power curve for wind farm

*  measurement
——means of measurement
summarized power curve
= simulation {smoothed power curve)
g ¥ g >

normalized power
s o o
A @ @

e
¥

15 20 25
wind speed [m/s]

NIVERSITETET | AGDE

Perform,ance of the model

Normalized power output : - data Germany 2007
- modell 2007
- modell 2020

0.6+

normalized power
o o
S

25-Jul-2007 37-Jul-2007 29-Juk-2007 31-Jul-2007
date

# Il| UNIVERSITETET | AGDER

prob. distrubution averaged wind speed

power curve ‘Germany"

z NIVERSITETET | AGDE

frequency distrubution total power output

occurence of power output changes

—simulation 2007
- simulation 2020

8 0127 wind speed 2007| T ; — power cune 306711 2 g et
-3 wind speed 2020 -~ pawver curve 2020 g
g 0.1 il g
3 2 Fo. 1
Zooal \ 08 & g .
Zoos 06 %
g [} 01 02 03 04 05 08 o7 08 08 1
o004 w04 E normalized power
E_:o.uz- :_-_03 10"
E oL '
5 % 5 % g‘“ !
g10°;
B0
S0y
[ B
g 107}
‘%‘Dﬁ -0.04 -0.02 0 0 004 006
normalized power gradients
z NIVERSITETET | AGDER z NIVERSITETET | AGDER
model development
Characterization and Modeling model of _ . "‘)—Idx 1 [ dP2] 1 [ In%(x/ o)
olihe Variabiity I(?;Z:jrﬂ:‘etgna‘f?elft[ncb:s“tg?: ), 1990]) T3 xr L 2¢e] xaer L 2R
of Power Output from Aggregated Wind Farms 9:
DEWK 2008
C. Quintero, K.Knorr, B. Lange, H.G. Beyer z
Simulation and Analysis of Future Wind & ‘-:."\
Power Scenarios a A”‘ P
T o \
s -
EWEC 2009 ool H PO S S S
H nEn & X X W XN N & %9 80
= wind power ient dP [% of P.
K. Knorr, C.A. Quintero Marrone, D. Callies, £ C Ll 2|
B. Lange, K. Rohrig, H.G. Beyer
29 30
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Supply of offshore wind energy to
oil and gas installations

Harald G Svendsen?, Maheshkumar Hadiyaz,
Eirik V @yslebg?, Kjetil Uhlent2

" SINTEF Energy Research
2NTNU

LTI ———

Outline

» Background
» Simulation model

» Interesting observations
/ preliminary results

» Outlook

LTI ———

Background

» CO, emissions
» Electrification of offshore petroleum installations
= cables from onshore grid?
= net CO, gain only if new renewable generators are introduced
» Offshore wind energy
» Combine them!
= Electrify offshore platforms with offshore wind
= How?

LTI ———

Objectives

» Power system point of view

» Voltage level / power losses

» Voltage and frequency stability
» Control strategies

» Grid topology

LTI ———

Previous Statoil study

» 20 MW wind farm / single platform ‘ﬁﬁd\\'{

» Operational benefits
= fuel saving
= emission reduction
» Power stability
= Max transient voltage deviation: AV = 18% (motor start-up)
= Max transient frequency deviation: Af = 7.3% (loss of all wind)
= Wind fluctuations: Af = 1%, AV = +0.05%

W. He et al,, The Potential of Integrating Wind Power with Offshore O and Gas
Platforms, Wind Engineering 34 (2010) 2, pp 125-137.

LTI ———

Case study model

LTI ———
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1 36 kV or
-1 52 kV or
36 kV. T

35Ky é $ $ é é
h ({)fl glzl)atfori é?atforrln (J%tfori parztfofrlﬂ

Simulation model

13.8kV

& 110 kv

P3 P4

wind farm %
Detailed 100 bus platform

Full power converter wind
turbines model (clones)

NOWITECH e s comn e

Simulation model Il

» SIMPOW (steady-state and dynamic)
» Load
= pumps — induction motors
= Total demand = 5 x 20 MW = 100 MW
» Generation
= Wind turbines (capacity 20 x 5 MW)
= Gas turbines (rating 28 MVA each)
» Voltage & frequency regulation
= gas turbine governors

NOWITECH e s comn e

Results: Voltage level and losses

Case 36 kV grid 110 kV grid

No wind 0.04 MW 0.04 MW

100 MW wind 7.62 MW 1.36 MW
» High voltage level v)

= reduces transmission iosses

» But
= exaggerates voltage and frequency deviations during loss of
production (as well as costs)
= requires more reactive compensation

» 52 kV level seems a good compromise

NOWITECH e s comn e

Results: voltage stability

» Start-up of large
induction motor -t
(50MW wind) it
= 36kV grid: 6% .

= 110kV grid: ~7%

» Loss of 100 MW wind
power 34
= 36kV grid: +7.9%
= 110kV grid: +9.4%

NORSOK: +20% ; S ez =

b ————

NOWITECH e s comn e

Results: frequency stability

» Loss of 100 MW wind
power
= 36kV grid: —10.0%
= 110kV grid: =11.3%

NORSOK: 5% (£10% in IEC 61892-1 Ed. 2.0, Aug 2010)

NOWITECH e s comn e

Transformer tap positions

» Optimal transformer tap settings varies with power flow
(i.e. wind penetration)
» Used fixed settings based on 50% wind output

100 MW wind output
OMW  wind output

100 MW/ 0 MW 4OMWJ 0 MW
20MW 0 MW
-1- 20MWy O MW 20MWy/ 0 MW
5]
T
20 MW
oMW
100 MW
oMW oMW 20 MW
20MW 20 MW I

NOWITECH e s comn e
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Placement of gas turbines

» Place gas turbines to minimise difference between high
wind and low wind situations

100 MW wind output
OMW  wind output

100 MW/ 0 MW 40MW,/ 40 MW/

20MWy/ 20 MW

T§ o

wind farm

20MW,/ 20 MW

oMW
100 MW 80 MW
oMW oMW 20 MW
20MW 20 MW

LTI ———

Grid topology

» Star topology (minimum cable)
» Meshed topology (increased security)

20x5MW,

LTI ———

Grid topology I

» Frequency/voltage response — star vs. meshed topology
(loss of P1-P3 connection)

frequency (P4) voltage (P4)
1.1%
-1.5%
52 kV grid

—— = star topology
—— =meshed topology

50 MW wind output

LTI ———

Outlook

» More simulations

= meshed topology

= different locations of gas turbines

= control strategies (incl. FACTS) — Master study
» Technical Report
» Master thesis

» Presentation/paper at PowerTech 2011 (Trondheim)

LTI ———
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Balance Management with Large
Scale Offshore Wind Integration

Steve Voller

steve.voller@ntnu.no

NOWITECH s

éehare Wind Tachnology

NOWITECH s

NOWITECH - Norwegian Research
Centre for Offshore Wind Technology

» Postdoc at NOWITECH / NTNU

"Balance Management with Large Scale Offshore Wind
Integration”

> Research activities
= WP1 integrated numerical design tools
= WP2 energy conversion systems
= WP3 novel substructures
= WP4 grid connection and system integration
= WP5 operation and maintenance
= WP6 novel concepts from previous WP

éehare Wind Tachnology

Balance Management with Large Scale
Offshore Wind Integration

> Look at the total variability of wind
production in the North Sea for
different scenarios and time steps

» Influences of futures grids

» Balancing potential of Norway

» Optimal schedule of generation
> Influences of forecasts deviations

» Required: better models, detailed
data (generation, load, wind),
offshore/onshore grid expansion...

NOWITECH s

EMPS & PSST

» EMPS (EFI's Multi-area Power-market Simulator) [SUSPLAN]
= Mid- and long-term optimization of system operation on weekly basis
= Socio-Economic market simulator assuming a perfect market
= Hydro & thermal system, transmission lines, wind energy, consumption
Optimal unit commitment and generation dispatch
Results are area prices and water-values

» PSST (Power System Simulation Tool) [TradeWind]
= Optimal power flow analysis in hourly time resolution
= Minimises generation cost
= Utilization of data & water-values from EMPS as input

NOWITECH s

w Offshaore Wind Tachnalogy

EMPS
Model

» Current status

= Extended Norden-model
to countries around North
Sea

= Include some offshore
wind areas

= 700 generation units with
start/stop-costs (300 in  |§ -
GB) - b Qoffshore area

@ possible newareas
NOWITECH s

EMPS

Model

> Next steps

=GB offshore wind farms

= Different variations of
offshore grids and
interconnections

Simplified areas of other
countries in Europe

NOWITECH s
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Exchange of regulating energy between
Nordic area and continental Europe

» Reduction reserve activation: 3
10 TWh (40%) :
» Exchange regulating energy: 2
9.2 TWh B
2
» Average foreign procured g1
reserves: 2150 MW 3 .

» Cost reduction:
= Reserve procurement:
155 M€/ 67 %
= Reserve activation:
254 ME /52 %

-> Nordic area delivers more positive
energy than negative to Europe

NOWITECH ...

entre for Oftshone Wind Tachnalogy

Model in PSST

> Detailed grid for Nordic area

» Grid data for Europe
available/confidential from
other projects

» Ongoing work:
= Start/Stop-Costs
= Losses
= AC power flow
= Optimization of grid connections

NOWITECH ..

Great Britain Grid Data

» GB Seven Year Statement 2010
» Digest of UK energy statistics (DUKES)

» Detailed information about substations
(700), lines (1800), power plants (360) etc.
for 2010-2017

» Own modifications:
= Integration of geographical data
= Adding additional information
= Export of data for simulation tools

NOWITECH ...

entre for Oftshone Wind Tachnalogy

Grid Connections & Expansion Planning

» Offshore grid optimization with Net-Op (NOWITECH)
» Ant colony optimization for onshore/offshore grids (PhD work)

NOWITECH

Offshore & Onshore Wind Farm Data

» Data for different offshore and
onshore wind farms — not only cluster

» Geographical information

» Useage in different projects

» Better results in combination with
more detailed wind data

NOWITECH ...

entre for Offshone Wind Tachnalogy

Enhanced Wind Data

W Cosmo-LM (1h, 7km, 1999-2005)
= Cosmo-EU (1h, 7km, 2005-today)
B Cosmo-DE (1h, 2.8km, 2007-today)

Reanalysis
(6h, up to 180km, 1948-today)
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Enhanced Wind Data

» Comparison between Reanalysis, Cosmo-EU and TSO data

3000

2500 F—\/\/-\ /\

2000

wrd N\ A\

W

0

Wind Power [MW]

——CosmoEU ——TSO ——Reanalysis Time [h]

NOWITECH e

Outlook

» Further development of
= EMPS (code & tools)
= PSST (code & tools)
= Models (detail & size)

» Functional and detailed model of the North Sea offshore system
including all relevant countries in EMPS and PSST

» Running different future scenarios to identify the influences of
grid topography, coupled markets, generation & transmission
expansion, operation management, storage usage...

NOWITECH 1o s comveooibeia
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B2) Grid Connection

Challenges and design of offshore substations, Christer Olerud, Goodtech Projects

& Services
Wind farm measurements and model validation, Prof Kjetil Uhlen, NTNU

Transient analysis of transformers and cables for offshore wind connection,
Bj@rn Gustavsen, SINTEF Energi AS
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Wind R&D Seminar — Deep Sea Offshore Wind

Challenges and Design of Offshore Substations

Christer Olerud
Trondheim
20.01.2011

New large Nordic company

- |
Offshore wind farm overview

Cable to shore

Offshore wind farm Offshore substation Land connection point

Offshore wind = multidiscipline industry

- |
Main Challenges

® | ocation of offshore substation

= Number of offshore substations

= Infield cable pattern and choice of cable types
= Offshore substation layout

® Reactive power compensation

® Grid connection

® Total electrical system

A
Inter array cable network

= Optimizing inter-array
cable network

= 1 or 2 substations,
inside or outside wind
farm area

= Radials or loops

m Cable sizes
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WES — Wind Energy Simulator

‘Variering av aktuelie parametre

B <
1

\\
N\
| g energiprocuksion | T | anatyse | " P-umm
ol
— S
~ g

—~ -
R o —

S

[

oz =<
v

Minddats  + . anatyse = Resultat

Soctuch

A
Offshore substation layout and equipment

= Accommodation
= External cladding
= Optimized layout
Installation *

= Cooling of transformers *
= Switchgear

= Cable pull-in

® Bus ducts *

ectnch

Main transformers

To% Load

160 MVA transformer from ABB

GIT: Gas insulated transformer (Toshiba)

Offshore substation, bus ducts

Bus ducts

- |
Offshore substation, installation

Offshore substations

ALSTOM

wmn:m:n

SIEMENS
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Reactive compensation
Wind turbine

(turbine manufacturer)

Offshore substation

(wind farm owner)

l

Onshore grid

(grid owner)

Cable to shore

Offshore wind farm Offshore substation Land connection point

Grid connection

= PCC (Point of Common Coupling)

PCC definition a.
PCC definition b
PCC definition ¢

,,,,,,,,,,,, = a) at connection point onshore at the grid
.............. } coupling point

; b) at high voltage busbar at the OSS
c) atthe OWT terminals

®  Capability in the onshore transmission grid
How to optimize ?
Demands from grid owner (grid code)
Placement of equipment
ooctecn Ytneh

Thank you for your attention!

IV,

A — =

Offshore wind farm Offshore substation Land connection point

Thank you for your attention!
Contact person: christer.olerud@goodtech.no

oot
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Wind Power R&D seminar - deep sea offshore wind
20-21 January 2011, Royal Garden Hotel, Trondheim

Wind farm measurements and
model validation

Kjetil Uhlen
NTNU
Electric Power Engineering

NOWITECH e i

WP 4: Grid connection and system
integration

Objective:
To develop technical and market
based solutions for cost effective grid
connection and system integration of
offshore wind farms.

Three main tasks:

» Internal electrical infrastructure for
offshore wind farms

» Grid connection and control

» Market integration and system
operation

NOWITECH o s

Wind farm measurements and
model validation

Outline:

» Power system measurements

» Results from wind farm
measurements

» Wind farm modelling for power
system studies

» Model validation

» Main experiences and concluding
remarks

Wind farm measurements and
model validation

Outline:

» Power system measurements
>

>

>

NOWITECH ...

How to measure and why ?

> How:

Continuous measurements of electrical quantities (voltages and
currents)

High sample rates to capture high frequency dynamics and long-
term variations

= Many locations (not only wind farms)
» Why:
= Documentation of voltage quality
= Variability and performance of wind turbines and wind farms
= Disturbances and impacts

([T I p———

Measurements and locations

19 installed

8 planned Pr. 2010-01-21

\ instruments - 66 kV and 22 kv - Wind power
T 2instruments - 22 kv - Smal scale hydro

I

2instruments - 22 kV — Small 2instruments - 22 kV - Wind power

scale hydr
2instruments - 22 kV — Small scale ———
hydro

1 instrument — 132 kV — Main grid

2instruments — 22 kV — Small scale hydro  —_ i
1 instrument — 110 kV — Regional network / Wind power ——

2instruments - 22 kV - Small scale hydro

NOWITECH s

4instruments - 66 KV, 22 kV and 690 V.
~Wind power and small scale hydro

1 instrument - 230 V - City network

——  Installed
——  Planned

\ 2instruments — 11 kV - City network

1 instrument ~ 300 kV ~ Main grid
3instruments — 132 KV, 22 kV and 230 V ~ No DG

i Tachnology
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Wind farm measurements and
model validation

Outline:
>

» Results from wind farm
measurements
>

>
>

NOWITECH e

Measurements - overview

» Three different locations
= At one wind farm with fixed speed wind turbines
= At two locations with variable speed (full converter)
wind turbines
» Results focusing on
= Voltage control / reactive power capability
= Voltage quality
= Wind farm performance and variability (comparing performance of
Individual wind turbines versus whole wind farm)

= (Occurrences and impacts of disturbances)
» One year of measurements

LI ————

Sample measurements (four days)

Wind farm 1: Asynchronous generator with switched
capacitor banks (“fixed speed”)

o U"

< |7 Grid

NOWITECH v Wi i

Voltage control
Possibilities depend on configuration (power conversion
system and grid connection).
» Conventional solution:
= Synchronous generator with AVR (not widely used
in WTs)
» Fixed speed wind turbine (induction gen.):

= Switched capacitor banks (Mechanically or
thyristor based)

» Variable speed wind turbine:

= Using power electronics (grid side converter) as
part of the wind turbine’s power conversion system

NOWITECH s conn s R

Voltage control 1wy Wind farm 2

i

-~
5% of nominal power

™ Wind farm 1 1

T 2 3
Reactice power (100 kvar]

D — [10kV] Wind farm 3
24

5 5
Reactive povier [o0kvarl £ /s OF RoINGT poweT
2

1 2

L —————




106

Voltage quality (flicker and harmonics)
Wind farm 1 Wind farm 2 Wind farm 3

Long term variability

Power Spectral Density from PWELCH calculation

Short term variability

Wind farm 3

Power Spectral Density from PWEL

e

g
THO[

g
THOA]

0 g
THOD:)

o
Wind farm
— Wind turbi

~

£

i

5

2

5

4

s

3

o

S

a

@

o0

o
10° 10° 10" 10°
Er(-.‘quem:y [Hz]
1 week 1day 1 hour

[ TLL0K, ——

i Wind Tochnology

NOWITECH v s con e

Wind farm 1 30

L —————

Wind farm measurements and
model validation

Outline:
>
>

» Wind farm modelling for power
system studies

>
>

NOWITECH e

Library of wind farm models for power
system studies.

» Common starting point for grid studies
= Alternative design of wind farm internal grids
= Wind farm control systems

= Switching transients in wind farms.

» Challenge in modeling of power electronics converters for
offshore wind turbines and HVDC systems for grid
connection.

» Measurements for model validation

NOWITECH s conn s R

Modelling of wind turbines for power
system studies

. Wied inpat - L ™ Elecwial
Ml — T
Fixed speed Ll .
~ _'I'-I'_“ |;:_ Vs
0
Gearbox . G e T ' 3

“ Control system —>
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Governor and voltage controller models
for a “conventional” power plant

NOWITECH .. s coness

i Wind Tochnology

Controllers and control loops in a
variable-speed wind turbine model

[ TLL0K, ——

i Wind Tochnology

21

Wind farm measurements and
model validation
Outline:

|
>

>

» Model validation
| 4

(LT ————

¢ Wind Tachnology

Model validation

Model validation

Model validation "~ ", T —swvwen
("fixed speed”) (“fixed speed”) }A\ \\\
. = A
» Using data from grid disturbances (voltage dip) o » Response to grid 0 I VI
. g,
» Comparing simulated and measured responses B d_'ss"lbanze.)s 17-18% ’ %, W
from 07 [ oltage dip (17-18%) 0.7—\ [ F Y
s.o s.o 01
= individual wind turbines, or %o ‘\f . Impqrtant for future %o \l
£ studies k] v LB 1 12 14 16 18 2
= whole wind farm 2o e 2o s et
» Two different locations o ‘—ﬂmii » Grid code compliance N Lgha;
= At wind farm with fixed speed wind turbines 0;"6 0;7.
.8 1 12 14 16 18 2 6.5 1 12 14 16 18 2
= At wind farm with variable speed (full converter) wind Time{s] Time{s]
turbines
NUW'TECH Morwegan fesnaech Centra bor i Wind Tachnology NUW'TECH Morwegan fesnaech Centra bor o Wind Tachnology NUW'TECH Morwegan fesaaech Centra o ¢ Wind Tachnology
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2

45 1 12 16 18

o

14
Timels]

Model validation ' 1 v
(“fixed speed”)  _. }n\ Q\
£ A

; g, AW AAY 2%
" i W
s\ f - [V
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12

14
Timels]

16 18

Model validation
("Variable speed”)

» Work in progress:

» Response to voltage dip
(17-18%)

» Different responses?

Voltage V]
—

ab -
——Phase b-c
——Phaseca
17/
08 1 12 14 16 18 2
Time s

LI ————

Model validation ° e
(Variable speed”);.~ \\
8o "
i
e
g ’l HO.B 1 12 .m:‘:[s] 16 18 2
V ab -

Time [s]

L —————

04

Model validation °

("Variable speed”)gz_u \\\
. VW

; l : s

Lo /

LI ————

Wind farm measurements and
model validation

Outline:
>
>

>
>

» Main experiences and
concluding remarks

NOWITECH s e

Main experiences - Measurements

» Large amount of data
» Valuable information obtained
= Voltage quality

= Variability and performance of wind turbines / wind
farms

= Nature and impacts of disturbances
» Mainly satisfactory performance
» Fault ride through capability not well confirmed

L —————
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Main experiences — Model validation

» Measurements from disturbances good basis for
model validation
» Possible to make good models
» But:
= Still a challenge to make good models for full
converter wind turbines without knowledge of
actual power controls

NOWITECH e i

Extras .

B0 o5
9%

»
R

208" — praseat
tg5- — Phaseb<
—Phaseca

0 02 04 06 08 1 12 14 18
Time [s]

zﬁ:’J'U
! F

Timels

)

o
112010 10: 12-Mar-2010

Wined Technology

Grid codes for wind power ..

» Power control
= Ability to control power output
= Frequency control (primary reserves)
= Start and stop, limits on power gradients,..
» Frequency and voltage deviations
= Frequency and voltage limits where wind farms shall operate and when they shall stop

» Reactive power and Voltage control
= Reactive compensation
= Control Requil ts (Mvar-control, - itrol, Voltage control, etc.)
= Voltage quality (Voltage variations, dips, flicker, harmonics, etc.)
» Response to grid faults
= Stability requirements (transient) (Various types of faults)

» Protection of the wind farm against grid faults
= Responsibility
= Tolerance.

» Communication (between wind farm and grid operator, ..)
= Responsibility for providing information, operational data, etc.

» Requirements regarding documentation, analysis, testing, etc.

NOWITECH o

Fault ride through
Eksempel Tyskland

» Skiller pa generator-
teknologi og type feil

3 [m. " Krav til effekteking
3
" Lav kortslutningsstrem
(frekvensomformer)
u

NOWITECH e i

Fault ride through
Eksempel Tyskland

» Skiller pa generator-
teknologi og type feil

Hay kortslutningsstrem
(Direktekoblet generator)

IR,

ok
i s [
R

Feil som ikke gir spenninger < 70%:
Ma forbli innkoblet i min. 5 sek.

T —
i 1000 200 200 1/

LI ————
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NOWTTECH

Transient analysis of transformers
and cables for offshore wind
connection

Bjorn Gustavsen
SINTEF Energy Research
Trondheim, Norway

Wind power R&D seminar — deep sea offshore wind:
Trondheim, Norway, 20-21 January, 2011.

) SINTEF SINTEF Energy Research

Outline

B Modeling of transformers and cables
® High-frequency transformer-cable resonance

B Wind power

) SINTEF c c SINTEF Energy Research

PART I :
Modeling of transformers and cables

) SINTEF 201¢ SINTEF Energy Research

High-frequency transformer modeling
(black box)

1. Characterize the transformer by its frequency domain
behavior at its external terminals

2. ldentify a model which emulates the behavior of the
transformer, as seen from the terminals.

) SINTEF SINTEF Energy Research

Terminal characterization by admittance
matrix

® ¢ * ¢ «— external terminals

adiln i,
“ i=an
P

1,@) K@) L@)] [1(@) %y@) -~ 1, @)][Vi()
(@) @)
L) V(@) L@)|_|Y(@) Ya@)  ¥(@) || V()

A Transformer B
L@ (@) L] [7,@) Y, @) - Y, @]V,

) SINTEF c c SINTEF Energy Research

Measurement of admittance matrix

Network analyzer
Connection box
Coaxial cables
Current sensor

Built-in current sensor (Pearson)

) SINTEF SINTEF Energy Ressarch = & & & o o s
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Modeling via rational functions

I (@) V() J (@) | V(@) V(@) - Y, ()] V(o)
gm Measurement| /() | | Y, (@) V(@) ¥, (@) ||V:(@)
L(o o) 2 =" 2 e 2t
: Transformer H H : :
l”(mzw I(0)] |Y, (@) Y, (@) - Y, (0)]|V,(0)
-
W/m% Ya
Model extraction
(fitting)
N R
Y, (0) = “—+D
(@) ;jwfam

Rational model

The rational model is compatible with EMTP-type circuit simulators

% SINTEF d 0 SINTEF Energy Research 'z & & "o e .

Procedure for rational fitting

1. Calculate a rational model using Vector Fitting

Y(w);ﬁ: AR”' +D

m=l JO =4,

2. Enforce passivity by residue perturbation

v
AY =) AR, AD=0

mS—a,

) ¥ AR
elg(Rc{YJrZY 2h>0
m=15—d,

eig(D+AD) >0

Matrix Fitting Toolbox
http://www.energy.sintef.no/produkt/VECTFIT/index.asp

) SINTEF SINTEF Energy Research . S s

High-frequency cable modeling
1. Characterize the cable by its per-unit-length series
impedance matrix Z and shunt admittance matrix Y

Z(w) = R(w) + joL(w)
Y(w) = G(w)+ joC(w)

2. From Z and Y, calculate parameters for a frequency-
dependent traveling wave model.

This modeling capability is available in EMTP-type programs

Main challenge: calculate Z
- Analytical expressions
- Finite Element

M SINTEF SINTEF Energy Research . . : o

PARTII :
Cable-transformer high-frequency resonance

B. Gustavsen, “Study of transformer resonant overvoltages caused by cable-transformer
high-frequency interaction”, IEEE Trans. Power Delivery, vol. 25, no. 2, pp. 770-779, April
2010.

% SINTEF d SINTEF Energy Research o

B Demonstrate that transients on the high-voltage side of a
transformer can cause excessive overvoltages on the low-
voltage side.

B |dentify critical cable-transformer configurations that lead
to high overvoltages

% SINTEF 010 SINTEF Energy Research "

Voltage ratio, from high to low

m! 1

11kvV 230V

1 4 el
P

3 6 10}

300 kVA

_“_:[ =
)

Froquoncy )
At high frequencies, the voltage ratio is governed by stray
capacitances and inductances, not ampere-winding balance.
50 Hz - voltage ratio ~0.02
2MHz - voltage ratio ~ 2

> A 2 MHz sinusoidal voltage would produce a 100 p.u. overvoltage

% SINTEF Gustavsen, 2010 SINTEF Energy Research »
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Laboratory measurement

High- Low-
300 voltage voltage
1

Step voltage 2 4
5
6
Cable (27 m)
Before connecting cable to transformer After connecting cable to transformer
W0 - =
Cabia w0l

SINTEF Energy Research T 13

Measurement-based model of transformer

11kV 230V

4
2 5 300 kVA
6

— Frequency sweep measurements of Y(w)
— Model extraction by Matrix Fitting Toolbox

Measurement-based model of 27-m cable

46 31
kL Yo Yol

b

Yy = =2
PN b Yo =
b=(¥,/%) R(;*l) a

Model extraction by Matrix Fitting Toolbox
Y(w) ﬁ - Rj +D

Adzane [5]

3 SINTEF

Simulation vs. measurement

High- Low-
30Q voltage voltage
1

Step voltage 2 4
5
6

Cable (27 m)

Before connecting cable to transformer After connecting cable to transformer

SINTEF Energy Research T 16

Max. overvoltage vs. cable length

— State-of-the art frequency-dependent traveling-wave
type model obtained from geometry.

Radius | Thickness | Resistivity | &
[mm] | [mm] [Qm]

Phase conductor 9.25 3.36E-8
i ch 0.5

Insulation 3.4 23
icond 0.5

Sheath conductor 0.4 1.72E-8

Jacket 2 23

— Compute max. overvoltage on low-voltage side for alternative
cable lengths

% SINTEF d SINTEF Energy Research .

Ground fault.
Max. overvoltage vs. cable length

High- Low-
. voltage  voltage
ideal 30Q L 2 g

Step voltage ) 4
5
6

Overvoltage in p.u. of applied voltage 20 m cable (open LV)
; ) ] 2 i

09|
- ]
5 LS
¥
594 S / i
1 § Llal [JAIVe overvoltage !!
Cs1nF R=800 { \
a5} \
1 g v, Vi Yy
] ] ) I |4l / . i I
20 40 60 80 100 0 1 2 3 4
Cable length [m] Time [ps]
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Switching overvoltages (1)

20m
5000 m 300 m cable
1 p.u. overhead line  cable

close
@=0

— Several parallel cables connected to bus

— Combined characteristic impedance much lower than that of
connection cable

— Bus appears as "stiff” voltage seen from connection cable

Closing CB results in oscillating voltage on cable

) SINTEF 0 SINTEF Energy Research

Switching overvoltages (1)

20m
5000 m 300m A bl

1 p.u. overhead line cable

1 — 4
2 5
3 f—6
15 L =
v,
v, -
1 S L]
2 os|
=
2
~20 p.u. overvoltage !!
o 1
05
-1 o 1 3 4 5

2
Time [us]

M SINTEF d 2

Switching overvoltages (2)

— Two cables of equal length coupled to the same busbar

— One cable is live
T1

QD

close 20 m cable
@=0

5000 m

1P erhead line

20 m cable T

Hranras - 11kV 230V
08 Vo b A | 1 — 4
2 5
. - 3 —=6

{ ™
LA ~25 p.u. overvoltage !!
J

) SINTEF

SINTEF Energy Research

Switching overvoltages (3)

20 m cable %
L

close
@ 11kV 230V

1 —e 4

5000 m
_overhead line

Ipu

3 —= 6

~43 p.u. overvoltage !!

Time [us]

) SINTEF 0 SINTEF Energy Research

Note:
m Other transformers may have resonances at much lower
frequencies.

- Overvoltages will occur with longer cables.

Voltage ratio for a 410 MVA generator transformer (434 kV / 21 kV)

% SINTEF Gustaveen 2010 SINTEFEnergyResearch . . . . . . 2

PARTIII :
Relevance to wind power

) SINTEF SINTEF Energy Research
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Switching overvoltages

B Radials of nearly equal length

B Energizing a branch
-> oscillating overvoltage on WT transformer HV side

B In the case of short radials (< 1km), the oscillating
overvoltage has frequency above 50 kHz

® High overvoltages may result on WT transformer LV
side by resonance

% SINTEF , 2010 SINTEF Energy Research 2

Ground fault initiation

B Ground fault initiation can cause an oscillating
overvoltage in the cable.

B Frequency depends on fault location
B High overvoltages may result on WT transformer LV
side by resonance

M SINTEF d 010 SINTEF Energy Research %

Notes

B The actual overvoltage on the WT LV side is strongly
dependent on the network on the LV side

B A complete model must be developed

SINTEF Energy Research

% SINTEF en, 2010

Conclusions

B High-frequency interaction between the wind turbine
transformers and the cables can lead to excessive
overvoltages the transformer LV side.

B The phenomenon can be triggered by ground fault initiation
and by switching.

% SINTEF d 0 SINTEF Energy Research . : 2

Electromagnetic Transients in

Future Power Systems.
Phenomena, Component Stresses, Modeling

A JIP project (KMB) between SINTEF and industry partners
(2011-2015)

New partners are welcome !
Contact: bjorn.gustavsen@sintef.no

SINTEF Energy Research 2

Objective

Develop and demonstrate tools for the evaluation of land-based and offshore

power systems in order to ensure increased reliability of the supply and
minimize the risk for failures due to unexpected interactions. This will be
achieved with the development of computational models of grid components

for assessing fransient voltages and currents in power grids.

1. Assesament of trends in power systems related to new netweark fopologies
and component technalogies.

2. Develop wide-band component models and modelling procedures

for power grids eompenents: transformers. cables, circuil breakers. and
instrument transformers. These models should be ready to work out-of-the
box, allowing for wide-spread application by non-expert users.

3. Demonstrate how such modeis can be applied for determination of

transients in future power systems. Overvoltage levels, currents, protective

relaying, penetration of

) SINTEF SINTEF Energy Research
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C1l) Met-ocean conditions

Conditions for Offshore Wind Energy Use, Prof D Heinemann, Uni. Oldenburg

Atmospheric profiling by lidar for wind energy research, Torben Mikkelsen,
DTU Risg

From tower to tower, Svein Erling Hansen, Fugro Oceanor

Effects of ocean waves, Alastair Jenkins, Uni Research
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Carl von Ossietzky Universitat Oldenburg
Institute of Physics + Energy Met
Def

ForWind ¥/

Donnerstag, 20. Januar 2011

Donnerstag, 20. Januar 2011

Carl von Ossietzky Universitat Oldenburg
Institute of Physics + Energy Meteo
Detle

Visualization of flow conditions in Horns Rev wind farm through mixing of almost saturated air of different temperature [Vattenfall]

CONTENTS

» Marine boundary layer conditions
» Vertical wind profile over sea

» Wind flow in and behind large offshore wind farms

» Outlook & future research
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Measurements

mostly proven for non-complex onshore wind flow
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A GENERAL REMARK

‘ Basic Physics |

. 2

Assumptions on »‘ ParameterizationsL‘ Models

Description of

MBL flow

atmospheric flow

7'y & | R

Measurements

mostly proven for non-complex onshore wind flow

Finite knowledge of offshore wind conditions limits our modeling success!

ONSHORE (INLAND) vs. OFFSHORE (MARINE) WINDS

Marine winds are fundamentally different from inland winds in four principal ways:

o Still vs. Moving Surface e Atmospheric Stability

» surface moves under the influence of wind forcing » poor PBL p izations in case of non-stabl
» momentum from tides, ocean currents, and wind- thermal stratifications

driven currents » highly variable frictional turning over water
» wave generation driven by momentum transfer linked to wave height and stability

from wind

o Isallobaric Winds
» local wind effect due to time-varying pressure fields
» more significant over sea due to decreased friction
» potential source of large wind forecast errors

o Land-Water Interface
» varying coastal wind effects
» regionally important

MARINE BOUNDARY LAYER CONDITIONS

» MBL is rather shallow compared to continental air masses (higher moisture content »lower
lifting condensation level)

» Low variability of sea surface temperature (SST), nearly unlimited energy source and sink
» smaller diurnal oscillation in air temperature

» MBL flow is more geostrophic in both speed and direction as over land given the same
atmospheric conditions
» NWP issues:

» Errors in model BL profiles of wind, temperature, and dew point due to turbulence and
convective parameterizations

» Simple algorithms for wind-wave coupling
» Lack of real-time data for model initialization (» data assimilation, » remote sensing)
» Poor resolution of near-surface variables

forecast winds (and waves) are often erroneous during both stability extremes in the
MBL

Donnerstag, 20. Januar 2011
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MARINE BOUNDARY LAYER CONDITIONS

Turbulence (1)

Mechanical Turbulence
» through interaction of the wind and surface air mass with sea surface waves

» resulting eddies formed by the rising and falling sea surface can extend vertically for
tens of meters

» Extent of eddies is based on wave height and vertical near-surface wind shear

MARINE BOUNDARY LAYER CONDITIONS

Turbulence (11)

Convective Turbulence
» Due to rising plumes of warm air and compensating downdrafts
» Range from 100 to more than 1000 m height

» Stability is the main factor for the depth of frictional coupling in the MBL due to
convective turbulence

v

Stratified lower atmosphere: Mixing is minimal and the surface air mass will be
decoupled from the winds aloft

v

Temperature difference between rather constant SST and temperature of overlying air
mass is primary factor impacting stability over water

DIFFERENCES BETWEEN MARINE AND CONTINENTAL
ATMOSPHERIC BOUNDARY LAYERS (1)

v

Near-surface air is always moist, relative humidity typically ~ 75-100%

-

Weak diurnal cycle, since surface energy fluxes distribute over a large depth (10-100+ m)
of water (large heat capacity!)

v

Small air-sea temperature differences, except near coasts. Air is typically 0-2 K cooler than
the water due to radiative cooling and advection, except for strong winds or large sea-
surface temperature (SST) gradients.

-

The MBL air is usually radiatively cooling at 1-2 K/day, and some of this heat is supplied by
sensible heat fluxes off the ocean surface. If the air is much colder than the SST, vigorous
convection will quickly reduce the temperature difference.

Donnerstag, 20. Januar 2011
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DIFFERENCES BETWEEN MARINE AND CONTINENTAL VERTICAL WIND PROFILE OVER SEA VERTICAL WIND PROFILE OVER SEA
ATMOSPHERIC BOUNDARY LAYERS (II)

Example: Ratio of wind speeds at 50m and 10m as a function of stability parameter 10/L for
different estimation methods for L

v

Generally, Monin-Obukhov theory has been found to be applicable over open sea

» Small ’Boyven ratio’ of sensible to latent heat flux due to the small air-sea temperature (although developed over land...) Determination of L by different method§: §onic, gradient & bulk method
difference: . " Data: Redsand, Baltic sea, 50m, 1998-1999; solid line: MO theory
latent heat fluxes: ~ 50-200 Wm?2, sensible heat fluxes: ~ 0-30 Wm » We need: homogeneous and stationary flow conditions
» Most of marine boundary layers include clouds. w. 2 2
. ) . . = —[ln(—) = ¥, (=
Excepting near coasts, when warm, dry continental air advects over a colder ocean, tending uz) K [ "(zo) ’”(L)]
to produce a more stable shear-driven BL which does not deepen to the LCL of surface air.
Clouds can greatly affect MBL dynamics. It also affects the surface and top-of-atmosphere » Coastal areas show strong inhomogeneities due to
energy balance and the SST. — roughness change at coastline

— heat flux change through different surfaces
» Common example: Warm air advection over cold water (> well-mixed layer below an inversion)

» Systematic deviations from Monin-Obukhov theory at offshore sites! » Evidence of larger deviations from MO for stable stratification
» Results depend on ,measurement” of L

Lange (2002)

Donnerstag, 20. Januar 2011 Donnerstag, 20. Januar 2011 Donnerstag, 20. Januar 2011
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VERTICAL WIND PROFILE OVER SEA WIND FLOW IN AND BEHIND WIND FARMS: WIND FLOW IN AND BEHIND WIND FARMS:
WAKE EFFECTS Synthetic Aperturg Radar v WAKE EFFECTS

Example: Ratio of wind speeds at 50m and 10m as a function of stability parameter 10/L for
different estimation methods for L

Significant reduction of wind speed h m]
downstream of a wind farm 60 - T Vertical wind profile
. 50 measured and modeled wake
Results show: o effectin 3D distance behind the
. . . . . . rotor
» Established theories may fail when basic assumptions are no longer valid 40 simulated
» Availability of (more) high quality measurement data is essential 30 in comparison with an )
~ measured undisturbed logarithmic profile
» Results may depend on specific techniques'and data for analysis 20 \_ %
(usually indicator for non-optimal solution...) logarithmic
10 windprofile
0!

u [mv/s]

Donnerstag, 20. Januar 2011 Donnerstag, 20. Januar 2011 Donnerstag, 20. Januar 2011
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WIND FLOW IN AND BEHIND WIND FARMS:
WAKE EFFECTS

Operation results of Horns Rev offshore wind farm showed 20% less power output than
calculated (Barthelmie et al., 2009)

» Fundamental different flow conditions in large wind farms compared to small ones

» Suboptimal consideration of interaction of wind flow in a wind farm and atmospheric
boundary layer

» Lack of adequate measurement data

» Larger effects expected for spatially , coupled” wind farms

WIND FLOW IN AND BEHIND WIND FARMS:
WAKE EFFECTS

LES approach

» High-resolution modeling of idealized development of ,far wakes” (10 m)
+ Periodic boundary conditions (non-periodic in development)
- Development of wakes in the boundary layer
- Validation with on-site measurements

Coupling of mesoscale model & LES

» Analysis of wake development under real meteorological conditions
« ,nested” areas
« WEC model (MYJ-TKE scheme):
- sink of kinetic energy
- source of turbulent kinetic energy
« Analysis of wind farm effects

OUTLOOK & RESEARCH NEEDS (I)

-

Measurements for optimization of micro- and meso-scale meteorological models
incl. satellite remote sensing (vertical structure?!)

v

Improved wake modeling (multiple wakes, wind farm wakes, » LES)

Offshore Wind Resource Assessment:

» Wake Effects and Climate Impacts of Offshore Wind Farms

» Wakes from large wind farms

» Impact of wakes on local/regional climate: boundary layer height, boundary layer clouds
» Future climates and wind resources

» Validate new mesoscale parameterization for offshore conditions

-

Donnerstag, 20. Januar 2011
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OUTLOOK & RESEARCH NEEDS (Il)

» Surface waves and turbulent boundary layers and their mutual relationships:
» complex wave surfaces in ABL and OBL LES
» coupled wind-wave and wave-current models
» OBL and ABL mixing parameterizations with wave effects;
» wave and turbulence mechanics in high winds (e.g., hurricanes)
» wave-breaking structure and statistical distributions
» disequilibrium, mis-aligned wind-wave conditions

ForWind \

OFFSHORE WIND ENERGY RESEARCH
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Deep Sea Offshore Wind Power
R&D Seminar Trondheim, 20-21 Jan. 2011
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Atmospheric Profiling by Lidar for Wind
Energy Research

Torben Mikkelsen

Wind Energy Division
Risg National Laboratory for Sustainable Energy - DTU

M_i“;—"hefs

WindScanner.dk

From new Wind Lidar Technology

towards new Wind Energy
Research Infrastructures...:

MusketeerEX
2007/2008

First CW Wind
lidar 2004

SpinnerEx
2009

WindScanner.
dk2010-2013

=
=

i

EU ESFRI
Road Map
2010

Riss DTU
1 ¥ T (=) - ]
2 Riso DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU
T ision II: Rl Windscanner T
= Secure wind resource estimation in particular in complex terrain =
= =
VISION I:

Full scale off and on shore measurements on WT arrays & wakes
e.g. as here at Horns reef

3 Riss DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU

4 Risa DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU
oty oty
-— . -—
= Short-range WindScanners =
VISION 111
Pro-active wind turbine control from upwind measurements by lidars
integrated in the nacelle... :
« « «
- «
i =L
- M -
- "‘\-..h_\%
| -4
|
pe | - pe g
5 Riso DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU 6 Riso DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU
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The RI WINDSCANNER methodology is based on 3-dimensional oty oty
scanning with wind lidars to determine the instantaneous turbulence == . . ) B -+ +
fields: = Our Aim: To measure 3-D wind fields in 2-D planes =
Full Scale Laser Wind Scanner
Since 2005 wind lidar technology has enabled
replacement of tall (>100m) met masts
7 Riso DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU 8 Riso DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU
Wind Turbines of today and tomorrow extract energy from the wind... ot
....but generates also wakes, over land...(eScience): '“"=

MusketeerEx-11:

Hevsgre Dec. 2008 Windscanner lidar test
Spatial-resolution improved "Stretch Pod” Unit 107 (left) vs. Windscanner Unit 120 (right)

9 Riso DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU 10 Riso DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU
.. The first assembled Windscanner (April 2010): T
=
[ =1
12 Riso DT, Technical University of Denmark WINDSCANNER.DK Riso DTU
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WindScanner.dk: 12 -axes Control System

0Ty oty
Man kind and Machine Meets: .. the new gadaget is inspecked 4 = Conneting and steering of 9 (+3 ) akser: =
L ’ 1S F . y 1S F y -
4 echnical University of Denmark Sreantationname 170472008 14 Rise DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU 14
oty s ifi B L R wind S oty
- - -— - _ - -—
Long_Range WIndSCannlng: = pecifications: Long-Range n canner: =
On and offshore Ressource Assessment,Wind Conditions, Wakes
WLS70 +2D Risg DTU/ Leosphere Scan Head:
* Range:
* Range 1.5 - 5 km depending on aerosols
and sampling time '
¢ Resolution:
* Space: Line-of-sight: 50-55 m(FWHM)
e Time: 1-10 s pr. measurement
* Drive specifications for both axis:
¢ Resolution < 2mrad
e Speed < 50°/s
e Acceleration > 100°/s2
* Rotation = Continuous
¢ Backlash < 0.5mrad
* Endless rotation
e Full sky scanning + “down-look”
15 Riso DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU 16 Riso DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU
oty i i oty
-=—- First Long-Range (Max range 5 km) WindScanner -=—-
First Long-Range Windscanner: 0ct.2010 . .
Joint Rise DTU-Leosphere WLS70 (<1.5 km)/200 (<5 km) Risg Workshop Risg DTU, Leosphere, Fr. and IPU, DK, Oct. 2010
17 Riso DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU 18 Riso DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU
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WindCube 002 modifyed for Risg MET-Mast EX 2009/2010:

Turbulence measured over Risg DTU by Doppler Lidar

for basic power spectral and coherence studies

20 Riso DTU, Technical University of Denmark WINDSCANNER.DK
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Riso DTU
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* 125 m above ground: Inertial Subrange

21 Riss DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU

Results to date...:

Pro-active wind turbine control from upwind measurements by lidars

integrated in the nacelle... : -
- - -
. ono@,.
& &
e\ /s - (3
L4
- M - A
05
- \t o ‘_@t
: &
s - N
= - Sty S
AL L
22 Riso DTU, Technical University of Denmark WINDSCANNER.DK
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23 Riss DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU

+ 25 kW Wind Turbine 1975:
«@/H~0.3

24 Riss DTU, Technical University of Denmark WINDSCANNER.DK

Riso DTU
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April - May 2009 15¢

Measurement Setup’s:

Period Wedge Distance

~1.24¢

=
=

i

July - August 2009 300

~0.580

25 Riss DTU, Technical University of Denmark

k;
Animation Horizontal Wind Speed.avi

wind speed values per rotation
(each frame contains 10 consecutive
scanning circles)

WINDSCANNER.DK Riso DTU

|
I
CW Lidar: ZephlIR (50 Hz)
|
|

Tjeereborg . _
SPINNER-EX l Splnner"danrmunted
2009

Wind Turbine: NM80 _

(NegMicon/Vestas)

26 Riss DTU, Technical University of Denmark .
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27 Riss DTU, Technical University of Denmark

Tjeereborg: ZephIR “Spinner-Ex.” ...:

WINDSCANNER.DK Riso DTU

e

28 Riss DTU, Technical University of Denmark WINDSCANNER.DK

B MvI3006.AVI

Riso DTU

29 Riss DTU, Technical University of Denmark
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WINDSCANNER.DK Riso DTU

Time series (10 s) of approaching wind
conditions measured +100 m upwind:

Ex.: Inhomogeneous wind field

30 Riss DTU, Technical University of Denmark WINDSCANNER.DK
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. oty oty
Upwind @ 1.24 @ (+ 100 m): = Results =
= =
Radial wind speeds Correlation between lidar and mast
during a 10-min sampling period The loci of the focussed lidar beam b i
; /
. Z
- E = d
- /_\
=1 a0 /’ Y] :
- | - \, o
T —
31 Riso DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU 32 Riso DTU, Technical University of Denmark
@ 2D LIDAR UpWind Scan patterns: 2 o By B otE il B Bl L bz @
Scanning in 2-D: -— -—
"Risley prism” Scan Patterns for principle 1, fi
. . . . different possibilities =
Dual-prism single-axis beam steering:
o gorees
Scan pattern series 2, n= 6 =
and
Scan pattern series 8, n=6
33 Riso DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU 34 Riso DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU
Lidar-based Remote Sensing:
oty oty
Scope for further wind LIDAR integration: = - - =
P 9 Offshore Wind Speed Profiles:
Upwind
ROtor Plane p Why “Remote Sensing” ?
* Wind Turbines are becoming BIG!
e Tall ( > 100 meters) Meteorological Towers expensive
* Tall Met Towers are difficult to move
35 Riso DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU Riso DTU
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SODAR: SOund Detection And Ranging

=
=

i

R.L Schwiesow, Probing the atmospheric boundary layer

Rise DTU, Technical University of Denmark

WINDSCANNER.DK

Riso DTU

38

Monostatic SODAR

Rise DTU, Technical University of Denmark

Lidar and sodf@pscr o

=
=

i

Riso DTU

=
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Test of SODAR’S
Phased Array
Heimdall
vironment

39 Riso DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU 40 Risa DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU
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Non 1iltered data (points recovered 5545 out of 12532). secior: 0°
350
HY
LI
<SR (0o, ofpants 4210, st 0200
- ¥=10331x- 03219
m
PR S S T N S
[e——
41 Risa DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU 42 Risa DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU
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43 Riso DTU, Technical University of Denmark

WINDSCANNER.DK
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Riso DTU
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Ground-based RS Wind Sensors @ Hgvsgre 2004 - 2009:

i

CW LIDARS

a4

Rise DTU, Technical University of Denmark

Sodar data is inherently noisier than lidar

data

sodar

y=102374+ 00055 y=08922x
AQS500 Spd 75m v Cup Bom Rz 0989

R*=0.9962

lidar

Windeube vs Cup at 80m

=
=1
=

"

¥=09969x-00447

Lidar speed [mis]

o s 10 15 20 I s
cup som

R 0T, Techncl nerstyof Denrk

Cup speed 8om [mis)

B 2

=
=

m 1
RISO —
=
|
46 Rise DTU, 1ecnnical University ot benmark WINUSUANNER.DK Riso DTU

Horns Rev wind farm

47 Rise DTU, Technical University of Denmark

WINDSCANNER.DK
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Riso DTU
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Horns Rev-I Wind Farm

48 Rise DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU
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Meteorological masts and transformer platform

e Cup anemometers and vanes at
different levels on all masts
(15~70m)

* LIDAR/SODAR installed at 20m
on the platform

e Campaign period: May 2 - Oct
29, 2006

Courtesy: Dong

=
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Horns Rev 2006 ZephlR Lidar and an AQ-SODAR side-by-
side...:
12 Mega Watt....RS Off Shore

49 Ris DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU 50 Riss DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU
-— -—
— —
== ==

Correlations between LIDAR and M2/M6 for free
sectors

10 min. mean wind speed - Lidaridm, M2@E2m - Data=4263 Iﬂn‘ﬁ\ rrasan wind tpeed - Lidan@63m. MEGE0m - Datas 1979

Wind profile extension with LIDAR data at M2/M6

E xp E L
] E] ™
" 1
5 : Eo
£ ¥=0.95x40.16 £
; wap Ri=097 i L
s =
g 5. ol
N £
% : 0 S A
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51 Riso DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU 52 Riso DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU
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120

Figure: WindCube wind lidar at (~ 25 m) on the platform

Riss OTU
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Horns Rev |: 1st offshore wind lidar profiling
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Egmond aan Zee: offshore wind profiling
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Figure: Wind profiles up to 116 m (Sathe et al., 2010)

zry tor Sustalnable Energy m

Lidar vs. Hgvsgre Met-mast @ 100 m:

Wind Speeds @ Hgvsgre 100m height @ @
WRF Prediction vs. Lidar Measurements - -

65 Rise DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU

WRF vs. Lidar @ 100 m (left) @ 600 m (right)

66 Rise DTU, Technical University of Denmark

WINDSCANNER.DK Riso DTU
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WRF Profiles vs. Met-mast/Lidar @ 10-600m

Friction velocity u. from WRF.

=
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Binned according to Atm. Stability.

67 Riso DTU, Technical University of Denmark

WINDSCANNER.DK Riso DTU

Find more details at:
www.risoe.dk
www.windscanner.dk
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68 Riso DTU, Technical University of Denmark

WINDSCANNER.DK
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Riso DTU

WindScanner

Short-range WindScanner

Short-range:

oty - . oty
o Long-range: L
= =
= =

71 Rise DTU, Technical University of Denmark

WindScanner
Long-range

WINDSCANNER.DK Riso DTU

72 Rise DTU, Technical University of Denmark

WINDSCANNER.DK

Riso DTU
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Wind turbine control:

WindScanner

Spinner integrated upwind looking wind lidar

73 Riss DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU 74 Riss DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU

Off shore: =

WindScanner

Offshore scanning

75 Rise DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU 76 Rise DTU, Technical University of Denmark WINDSCANNER.DK Riso DTU
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wwwifugro.com
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From tower to tower

Svein Erling Hansen

e SEAWATCH our system for ocean observations

wwwifugro.com

Grno R . B R Grno
T Start of Operational Oceanographic forecasting services E TOBIS buoy
1. generation
_ real time oceanographic buoy
1980 1985 using satellite for data
transmission
Norwegian oil companies
requested services for: 1983/84
« Construction /
« Design criteria
From 1985
*Marine operations
*Ocean forecasts
ww.fugro.com www.fugro.com
‘funnn R ‘fl-lﬂl‘ﬂ ..
SEAWATCH Partnership Seawatch principle layout

ConacoPhillips @
L)
.3
B
] Fishfarmers Organisation
@ sINTEF _
A Vi B e

Wi fugro.com

Tk o ooy

SEAWATCH
EUROPE
Partnership
1990 - 1995

CURRENT
- TEMPERATURE

Wi fugro.com
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OCEANOR’s Metocean buoys

“F.Iﬂl‘lﬂ

Numerical model interconnection

W fugro.com

NCEP Global
Forecast

Near-Shore
Wave

Atmospheric

Model buoy data

Hydrodynamic
Model

0il-Spill

Model

W fugro.com

“F.Iﬂl‘lﬂ

SEAWATCH Applications

Oceanographic measurements

Multi'parameter Buoy - Poseidon, Greece

Algae-monitoring — Beijing Olympics

Wi fugro.com

ii

Wi fugro.com

“F.Iﬂl‘lﬂ

Operations

“F.Iﬂl‘lﬂ

The Seawatch Tsunami Module

Wi fugro.com

Wi fugro.com
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POSEIDON-3 - dypvann

'f.lﬂnu

'f.lﬂnu

Bglgeenergi potensiale

Acoustic release

AADI RDCP 600

Temperature

Salinity Develogic
Dissolved Oxygen REmeie mesam
COo2

g:::;sure Spare space for
Turbidity battery containers

Battery container .
Floatation

W fugro.com

W fugro.com

P HYWIND buoy

'f.lﬂnu

WIND SENSORS

*World first floating wind mill
*2.3 MW

«Diameter of Rotor: 82m

«Operator: Statoil

*Measurement of the wind energy
potential.

*Reference standard is IEC 61400-2

Cup & vane type wind sensor (RM Young)

Ultrasonic sensors (low maintenance)
(RM Young)

™

W fugro.com

W fugro.com

'f.lﬂnu

Data Presentasjon

'f.lﬂnu

Wind profile using traditionally sensor tower platform.

Wind Parameters
* 10min Wind Speed
-+ 10min Wind Dir 10

30/08/2008 10:50:02 Time Zore: UTC +2 H

« 3sec Gust 8

AR
ey

Thuz4  Fi2h  Sat26 SunZ? Mon28 Tue23 ‘wed30
23Aug-2006 - 30-Aug-2008

———  Template_brea, WindGust(ms)
——— Templale_frea, WindSpeed (m/s)

Wind Speed and Gust

GREATER'GABBARD

LONDON ARRAY

W fugro.com

W fugro.com
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Tu cro

Light detection and Ranging (LIDAR)

Challenges:
« Vertical stable platform

« Power consumption

) il
Solutions | _i_
« Increased power production AR
* Buoy design = -

« High frequency sampling

* Multiparameter

« Inertial measurement Unit

(IMU)
—d
-

. fugro.com

Tu cro

Partners:

*University of Bergen
*CMR Instrumentation
*Marintek

«Statoil

*Fugro Oceanor

i fugro.com

Light detection and Ranging (LIDAR)

Fti
L 1

Tu cro

AMASS- Autonomous Marine Surveillance System)

* Network of observing platforms
— Acoustic and visual sensors

+ Challenges
— Energy demand

« Strategy/Solutions
— Wind and Fuel cell technology (100W)
— Sunlight power production
— Battery

* EU-7.ramme program (10 partnere)

« Project leader: Carl Zeiss
* Project period 2008-2011

. fugro.com

THANK YOU

s.hansen@ocea
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Effects of ocean waves

Alastair D. Jenkins, Uni Research, Bergen
alastair.jenkins@uni.no

Wind Power R&D Seminar, Trondheim
2011-01-20
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Introduction

Effects of ocean waves on offshore wind power production

e Direct effects:
— Forces on fixed and floating structures
Hydrodynamic forces (drag and inertia)
— Slamming of free surface (breaking waves)
— Generation of spray and air bubbles
e Indirect effects:
Influence of waves on atmospheric boundary layer
— Influence of waves on the ocean

e Effect on measurements

m norcowe s

e T —

uniBCCS

Direct effect of waves

e Oscillatory forcing on structure / mooring

e Inertial forces and turbulent drag due to mean current and
wave orbital motion (Morison equation etc.)
e Wave breaking / slamming: impulsive loads due to impact
of water surface
Near-vertical inclination of water surface
— Breakup of jet ejected from wave crest
— Sea spray / corrosion, icing
Turbulence / air bubbles

uniBCCS

fm norcowe
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Wave effects via atmospheric
boundary layer

Effect on turbulence (drag coefficient, aerodynamic
roughness)

Influence of atmospheric stability

Oscillatory motions

Critical layer effect

Second-order mean flow, wave-induced wind

Internal waves in boundary layer
Coupling via dynamics (structural, electrical system)

umBCCS fm norcowe

Waraegian Eamire bor Oiftubass wisd fasray 1

Wave modelling techniques (examples)

e Direct numerical simulation (DNS); large eddy simulation
(LES)

e Boundary integral methods (compute interface only)

e Spectral representation: radiative transfer equations

¢ Dimensions: 2 spatial, 2 in Fourier space

¢ Include terms for wave energy input from wind, nonlinear
transfer, energy dissipation

e Wave refraction and ray tracing models

umBCCS fm norcowe

Waraegian Eamire bor Oiftubass wisd fasray 1
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Effect on measurements

Waves on the air—sea interface affect the measurement of
parameters and flow variables in a numer of ways:

¢ Via the waves’ effect on the turbulent flow, as roughness
elements or by extracting momentum from the flow in other
ways

¢ By moving the instrument platform about, so that
platform-based fluid velocity and other measurements
must be corrected for

¢ By inducing oscillatory motions in the atmosphere and the
ocean, thereby corrupting averaged quantities measured
from a moving platform

Turbulent boundary layer

U(2) = (u./r)log(z/20)

° U, = (1/pa)'/? = friction velocity

e Turbulent wind stress 7 = pau,® = paCp(2)[U(2)]?
e Cp(z) = drag coefficient referred to height z

® pg = air density

® x ~ 0.4 =von Karman constant

® zy = roughness length

Marine boundary layer

Turbulent drag coefficient / roughness length reduced with
respect to land conditions:

¢ Roughness elements are surface gravity-capillary waves
(wind waves)

e The longer/larger wave components travel with the wind,
and give a kind of ‘slip’ boundary condition

uniBCCS

fm norcowe

armegios Eamire o Offvbass wisd fasray 7i—

uniBCCS

fm norcowe
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Hen ry C harnock (1 955) BABANIN AND MAKIN: WIND TREND AND GUSTINESS ON SEA DRAG
0] ¥ 7 CF N
3 J :
§
z &
* Roughness elements are short gravity waves Next slide: logarithmic velocity profile and wind gustiness - 7
¢ Relevant parameters: measured by Babanin and Makin (2008) 2 . PR —
[ 2 4 13 L] 10 12 14 16 18 20
— friction velocity u. Uy s
accel. due to gravity g 4
° zy=au?/g " BN T N
LS o v .
e Charnock coefficient o ~ 0.014 P T .
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Vertical momentum flux (in air or water)

pu2 = —p(u'w') (Reynolds stress)
—p{(Ut + Uw) (W + Wi))
= pCo(2)[U(2)P

(-) : average
(-)t : turbulent, (-) : correlated with wave motions
Cp = drag coefficient

Miles theory for wave generation and
wave-induced momentum flux

e J. W. Miles (1957): Wave growth rate determined by
curvature of U(z) at the critical level z; where the wind
velocity is equal to the wave phase velocity ¢

* At z; the wave-induced Reynolds stress
Tw = pU.® = —p{UyW,y) has a singularity (for a single wave
component)

Next slide: example of modelled wave-induced oscillatory
motions in the airflow, showing singular behaviour at z = z;

T i

FiG. 4. Example of the solution of the Rayleigh equation (Jenkins 1 993)

for a square root velocity profile, K = 0.15.
norcom.
orwpion Camive o ik Wied Wouryy -

uni BCCS ’E‘A_ nngq_m uni BCCS ’E‘A_ uni BCCS E‘A_
Uem0:Zmfe; (Tl Uit Wave and turbulent stress computed by Makin (2008)
w
w
w'
w*
o ) o Ey
& Various contributions to o
~ modelled vertical mo- i
% : mentum  flux (Jenkins
. . 10
I 1992). Above the region _
_:'5 of wave influence it is Ve 0 o7 o4 o6 o8 1 iz W PR ; Y " ity s |
3 turbulent Reynolds stress e wey b .
. Fip. 1 Left. Wind-speed components, Thick sefld line—u-component; tiin selid line—v-component: swell is Lal’ge'eddy SImUIa“on mOdelllng above waves (Edson et al-
(1 ), near the surface present, o = —.62 (Cg = —500, AK = 0.05) Thick dashed line—u-component: thin dashed line 2007)
iS iS mOStI ressure— vcomponent, no swell, Right. Stress o (only x-axis P are shown), Thick sefid
y p fime—rtoml stress; medium sofia—wrbulen stress; thin soffd—wove-induced aress, swell is prosem, Dasfed
N surface slope covariance line—turbulent strexs, no swell. The heights of the inner region &y g and the atmowpheric surfuce layer i are
5 shown by horizontal lines crossing the vertical ixis
omBoCS T norcowe e
TS5 merwegien Canira b Oifvhacs mind fasrar -
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Increased momentum flux over
breaking waves

e M. Banner (1990): laboratory experiments showed that air
pressure perturbations (leading to wave growth) are
greater over breaking waves

* Drag coefficient and wave age:

— ‘Charnock coefficient’ depends on sea state

— ‘Wave age’ ¢p/u, is an important parameter

— Cpis the phase speed of the dominant waves

— Cp increases as wave age decreases, but decreases again
for the ‘youngest’ waves (the shortest fetches)

apx(e, /U2, U.=0.7m/s

u
[=3
ary
(=] ".
F U
- 1
[=] 9
st
(=] A
AR
" S
?3 [N 2
1 e
Self
— P s
Sall S
N
= —— '—‘B“=-~—._.__ﬁ__
— —
= e S——
st
(=]
. . . L . . i
o 10 20 30

e,/ Ue

FIG. 16. Drag coefficient for 2 = 10 m with Phillips parameter ap = 0.57(c £, and
fricthon welocity Uy = 07 m 3™, Solid lines: Model resalis. With solid circles, present model;
with asterisks, Janssen { 1969 ): with plas signs, Jenkins | 1992 )2 with rectanghes, Nordeng ( 1991);
dostied lime: curve fitted by Geemaert et al. { 1987 ) 1o feld experimental resalts with a range of
values of Uy; close dashed line (long dashes): from the relation of Toba and calleagues | Toba
and Koga 1986, Eqgs. (%) and ( 10}]: dash-dotted line- from HEXMAX measurements (Maat et
al 1991); dash-and-three-dots line: from Lake Ontario measurements { Donelan 1990).

(Jenkins 1993)

=un coupled
+ coupled
tor
Tw
T 2+

1 1 1 1 1
s 10 15 20 25
Cplu, —*

FiG. 5. Reduction of wave-induced stress due to the quasi-linear
coupling of wind and waves. Crosses denote the normalized wave
stress calculated from the wind profile in the absence of the long
waves and diamonds denote results when there is equilibrium between
wind and waves. .

(P.-A.E.M. Janssen 1987)

s 0 Ve i s 3 R T
pr ease

(Smedman et al. 1999)

Circulations in ocean observed from FLIP platform (Weller et
al., Science, 1985)

b T NOTCOWD | | s T norcowe ot
Wave modelling
ol ® R ¢ Directional spectral models, based on radiative transfer
@ .. : equations for surface gravity waves
g o 5 5, el * Wave energy input from wind, dissipation by wave breaking
oz o . . . _=: ¥ ete.
o 2 a sl * WAM, SWAN
o é- ‘5 . #_. . e Publically available code
il . e WAM run operationally by met.no

e Coupling with mesoscale meteorological model (WRF)
e Lower boundary conditions for CFD models?

h A . norcowe =

e T

—h
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Spectral wave models in NORCOWE

e WAM (K. & S. Hasselmann, G. Komen): global/regional
— Computes roughness/drag coefficient/wave stress for
atmospheric boundary conditions (P.A.E.M. Janssen
ECMWF)
— Straightforward to set up for nesting
* SWAN (developed T.U. Delft)
— More suitable for near-coastal regions, shallow water
— May be nested, and can use WAM output at open
boundaries

T norcowe reee

Incorporation of wave modelling system

* At large scales: WAM with nesting
e At smaller scales and near coast: SWAN (can be nested
with WAM)
e Atmospheric forcing: WRF mesoscale non-hydrostatic
model
e Coupling scheme: MCEL (J. Michalakis, NCAR)
— can choose which variables are exchanged between

models
— automatically accounts for spatial and temporal
discretisations which differ between the various models.

T norcowe reee

Testing WAM wave model—swell after 24h,
wind from SW, 14.1 m/s

Testing WAM wave model—nested domains

§5888a0885.n.

n norcowe e

WAM wave model—total significant wave height

WAM wave model—drag coefficient at sea
surface
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WAM wave model—spectrum at 65°N, 0°E (log.
frequency range, 0.04-0.4 Hz)

NOrcowe s

Test results, significant wave height from SWAN
model, Trondheimsfjorden

Other types of coupling with wave motions

e Coupling to fixed and floating structures:
— Linear response can use wave spectra directly
— Nonlinear response may require simulation of time series
— Slamming from breaking wave crests etc. requires suitable
modelling of the behaviour of the free surface

e Sea bottom (oscillatory and mean currents,
scour/sediment transport)
— Calculation of wave orbital velocities and momentum flux /
wave-induced mean flow may be required
e For CFD modelling at fine scale:
— Simulation of wave time series may be required
— Wave-induced atmospheric oscillations, involving
critical-level behaviour
— How to specify lower boundary in ‘rectangular’

computational domains
T._norcowe S|

Motion corrections |

Interpretation of observations near the sea surface can be
difficult in the presence of surface waves and the
associated motions of the air and water

If measurements are made from a platform which moves
with the waves etc. it is necessary to correct velocity
observations for the motions of the platform

Wind lidar instruments will be particularly affected by tilt
motions which will significantly alter the position of the
target at up to several hundred metres altitude.

T norcowe e

Motion corrections |l

Averaged quantities, such as mean current, turbulent
fluxes of momentum, heat, and mass, etc., may be
systematically affected by correlations between the velocity
of the platorm and its position.

e Ocean current observations are particularly subject to
contamination from the movement of, for example, a
surface-following mooring buoy or ADCP platform (e.g.,
R. T. Pollard 1982).

e The possible errors in these quantities should be estimated
- if they are not too great one may be able to use analytical
expressions (perturbation theory) for the corrections

T norcowe e

Wind
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Correction for instrument platform motion |
(Edson et al., J. Atmos. Ocean. Technol., 1998)

u= T(uobs + Qobs X R) + Vmot

where

u is the true velocity

U,1,s is the observed velocity
Q?obs
egbs

7“Uobs

motion package

Qobs = is the angular velocity vector of the

uniBCCS

e T

. Norcowe e

Correction for instrument platform motion |l

R is the position vector of the sensor with respect to
the motion package

V..ot is the velocity of the motion package

T is the transformation matrix between the platform
coordinate system and the reference coordinates

uniBCCS

e T

. Norcowe e

Correction of fluxes for second-order mean motions |

e (Jenkins 2007, in ‘The Air—Sea Interface’)

¢ (Notation employs cofactors K of the Jacobian
transformation from curvilinear ‘platform-based’
coordinates y and rectangular coordinates x = y + ¢.
Concentration is C and flux is F.)

e We consider fluctuating quantities to first order in the
coordinate displacement or wave slope, and mean
second-order quantities.

¢ For a conservative quantity in a quasi-steady state with a
basically vertically-directed flux (heat, horizontal
momentum, moisture etc.)

Correction of fluxes for second-order mean motions ||

Ka[CV (U — X0, ) + Fl = Kia[C(ur — x1.0) + Fi] + Kaa[CUs — Xa.1)]
= constant,

Then if we substitute uf =Ui + Uy, uay =u;, &V =C+C, Ff =F/,
and F3y = F+ F5', and neglect averaged products of more than two
fluctuating quantities, we obtain:

Fs+ Fs'éas — Fi'éaq + Cl(Us' — &a.0)€a3 — (U — &1.1)E31]
+C'(us’ — €3¢ — Un€s,q) = constant.

Concluding remarks |

¢ To constrain offshore wind power development costs, it is
important to characterize the marine boundary layer and
ocean conditions

Surface waves affect the physical properties of the ocean
and atmosphere: they can act as roughness elements for
turbulent flow in the marine atmospheric boundary layer,
but the effective roughness length is reduced because the
waves propagate with the wind

The vertical flux of momentum can be determined by the
Charnock relation with a friction velocity (or wind speed)
dependent roughness length. The parameter in the relation
depends on the wave age

umBCCS n. NOrcowe s
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Concluding remarks |l

¢ Field observations in the wave-induced boundary layer
may be challenging

e |t is often necessary to use measurement platforms which
move with the sea surface

e Air/water velocities may be corrected for if motion sensors
are available

e Other problems: Flow distortion by measurement platform
structure (may use e.g. CFD model to evaluate/correct)

e Additional problem: bias in average velocity (wind/current)
and fluxes (momentum, heat) due to platform motion -
correction of this may require perturbation expansion of
flow field to second order in wave slope known problem for
current measurements

umBCCS n. NOrcowe s

e T

—
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Concluding remarks |

For instrument platforms subject to wave motion,
corrections of the observations are essential for velocity
and some other quantities

Averaged winds, currents, turbulent fluxes may in addition
have biases due to correlation between platform and
oceanic/atmospheric motions which may need to be taken
into account

It is anticipated that ocean currents/turbulence and wind
lidar observations from moving platforms may be
significantly affected by these phenomena

h A . Norcowe e

e T

Concluding remarks |V

* Types of model which may be employed to investigate
wave effects:

uniBCCS

Spectral wave prediction model of type WAM, SWAN

Wave model for small scales, simulating individual waves,
diffraction by structures

Turbulent boundary-layer model

Iterative model of linear (Orr-Sommerfeld equation) and
second-order response of turbulent boundary layer to wave
motions

CFD simulations, accounting for wave-induced
perturbations at lower boundary

Ocean circulation models, for tides/currents/marine ecology

. Norcowe e

e T

Concluding remarks V

* Model validation

uniBCCS

The models need to be evaluated using dedicated field
observations.

It is important to conduct observations which may elucidate
the phase relations between the wave-induced movements
of the sea surface and those induced in the atmosphere
The effects on the ocean circulation also need to be
accounted for: wind turbine structures may affect marine
ecological processes

. Norcowe e

e T
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C2) Met-ocean conditions

Wave extremes in the Northeast Atlantic, Ole Johan Aarnes, met.no
The HyWind forecasting project, Birgitte Furevik, met.no

A comparison of Sonic Anemometer- and lidar-sensed wind velocity data at Frgya
test site, PhD stud Fabio Pierella, NTNU

Design and operation of floating met-masts, Israel Pinto Grijuela, Grupo APIAXXI
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Wave Extremes in the Northeast Atlantic

Wind Power R&D seminar - deep sea offshore wind
20-21 January 2011, Trondheim, NORWAY

Norwegian Meteorological Institute_met.no

Motivation

Hs 100-yr relurn volues {m) 1958-2000
L

™ [ caires and Sterl, 2005

- www.knmi.nl/waveatlas/

Hs100 estimates:

« based on the global
ERA40-reanalysis

e « peaks-over-threshold/
exponential fit

5 - 1 -

« calibrated with obs.

Norwegian Meteorological Institute_met.no

Validation with observations

iy,

« 40 Buoys / platforms
i E o

« 6 hourly data: Aug. 1991 - Aug. 2002

« 4 hour means (+2h windows)

« Variable length (0-10 years) m.,
« Data contain gaps

« Non-uniform data coverage over a year ml .
« Collocated with ERA40-data it
« Retain data within ,‘,,‘/ “ﬂﬁ

« +0.2° of the median lat
« +0.4° of the median lon -n.l
-

NORA10: — :
« Closest grid point of median lat/lon of W —
obs.

Norwegian Meteorological Institute_met.no

QOutline

* Motivation
« NORA10 - Norwegian Reanalysis 10km
« Extreme Value Theory
- Generalized Extreme Value Distribution
- Generalized Pareto Distribution
« Results - Hs100 estimates from three models
- Comparison/discrepancy
- Model diagnostics
- Is there a local Hs100 minimum in the central Norwegian Sea?
« Conclusions

Norwegian Meteorological Institute_met.no

Model setup NORA10

« Nested model:
> WAM50/ERA40
> WAM10/HIRLAM10
« Digital filter between ERA40/HIRLAM10
« Maintain large-scale features
« Resolve polar lows
« Ice edge updated weekly
« Output:
« 248*400 gridpoints
« 10 km resolution
« 3-hourly data (1958-2009)
« Integrated wave parameters

WAMS50/ERA40
« Wave spectra

Norwegian Meteorological Institute_met.no

Validation Hs: NORA10 vs. ERA40

e 238588 V4 Erives: 35368

[ . /”’ e

Norwegian Meteorological Institute_met.no
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GEV - Generalized Extreme Value Distribution
< Blocking:
« Annual maximum
— AM-model
| | | r-largest order statistic
| - LOS-model

GP - Generalized Pareto Distribution

Peaks - Over - Threshold:
1— POT-model

H(y) :17(14(5—?]7?
G

6 =0+E(U—p)

Norwegian Meteorological Institute_met.no

Norwegian Meteorological Institute_met.no

e

/ —
H '//

/ e T
|

Fitting procedure — “maximum likelihood”

o likelihood function
N " . .
. (f - probability density function of GEV/GP
L@ =T1fx:0 )
i1 6 - parameter estimates for GEV/GP)

o log-likelihood function
/(6) =logL(6) =Y "log f (x;;0)
i=1
o log-likelihood function is maximized iteratively (Nelder-Mead)

Confidence intervals

e Profile likelihood - approach

Norwegian Meteorological Institute_met.no

Norwegian Meteorological Institute_met.no

Determining r of rLOS

Likelihood-ratio test:

D :2{£1(M1) _fo(Mo)} 0 ZI?

rwegian Meteorological Institute met.no

Nor
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Setting the threshold in POT

Visually: [“-ninzt(xm*“)]
» Mean residual life plots )
« Return value plots
Goodness-of-fit tests:
« Kolmogorov-Smirnov
 Anderson-Darling

Threshold set at the 99.7-percentile of the initial data — POT997 |

Norwegian Meteorological Institute_met.no

Model comparison/discrepancy

099 " pQT497.moc: 10087

Prebatily of o exceocarce

0. /""

it i %
Ha Signtcant Wave Hoght

-

[ E—

A Hs100-minimum in the Norwegian Sea?

Hs100(AM)
in Hs s 99-perc
*, g
e,

Norwegian Meteorological Institute_met.no

Bootstrap-experiment

Norwegian Meteorological Institute_met.no
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Conclusions

We have obtained Hs100 estimates for the Northeast Atlantic using three
different data subsets, i.e. the AM, the rLOS and the POT based on a hindcast

Overall, the best fit is obtained with the AM and the POT997
« Paradox: Bigger subsets — higher “confidence” — not necessarily a better fit

« However, provided conformity between model and data, the biggest data subset
is recommended

« Unlike the general wave climate, we find evidence for a local minimum in the
Hs100 estimates in the central Norwegian Sea (further work)

Norwegian Meteorological Institute_met.no
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Meteorologisk
institutt

met.n

The Hywind forecasting
project

Birgitte R. Furevik

Wind Power R&D seminar - deep sea offshore
wind, 20-21 January 2011, Trondheim

T ————

Numerical Weather Prediction (NWP)

e Temnisbokd I
O
Foapaia | o]
A
.‘!’

Numerical weather prediction i

N ttea

- Observations ﬂ“ {3} :"“[':%
s T
v w
-

i .
@ vol T & !
Observations are g "~ dliih M,_% Bt
distributed L % o=
internationally A
through WMO's 4"'/;"
Global
Telecommunicati ——> Analysis of the atmosphere-
on System (GTS) /Initial conditions

«2011-02-16

Hywind forecasting project

= Meteorologisk Institutt, Kjeller
Vindteknikk and Statoil

= Project start September 1, 2009
« 28 month duration

= Provide reliable forecasts for wind,
waves, currents and production during
installation and operation of the Hywind
turbine

= Validation and development

Meteorologisk institutt met.no

Meteorologisk institutt met.no

DIANA
Digital Analysis

* Observations
= Prognoses

* Subjektive
analysis
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=2011-02-16

met.no model system

UM4 nested in Hirlam8, UM1 neste

ECMWF
Global model

HIRLAM12 | |HIRLAMS

General
forecasts
and other
applications

* ECMWF boundaries - state-of-the-art numerical weather prediction model
= HIRLAM - rapid update with new observations in advanced data assimilation
« UM - non-hydrostatic model for high resolution and terrain effects

Meteorologisk institutt met.no Meteorologisk institutt met.no

Offshore by met.no Hywind S9G9N 0500E

Hywing $50m 0500e (54,150 5.0F}

HYWIND forecasting project

N e e

Windepaed jueati]

(R AN RN T RN RN T RwN
Hhem 17 b T 18 L m

B e oS S R AR WAV I PSS

[
Meteorologisk institutt met.no R - | = 1=

UM1 wind speed compared to the Utsira S . .
LiDAR P P Probabilistic wind power forecasting
. ke Atmospheric models (NWPs) + statistical
B T models
1 S _Mé" Et;:,  —— —
§ . M | o I I I * Relation between wind power measurements and
H 50‘% ! i I 1 output from NWPs (and other predictive
£ I Eo:}f —F—F— information) is estimated using Bayesian Processor
B I s e | of Forecast
+ssnss amoan abs error S s plLesree cammlotion St
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New projects

e ”ProVer” « ”ProVer” - online verification tool

= ”Nye Kilden” - online presentation and
data access for advanced users

« ICEWIND - improved forecast of wind,
waves and icing

- 4 year project under Nordic Energy
Research - Integration of large-scale wind
power
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— Accuracy e Rain e Snow/Icing on sensor e Rain e Snow/Icing on sensor

e Wind turbulence o Wind turbulence

+19,+0.1m/s@12m/s

— Sampling freq: 1Hz
— SNRyc > —10 and built-in WindCube filters
— 10-minutes averages valid if Npatarec > 50% U

— Mast Effect on Sonic Anemometer was removed
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Froya test site: Skipheia

Froya is an Island on the West
part of Trendelag

— Exposed to ocean winds
— Facilities already present

e 2x 100m Masts
e 1x 45m Masts
e Instrumentation cottage

— Some distance to the shore
(300m > 3km)

Figure 12: View from the mast
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2x Sonic Anemometers
each level

WindCube positioned 5m
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SW exposed to ocean
winds, dominant direction
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17 Motivation Instrumentation Results Condlusions
Resume: coefficients
Type || Single/Average | Height | m| q| R?
Angle Single 40m 11]-0.75 | 0.97
Angle Average 40m | 0.95| 4.73 | 0.94
Magnitude Single 40m | 0.95| 0.41 | 0.91
Magnitude Average 40m | 0.96 | 0.17 | 0.99

Type | Single/Average | Height | m | q| R?

Angle Single 100m 11]-1.30 | 0.96
Angle Average ‘ 100m | 0.97 | 2.76 | 0.95
Magnitude Single 100m | 0.97 | 0.31 | 0.93
Magnitude Average 100m | 0.97 | 0.16 | 0.99
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Resume: Data availability
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Type || Height | Data Availability (%) |

Single 40m 40%
Average | 40m 53%

Single 100m 37.74%

verage 100m 51%

Filters applied

— Single reading SNR > —10dB

— NpataRec > 50%, for each 10 min

— Qutliers removed from fit [Montgomery, 1998]
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OBJECTIVES  idermar

investigncidn y desarrolio de energias sanovabes marinas

OBJECTIVES

IDERMAR’s goal consists in the creation and channeling
of innovative ideas in the offshore energy field all along
their life cycle

Design and creation of ideas
Search for Partners to develop ideas
Development of intellectual property

Prototypes manufacturing

Processing and negotiation of experimental parks
Acquisition of certificates

Distribution and marketing of the final product

IDERMAR

INTRODUCTION
OBJECTIVES
PARTNERS
BUSINESS LINES
PRODUCTS

investigncsdn y desarrolio d

ergias renevables marinas

PARTNERS

IDERMAR is a mixed private-public company set up by the
Cantabria Government through SODERCAN, ACTIUM, an
Investment company of the APIA XXI Group, the Hydraulics
Institute (HI) of the University of Cantabria (UC) and the Helium
Company.

IDERMAR  idermar

PARTNERS  idermar

SODERCaND

g

IHcantabria

actium (5

HE=ELIUMM

investigncidn y desarrolio de energias sanovabes marinas

investigacién y desarrollo de energi

anevabies marinas

INTRODUCTION  idermar

IDERMAR is a mixed private-public company
set up by the Cantabria Government through
SODERCAN, ACTIUM, an Investment company of
the APIA XXI Group, the Hydraulics Institute (HI)
of the University of Cantabria (UC) and the
Helium Company.

IDERMAR’s goal is to develop research and
development projects in the offshore energy
field

PARTNERS / SODERCAN  idermar

PARTNERS

SODERCaN=

SODERCAN Group is a collection of public companies
dedicated to the promotion and active contribution for
the creation of a corporate-social environment which
favors investments in the industry field and develops
innovative and competitive improvement, and by doing
this, to generate social and environmetal value among
companies, administration and the society in Cantabria.

!

The responsability of the SODERCAN Group lies in their
capacity to be a promoting element in the economic
and social welfare of the region

SODERCAN gives technical and financial support to the
projects of corporate innnovation and diversification, it
helps and advices entrepreneurs, attracts new
investments and facilitates the internalization of the
companies in Cantabria, as well as the creation of
corporate-industry ground of high added value as a way
of improving the relationship between citizens and
administration.
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PARTNERS / HI CANTABRIA  idermar

PARTNERS
L]

: IHcantabria

HI Cantabria is a mixed research institute between the
University of Cantabria and the FIHAC Foundation,
where the Government of Cantabria takes part. The
Institute’s goal is to set itself up as an international
referent of basic and applied investigation and the

of studies, r and tools for
the management of aquatic ecosystems, including
surface and underground continental waters, transition
waters and coastal waters.

investigncidn y desarrolio de energias sanovabes marinas

IDERMAR BUSINESS LINES

In response to the Off-shore Wind Market's
demands, IDERMAR is developing two
business  lines,  Wind-sea  Resources
Monitoring Systems and Floating Systems for
Off-shore Wind Turbines

Among its objectives, the following are included

To study in depth the water cycle and its related systems.
To train top researchers and specialists in the environmental
hydraulic field

To turn the achivements obtained in the study of the water
cycle and related systems into concrete social benefits and to
transfer them to society by means of the establishment of solid
ways of knowledge tranfer, methodologies and tools to the
public administrations and national and international
companies.

To develop models, patents and know-how to increase
international competitiveness of our companies and of the
demanding levels of our administrations.

Among its strategic lines are the investigation and the
technological development in the field of renewable sea
energies

BUSINESS LINES  idermar

imvestigacin y desarmolio de energ idermar

mnowables marinas

PARTNERS / ACTIUM

PARTNERS
ACTIUM S.A. is the means of investment of the APIAXXI Group.
actium E ACTIUM invests in infrastructure, building, energy industry and
agriculture projects through societies created for the development
of their work in these areas. As part of the APIA XXI Group,
ACTIUM has a payroll of more than 500 professionals who offers
global solutions at national and international levels, by means of
investing in the development of projects around Spain, Latin
America, Central America and East Europe
IDERMAR project sets ACTIUM activity in two strategic fields for
the company: energy and R&D.

imvestigacsn y desarredlo de energias mnovabbes marinas BUSINESS LINES  idermar
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PARTNERS

investigacién y desarrollo de energi

anevabies marinas

Helium is a company specialized in technologies for energy
sustainability, mainly in the wind power field. Its multidisciplinar
scope of work allows for the appreciation of different innnovative
energy technologies as well as for the reduction of the time they take
to reach the market by means and services.

Helium offers technical assistance to financial institutions,
organizations, companies and governements, in the national and
international field. Its comprehensive service offer covers the whole
life cycle of the project, from Turn-key projects to specific
interventions during any state of the project: R&D, design,
promotion, project management/monitoring, design and support in
the search for financial support, handling of proceedings, etc.

IDERMAR BUSINESS LINES / WIND-SEA

RESOURCES MONITORING SYSTEMS  jdarmar

BUSINESS LINES

BUSINESS LINE I.
WIND-SEA RESOURCES MONITORING SYSTEMS

CONTEXT

MARKET OUTLINE

EXISTING TECHNOLOGIES

DEVELOPMENT OPPORTUNITIES & COMPETITIVE ADVANTAGES

BUSINESS LINES

01

Wind-sea

The offshore wind power market demands for the creation of
meteorological data monitoring  systems  that allow the
characterization of the wind resource per se and the supervision of
the weather conditions associated to the park in exploitation state.
The incipient nature of this market opens new opportunities for the
development of integrated systems especially adapted to the
offshore environment.
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Imvestigacién y desarmlla de energlas ranevables marinas BUSINESS LINE I/MARKET OUTLINE  idermar Imvestigacién y desarmlla de energlas ranevables marinas BUSINESS LINE I/EXISTING  jdermar
TECHNOLOGIES
CONTEXT MARKET OUTLINE EXISTING TECHNOLOGIES
The offshore wind resource is experiencing a significant development: The offshore wind resource measurement market can be characterized by meeting the The different available technologies for the wind resource characterization that can

Denmark

United Kingdom (Round 3)
Germany

Norway

France

us.

There is not enough availability of real data taken “in situ” on future locations of
offshore wind farms.

Meteorological data monitoring systems are required to evaluate the wind resource
availability and operating conditions in future farms.

investigncién y desarrolio de energias sencvabbes marinas BUSINESS LINE I/DEVELOPMENT  jdermar

OPPORTUNITIES

following requirements:

WIND FARM RESOURCE MEASUREMENT in order to asses the viability of the project and
enable a robust financial case for investment to be developed

WIND FARM OPERATIONAL MONITORING to monitor the production and hence confirm the
likely long term energy yield at the site, and to record extreme events

WIND TURBINE POWER CURVE WARRANTY to assess the power curve of offshore wind
turbines at site and confirm whether the warranted power curve has been meteorological

RESEARCH & DEVELOPMENT: power performance and loading assessment; wind resource
assessment in a wide-area; research in wake flow conditions

investigacin y desarralia de anergias rmnevabbes marinas BUSINESS LINES  idermar

DEVELOPMENT OPPORTUNITIES & COMPETITIVE ADVANTAGES

In those conditions, the floating meteorological tower concept represents an
alternative to conventional solutions that improves its performance and application
ranges.

LOWER installation COST than towers fixed to the bottom of the sea

Adaptable to DEPTHS BETWEEN 30 AN 200 METERS which extends its application field with
regard to conventional towers, whether fixed or supported at the bottom

LOWER manufacturing, installation and handling LEAD TIMES

POSSIBILITY OF RELOCATION and displacement of the tower which extends its spatial
coverage

TESTED MEASUREMENT TECHNOLOGY based on cup anemometers supplemented with
ultrasonic anemometers

Business model that MINIMIZES CUSTOMER RISKS, only data sale, the tower is owned by
IDERMAR and, therefore, IDERMAR is responsible for its operation and maintenance

BUSINESS LINES

BUSINESS LINE II.
FLOATING SYSTEMS FOR OFF-SHORE WIND TURBINES

CONTEXT
MARKET OUTLINE

compete with the floating platform are:

PERMANENT METEOROLOGICAL TOWERS: high cost and long periods of implementation,
only competitive at low depths, significant environmental impact

LIDAR: not tested enough developing technology, technical limitations in the fog, high energy
consumption, currently only feasible on fixed towers

SODAR: same problems as LIDAR but with larger technical uncertainties.

SATELLITE: limited data, indirect measurement, relatively low accuracy in speed and direction
data.

BUSINESS LINE Il / FLOATING
investigacidny desarmolla de energias ranevabies marinas SYSTEMS FOR OFFSHORE WIND TURBINES  Idermar

The conditions of the coastal platform related to great part of the
world coastline do not allow for the application of bottom-fixed
substructures in offshore wind farms. Taking into account this
necessity, it seems interesting to develop floating systems that
make it possible to install wind farms in sites with depths greater
than 50 meters, in a cost-effective way,
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CONTEXT

B Reasons to promote Offshore Wind Energy:

Avoiding increasing land parks with significant scenic and environmental impacts

Not having to use land areas with less potential, reflecting lower efficiency of energy

production

B Development of new technology and new business areas for Spanish companies that would
maintain their competitiveness against other countries

B Maintaining and creating jobs in a sector that currently employs more than 37,000 people in

Spain (Wind at Work report, January 2009)

B Offshore Wind Potential:

B The Spanish coast platform is low with a landscape buffer zone of 8 km (7 miles in the United
Kingdom)

B The available area for conventional facilities cemented in depth between the line of 8 km and
the bathymetric of 50 m is very low

B Adequate distances to minimize visibility from land are located around 15-20 km, where the

Range of Offshore Wind Technologies Use

APPROX. DISTANCE #0 Km

APPROX. DISTANGL
L Y -

GOAHT LINE
P = Avimas s

BOTTON PLATIORE

RAMGE OF OFFSHORE TECHNOLOGIES USE

Comparisson between the Spanish and British coast areas (depth below 50 m) where
bottom foundated offshore solutions can be used

depth is typically 200 m S ——
e s St e
e b
y Jia de snergian sanevat BUSINESS LINE II/CONTEXT  idermar y Jia de snergian sanevat BUSINESS LINE Il/MARKET OUTLINE /jfarmir 4 v oo de energias renevab PrRODUCTS  idermar .
Offshore Wind Potential over Floating Platform in Spain MARKET OUTLINE

Fe

W Develop, build and fund research floating towers that will be distributed by the
Spanish coastal areas of greatest wind potential to confirm and assess the
actual available resource (intensity and hours of operation). The data provided
by these research towers would solve the lack of real data and allow specify the
prime offered values more precisely

B Achieve the development of a floating support system for offshore wind turbine
that can be adapted to any machine model in the market and allow the wind use
of Spanish coast at depths of 50-200 m with a competitive cost.

B To achieve these two objectives it is required:

W Support in the administrative process of licenses and permits

B Financial and economic support for its development

PRODUCTS

As an alternative to structural solutions with
foundations on the sea bed, the company
IDERMAR has developed a new product line
called IDERMAR METEO. IDERMAR is also
currently planning the development of new
support structures for offshore  wind
turbines
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DESCRIPTION

Alternatively to the bottom-fixed foundation solutions, IDERMAR has developed
a new array of products called IDERMAR METEO destined to the creation of
wind and ocean resource assessment campaigns in middle-depth and deep
water sites. It consists of a data acquisition and analysis system based on a web

PRODUCTS application that allows for remote access to meteorological and ocean data. The

monitoring system is installed in a floating substructure which supports a met
mast similar to those used in onshore campaigns.

The structure can be carried and installed easily thus reducing the cost and the
impact on the environment, compared to structures attached to the seabed.
Since they can be easily transported, the floating masts can be re-used for
different measurement campaigns or taken to the port for repair in case of
major structural damages. Currently, the IDERMAR METEO line consists of two
products with a mast height of 60 and 80meters each

i e s TECHNICAL DESCRIPTION/DESCRIPTION OF  jdermar
THE PRODUCT

TECHNICAL DESCRIPTION
B INTRODUCTION
B DESCRIPTION OF THE PRODUCT
* Structural support and floating system
* Power, measuring, recording and reporting system

* Monitoring and surveillance systems
B DATA

B CERTIFICATION & ASSESSMENT BY THIRD PARTIES

. TECHNICAL DESCRIPTION/DESCRIPTION OF  jdermar

THE PRODUCT

¥ d gl bbes marinas TECHNICAL DESCRIPTION/INTRODUCTION idermar

INTRODUCTION

IDERMAR METEO is a floating substructure which supports a met mast similar to those
used on land, which characterises off-shore wind resources through the comprehensive
measurement of the different physical variables involved (wind speed, wind direction,
temperature, atmospheric pressure, relative humidity...).The system comes complete with
devices that provide remote monitoring capabilities in relation to the data obtained and to
the safety of the entire unit. The energy required to keep the equipment working is
generated in the floating structure itself, making the whole system autonomous concerning
power.

i e s TECHNICAL DESCRIPTION/DATA  idermar

DESCRIPTION OF THE PRODUCT

B THE FLOATING MAST PROPOSED BY IDERMAR CONSISTS OF THREE BASIC SYSTEMS:

H  STRUCTURAL SUPPORT AND FLOATING SYSTEM

B POWER, MEASURING, RECORDING AND REPORTING SYSTEM

B MONITORING AND SURVEILLANCE SYSTEMS

STRUCTURAL SUPPORT AND FLOATING SYSTEM

From a structural point of view, the system consists of a submerged section that provides
stabilisation through a buoyancy and ballast mechanism, and a section above water
consisting of a cylindrical first section followed by a lattice mast where the elements that
support the instruments are mounted. The whole unit measures 125 m long, of which, 35
m are underwater and 90 m are above sea level. It has been designed for anchoring in
depths of 50 metres or more.
W DESCRIPTION OF THE STRUCTURAL SYSTEM
o Anchor system
o Underwater section

o Water-air interface

o Section above water

B CHARACTERIZATION OF THE INSTRUMENT SUPPORTING ARMS

DESCRIPTION OF THE STRUCTURAL SYSTEM

E

%

S
DESPIECE

e

Figure 1. Parts of the floating met mast structure
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THE PRODUCT

B TECHNICAL DESCRIPTION/DESCRIPTION OF  jdermar «
" oty THE PRODUCT

DESCRIPTION OF THE STRUCTURAL SYSTEM

Figure 2. Structural diagram of the met mast

v B TECHNICAL DESCRIPTION/DESCRIPTION OF  jdermar «
: i = i THE PRODUCT

POWER, MEASURING, RECORDING AND REPORTING SYSTEM

The instruments attached to the met mast have been specifically designed with the
following objectives in mind:

H  PROVIDE WIND RESOURCE MEASUREMENTS ing with sector rt
concerning accuracy, calibrating, traceability, etc.

B BE AUTONOMOUS from a power-related point of view for an indefinite period of time to
perform all their functions related to collecting, registering and reporting data.

B TRANSMIT DATA in a way that allows remote monitoring at configurable intervals and with
total flexibility.

To achieve these objectives, the floating met mast has been equipped with three
independent sub-systems:

B INSTRUMENT AND CONTROL SUB-SYSTEM.
B POWER SUB-SYSTEM

B COMMUNICATIONS SUB-SYSTEM

THE PRODUCT

INSTRUMENT AND CONTROL SUB-SYSTEM

The core element of the instrument and control sub-system is redundant and consists of
two robust PCs with redundant storage. Linked to the said sub-system are the data
recording units that communicate with the analogue sensors. These are also duplicated to
provide the system with the redundancy required.

The control system consists of two compact computers based on industrial specifications,
running Microsoft Windows XP operating systems. The computers also feature hard disk
protection systems against hardware failure and remote image recovery systems in the
event of operating system failure.

The electronics of the platform's local communications network consists of a number of
industrial grade switches that are responsible for providing connectivity between the
computer and other systems (data loggers, communications routers, gateways...). The local
network is based on category 6 Ethernet cabling, which is specific for the platform
environment.

B TECHNICAL DESCRIPTION/DESCRIPTION OF  jdermar «

B TECHNICAL DESCRIPTION/DESCRIPTION OF  jdermar «
" oty THE PRODUCT

INSTRUMENT AND CONTROL SUB-SYSTEM

This system receives, monitors and manages the signals of the different sensors installed,
including the following:

B METEOROLOGICAL AND ENVIRONMENTAL SENSORS (all the sensors are installed in strict
compliance with MEASNET guidelines):

o Thies “First Class” Advanced cup anemometers, pre-calibrate in wind tunnels
belonging to MEASNET

o Thies “Compact” wind vanes
o Gill WindMaster Pro ultrasonic anemometers, pre-calibrated in accordance with
I1SO 16622:2002(E). This includes real time post-processing to compensate for the

movement of the structure

o VAISALA HMP45Cde temperature and humidity meters and atmospheric pressure
meters (SETRA CS100)

INSTRUMENT AND CONTROL SUB-SYSTEM

B POSITIONING AND COMPENSATION:

o TOPCOM differential GPS with centimetre precision, 1 Hz sampling frequency and
real time compensation (requires base station on land).

o KISTLER high sensibility accelerometers with frequency ranges from 0 Hz to
compensate anemometer measurements.

o XSENS inertial systems: consisting of accelerometers, gyroscopes and magnetic
compass, also for compensation and anemometer measurements.

B INTERNAL DIAGNOSTICS (several units for redundant measurements):

o Water level meters (VEGA)

o Temperature and relative humidity sensors (CAREL)

POWER SUB-SYSTEM
The power sub-system has been designed to provide the necessary autonomy at any time
of the year and in any location (excluding the Arctic and Antarctic circles).It incorporates
the latest power generating technology to provide a robust and reliable system and
consequently eliminating health and safety risks.

B PHOTOVOLTAIC PANELS

B TWO WIND TURBINES

B SET OF GEL BATTERIES

B BATTERY CHARGING REGULATORS AND INVERTERS

B AUXILIARY POWER SYSTEM BASED ON METHANOL FUEL BATTERIES
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. TECHNICAL DESCRIPTION/DESCRIPTION OF  jdermar
THE PRODUCT

. TECHNICAL DESCRIPTION/DESCRIPTION OF  jdermar

THE PRODUCT

. TECHNICAL DESCRIPTION/DESCRIPTION OF  jdermar

THE PRODUCT

COMMUNICATIONS SUB-SYSTEM
Designed for maximum reliability in any situation and under any conditions. It consists in
a quad communications system that also minimises the financial cost of communications.
B INMARSAT DATA LINK
¥ IRIDIUM DATA LINK
B GSM/3G MOBILE/CELL TELEPHONY

B PRE-WIMAX RADIO LINK

. TECHNICAL DESCRIPTION/DESCRIPTION OF  jdermar
THE PRODUCT

COMMUNICATIONS SUB-SYSTEM

All the equipment is managed by intelligent communications software that selects the
optimum data transmission unit. Communications usually take place once every hour.

However, the system can also provide continuous and uninterrupted communications
when real-time monitoring is required or reduce the frequency of communications when
power saving is required. In summary, the communications management options would
be:

B AUTOMATIC MODE that selects the ideal unit to transmit communications as programmed.

B MANUAL MODE used to select the equipment and communication time.

B SEMI-AUTOMATIC MODE used to schedule connections.

. TECHNICAL DESCRIPTION/DESCRIPTION OF  jdermar

THE PRODUCT

MONITORING AND SURVEILLANCE SYSTEMS

IDERMAR METEO incorporates monitoring and surveillance systems that allow remote
monitoring of the facility, covering two key strategic functions to ensure the success of the
data collection campaign:

B STORAGE OF EXPORTED DATA, obtained from the met mast's central unit, for statistical
processing, distribution and presentation.

B REAL TIME MONITORING AND SURVEILLANCE of all operational systems on the mast to
ensure the quality of the wind resource data collection campaign and the integrity of the
installation.

The monitoring and surveillance systems are based on software developed for the internal
management of the floating met mast and its communications with land, as well as
software developed for the transmission and use of the said data.

. TECHNICAL DESCRIPTION/DESCRIPTION OF  jdermar

THE PRODUCT

FLOATING MET MAST AND COMMUNICATIONS SOFTWARE

This is the software installed in the floating met mast control computer and its use is
restricted to IDERMAR to operate system. It comprises the following components:

B COMMUNICATIONS MANAGEMENT SYSTEM
B SAFE DATA TRANSMISSION SYSTEM
B ALARM MANAGEMENT AND ACCUMULATION SYSTEM
B LAND BASED DATE RECEPTION AND STORAGE SYSTEMS
o  AnFTP server
o Aservice in charge of uploading the data files received to the database

o SQL Server 2008 database server

DATA PRESENTATION AND DOWNLOADING SOFTWARE

The software used for presenting and downloading data, which is partly accessible to
customers, includes a number of Web-based services that allow the use of the data stored
in the project database.

The system also includes a range of services that trigger alarms that automatically send e-
mails alerts and SMS messages to pre-established recipients for each alert category.

The WEB services are based on a complete multi-user and multi-project platform. The
system allows each user with access privileges to the consultation system to customize the
WEB page based on their needs. This requires a set of controls that take the data stored in
the database and presents them to the user in the form of graphs, simulations, lists or
other items.

The said set of controls is a permanently growing repository based on the needs and
expectations of the different types of system users. Consequently, the view that an
operations and maintenance manager has when accessing the system would be a list of
alerts and alarms, while the view a met data analyst would get would include reports,
graphs, animations, etc. In any case, each user may customize the page according to their
needs based on a set of controls they will be able to access based on their individual
privileges or on the privileges of the access group they belong to.

Figure 6 Example of a customized monitoring screen
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DATA DATA DATA
HEIGHT
SENSOR (m above AWH) ASSEMBLY DIRECTION
IDERMAR will deliver corrected data on a monthly basis. The said data will take into Cupar i 90 Vertical support N The processing of the said variables will be based on ten-minute series of data with
account the effects of any possible movement of the floating met mast and will include Cup anemomet 85 Horizontalarm WNW sampling frequencies above 1Hz. From each ten-minute data series, the following will be
the completion of data by means of MCP methods. The delivery of data will be via the Ultrasonic ar 85 Hor!zcnlalarm ESE obtained:
. . . . Wind 82 Honzontalarm WNW
WEBSITE. Customers will be notified by e-mail on a monthly basis when the database has Wind 87 Horizontalarm ESE
been updated. T I Sensor 80 On mast WNW B FOR WIND SPEED AND DIRECTION: maximum value average and minimum value as well
T Ire sensor a0 On mast ESE as the standard deviation.
The data on each meteorological parameter, of the type mentioned above, taken with a Air pressure sensor 80 On mast WNW
frequency that exceeds 1Hz, will be stored continuously and processed each month to Air presfure sensor 80 On mast ESE W FOR OTHER VARIABLES: the average value and the typical deviation.
obtain the different variable that will be delivered to customers in electronic format. Relative humidity sensor 80 On mast WNW
Relative humidity sensor 80 On mast ESE Each of the variables will be stored in ASCII format in separate files. Within each of the
Ultrasonic ar 75 Horizontal arm WKW files, the first 6 lines correspond to the header containing general information on the mast,
Cupar 75 Horizontal arm ESE variables and the measurement period in question. From the seventh line, the information
Wind 65 Horizontalarm WNW will be stored in columns, where the first will be the corresponding timestamp of the ten-
Wind 65 Horizontal arm ESE minute series.
Cupar f 55 Horizontal arm WNW
Ultrasonic anemometer 55 Horizontalarm ESE
Ultrasonic ar 45 Honzontalarm WNW
Cupar f 45 Horizontal arm ESE
Té ture sensor 20 On mast WNW
Temp Ire sensor 20 On mast ESE
Table 2: Location and identification of for wind resource characterisation
d " TECHNICAL DESCRIPTION/DATA  jdermar « d " TECHNICAL DESCRIPTION/DATA  jdermar « d " TECHNICAL DESCRIPTION/ jdermar +

CERTIFICATION&ASSESSMENT

DATA

#5tation: Virgen del Mar
#Parameter: WindVane_60m

#Unit: degree

#Titles:

Time Value Minimum Maximum Std. Deviation  Quality

#Data:
01/01/2010 0:00 50.3 -999.99 -999.99 3.24 2
01/01/2010 0:10 52.3 -999.99 -995.39 4.67 2
01/01/2010 0:20 52.5 -999.99 -999.99 3.7 2
01/01/2010 0:30 53.1 -999.39 -399.39 3.15 2
01/01/2010 0:40 53.3 -999.99 -999.99 3.54 2
01/01/2010 0:50 55.9 -999.99 -993.39 4.54 2
01/01/2010 1:00 513 -999.39 -399.39 3.86 2
01/01/2010 1:10 51.8 -999.99 -999.99 3.97 2
01/01/2010 1:20 55.4 -999.99 -999.99 4.43 2
01/01/2010 1:30 54.7 -999.99 -999.99 343 2

Table 3: Example of data file format provided

REAL TIME ACCESS TO DATA

Additionally, the data presentation software provides the possibility of viewing and
downloading raw data virtually in real time. Raw data do not contain corrections due to
the movement of the buoy, not have they been completed using MCP methods. Access to
this information is  regulated by a number of profiles that provide safe and identified
access by each user.

Consequently, customers will have access to the information that corresponds to all the
meteorological and environmental data described in Table 2.

IDERMAR staff responsible for operational and maintenance tasks will have access to
information from all the sensors (meteorological and environmental, positioning and
compensation or internal diagnosis sensors). This information will be used by IDERMAR to
establish and schedule maintenance tasks. Likewise, the said tasks will be used to correct
and complete wind data.

CERTIFICATION AND ASSESSMENT

In order to offer our customers maximum guarantees, the IDERMAR METEO system is
subject to the most rigorous certification and testing processes in the wind farm sector.

With this in mind, IDERMAR has decided to work with the company, GL Garrad Hassan, one
of the unquestionable reference companies that has wide-ranging experience in the

maritime and wind farm sectors as well as in testing and resource data collecting.

The certification and assessment process is divided into two different parts:

B DATA QUALITY ASSESSMENT

B STRUCTURE CERTIFICATION
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Wave extremes in the Northeast Atlantic

Response of Tension Leg Configuration subjected to wave &
aerodynamic thrust loading
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EFFECT OF FOUNDATION MODELLING METHODOLOGY ON THE
DYNAMIC RESPONSE OF OFFSHORE WIND TURBINE SUPPORT

@ NTNU

Norwegian University of

Science and Technology
Department of Civil and Transport Engineering

STRUCTURES

PhD candidate:
Supervisor:

Eric Van Buren
Geir Moe

BACKGROUND

Offshore wind farms are currently much more costly
than their land based counterparts, about 50 per
cent more costly according to the EWEA. This cost
discrepancy is due in large part to the increased size,
complexity, and installation difficulties associated
with the support structures at sea; typically costing
2.5 times more than the support structure for a
comparable land based turbine. One of the most
difficult and most costly aspects in the design and
construction of offshore structures is the foundation
- specifically the portion of the structure which
interacts directly with the seabed.

In addition, because offshore wind turbines are
highly dynamic systems, it is important to have a
relatively accurate prediction of the dynamic proper-
ties of the full wind turbine structure, including the
foundation and the interaction between it and the
soil. In order to achieve this, the structural model of
the system must include provisions for the
characteristics of the foundation in some form or
fashion.

OBJECTIVES
The goal of the current project is to develop
improved methods for modeling offshore wind
turbine foundations with an aim to decrease the
level of uncertainty in foundation design. By
improving the level of confidence in pile design,
many of the piles may be optimized for the given
soil and load conditions, reducing the size and thus
leading to shorter installation times and lower
costs.

It is believed that current foundation modeling
techniques underestimate the amount of damping
provided by the foundation. While this was of little
importance to the mostly static oil platforms in the
past, increased damping in a highly dynamic system
such as a wind turbine could greatly influence the
overall design of the system, particularly the
support structure.

EXPERIMENTAL SETUP

In the current project, piled foundations for both a
full-height lattice tower, as well as a monotower, are
investigated. These structures can be seen below in
Figure 1.

Additionally, several different modeling techniques
are used, greatly ranging in complexity and detail, as

clAtiin i Cimiiea 2

1,8m@
30mm. 40m

Fully coupled finite element model simulation

— Verytime consuming and expensive, requires extensive soil lab testing
*  Multiple non-linear spring representation (p-y curves)
— Foundation modeled with springs distributed along length of pile
— Dependanton accurate soil profile and characteristic parameters
«  Single non-linear spring representation
—  Entire foundation modeled with single springs atmudline foreach DOF
— Does notaccountfor pile flexibility or soil profile non-homogeneity
Model with an equivalent fixity depth (Apparent Fixity Length)

<=HZ=>-HaIMmMO

]

— Does notcapture any soil-structure interaction
* Assume fixed boundary conditions
—  Extremely simple, fast computations
—  Gross misrepresentation of stiffness of the foundation

- no0O

—  Most comprehensive modeling technique, includes many additional non linear effects
— Includes interactions between soil layers (vertical) and between adjacent piles (horizontal)

— Verysimple and fast in computations, more representative than fixed condition

<—4-—0-rv=-o

-

ommUo®

Figure 2: Foundation Modelling Techniques

Uncoupled Models

— Implemented and Compared using Existing -
Software (HAWC2, GH Bladed)

— Results compared againstfield data (RAVE) -

Fully-fixed Apparent Fixity Length Uncoupled Springs Distributed Springs
////// 7S s J l T
AFL
oy tz curve—,
Q-z curve— A
P 3 v

. E4

Figure 3: Uncoupled Foundation Models

Coupled FE Model
Developed using opensource FEM
foundation code (OpenSees, Code Aster)
Fully Coupled with Aero-Servo-Hydro-
Elastic code (FAST, FLEX5, ADAMS, etc.)

Figure 4: FE Model Coupling

Static FEM

SEQUENTIAL ANALYSIS

NL Soil Springs

HAWC2 Simulation

As an intermediate step between the
uncoupled methods and a fully
coupled FE analysis, a so-called
sequential analysis can be performed.

Py curvel

In this process, the preliminary founda-
tion stiffness is determined with a
static FE analysis, and used in a
numerical  simulation  containing
multiple non-linear spring representa-
tion. This analysis will give time series
force data at the pile heads which can
then be used in a dynamic finite
element analysis. This process can be
repeated several times in effort to
converge on  specific  stiffness

Dynamic FEM

Figure 5: Sequential Analysis Process

Time Series Force Data

CURRENT WORK

Work is currently being done on the sequential
analysis in effort to determine proper stiffness
and damping parameters for a piled foundation
on both a monotwoer and lattice tower structure
in layered soil. The NREL 5MW offshore reference
turbine is being used to allow for easier compari-
sons with other works.

place in the soil

Several different soil profiles are being utilized,
including profiles from the North-Sea, Gulf of
Mexico and the U.S. Atlantic coast. These are all
potential future sites for offshore wind turbines.

soil-structure

FUTURE WORK

Following the sequential analysis process, efforts
will be made to develop a fully coupled analysis
software which contains aero-servo-hydro-elastic
and geotechnical processes. This will allow for a
much closer look at the dynamic process taking

during power production.

This tool will allow a much closer look at the
damping provided to the system by the
interaction,

material and installation costs.

and at the soil-pile interface

possibly  saving

Wind Power R&D Seminar - Deep Sea Offshore Wind Power

20-21 January 2011, Trondheim
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- A brief summary of the status and recent progress

Design and analysis of a 10 MW wind turbine

Lars Froyd, PhD candidate, NTNU

1. Aerodynamic design method

A method for aerodynamic design has been developed based on
blade element momentum (BEM) theory such that a realistic wind
turbine blade can be designed with a minimum of parameters [1]:
» Thickness to chord ratio along the blade

+ Alist of airfoils for the range of thicknesses + C, and C data

» The design point x4, Where the aerodynamics are optimized

» The design point x, which is the point of maximum chord length

Chord design definitions Final chord length of blade
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Based on these data a normalized blade geometry is created and
scaled to the relevant rated power and rated wind speed. The tip
chord length and the twist angle distribution are optimized to yield an
ideal distribution of aerodynamic induction and aerodynamic forces:
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2. Validation of the design method

The design is compared to the NREL 5MW Offshore Baseline design
with the same airfoil distribution. The result shows that the method
is suitable for design of large wind turbine blades.

Chord length comparison Twist angle comparison
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3. Aerodynamic design of 10 MW rotor

Using the developed method with a design power of 10 MW, rated
wind speed 13 m/s and design tip speed ratio of 7.3, a baseline
design is created with a rotor diameter of 144.5 m and Cp = 0.49.

TR ——

——

The blade is designed especially for large rotors, with a high aspect
ratio to reduce aerodynamic loads at standstill and a long, smoothly
changing root section to improve buckling stability.

The design choices made above will later be subject to a parameter
study to investigate how the baseline design can be improved.

4. Structural design of the blades
Based on structural design definitions for the blade spar from [2] and
[3], and structural definitions of a blade shell from [4], the cross-
sectional properties of the blade have been chosen as a first design.

Mass densit 4 Stiffness
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Radius [m] Radius [m]
This gives a blade mass of 27 tons, which is comparable to the
LM 61.5 blade of 18 tons.

5. Aeroelastic analysis of 10 MW rotor

Based on the method for pitch gain scheduling in [3] a method was
created to automatically design a control system for any given turbine
design in Simulink. Using the aeroelastic code FAST with Simulink,
the 10 MW wind turbine was simulated. The results show that the
variable speed, variable pitch control strategy very efficiently limits the
loads above rated speed and yields especially good torque response.
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6. Further work

*  Improved structural design and thorough analyses (buckling/flutter)

5 10

*  More complete definitions of the baseline 10 MW turbine properties
*  Simulation of the 10 MW wind turbine on a floating platform.

»  Parametric study of rotor parameters and platform parameters to

investigate the design basis for floating wind turbines with respect to
fatigue damage.
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177 Conceptual Design of Stall-Regulated Rotors for Offshore Wind Turbines

Karl Merz, Department of Civil and Transport Engineering, NTNU; karl.merz@ntnu.no January 20, 2011
1. Introduction The result is a set of 16 exceed 1.0 (indicating failure). Constraints are also
] . ] ] equivalent slopes, an - " i implemented to ensure a minimum damping of 0.004 (tbough
Deepwater offshore wind turbines are more expensive than their example of which is shown 12 2 preferably much higher) at windspeeds up to 40 m/s; this
land-based counterparts, for three unavoidable reasons: the in Figure 2. Figure 3 ensures that blade vibration is stable during gusts, when the
support structure is more elaborate; marine operations compares root bending 5 08 turbine is operating in the vicinity of the cut-out windspeed.
(including installation and maintenance) are costly and require a moment spectra obtained
favorable weather window; and the electricity must be using this dynamic stall o Design variables were material thickness, airfoil properties,
transmitted over long distances. Minimizing the overall system method against test data chord, twist, and t/c ratio at 12 points along the blade.
cost may require configurations that are different from what has and the results of several
become the standard onshore turbine: three-bladed, upwind, aeroelastic codes. [7] PR 6 1 Gy 4O 3 The cost function is cost-of-energy, not including operation and
pitch-regulated. o) maintenance, representative of a floating wind turbine. The cost
Figure 2 . .

is calculated as the sum of independent component
It is proposed that passive stall regulation should be revived as a Vo 79 mi T 0.3 150 by =006 m Vo 79 mi T 01240y 150 by =006 m costs, which are assumed to vary with governing
possibility for large offshore wind turbines. The reason is the o O it - o loads from the rotor.
simplicity of the mechanical systems: the simplest stall- ' 1

1B+

1E+10,

regulated, direct-drive (no gearbox) turbine has only one 6. Results
primary moving part: the aerodynamic rotor / driveshaft /
generator rotor. A brake system and yaw drive are also needed,
but they are actuated infrequently. Perhaps this simplicity could
be leveraged to reduce -- or, optimistically, eliminate --

maintenance requirements and downtime.

oot (N’m’s)

1E+10

1E+9

A unique (to the author's knowledge) type of blade
results from the optimization. Figure 5 shows the
chord and twist profiles, compared with the NREL 5
MW reference turbine (which is pitch-regulated).

¢ First, note that the optimum rated power in the North
1E+4 Sea wind climate (about 9 m/s average windspeed at

0 04 08 12 16 2 24 28 32 36 4 0 04 08 12 16 2 24 28 32 36 4

S°(Mz.My) at root (N°m’s)

The operating characteristics of the rotor influence the design of

the support structure to a greater extent than the support f () f(H2) hub height) is much higher, for a given swept area,
structure influences the blade design. Thus it seems that the vt o s o Vs o oo than a standard rotor. This follows from the fact that
appropriate place to begin conceptual design is the rotor: what 1E11 1E+12 half the total annual energy in the wind is contained

at windspeeds over 17 m/s, and it is beneficial to
capture some of this "extra" energy.

e software
analy:

does a stall-regulated rotor look like, which is adapted for
operation offshore?

sis Frequency-domain analysis

The discontinuous twist profile near the tip is not an
artifact of the optimization; it provides very favorable
dynamic properties beyond the rated windspeed,

A literature review provided examples of optimization methods
that can be employed in blade design: References [1] through
[4], for instance. However, there are few examples describing
what an optimum stall-regulated blade looks like: how does it when the blades are in various degrees of stall.
behave? Why is it optimal? The work of Fuglsang and =SEs Figure 6 shows the mean angle-of-attack, as a ratio to
colleagues ([5], and related publications) is an exception, 0 04 08 12 16 2 24 28 32 36 4 “o o4 0s 12 16 2 24 25 32 3¢ 4+  the angle-of-attack at maximum lift; a value of 1 thus
although even here the discussion of design principles is brief. 1 ! s represents the point at which stall begins to dominate
Figure 3 the airfoil forces. The "back-twist" near the tip, combined with
The design of a stall-regulated blade involves a balance between 3. Airfoil Model D et o< 030 e ) the relatively high-lift airfoil at this location, means that flow

S(Mz.My) at root (N°n

the competing goals of maximizing energy capture, while 3 stays attached, over a few meters of the blade length, through
minimizing loads (including blade weight) on the support An airfoil model was 0, the cut-out windspeed. Attached flow provides a large amount
structure. The conceptual design process requires fast and developed, based on a of damping; thus this blade design has aerodynamic damping
simple methods for generating, evaluating, and understanding survey of published > that is higher than a typical stall-regulated blade. This region of
this tradeoff for various blade designs. Frequency-domain coefficient data, which o1s & the blade also produces a large amount of power, which is
analysis is ideal for this purpose, because it is orders of allows numerically smooth < " counteracted by drag over other parts of the blade, such that the
magnitude faster than time-domain analysis, and it can be interpolation between a total power remains within limits. The stall behavior of the
understood in terms of superposition. range of airfoil behaviors. ~ -os > oos  blade is better than normal; the rotational speed needs to vary
Particular attention was . =1 R only a small amount in order to hold power constant at high
paid tlo the way in Whl'Ch S A windspeeds.
2. Frequency-Domain Analysis drag Increases as the lift Figure 4 R R R
coefficient peaks and drops; The family of blades shown in Figure 5 is recommended for
Frequency-domain analysis methods were developed to predict this drag behavior has an. imponant influence on the behavior further study,land comparison against pitch-regulated blades.
the dynamic behavior of a stall-regulated blade. Two additions ofa stalAl—regulatetAi turblpe. Figure 4 shows an example of the One concern is that the plade elemenF method,( used to predl;t
were made to textbook methods [6]: the component of model, in comparison with data. the aerodypamlc lqads, is not theoretically valid \yhen ﬂOW.IS
turbulence in the plane of the rotor was included, along with the stalled. It is quesnonablc? whether the aerodynamic properties
axial component; and dynamic stall was modelled. 4. Strength Checks ofhthe tz;lttac(lll'ed—ﬂ(t)w sc;ctlon (;{;hebll)lzde twl(iutlld s]tj}ily t};e ;ame
when the adjacent sections of the blade stalled. This behavior
Frequency-domain methods are by nature linear, whereas Material stiffness and strength properties, including Goodman could I?e investigated with wind-tunnel measurements or CFD
stalled-flow aerodynamics is nonlinear. Therefore, the diagrams for fatigue, were obtained from Griffin [8]. Fiberglass analysis.
aerodynamic equations must be linearized. This involves and carbonjﬁber were candidate?s for the spar material. The ) . ) )
finding the change in lift coefficient for a given change in angle- outer shell is a fiberglass sandwich construction. Another interesting feature of the bllades is that the inner 4/5 of
of-attack, y = dC;/do.. This lift coefficient slope should be . ) tl?e b}ade length has t/c 2 0.30 (lyplcally right at 0.30). Modern
chosen such that it accounts for flow separation. The slope may Streng?h checks were performed in order to size the spar caps. airfoils perform well aerodynamically up to this t/c.
be a function of frequency, since the total response of the blade The thlcknless of the webs was assumed to be proportional to the
is calculated as the sum of the responses at individual spar cap thickness. g NREL S MW
frequencies. X “0 1MW 23 L hi
Local stress spectra were calculated at 12 sections along the O s ;0 eSS e

length of the blade, at 6 points around each cross-section. From
these stress spectra, fatigue cycle counts were obtained by the

Flow separation can be modelled as a first-order time-lag, of the
form:
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This time-lag is related to movement of the chordwise position
of the separation-point along the low-pressure surface of the
airfoil. It is further assumed that a linearized lift coefficient can
be calculated as:

The fatigue analysis was performed at windspeeds of 5, 7, ...,
23,and 25 m/s. The peak stress analysis was performed using a
stochastic dynamic response based upon windspeeds of 25 m/s
(operating) and 50 m/s (shut down), with mean stresses

C‘L :yma\(aia/ )+ ;/li(a/ 7(20)
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Figure 1. For damping, the
energy dissipated over a
cycle of oscillation should -
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such that for excitation,7. =72 + 74 , while for damping, — Constraints are implemented such that the load factors do not
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Response Instabilities due to Servo-induced Negative Damping for Floating Wind Turbines
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Abstract

The blade pitch control of an operating turbine can introduce negative
damping in a floating wind turbine. For example, if the relative wind speed
experienced by the blades increases due to the rigid body motion of the
system, then, if a conventional controller is used, the blades will feather to
maintain the rated electrical power. Thus, the thrust force will decrease,
which will introduce negative damping for over-rated wind speed load
cases. However, in fixed wind turbines since the frequency of the blade
pitch controller is normally less than the frequencies associated with the
relative rotor motions induced by the structural responses. In this paper, a
tension leg spar (TLS) wind turbine is introduced as a support structure
for a wind turbine in deep water with a downwind rotor configuration. A
dynamic response analysis of the TLS is performed for simultaneous
wave and wind loading. These analyses are based on an integrated time
domain aero-hydro-servo-elastic simulations. The wave-induced and
wind-wave-induced responses of both parked and operating wind turbines
are compared to investigate the control-induced negative damping effect.
The correlation of wave and mean wind velocity is considered to define
the environmental conditions for below-rated, rated and over-rated wind
speeds. The HAWC2 code (version 8.5) with a collective blade pitch
controller is used to perform the analysis. It is found that the wave
frequency responses of the wave-wind-induced cases are not affected by
aerodynamics or the controller actions. In the over-rated wind speed
case, the negative damping caused by the controller excites the pitch
resonant motion. This extraordinary pitch resonant response governs the
power production and other responses, such as the nacelle surge,
bending moment and tension responses. It is necessary to avoid the
servo-induced negative damping to get an adequate fatigue life. In this
paper, the controller gains are modified to reduce the instabilities caused
by the servo negative damping. When the tuned controller was applied,
the pitch resonant motion was reduced and the power production was
improved compared with when the untuned controller was used. The ratio
between the standard deviation of the electrical power generated when
the untuned and tuned controller is applied for an over-rated wind speed
case is 8.1. The similarly defined ratio for the nacelle surge motion, the
bending moment at the tower-spar interface and the bending moment at
the blade root is 14.5, 4.4 and 2.7, respectively. These results show that
negative damping adversely affects the performance and structural
integrity of a floating wind turbine. Furthermore, the fatigue limit state is
highly influenced by the negative damping.

Floating wind turbine properties

Wind turbine 5-MW downwind
No. of blades 3

Blade length B1.5 m

Hub height 50

Controller Collective blade pitch
Rated wind speed 11.2 mfsec

Draft 120 m

Diameter above taper 6.5 m

Diameter below taper 9.4 m

Centre of buoyancy B2 m
Displacement B126 m'

Total mass TE82E+03 hy
Centre of gravity (CG) -80 m

Pitch/Roll inertia about CG | 2 18E+10 ke’
Yaw inertia about 1.215E+08 kg’
centreling

Leg length Up to 200 m
Leg diameter 1.0m

Leg thickness 0.036 m
Pretension 7.624 MN

Natural frequencies

Surge/Sway 0.05
Heave 3.69
Pitch/Roll 0.20

Changes applied to the NREL wind turbine

Paramater Upwind Dewnwind

Rotor position In frent of tower | Behind the tower

Shaft upward tilt | 5.0 (deg) 0.0 (deg)
Tension Leg Spar Floating Wind Turbine Hub upwind cons ['2.5 (dea) 0.0 (deg)
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Nacelle surge spectra for responses induced by the wave-only and wind and waves
for the operating and parked rotors in the over-rated constant wind condition
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Nacelle surge spectra, with the untuned and tuned controller in the
over-rated constant wind condition

The blade pitch control of an operating turbine can introduce response
instabilities in a floating wind turbine. By tuning the controller gains, negative
damping can be eliminated. In this study, the controller is tuned to have a natural
frequency less than the TLS pitch natural frequency. The comparison of the tuned
and untuned controller showed that using a constant torque algorithm and tuning
them controller gains helps to decrease the resonant responses and improves the
power production for the over-rated wind speed cases. At the rated wind speed,
the response is governed by the surge resonance, and the tuning effect is less
effective. However, for the over-rated wind speed region, because the response is
governed by the pitch resonance, tuning is effective at eliminating the negative
damping. Comparing the statistical characteristics of the responses for the tuned
and untuned controller for the wind turbine subjected to the wave and wind loads
at the over-rated wind speed case showed that the standard deviation (dynamic
part) of the nacelle surge motion, tension, bending moment and electrical
generated power decreased due to the removed negative damping. The ratio
between the standard deviation of the power for the untuned and tuned controller
for the over-rated wind speed case is 8.1. For the nacelle surge motion, the ratio
of the standard deviation applying the untuned and tuned controllers reaches
14.5. The ratios between the standard deviation of the bending moment at the
tower-spar interface and at the blade root are 4.4 and 2.7, respectively, which
means that the negative damping adversely affects the performance and
structural integrity of the floating wind turbine. Reducing the standard deviation of
the responses will increase the fatigue life of the system. The effect of the
turbulence and fatigue life will be discussed in the future research.
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BACKGROUND NODE ELEMENT FORCES

The extremely ambitious political goals concerning
extensive use of offshore wind energy resultin anin-
tense demand of research and development in this
field. As an example, round 3 in UK could mean a
need to install several thousands of offshore wind
turbines within the next ten years. To be able to fulfil
this goal, components for offshore wind farms has to
be produced by mass production techniques and
within reasonably short fabrication time.

New node concepts might be of interest for more au-
tomated production of lattice towers. As a basis for
such an investigation, loading and dynamic re-
sponse by focusing on design of the nodes has been
analysed with HAWC2 in this study.

SUPPORT STRUCTURE CONCEPTS

Where offshore wind turbines are planned to be in-
stalled in the intermediate water depths of 30-70m,
bottom-fixed support structures might be used. One
promising concept is the lattice tower type, due to
less material use compared to other concepts like
monopile or tripod structures. A lattice topology
could be used for the entire support structure be-
tween sea bottom and turbine nacelle or for the
lower part of the tower only.

R

Bottom-fixed support structure concepts for
the intermediate water depth of 30-40m

LATTICE TOWERS

Lattice towers are assembled
1 from steel tubes, where legs and

bracings are welded together in

tubular joints. Legs and bracings
are connected in K-joints, while
bracings in the planes between
the legs are connected in X-joints.

Joint geometry of nodes in lattice towers

NODE ANALYSIS WITH HAWC2

A lattice tower support structure with 84 beam ele-
ments was modelled and analysed with HAWC2.
Wind turbine and rotor configuration were taken
from the NREL 5SMW baseline turbine.

Node forces — time series in K—joints, node 5

X legs - st c1,d2.1120

X-bracngs -0, 1,62, 1120

F2coortocal ]
H

Results from HAWC2 are obtained in time domain.
The figure to the left shows an analysis of a com-
plete K-joint in one leg at a specific node. The distri-
bution of mean forces in one leg e
over the tower height is shown to |}
the right, with standard deviation |
and min/max range. Absolute forces
in z-direction are decreasing towards the tower top.

Mean forces in the bracing X-joints are more or
less stable over the tower
height, but standard deviation
and min/max range are increas-
ing towards the tower top.

NODE ELEMENT MOMENTS

Node moments — time series in K-joints, node 5
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From the same analysis, results for all member mo-
ments were extracted. Mean values over the tower
height were found to be close to zero in the legs.
However, the range of min/max
values is increasing strongly towards
the tower top. Moments in the high-
est tower nodes are dependent on
the connection design of tower and nacelle.

For the bracing members in X-joints, only small

o moments were found, varying
around a zero mean. Bracing
members are mainly loaded by
e ' "] axial forces.
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FATIGUE ANALYSIS

MEMBER DIMENSIONS

The initial tower design of this study was analysed
with constant leg and bracing dimensions over the
tower height. As expected, results from the fatigue
analysis show that dimensions for the legs has to be
increased towards sea bottom, while bracing dimen-
sions hast to be increased towards tower top. First
calculations were based on a traditional node design
with circular members intersecting each other. The
shown load results will be used for the futher analy-
sis of new node designs, suitable for mass produc-
tion of lattice towers.

OBJECTIVES

New node concepts for lattice towers will be devel-
oped for the following purposes:

- lower total production costs

- faster production, towards mass production
- more automated production

- more reliable welding results

- prefabrication of components

If the complex fabrication of lattice towers can be
solved in an effective way, this type might be a pre-
ferred solution for support structures in the future.

Wind Power R&D seminar — Deep sea offshore wind power, 20.-21. January 2011, Trondheim, Norway
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Integrated Converter Design with Generator for Weight Reduction of Offshore
Wind Turbines

Sverre Skalleberg Gjerde*, Supervisor: Prof. Tore M. Undeland*, Co-supervisor: Ph.D. Roy Nilsen**
*Norwegian University of Science and Technology, Trondheim, Norway

**\Wartsila

Contact: sverre.gjierde@elkraft.ntnu.no

Motivation: The expected increase in size of future
offshore wind turbines poses new challenges to the
electric drive. Due to the increased power,
transformation to distribution level voltage (medium
voltage) in the nacelle becomes necessary. However,
the introduction of a 50 Hz transformer adds
significantly to the top weight.

Therefore, this work aims to propose and investigate a
power electronic converter solution which, together
with a special generator design, can provide medium
voltage without the transformer for large scale (10 MW)
wind turbines.

Additionally, the project will follow up recent trends in
research, by designing for a DC-collection grid within the
offshore wind farm.

AC T

DC

OF
DC

AC

O
DC grid

System properties

* Generator with N isolated three-phase
winding groups

* Each group - connected to AC/DC-
converter module

* Converter module - Voltage source
converter

* Crowbars for bypassing defect groups
*Weak coupling between phases

* DC-output of modules series connected =>
Build up output voltage

* Medium voltage DC-collection grid

separately

* Speed reference from
overall strategy

* DC-bus balancing in

Proposed control system

¢ Each module controlled

Overall
control
strategy of w_ref
turbine

w_ref_1—

Module
control

vsc
Modulator Module

1in w_ref_i—

Module
control

VsC
—{ Modulator Module

each module

Module vsC
3 Module | |
’“ﬁ T oot ] Modulator — v ite

Q—RQ—Uq rer>

Advantages of converter system
* Modular structure in generator and converter
->redundancy

* VSC module can be changed — optimize for voltage
levels and harmonic content

* Medium voltage output with no transformer
* Reduced capacitive energy storage

DC-grid
*One conversion step

less compared with AC-
collection grid

=Increased efficiency

| C
oc
V — HIDC | Onshore
°— 0 e
| c

—Reduced converter
cost

Challenges - focus of work

* Balancing the DC-bus of each converter module
* Control under asymmetric operation

* Operation in a DC-grid — overall control strategy
* Impact of short circuit on the DC-side

Wind Power R&D seminar — Deep sea offshore wind power

20. - 21. January 2011

@ NTNU

Faculty of Information Technology, Mathematics and Electrical Engineering
Department of Electric Power Engineering
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Remote presence, Operation and Maintenance of Offshore Wind Farms

Without Leaving Your Office
@yvind Netland and Amund Skavhaug

oyvind.netland@itk.ntnu.no amund.skavhaug@itk.ntnu.no

Department of Engineering Cybernetics, Norwegian University of Science and Technology, N-7491 Trondheim, Norway

Introduction |

There are large areas with good wind conditions available for
offshore wind farms, but they are unfortunately more expen-
sive than wind farms on land. Operation and maintenance is
one of the reasons for this, and it is estimated that O&M will
contribute to 25%-30% of the total energy cost of offshore wind
energy.

Reasons for the high costs are:

m Transporting personnel is expensive and time consuming, con-
tributing to offshore operations costing 5-10 times more than
operations on land.

m Equipment for heavy lifting is at least 10 times as expensive
as on land.

m Offshore wind turbines are inaccessible in harsh weather.

To make offshore wind energy economically viable, technology
to make it less expensive is required. The focus of our work is
how Remote Presence can be used to reduce the number of
expensive and time consuming maintenance visits, reducing the
O&M cost.

Remote Presence for Offshore Wind

The purpose of remote presence for offshore wind farms is to
make it possible to do work onboard a wind turbine from land,
reducing the need for expensive and time consuming transporta-

tion.

Examples of O&M tasks possible with remote presence are:
m Routine inspections.

m Planning maintenance operations.

m Confirming diagnosis from condition monitoring systems.
m Capture images for visual diagnostic

m Cleaning and lubrication.

m Preventive maintenance operations.

Remote Presence

Remote presence lets a user feel he is present at a remote loca-
tion, meaning he can sense, move around in and interact with
the environment there. This makes working there possible, even
without travelling.

For sensing the remote location, sensors that mimic the user’s
senses is used:

m Camera for vision.

m Microphones for hearing.

m Gas/smoke detectors for smell.

m Temperature sensor for feeling heat.
m Vibration sensor.

Sensors can be placed on a mobile robot that acts on the behalf
of the user at the remote location. The user can interact with
the remote environment by controlling tools on the robot.

A completely realistic feeling of being at a remote location will
be impossible to create without technology from science fiction
movies like “Avatar 7 (as illustrated in figure 1).

A completely realistic experience is however not necessary, a
limited system that are tailored to its specific task can be more
effective and easier to use. Such systems could be beneficial in
many applications where work has to be done at a location that
is difficult to access or dangerous. On this poster the application
in offshore wind energy is discussed.

Figure 1: Hlustration of remote presence inspired by Avatar
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Figure 2: System design

In our design of a remote presence system there are two devices
inside the nacelle of a wind turbine:

m Remote Inspection Device is a semi-mobile sensor plat-
form moving on a rail installed in the roof and walls of the
nacelle.

® Remote Maintenance Robot is fully mobile robot equipped
with tools for doing maintenance tasks.

These devices are controlled by a Device Controller, either
autonomously or based on commands from a technician on land
using a Client. The different parts of the system and their
interactions are described in figure 2.

Future Plans for Remote Maintenance

For the future we plan to extend the system to also be able to
do maintenance tasks remotely. For such tasks, proximity to
the part being maintained is important, which is not possible
with the limited mobility of the remote inspection device.

The following abilities will be necessary for a remote mainte-
nance robot:

m Able to move freely.

m Ability to climb over obstacles and on walls.

m Be equipped with tools to do maintenance tasks.

m Local intelligence to avoid situations that are potentially dan-
gerous for the robot or the wind turbine.

m Local intelligence to react to unforeseen events.

Prototype |

Figure 3: Remote inspection device
We have created a prototype of the remote inspection device,
as seen in figure 3, to be used for further developments and to
test the capabilities of such a system. A short demonstration
rail have also be created for the device to move on. Figure 4
shows the prototype and the rail.
Some properties of the prototype:

m Able to know its position on the rail.

m Rack and pinion movement to avoid “spin”and make it easier
to move vertically.

m Modular design, making it possible to give the device different
abilities.

m Dual-rail solution for a stable platform able to carry heavy
loads and operating robotic arms.

m Power supply through the rail, avoiding heavy and expensive
batteries.

Figure 4: Prototype on rail

l Conclusions |

Advantages using a remote presence system for O&M of offshore
wind turbines:

m Preparing a remote operation takes seconds, while it can take
days or even weeks to prepare an offshore operation.

m Experienced technicians can use their skills effectively, instead
of wasting it in transit.

m Possible to do frequent routine inspection and maintenance,
since remote operations are quick and inexpensive.

m Co-operation with condition monitoring system to increase its
accuracy.

m Remote operations are possible even in harsh weather.

m Planning of larger operations that are not possible to do re-
motely.
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Wind Turbine Power Performance Verification

by Anemometer on the Nacelle
Bing Liu, Department of Electric Power Engineering, NTNU

Introduction:

The power curve verification is important for both power
output optimization and contractual promising check for
wind energy producers. However, the traditional power
curve verification by IEC61400-12A is costly and time
consuming due to the meteorological metmast tower
installation on test sites. The newly published IEC61400-
12B gives the possibility of verifying the power curve
and AEP (Annual Energy Production) by the existing
anemometers on the wind turbine nacelle. The purpose of
this project is to investigate how is the validation of
power performance method by IEC61400-12B under
different weather conditions (wind shear / temperature /
Turbulence intensity / wind direction variation) and

different types of terrain (Complex or flat terrain at site).

\ A
| NRG [ Rise | Thies | Vaisala [ Wector
Mz 40 2546 First Class WAALSE L100K
| NRG) | (RIS) | (THE) | ivan | (VEC)

The 5 cup anemometer types for performance evaluation.

Test Turbine and Test Site :

Determine free, undisturbed sectors. Surrounding

landscape, terrain, obstacles influence power production.

Bing.liu@ntnu.no

P2 = Power corrected to standard conditions

(15°C, 1013 mBar)

12=r+273.15
P = Uncorrected (measured) power

p=1.225 2885 X P p = Test air density
12 10133 t2 = Air temperature, degrees Kelvin
275 =t+
Py —P(I'“") t2 =t +273.15, where

P t = air temperature (measured) in degrees C
p = Barometric pressure (measured), mbar

Nacelle Transfer Function (NTF)
The NTF is the relationship between the measured wind

speed on nacelle and the actual wind speed when it is free
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Wind Shear’s Influence to Power Curve & AEP
Wind shear is the change in wind speed or direction with
height in the atmosphere. The data was divided into 3

groups, representing the different wind shear scope to
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“In the higher wind speed sections, different wind shear
did not bring significant impact to the NTF based Power
Curve. In lower wind speed, different wind shear brings

slight deviation to power curve & AEP.

Complex Terrain NTF Analysis

Hilly test site presents obstacles and neighbouring WT.
Site calibration was executed according IEC61400-12-
1 due to topographical variations of complex terrain.

Extrapolated
AEP

IEC 12-1 IEC 12-2

1162,182 1122,475 | 103,54%

2400,455 2363,007 | 101,58%

3975519 3948,763 | 100,68%

g
~ o

5752,792 5738,731 | 100,25%

8 7586,19 7583,771 | 100,03%

b 9 9339,064 9346,15| 99,92%
10 10896,26 10910,56 | 99,87%

. 11 12177,95 12197,39 | 99,84%

In complex terrain, different wind shear brings slight
deviation to power curve & AEP.

Conclusions:

» The IEC61400-12B power performance evaluation
method has acceptable variation with IEC61400-12A.

» Different wind shear / temperature / Turbulence
intensity / wind direction variation and different types
of terrain (complex or flat) will NOT bring significant
deviation to power curve & AEP. (less than 3.54% at
wind speed 4m/s @ complex terrain.)
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Grid Integration of Large Offshore Wind Energy and
Oil& Gas Installations Using VSC-HVDC

Bing Liu, Department of Electric Power Engineering, NTNU

Introduction:

Offshore wind energy will become an
important energy source in the near future.
On the other hand, the low efficiency of gas
turbines or diesel engines at offshore oil &
gas installations calls for alternative power
supplies. Therefore it is necessary and
possible to integrate oil installations and
offshore wind farms to the onshore grid by
single transmission link. This poster
presents an analysis and fault mitigation
methods of grid integration of offshore
wind farms and oil & gas installations using
Voltage Source Converter (VSC) HVDC.

VSC HVDC offshore transmission
F A

+t4 5
Onshore
AC Grid

Oil 8gas
platform

Offshore AC Frequency Control

.

The fixed frequency control strategy is
used. First, it enable the VSC to absorb the
fast changing wind power generation and
achieve bi-direction power transmission.
Second, the extra power control loop is not
needed, therefore, fast offshore
communication systems are not necessary.
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Onshore grid fault:
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DC link over voltage and offshore AC
voltage variation during onshore fault.

DC link voltage control (DLVC):

An offshore AC grid voltage independent
limiter is implemented in the ac voltage
control loop via the modulation index (M)
of the VSC:
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With DLVC controller the
HVDC DC voltage, offshore AC voltage
and offshore AC frequency (green solid

presence,

curves in upper figure a and b) peak values
are smaller than the configuration without
DLVC controller.

Offshore AC Grid Fault Mitigation:
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The exact design of the Vac versus Vvsc
curve in below figure is depends on the
detailed VSC design and how fast the wind
generation recovers from faults, in order to
reach the active power balance in the
offshore AC grid.
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offshore VSC) offshore VSC)
Conclusions:

Several faults mitigation control strategies
for the offshore VSC HVDC grid
integrating offshore wind farm and oil &
gas installations has been proposed in this
project stage, for example, the DC link
voltage controller for onshore grid faults
and the voltage dependent limiter for
offshore AC grid faults. Simulation results
in PSCAD show the satisfied performance.
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Abstract: There is a huge potential in
producing electrical energy with offshore wind
turbines. To fully release this economical an
environmental potential, a significant decrease
in initial investments as well as operational
expenses must be realized. This work focuses

relations

addressed in this work is to architect and
develop an IT system for data integration to
optimize remote operations of offshore wind
farms.
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Conclusion: As the outcomes of PhD project, we expect to get a working system that is able to secure
cost-efficient operation of offshore wind turbines. In addition to that an offshore wind ontology (OWO) will
be ready to use and opened for the future extension.
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Vortex Methods for Integrated Dynamic Analysis of ==
Offshore Wind Turbines

Lene Eliassen, University of Stavanger
Supervisors: Jasna Bogunovic Jakobsen (UiS), Jonas Thor Snaebjgrnsson (UiS)

v'What advantages does the vortex method provide compared to the Beam Element Momentum (BEM) Method?

v Which method is the best tool to be used on the next generation wind turbines?

¥ Can we develop a state-of-art vortex method for Horizontal Axis Wind Turbines (HAWT) and apply it in an integrated
dynamic analysis of an offshore wind turbine?

it
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Figure 1: An illustration of the growth of wind Figure 2: The wake geometry in AWSM [2]. Figure 3: An illustration of wing trailing vortices. [5]
turbines from 1985 to 2009, {1].
Introduction and motivation A short description of the vortex model
The size of wind turbines have increased significantly over the last years, see fig 1. Wind turbines are subjected to atmospheric turbulence, wind shear from the ground effect,
This development has required more advanced design tools. Instead of simple wind directions that change both in time and in space, and effects from the wake of
static calculations {assuming a constant wind) advanced dynamic simulations are neighbouring wind turbines. These operating conditions experienced by the blades are an
used. important part of the aerodynamic analysis, and can be implemented by using the vortex
model.
Most codes that are used to perform such dynamic simulations rely on the Beam
Element Momentum {BEM) method. The BEM method is very efficient, and In the vortex models the rotor blades and the wake are represented by lifting lines or
provided that reliable airfoil data exist, yields fairly accurate results. surfaces. There are several methods to model the blade and the wake. In figure 2, blade is
represented as a lifting line on which a grid of horseshoe vortices are superimposed. The
However, more advanced numerical models based on the Euler and Navier-Stokes velocities at an arbitrary point can be calculated using the faw of Biot-Savart. (7]
equations are becoming so efficient that they have begun to replace the BEM
method in some situations. In these approaches the flow field is modelled more The vorticity in the vortex models is usually limited to the modelled blades and the wake,
directly, and less empirical input is required compared to the BEM method. the remaining flow is assumed inviscid. The fact that viscous forces are neglected has

restricted the usage of such models on wind turbines. There are however full 3D models of
viscous-inviscid interaction techniques that can be used in aeroelastic analysis. 8]

Vortex codes and Horizontal Axis Wind Turbines

At the moment there exist some codes (based on vortex models) that are aimed at
aeroelastic modelling of wind turbines. The most known codes are:

-AWSM (Energy Research Centre of the Netherlands ) (2]

-GENUVP (NTUA,CRES)

"HAWTDAWG (University of Glasgow), [6]

An extended version of the vortex wake code HAWTDAWG, called Dynamic Prescribed Wake
(DPW), has been built in to the aerodynamic code AERODYN and linked to the structural
code FAST. Comparisons have been made with the DPW, the BEM and the Generalized
Dynamic Wake (GDW) models built into AERODYN and to experimental results. The vortex
wake model gives a better physical representation of a turbine wake than BEM and GDW,
however the code needs further validation [6).
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Figure 4: Wake modelling of a 5-bladed turbine in yawed flow by the vortex code
AWSM. [4)

Further work

A state-of-the-art review of the aeroelastic modelling of wind turbines using the
vortex methods will be made. This includes evaluating existing vortex codes for
aeroelastic modelling of wind turbines, such as AWSM, GENUVP and
HAWTDAWG.

The aim of the study is to implement a vortex model based code in an integrated
dynamic analysis of an offshore wind turbine.
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Atmospheric turbulence measurements close to the

ocean surface

BACKGROUND

In the last decade offshore wind parks have been placed close to the shoreline.
Due to the increased demand of renewable energy the development of wind
parks far offshore and for larger water depth has started. The main challenge is
that up to now only very few and sporadic meteorological measurements are
available for the highly required characterization of the marine atmospheric
boundary layer (MABL) under real offshore conditions, e.g. from the German
FINO platforms for shallow water and results from various campaigns using the
U.S. research vessel FLIP.

Model results from Sullivan et al, 2008 indicate that ocean surface waves
influence the lower part of the marine atmospheric boundary layer (MABL) in
horizontal and vertical directions. Direct turbulence measurements of MABL
turbulence will distinctly improve the understanding of the turbulent momentum
transfer in the lower atmosphere and the corresponding exchange processes
with the sea surface. For offshore conditions, this involves measurements from
floating platforms, e.g. buoys or ships. Platform motions results in an extra peak
in the power spectra that is usually approximated by a straight line (figure 2).
This procedure can also remove real atmospheric motions induced by the wave
field in the same frequency range. To overcome this issue we use a
mathematical algorithm that transforms wind speed from a moving (floating)
coordinate system to "actual” measured wind speeds in a fast reference system.
In our approach, the collected data will be corrected for platform motion and

orientation before the data analysis.

Eneray Inertial Dissipation
Containing Subrange Subrange

arge eades sma coses.

Figure 2: Sketch of the turbulence
power spectra with (red) extra peak
do to platform motion and its
(dashed) straight line approximation.

Figure 1: Model results from figure 5 of
Sullivan et al, 2008 suggesting an
impact of ocean surface waves on the
MABL in both horizontal and vertical
directions.

THE SYSTEM

Two identical eddy correlation systems have been purchased via NORCOWE. At the moment the systems are assembled at the
University of Ireland in Galway. Software adaption and the first test of the components have been performed in December 2010.
The planned take over and the first tests of the complete system is planned for the beginning of 2011.

System components

The Sonic anemometer is a Gill R3A-100
» Sampling rate up to 100Hz
* Both binary and ASCII output available

 Can provide an average of a fixed number of readings

Figure 3: The
systems Gill
R3A-100 and
the Crossbow
NAV440 with
GPS antenna.

The attitude information is provided by the Crossbow
NAV440

* Integrated GPS and Attitude & Heading Reference system
(AHRS)

« Utilizes low drift based MEMS-based inertial sensors with
GPS

+ Data output provided at rates of >100Hz

Figure 4:The Power supply

Campbell
enclosure
with MOXA,
Power
Supply and
Connectors.

MOXA UC-7420

Campbell

enclosure Connectors

The industrial computer MOXA UC-7420 acts as data
logging and control unit for the system:

* RISC based ready-to-run LINUX computer

* 8 RS-232/422/485 serial ports

* PCMCIA interface for WLAN communication

» CompactFlash and USB-port for adding external memory

» Using WLAN all recorded data is send to an external PC
and saved on its hard disk

The UC-7420 and the power supply (+15V) for all sensors
will be housed in an Campbell ENC 16/18 enclosure. The
NAV440 will be housed inside a watertight box at the sensor
head. Cables will run between the Campbell enclosure and
the sensor head.

References:

Edson et al, 1998: Direct i flux esti from mobile at sea. J. Atmos. Oceanic Technol., 15(2), 547-562.

Sullivan et al, 2008: Large-eddy simulations and observations of atmospheric marine boundary layers above nonequilibrium surface waves. J. Atmos.
Sci., 65(4), 1225-1245.

Turk and Emeis, 2010: The dependence of offshore turbulence intensity on wind speed. J. Wind Eng. Ind. Aerodyn., 98, 466-471.

Outlook

The system will first be used in short test campaigns, first in the laboratory, than on land and finally
close to the shore at sea. Later on it is planned to mount the system on a moored buoy a few
kilometers off the Norwegian coast. A third similar system is operated aboard the Irish research
vessel R/V Celtic Explorer. A mathematical algorithm that transforms wind speed from a moving
(floating) coordinate system to "actual” measured wind speeds in a fast reference system has been
provided by James Edson, University of Connecticut, for adaption to the project. In addition, a data
set from the Air Sea Interaction Tower (ASIT) and a nearby meteorological buoy off the coast of Figure 5:

Martha’s Vineyard, Massachusetts, are also available for the advancement of the motion correction
code. Collaborations with the turbulence groups of Brain Ward from the National University of

Overview of
the systems
sensor head.

Ireland and James Edson from the University of Connecticut have been established. This enables
us to have joint field campaigns in both Norway, Ireland and the USA.
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Improved energy forecast for Offshore Wind farms

Siri Kalvig, University of Stavanger and StormGeo
Supervisors; Jafar Mahmoudi (IRIS/UIS), tvar Langen (UiS}), Nina Winther (StormGeo)

input data?

v What environmental input data do the engineers needs for operations and maintenances and in
order to ensure reliable design? How can meteorologist and oceanographers best forecast these

v’ Ensure improved energy forecast by combining the meteorological and oceanographic ‘macro
and meso scale world’ with the structural engineering and material sciences ‘micro scale world’.

Meso Scale
Operational, ECMWEF, WRF

Motivations;

¥’ The air and sea interact and exchange momentum, heat and gases in the Marine
Boundary Layer (MBL) in a complex way. This air-sea interaction depends in a
sensitive way on the sea state.

v Accurate wind estimations requires high quality offshore wind forecast and this
will depend on a fine scale coupled model system that incorporates the air-sea
interaction.

v MetOcen modeling is essential for both assessment (hindcast) and for operation
and maintenance. Do we need to account for stability and changing sea surface
roughness in design calculations and for energy forecasts?

v |dealized studies of air-sea interaction gives guidelines on how to set up an
operational fine scale coupled model system. With such a system it will be possible
to minimize power loss and perform correct load calculations.

v'With a new and better understanding of the air-sea interactions it is important
that the most representative input parameters to various dynamical response tools
and the most representative boundary condition for the CFD simulations is used.

Terrain data from the Bolund
experiment, Risg DTU

Bolund mesh created by the use of openFoam’s
snappyHexMesh

Wave surface
generation
code from
AconaWellPro

Idealized sinusoidal wave, mesh created by the use of openFoam’s
snappyHexMesh. It creates unstructured mesh of polyhedral cells.

Micro scale
Project based, CED codes

OpenV/FOAM

¥ There is a limit for when it is cost efficient and useful to use dynamical and
coupled MetOcean models at very fine resolution.

Tasks;

* Review of relevant literature

* Investigate who roughness and stability is interpreted in the standards for
Offshore Wind turbines ({EC 61400-3). identify gaps between “best knowledge”
(science) and “best practice” (codes, standards)

« Simulate possible increased loads/fatigue due to changing roughness and stability
over sea surface.

« Simulate wind effects in OpenFoam over different surface (set up from Bolund
Experiment) and with moving grid (wave - set up from Sullivan et al.)

« Suggest the optimal configuration of an operational model set up in order to
maximize quality forecast for both forecasting and nowcasting and within feasible
computational time.

OpenFOAM is a open source
Computational Fluid Dynamic
{CFD) software package. It
uses finite volume numerics
and is based on a flexible set
of C++ modules.

Preliminary wind flow
simulations over Bolund hill.
Turbulent kinetic energy and
pressure are calculated by the
use of openFoam
(simpleWindFoam and kEpsilon
turbulence model)

Preliminary openfoam
simulation. Wind flow
over wave surface.
Wind speed, and
turbulent kinetic
energy.
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Introduction

SERIES connection of wind turbines is a

promising topology for offshore grids. How-
ever, it carries with technological challenges
which needs to be further studied: variation in
the wind velocity causes variations in the output
power and therefore in the output voltage. As a
result of that, a wide variation capability of out-
put voitage is required in each turbine and a co-
ordinated control must be developed. The objec-
tives of this research include to develop an opti-
mal power flow for series connection of offshore
Wd farms in order to extract maximum power.

Why Series Connection ?

h Voitag

)Z—Et

e Losses in the offshore grid are as low as
the losses in the transmission stage since
the current is the same.

The investment could be reduced since the
length of cable is shorter than in parallel
connection and the offshore platform might
not be required.

e Potential to improve the efficiency and
k overall weight.

Converter Technology

Objectives:
o Size and weight reduction

¢ Increase efficiency

\ o Increase reliability

Model

A simple way to control the entire system, is to
guarantee equal power generated by each tur-
bine. However, imposing proper constrains, it is
also possible to use an optimal load flow algo-
rithm to maximize the power on shore and mini-
mize iosses as follow:

maz Pr=% % Pem— 9 Ri-I}—Ry-1}
k m k
M

subject to

Uonshore = Uoffshare - RL : IL (2)

Uofgehore = 9 Ukm — Ri - It 3

40
m Time [s]
HEDI @) 14 ~
k - 12
g
Pem = Viem - Ix 5 Y
> o Vi /
Ukm(min) < Ukm < Ukm(maz) (6) ;
10 20 30 40 50 60 70
Time (3]
Pkm(min) < P < Pkm(max) (7) .
? 20|
3 =201
J /7 < e}
Pkm(ma:c) = { (V'u(nom)) Vo < Vw(nom) } <
1pu Vw > Vw(nom) .g .
\_ ®
ﬁo .2.0 “

NTNU

Det skapande universitetet

" L L " s
0 10 20 30 40 50 60

Cluster topology could increase the reliability of
the system holding the advantages of both series
nd paralle! connections.

but also the electrical constraints.

The most clear advantage of series connection is the reduction of the off shore grid losses and the
substation platform avoidance. Furthermore, in the present concept no platform will be required
offshore and less cable is used. The voltage limits in one turbine could impose power limits in the
other turbines when the wind velocity is different between them. Therefore, series connection is a
k{romising alternative if the covariance in the wind velocities are close to zero.

10 20 30 50 60 70

Conclusions

A coordinated control is required for series connected wind turbines which takes into account the
electrical constrains of this type of connection. Conventional maximum tracking point needs to be
replaced by an optimal power flow, which takes into account not only the maximum transfered power
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subjected to wave & aerodynamic thrust loading

G. K. V. Ramachandran, J. N. Sgrensen, J. J. Jensen and H. Bredmose

Introduction Results

In order to tap the wind potential available in Regular wave + ramped thrust — time Irregular wave + ramped thrust — frequency
the deep sea, floating offshore wind turbine domain response domain response

configurations have been proposed, which
needs mathematical tools to accurately predict
the hydro-aero-servo-elastic loads on wind
turbine and platform.

For the initial computations, a Tension Leg
Platform (TLP) configuration has been chosen.

Proposed Location — wave & wind climate

Parameter Value

Significant wave height 7m
Peak period 10s
Water depth 200 m

Annual avg. wind speed | 8-10 m/s

% SR TP EORLES SO Sl SO ST SO Ve

Predominant wind direction | W, SW . | \'1" \
[ il I
i i 1]
Assumptions "I I
. . | . | . I
. Platform is ng|d, having 6 DOF. In 2D, 3560 3565 3570 3575 Srf;‘in(s) 3585 3590 3595 3600 | | | | | |
these reduce to surge, heave and pitch. o

. Tendons are extensible.

. Tower bending flexibility considered.
- Airy wave theory for irregular waves.
- Wave loads — Morison’s equation.

Initial Configuration

~~ WAL BRA™
w % [ .
wind direction 7*« e J
Comparison of Results — Ramped Conclusions
“1 thrust case . The coupled dynamic model has been
™ implemented.
o . Results verified under static conditions.
AT Regular | lrregular . The dynamic responses are complying
} H=HJ/2 | H=H, with that in the literature.
e et ’ e fil oe References
5 [h { ; (rr]r:) Max. 1.5 11.25 + Joensen, S, Jensen, J.J and Mansour, A.E (2007),
— SD 1.91 0.74 Extreme value predictions for wave and wind-
x s Mean -0.25 -0.23 induced loads on floating offshore wind turbines
using FORM, 10" Int. Symposium PRADS'2007,
@ N Max. -0.375 -0.35 Pennsylvania, USA.
p @ (m) SD 0.09 0.04 2 Zhen-Zhe Chen, Deepwater Floater for Wind
i L Mean | 0.005/0.27 | 0.005/0.27 Turbines (2005), M.Sc Thesis, DTU.
: o 1y Max._| 0.005/0.27 | 0.005/0.28 ¢:Is( ?eg\gzggvzgqcear:rtiid out as part of the Statkraft
- rad/’ !
( ) SD 6.6E-5/ 6.2E-5/ Ocean Energy Research Programme, sponsored by
0.004 0.004 Statkraft ( ). This support is gratefully
acknowledged.
Statkraft Ocean Energy = ® NTNU % DTU Mechanical Engineering
- Stat kraft Norwegian University of :.Z‘J'f'? Depammt uf Hed'lal'licﬂ E@"eﬂirﬁ
Res ear C h P r 0 g ram Seience and Technology UPPSALA

UNIVERSITET



191

Challenges in the Reliability and Maintainability Data Collection for

Offshore Wind Turbine
Z Hameed. J.Vatn

Norwegian University of Science and Technology.
Department of Production and Quality Engineering N-7491 Trondheim NORWAY

Proposed database

> More Wind available offshore » RAMS Database (Reliability, Maintainability, Availability, and
> Complex Operation & Maintenance » r'u N: m :: '*:': m Safety )
> Social reasons Wl % VTR memmpie i%
ey

006 7] 12 3 %300 L)

E} 124 b 26 42 21300 02

o Y] 1, ) ) [

We s g e W wme  u

50 ms 55 YY) 259 o [

> Failures occurs in Wind Turbine
= Higher failures

Condition based Maintenance

« Electrical system
* Sensors q Opportunity based Maintenance
' + Blades/Pitch (Bosnard ot i, 2009) — ——p
= Higher downtime — = E
| * Gearbox Y prir—d b
| * Main shaft and bearin 3Z3 = = Challenges
I * Yaw system = _—
» Failure Mechanism » Adaptability with novel concepts
[ | >Eflects T = T
I i i A gy
4 gy} jumenagn} e g e b 5.2 st lneaint

i f al, 2010

Need for database

| > Failure behavior of offshore wind turbines is still under
investigation!

» Logistics, Accessibility weather dependent

> Expensive and complex maintenance in offshore
« Higher lifting costs in offshore (at least 5 times more)

_ Objectives of database |

T > Collect and exchange operating experience Py Py

» Maintenance Optimization
= Dynamic grouping
« Preventive and corrective maintenance costs are
required

» Promote reliability engineering
» Develop a reference for the collection and analysis of
reliability data

» Failure rate estimation
= Quality and accuracy
= Measuring and predicting the reliabnny

> Develop cost-efficient data collection methods and tools manc o o 23101 o

» Feedback of operating experience to the equipment » Cost effective T e
manufacturers » Self Maintenance Machine = 3 —

» Co-operate with other organizations and research > Efficiency tool enhancement e

Existing database

Lintares wobine yeac’}
| 1 H
provm— N
oer I
— Y
o—
srmts B
oy
it
}
e

» WindStats Newsletter — Denmark & Germany (quarterly,

» Clear definition of data boundaries (Echavaria, etal )
7000 WT) > Anonymity of data suppliers )
= Failure data are specified per component (e.g. yaw » Co::y ﬁl‘gr rivalries PP
system, gearbox, brake), but not per wind turbine size or pe'
= Don't want to work together
— » Comparability
- il N i y . L = =
Every month fal!ures but not always failure causes, of » Wake effect on failure rates BSOS
about 7000 turbines are reported N 5 5
» LWK — Germany (yoarly, »650 WT, closedt 200 » Mistakes and startup problems 1
(st e » Experiences from other relevant industri =3

»WMEP - Germany (yearly, >1500 WT, closed 2006)
= Detailed information about reliability and availability of
WTs
» The most reliable characteristic values regarding
refiability (MTBF, MTTR)
» Vindstat (VPC) — Sweden (yearly, 723 WT before 2005)
= Production and downtime, provides information for wind

= Contains output data and number of failures per system =
of all WTs %i@] %’

» RAMS database will act as reliability enhancement tool

power . » Design improvement
» Incomplete reporting which made the statistical
processing invalid » Access, logistics and transportation issues could be p inan way in offsh

» VTT - Finland (yearly, 105 WT)
= Contains data of performance, failures, and downtimes

P Contact Information
= Quality of the data might be insufficient for making . .
conglusions = @ NTNU Valgrinda T: 0047 736 97102
= Failure reporting is mandatory L '?r::r::::ﬁ‘:‘gk"\g A"\‘(’a“‘“'s‘“- F:0047 7359 71 17

’ il: zafar hameed@ntnu.
» OWMEP for Offshore Wind Turbines Email: zafarhameed@ntu.no

» Concept stage
= Partly inciuded O & M aspects
= Aiming at implementing reliability techniques

e e




Control and Operation of Multiterminal HVDC
for Market Integrated Offshore Wind Farms

TEMESGEN M. HAILESELASSIE, KJETIL UHLEN, TORE UNDELAND

ADBStract—rhe North Sea area has a great potential for exploiting vast amount of offshore
wind energy. A multiterminal HVDC (MTDC) connection can provide a suitable grid
integration solution for the offshore wind farms and at the same time can create electricity
market opportunities between all onshore and offshore MTDC connected points.

Figure 1: Early stage scenario of multiterminal HVDC in the North Sea

P.;=720MW+losses P_;=1200MW
P.["™=900MW Pe"=1500MW
Onshore Pn=0-0625 pﬂ=_0'04 Onshore
Grid1 Ppci=0.025 poci=0.04  Gig2
U,

l o 1 Ru-%‘.:dzﬂ ®

- I )
P Upci !UDCJ
o Pu Py
Ri=0.5Q Ry=i@
Pl :0’;40"' Pa™™=12 GW
o= L1 03=0.032
P " =600MW
£2=0.0625 Po=480MW
Pcz=0.025 o P Ofhore
T Platform load
P,,.z""':=1 GW Offshore
0:=0.04 Windfarm

Figure 2: A three terminal HVDC meodel used for simulation

Salient Features of the Employed MTDC Grid Control

Scheme
» Dc voltage droop control for instantaneous balancing power inside the
MTDC
Frequency droop control employed for the converter terminals
No need for communication between terminals

vY

HVDC Transmission
system

AC grid

Figure 3: Complete schematic of the VSC-HVDC terminal controiler

Day-ahead dispatch\

(“Economic dispatch
:ﬁm ' Day-thead 1|~ POWer flow analysis (of ac
ey and dc grids)
-Dc grid sensitivity analysis
== [
Y
(Sensiti
PP
\_matrx )
Secondary control

Communication
system
= TIVYYYY
To remaining

its
" P U™

P,

Power
Generation Plant

Primary control

Figure 4: Flow chart showing operation of MTDC in a market integrated system
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Figure 5: Time response of HVDC terminal power for load changes and the effect
of secondary control

Conclusions

o Robust control of MTDC has been achieved by dc voltage droop
control.

o No need of fast communication between terminals for instantaneous
power balancing under normal operations.

o Primary and secondary control of MTDC integrated has been system
demonstrated.

o MTDC can be readily operated based upon the electricity market.

@ NTNU

mmc" Norwepian Research Centre for Offshore Wind Technology
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Analysis of Atmospheric Boundary Layer of

Froya Test Site

G. Tasar. F. Pierella. L. Seetran.
Department of Energy and Process Engineering. Nonwegian University of Science and Technology.

7481 Trondheim. Nonwvay

1. LOCATION

Skipheia is wind measuring station in Titran, Fraya,
run by NTNU which is located on the south west tip of
Froya (Ser Trendelag). The station is 200 km away from
Trondheim and NTNU. It is highly exposed to ocean

winds.

2. FACILITIES

« Three masts: 2 x 100m , 1 x 45m

« Additional Mast (45m) in nearby island
*Twelve anemometers, two at each level
*Temperature sensor at each level
«Lidar (Light Detection and Ranging)

» Measurement cottage
« Lidar
*Frequency : one 3D velocity
vector every 1.1s
*Vertical resolution: max 10
altitudes (40 ~200m)
*Probed length: 20m

*Reported accuracy: 0.2 m/s
*Range: 46 m/s

« Ultrasonic Gill Anemometers

*Range:0 — 65 m/s
*Accuracy: 2 % @ 12 m/s
*Resolution:0.01 m/s
«Offset: £0.01 m/s

3. RESULTS

Directional distribution

*Ten minutes averaging: Influence of wind direction on
stability.

Ten minutes averaging: Velocity components and
turbulence intensity patterns.

«Turbulence: Turbulence intensity and standard deviation
variation at different levels.

«Atmospheric Spectra: Comparison of different levels.

Wind Speed (m/s)

Mean Spead vs Turbulence Imeneiy
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References:
1. Tore Heggem; Measurements of Coastal Wind and Temperature; PhD Thesis, NTNU; ISBN 82-7861-056-8.

2. R.B. Stull; An Introduction to Boundary Layer Meteorology; Kluwer Academic Publishers.
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D) Operations & maintenance

The German wind turbine reliability database (WMEP),
Jochen Bard, Fraunhofer IWES

Framework for risk-based O&M planning for offshore wind turbines,
Prof John D Sgrensen, Uni. of Aalborg

Cooperation on O&M and LCC analysis with Vattenfall,
F. Besnard, Chalmers Uni. Technology

HSE challenges related to offshore renewable energy,
Camilla Tveiten, SINTEF
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THE GERMAN WIND TURBINE RELIABILITY
DATABASE

WMEP

THE GERMAN WIND TURBINE RELIABILITY

DATABASE

B Introduction

u WMEP

Introduction

Sarting Point:
Modern wind turbines achieve high availability

Number of faults cause unplanned downtimes
=> high maintenance efforts and costs

Offshore: drop of availability expected

\-)oi I Average aualabibty onshone t
Wind Power R&D seminar — Deep sea offshore wind power I Janin
20-21 January 2011, Trondheim, Norway B Reliability of wind turbines
B Offshore~WMEP @T -
o "l I
B Conclusions [éﬁ g I
J. Bard, S Faulstich, P. Lyding -
Fraunhofer Institute for Wind Energy and Energy System Technology (IWES) 2000 2001 - 2005 2006
Z2 Fraunhofer Z2 Fraunhofer Z2 Fraunhofer
IWES IWES IWES
Introduction WMEP WMEP
Scientific Measurement and Evaluation 74
! programme WMEP 2 =
23 ) . ¢ Dissemination:
£l L 250 MW Wind® (1989-2006) _ : y ==
% ;;4 193.000 monthly operation reports % .
2 2 and 64.000 Incident reports SRS ¥ Wind Energy Report T
g 18 from 1.500 wind turbines ; N (yearly published, -
§ 14 o 2010 coming soon)
g 5 Y4
o 08 -,
o2 e = S X : B Internetportal | el | B
= : = = \ 2 www.windmonitor.de ' e =
= | R >0 L
' [ _ == M Project Homepage - .
year of = =t
s £ production = = = — www.offshore-wmep.de
Z2 Fraunhofer Z2 Fraunhofer Z2 Fraunhofer

IWES

IWES

IWES




196

WMEP

Research topics:

B Development and state of wind energy use
B Site & Turbine development

B External conditions

B Grid Integration

B Economics

B Reliability and availability

Z2 Fraunhofer

Reliability of wind turbines

PR
T

n:number of failures

T :Time of operation

n = n(failure cause; Subassembly)

m Mechanical brake

B Yaw systenm
® Hub
Blades

Appropriate Failure Statistics

B For differential analysis distinctions regarding size, technical
conditions, etc. must be made

WMEP-DB
1453 WEAs

concepts, site

>3. year of production
527 WEA

1.-3. year of production
926 WEA
500k W=P<1000kW
127 WEA
asynchronous §nchronous
584 WEA 199 WEA

Coast line
102 WEA

P=1000kW

highlands lowlands
33 WEA

il

g"l!ll!

Turbine type??? Year of operation??? s

|
|
|
!
:
£

Z2 Fraunhofer

Z2 Fraunhofer
IWES IWES IWES
Reliability based maintenance Appropriate Failure Statistics Offshore~-WMEP
For reliability based maintenance it is essential to know Core Data Event Data
Increasing availability:

= extending uptime

> increasing reliability of turbine and sub-assemblies
= reducing downtime

> qualified maintenance

> efficient strategies for spar parts

= additional preventive measures

Basis for reliability based maintenance is

M structured reliability characteristics

m validated maintenance costs

in consideration of operating conditions (reference values)

= Accurate and detailed documentation, consistent labelling of sub-
assemblies, and unified description of eventsare needed

Z2 Fraunhofer

IWES

B structured reliability characteristics

B validated maintenance costs

taking into account the operating conditions (reference values).

Thus,

B Accurate, detailed
documentation

B Consistent naming of
components

B Unified description of
irregularities and activities

are needed.

FFSHDRE
DIUMER

The generation of a common database

-aimsto help in answering essential questions

concerning offshore wind energy

-contribute to political decision-making processes

and facilitate further technological progress

-allows anonymous benchmarking and weak-point
analyses U
-givesthe possibility to test and, if necessary,

optimize the performance of offshore wind farms

Z2 Fraunhofer

IWES

Z2 Fraunhofer

IWES
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Offshore~-WMEP Conclusions
Wind Power R&D seminar — Deep sea offshore wind power
20-21 January 2011, Trondheim, Norway

mim
data pool

M Reliability and availability needs to get improved
B Experience is of great value for reliability and maintenance optimisation

Thank you for your attention

B Already information available
= level of detail needs to get improved

I Statistic mass needs to be increased
Dipl.-Ing M.&. Sefan Faulstich

= Common database is proposed stefan.faulstich@wes fraunhofer.de

 Concepts (e.g. data base structure) established % Fraunhofer

N . N Roliability & Maintenance strategies
]
Sharing of information has begun IWES  ReD Divison Energy Economy and Grid Operation

Fraunhofer Institute for Wind Energy and
Energy Ystem Technology IWES
Kbnigstor 59, 34119 Kassel

Fraunhofer IWES 5. M5 Stefan Faulstch _ Optimising Wind Power Performance Lond Z2 Fraunhofer Fraunhofer IWES 5. M5 Stefan Faulstch  Optimising Wind Power Performance Lond Z2 Fraunhofer Fraunhofer IWES 5. M.5c. Stefan Faulstch  Optimising Wind Power Performance Lond Z2 Fraunhofer
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Framework for risk-based O&M planning ‘
for offshore wind turbines

John Dalsgaard Sgrensen
Aalborg University, Denmark

« Introduction

* Reliability

* Operation & Maintenance
* Bayesian Networks

« Examples

* Summary-Conclusions

. norcowe e

Introduction ‘

Goal: minimize the total expected life-cycle costs

— minimize COE

Initial costs: dependent on reliability level

O&M costs:  dependent on O&M strategy,
availability and reliability

Failure costs: dependent on reliability

Introduction ‘

Experience: Risk-Based Inspection Planning for
Fatigue in Offshore installations

«

Reliability modeling of wind turbines

Analysis of failure probabilities based
on different types of information:

- Observed failure rates —
Classical reliability theory

- Probabilistic models for
failure probabilities —

Structural Reliability Theory:
Limit state modeling &

FORM / SORM / simulation
=] . NOrcowe s
Reliability modeling of wind turbines ‘ Reliability modeling of wind turbines ‘
Failure Rates and Downtimes (examples) Structural members
Beamaat sy — Structural failure modes in
"“"""‘“" « Tower, main frame, blades, foundation
e — Limit state equation for failure modes to be formulated
Yaw Sy — Parameters modeled by stochastic variables
Reter Elades R
Wechanial Brake — — Reliability estimated using Structural Reliability Methods
m:l:: ﬁ —_—
Gerwrator
Supporing Suwcture Houing T
ewes Train —
' q:nnm“:olhn“:‘m-m: I:wnum: wer lh:ur- :In;qni - —

fm nurcuwar'-'ﬂ._h_
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Reliability modeling ‘

» Physical uncertainty
— Strength parameters: Yield strength of steel

Aleatory uncertainty

— Annual maximum wind speed
— Turbulence intensity

* Measurement uncertainty
— Wind measurement

Epistemic uncertainty

— Strain gauge
« Statistical uncertainty

— Limited number of data
* Model uncertainty

— Mathematical model as an approximation of failure mode

Epistemic uncertainty

Epistemic uncertainty

fm. nurcuwé-a

Reliability - System aspects ‘

 Series / parallel system?
» Damage tolerant design
* Robustness

Robustness (system reliability) can be increased by
* increased redundancy

— mechanical load sharing

— statistical parallel system effects
* increased ductility

* protecting the wind turbine to (unforeseen) incidents and
defects

+ good quality control in all phases

fm. nurcuwé-a

Reliability level «

* Building codes: e.g. Eurocode EN1990:2002:
— annual P = 10
* Fixed steel offshore structures: e.g. ISO 19902:2004

— manned: annual Pg ~3 10
— unmanned: annual Pz ~ 5 104

* IEC 61400-1+3: wind turbines
— annual P ~ 10+ - 107

» Observation of failure rates for wind turbines
— Failure of blades: approx. 10 - 107 per year
— Wind turbine collapse: approx. 107 - 10 per year

. NOrcowe s

Operation & Maintenance ‘

How can risk-based methods be used to optimal planning of

+ future inspections / monitoring (time / type)
* decisions on maintenance/repair on basis of (unknown)
observations from future inspections / monitoring

taking into account uncertainty and costs?

. NOrcowe s

«

Operation & Maintenance

+ High costs for operation and maintenance for offshore wind farms
— Higher failure rates?
— Access: boat, helicopter, ...
— Weather windows
— Loss of production
— Mobilization
* Deterioration processes are always present
High uncertainty

— Maintenance could optimally be planned by using risk-based methods

Operation & Maintenance

Dith

« Corrosion

« Erosion
« Fatigue
* Wear

« Etc.

Deterioration — damage accumulation:
« Deterioration processes are connected with significant uncertainty

« Observations of the actual deterioration / condition by monitoring or
inspections can be introduced in the models and significantly improve the

precision of forecasts
. no rcuwm
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Operation & Maintenance ‘

» Corrective (unplanned):
— exchange / repair of failed components

» Preventive (planned):
— Timetabled: inspections / service after predefined scheme
— Conditioned: monitor condition of system and decide next on
inspection based on degree of deterioration
— based on pre-posterior Bayesian decision model

fm. nurcuwé-a

Operation & Maintenance ‘

Theoretical basis — life-cycle approach:
Bayesian decision theory — pre-posterior formulation

Repeated inspection maimtenance

owlcome outeome
Tonal costs

decision . decision random decision random
- — = / iz e. 5. di5). X)
=2 N b7 -
— N ”Z/,. \\‘: »({1“

S

natial inspection inspection mRinkenine state of natue
design monitoring monitoning repair plan C
P plan result dis)

e s

Optimal decision: Minimum total expected costs in lifetime

fm. nurcuwé-a

Operation & Maintenance ‘

Minimum reliability (codes, authorities ...)

Maintenance &
repair cost

Cost, risk

Optimal
strategy

Expected failure
cost

y

Maintenance effort

n nurcuwé»ﬁ

Increasing maintenance efforts

-> Decreasing risk (expected failure cost)

1)

Operation & Maintenance ‘

max W(z,e,d)=B(z,e,d)-C,(z,e,d)~C,y(z,e,d) - Crep(z,6,d) - Cc(z,e,d)
ze.
st z<z <z Ji=1..,N

AR, (t,z,e,d) <AP™

N

Expected benefits: —
A+

"
B(z.8,d)= 2B(1-Pe(T))
1

Expected inspection costs: Cyy(z.e.d) = %C,N_,(l— P-(T, ))W
i=1 '

N 1
Crep(z.8,d) = ;CR.PR‘ —

Expected repair costs: a0

Expected failure costs:

i 1
C(2,6,d) = X Ce (VAP Pegyjesr ——
=l (1+1)

. NOrcowe |

Operation & Maintenance ‘

Failure / error types:
«  Gearbox /

« Generator

« Rotor blades

« Blade pitch mechanism

* Yaw mechanism

Tower / support structure (jacket): cracks, corrosion, ...

) fm. nurcuwé»ﬁ

Operation & Maintenance ‘

Time scale for decisions:
¢ Short: minutes

— Operation: ex: Stop wind turbines if price too low - Include
uncertainty on wind forecasts and price development
* Medium: days
— Maintenance: ex: Start maintenance / repair operation on

offshore wind turbine — Include uncertainty on weather
windows

» Long: months / years
— Preventive maintenance:
* Inspection- and monitoring planning

— Gearboxes, generators, fatigue cracks, ...

. NOrcowe |
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Operation & Maintenance ‘

Information collection:
» Condition Monitoring System (CMS)
* SCADA data

* Inspections (direct information on defect / damage rate)

— Example: measurement of crack size in fatigue

* Indicators (indirect information on defect / damage rate)
— Example: gearbox metallic particle monitoring

fm narcuwe“eﬁ

Operation & Maintenance ‘

Failure rate

Inspections
performed to
find bum-in
defects

Inspections to detect
increased defect

Inspections to verify
constant state

Time

i fm narcuwe“eﬁ

Example — gearbox ‘

Examples of inspection methods and inspection results:

« Visual inspection though inspection covers — indication of extent of wear

« Oil analysis (time interval) — sample taken indicating extent of wear

« Magnet (time interval) — representative sample taken indicating extent of
wear material

« Investigation of oil filters (time interval) — representative sample is taken
indicating extent of wear material

« Particle counting (online) — continuously representative samples are taken
indicating extent of wear material

« Condition monitoring (continuously) — vibration response is monitored
and used to indicate mechanical changes

— Indirect information (indicators)

. NOrcowe s

Example — gearbox ‘

Repeated inspection/' maintenance

decision random decision
outcome
e s
T pect
MOnIorng momionng repair plan
plan result dis)
€ s
Inspection Observation(s) Decision on maintenance based on observation
plan - indicators ex: repair now / wait to next inspection

on damage

i fm. no rcuwé»ﬁ

Operation & Maintenance ‘

Application of Bayesian Networks

fm. no rcuwé»ﬁ

«

Summary - Conclusions

« Risk-based methods can be used to optimal planning of
— future inspections / monitoring (time / type)

— decisions on maintenance/repair on basis of (unknown) observations
from future inspections / monitoring

taking into account uncertainty and costs

« Risk-based operation & maintenance
— theoretical basis: pre-posterior decision theory

« Optimal decisions: maximize total expected benefits-costs
« Examples:

— Inspection planning for fatigue cracks, corrosion,...
— O&M for gearbox exposed to deterioration

! fm. no rcuwé»a
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- John Dalsgaard Sgrensen
Professor
Aalborg University, Denmark
jds@civil.aau.dk
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CHALMERS mers University of Technology

Cooperation on O&M and Life Cycle Cost
analysis with Vattenfall

Francois Besnard, Chalmers, PhD student
Thomas Stalin, Vattenfall, Senior Project Manager

Deep Sea Offshore Wind R&D Seminar
21 January 2011
Trondheim, Norway
VATTENFALL —

ik _

CHALMERS Chalmers University of Technology

* Previous works from PhD project:
— Optimization of maintenance planning
— Cost benefit study of vibration condition monitoring system
— Optimization of condition based maintenance for blades
® Inspired by the literature, no real “inside” from industry
¢ Lack of reliability, maintenance and cost data — Sensitivity analysis
® Interesting but no feedback on “practicality”
® Licentiate thesis at the end of 2009

® Thomas Stalin from Vattenfall shows his interest in getting involved in the
project, with the idea of a cooperation on life cycle cost and profit analysis
for offshore wind farm

Deep Sea Offshore Wind R&D Seminar, Trondheim, Norway

CHALMERS Chalmers University of Technology

ive Maintenance | [Preventive Maintenance |

N
LN\

Maintenance | [ Time-Based M

Condition

What are the cost-efficient maintenance strategies for each failure modes/causes?
® Alternative: Re-design (reliability improvement, redundancy)

Deep Sea Offshore Wind R&D Seminar, Trondheim, Norway

2/16/2011

CHALMERS mers University of Technology

¢ Background

® Model overview
® Model description
® Results

¢ Limitations

¢ Conclusions

Deep Sea Offshore Wind R&D Seminar, Trondheim, Norway

CHALMERS Chalmers University of Technology

Life cycle cost and profit analysis is a method to evaluate the economic of a
project by considering all the costs over the lifetime and taking into account the
value of money through time.

* Investment (CAPEX)
* O&M (OPEX)

< Incomes

* (Repowering)

® Decommissioning

£/

Applications:
* Cost benefit analysis of a project =
*® Continuous evaluation of the economic value of a project

5 T wind ey, EWER, 2000

*® Analysis of O&M: Reliability/maintainability, maintenance strategies, design
improvement, supportability, warranty/insurance/maintenance contracts

Deep Sea Offshore Wind R&D Seminar, Trondheim, Norway

CHALMERS Chalmers University of Technology

The basis for the LCC model is the ECN O&M tool implemented in Excel
® Model forecasting yearly O&M costs
* Certified by Germanischer Lloyd

Vattenfall bought a license in 2007

® First case study for Horns Rev (Baudish, 2007-2008)

® Multiple scenario analysis for comparison of wind farms, wind turbines,
vessels and accommodation (Baudish, 2010)

* Extended to life cycle cost and profit analysis, and updated case study
Horns Rev (Stalin, Besnard, 2010)

The model was developed in parallel with the data collection and analysis for
Horns Rev from work orders, SCADA data and interviews

Model « Case study

Deep Sea Offshore Wind R&D Seminar, Trondheim, Norway
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2/16/2011

CHALMERS Chalmers University of Technology CHALMERS Chalmers University of Technology

The model focuses especially on the O&M phase: Corrective maintenance:
® Simple investment and decommissioning model * Frequency maintenance events (repair, replacement, preparation)
¢ Simple energy yield model (based on capacity factor + availability) Seasonal distribution (i.e. planning with condition based maintenance)

® Simple electricity price scenarios (incentive system + prognosis) Maintenance procedure:
— Spare part logistic time

O&M cost structure: — Vessels and equipment, and duration of use during repair
® Corrective maintenance TR - — Number of technicians

N : ) irect costs: St: t =t o
® Service/Preventive maintenance 41, malenss Repair times

/equi - -
® Retrofits el L ipment — Splitting activity

® Catastrophic/serial failures Indirect costs: Revenue losses Cost for the material and spare part

Fixed costs (administration, transportation, logistic, O&M facilities, Applicable retrofit (defined in a similar way in a separate worksheet)
insurance, maintenance contracts...) Applicable Warranty/Insurance (spare part, vessels, production losses)
Insurance/Warranty/Maintenance contracts cover part of the costs

Data structured according to RDS-PP, VGB, 2007

Deep Sea Offshore Wind R&D Seminar, Trondheim, Norway Deep Sea Offshore Wind R&D Seminat

CHALMERS halmers University of Technology

Vessel characteristics and costs:

* Weather constraints (wind and waves)
® Logistic and travelling times

* MOB/DEMOB costs and daily rate

¢ Clustering

The accessibility is modeled as a waiting time depending on the weather
constraints. It is calculated based on wind and wave statistics

Preventive maintenance activities:
® Seasonal distribution

® Duration

¢ Staff, equipment,

® Examples of some input
data for corrective and
preventive maintenance

General wind farm data (capacity factors/seasons, staff costs and working
hours, number of wind turbines) and overhead costs

Deep Sea Offshore Wind R&D Semin: Deep Sea Offshore Wind R&D Seminal

CHALMERS Imers University of Technology

The life cycle cost scenario:
| | ® Investment costs (development, installation, WTs, foundations, grid),

decommissioning costs, WF lifetime
® Real discount rate
b bt b A R ® Electricity price scenarios
—rr— - ® Failure distribution for each corrective maintenance activity:
— Constant failure rate (cf. “failure description”)
| e 4 — Continuous improvement
i ) U — Renewal process with Weibull distribution
defined by a polynomial ] i "
function — Alternative for flexibility: Defined for each year
¢ Service/preventive maintenance activities defined for each year
* Service and corrective maintenance, contracted availability during warranty
Possibility to use historical costs (overwrite calculated costs)

® Examples of data for + Retrofits

Deep Sea Offshore Wind R&D Semin: Deep Sea Offshore Wind R&D Seminal
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Imers University of Technology

® Cost distributions with/without
warranty and insurances

® Cumulative income and cost

Project performance indicators: NPV =
® Net Present Value (NPV)

® Internal Rate of Return (IRR)

® Profitability Index (PI)

® Break-even year

® Levelized Cost of Energy (CoE)

_ NPV of Costs

o b

L0 TTF 190

* Remaining economic value
® Possibility to focus on a specific year

Deep Sea Offshore Wind R&D Seminar, Trondheim, Norway

Chalmers University of Technology

Basis model:

® Production losses during waiting time are underestimated (ECN OMCE*)

® Only fixed transportation strategies (i.e. not depending on wind/wave
condition at failure) — Complex, need time-series and simulation tool to
consider number of failures and weather prognosis *

® No constraints on availability of staff, vessel, spare part, equipment
— Limited evaluation of supportability *

For LCC:

® Detailed investment costs and driving factors (depends on application)

® Scenarios for material, staff and vessel costs

® Risk analysis *

* Impact of condition based maintenance assessed subjectively, or
estimated in a separated model *

Deep Sea Offshore Wind R&D Seminar, Trondheim, Norway

CHALMERS Chalmers University of Technology

Thank you for
your attention!

Questions?

Deep Sea Offshore Wind R&D Seminar, Trondheim, Norway

2/16/2011

CHALMERS almers University of Technology
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® Examples of results from
O&M life cycle cost and
profit, and total life cycle
cost distribution

Deep Sea Offshore Wind R&D Seminar, Trondheim, Norway

CHALMERS Chalmers University of Technology

* Atool for life cycle cost and profit analysis with special focus on O&M

* A successful project thanks to a close cooperation between Vattenfall and
Chalmers:
— Mutual interests
— Weekly meetings
— Access to reliability and cost data (NDA)
— Hard work on data analysis
— Need for structured and automatized reliability and maintenance data
collection (implementation in SAP system at Vattenfall) and training
maintenance personnel

® Future case studies: Continuation Horns Rev, Lillgrund, Kentish Flats,
Egmond aan Zee

Deep Sea Offshore Wind R&D Seminar, Trondheim, Norway

CHALMERS Chalmers University of Technology

Frangois Besnard

Institutionen for Energi och Miljo
Avdelning for Elteknik

Chalmers tekniska hogskola
SE-412 96 Goteborg, Sweden

® francois.besnard@chalmers.se

®  http://www.chalmers.se/ee/SV/personal/besnard-francois

Deep Sea Offshore Wind R&D Seminar, Trondheim, Norway
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CHALMERS mers University of Technology

Previous Works

*  F.Besnard and L. Bertling, *An Approach for Condition-Based Maintenance Optimization Applied to Wind Turbine
Blades”, IEEE Transaction on Sustainable Energy, 1(2):77-83, 2010

*  F.Besnard and al., "An Optimization Framework for Opportunistic Maintenance of Offshore Wind Power System”, In
Proc. of IEEE PowerTech 2009

ot F. Besnard, J. Nilsson and L. Bertling, “On the Economic Benefits of using Condition Monitoring Systems for
Maintenance Management of Wind Power Systems", In Proc. of PMAPS 2010

*  F.Besnard, K. Fischer, L. Bertling, ‘Reliability-Centred Asset Maintenance — A step towards enhanced reliability,
availability, and profitability of wind power plants”, In Proc. IEEE ISGT Europe 2010

* K. Fischer, F. Besnard, L. Bertiing, “Reliability-Centred Maintenance Analysis Applied to Wind Turbines”, to be
presented at EWEA 2011

ECN O&M and OMCE Tools
*  LW.M.M.Rademakers and al., “Tools for Estimating Operation and Maintenance Costs of Offshore Wind Farms:
State of the Art', In Proc. of EWEC 2008

*  LW.MM.Rademakers and al., “Operation and Maintenance Cost Estimator - Final report’, Technical report, ECN-
-09-037, 2009

Life Cycle Cost Analysis and Economics of Wind Energy

*  “Guide to Cost Benefit Analysis of Investment Projects", Technical Report, European Union Regional Policy, 2008

*  “AGuide to an Offshore Wind Farm", Technical Report, The Crown Estate, 2010

*  “The Economics of Wind Energy”, Technical Report, EWEA, 2009

* “UK Offshore Wind: Charting the Right Course ~ Scenarios for offshore capital costs for the next five years",
Technical Report, Garrad Hassan, 2009

*  “Offshore Wind Assessment for Norway’, Technical Report, Douglas Westwood, 2010

°  “Offshore Wind in Europe - 2010 Market Report ", Technical Report, KPMG, 2010

Deep Sea Offshore Wind R&D Seminar, Trondheim, Norway
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HSE challenges related to offshore renewable energy
study of t SE issues related to current and future offshore wind power concepts

Presentation for the deep sea offshore wind power R&D seminar 2011-01-21
Camilla K Tveiten
Eirik Albrechtsen
Jorn Heggset
Matthias Hofmann
Per Kristian Norddal
Erik Jersin

@ SINTEF Technology for a better society 1

HSE challenges related to offshare renewable energy

«  Object for the study: to identify the HSE factors related to offshore renewable
energy production (with focus on offshore wind energy).
«  Ourreport:
— Lists different offshore wind developing concepts that exist taday as well
developments that may result in future concepts.
Technical solutions and operation philosophy (both fixed and floating concepts)
Abrief summary of actors and plans for development in Norway
« Regulations and standards for offshore renewable energy are briefly listed
— Aqualitative analysis of the hazards that exist for different stages for offshore wind
turbine farms.
* Several possible accident scenarios
possible consequences for humans, enviranment and material issues.
Aqualitative prioritization of the scenarios.
* Issues related to risk mitigation and requlations

@ SINTEF Technology for a better society 2

Potential areas of development

« Offshore wind farms are planned along the whale
coast of Norway -

— bottom fixed or floating wind turbines.

— distances from shore vary mainly from 1to 60
km

— the Southern North Sea has a distance of around _ |
150 km to the shore.

— many offshare wind farms are in the concept
stadium

NVE (2010) rslag

@ SINTEF Technology for a better society 3

Installation

Bottom fixed substructures has to be transported to the offshore wind farm with transport vessels before
fixed to the seabed:

Lowering fth acke or g ot th i s scurce wanealgha-vereus.e]

Transpor and erecton of a fully onshore consinucted wind
urbine at Beatice (Source: s scalds-<nc. cor)

Floating structures and the turbine are preassembled close to the construction port and then towed out to

their final position as a complete unit:

“
R

Instatationof Hywind (Soure

——
|

@ SINTEF

Technology for a better society 4

Access methods

« Access not always possible because of weather conditions
«  Three main alternatives for access:

— Direct landing by use of vessel

— Use of equipment to compensate for motion

— Helicopter

Source:wwwsouthboatsspcouk

‘Source:wwwampemannnl ‘Source: Repower

« Possible to have living quarters near the offshore wind farm to shorten travel time
— Access to turbine still involves the ssme challenges

@ SINTEF Technology for a better society 5

Overview of access types and (dis-) advantages

o +r [Average wind
ISignicant wave height Example of
(Type Ir:m 8 ispeed in m/s (Lhr| IW";"OH Advantages IDisadvantages
at 10 m height)
et bt ing 0515 1tterbost) Nt e ] | S‘:;';;":n':":a""e
ectboatlanding 1 s (swarw) Bard 1 (SWATH) P e e
Boat landing with ~ [2-2:5 (OS] usony | Not sensiive to marine ‘""a”a"“:“";‘dd"“""‘
imotion compensating |2 - 3 (Ampelmann) 14 (Ampelmann) este igrowth f:“:r'::" onfhe vessel
Remote control of crane
. Not sensitive to marine
Hoisting by crane 25 3 None: Maintenance offshore
growth "
required
Not sensitve to waves
X Homs Rev, alpha .
Helicopter - 15-20 Fast transport Expensive
|ventus

@ SINTEF Technology for a better society 6
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HSE - more frequent incidents and accidents?

= Damage to construction (rotor blades fall loose,
the construction collapses)

« Fire
= Crane- and lift related incidents (Loss of - Source: gt okl
/damage to equipment) —

« Diving accidents
= Occupational accidents (crush/squeeze injuries,
fractures, head injuries, drowning etc.)

— "Just bare luck that more serious accidents do
not happen”

« Corrosion
«  (able rupture/cable displacement

Source: higdvinc-energygemzescon

ogwaycon

@ SINTEF Technology for a better society 7

2 £g

g |8 |58

2 g |s%

z_ |3 |[£8

58 | & s

S | & g

£ |8 £ Component damages
Tightning 2% | atn | % Tower 18%
storm 2% ED Blades 7%
Toing B T )
Designimateriall Gearbox 16%
defectof parts 21% 3% Generator %
Failue el sys./ Transtormer | 10%
shortcircuit o [aaw | -
Failure controlsystem | - | 219 | 23% | Nacelle %
Fire % | - - Controleq 5%
Failure-drive system B T Gthers %
Software — % | -
Loosing of parts —
Lo - = (Nitschke et al., 2006)
Gthers T | - | 1w
Unknown causes - T
(Sharples and Sharples, 2010)
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Hazards we identified for the installation phase

cuipion)
3
S —————— T
T e rerior i o Prysologal et G o by T
Vi et
Stgpy s

Paeholgicl efecs e o st kg - nd g condions

T T G o Fimle
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Haml
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ST Tive psse
Insuficiontckin sty spent

itang s of machinery and coiquigment

Lok of corec coptence, e e yes of offhor aperions

Termrab
Tenstn
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Hazards we identified for operation and maintenance

Operation Maintenance

vt

Ve

o s, T
ol Eney (wrk i i, Wing pestions)
Kt ey (s, ecogtrs, movg s, g

= For ity nd ook e

G

T
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ot
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|dentified accident scenarios far offshore wind energy production
(alphabetically, not prioritized in terms of frequency or impact)

« Air collision * Human over board
«  Anchoring failure, (dynamic) « Ice throw

positioning failure «  Lightning
*  Bird strike emote control
= Blade failure (falls off)
« Capsizing of vessel

< Diving jncident

. Enviror&qtal impact
«  Extreme wi
« Falling object™
« Fire

*  Helicog ﬁcrash

ailure
onal accident

Vessel or drifting installation on collision
course

e g

- - - - : = = : s - :
@ SINTEF Technology for a better society n

Emergency handling challenges:

« Accidents may not be discovered in time to prevent further dsmage
Access to turbine and tower (e.g. to help sick or injured peaple) is limited
Fire-fighting crews will have difficulties in getting access to the fire

= Generslly, helicopter transport is risky. This will challenge rescues actions (e.g. rescuing
persons from sea or evacuating from nacelle.)

+ Evacuating injured person from nacelle is very challenging. Climbing ladders require
both hands

Impaired weather conditions may become challenging as few vessels are designed for use in
significant waves over 2,5 meters,

« Floating objects in sea may be difficult to pick up because of the infra structure in the wind
farm

« Unclear which rules will apply for rescue - wil they be the same as for e.q. the petroleum
industry?

Many actors are involved in operations with offshore wind farms.

unclear whether the same requlations will apply to all and who is responsible for
emergency management in which situations.

@ SINTEF Technology for 3 better society 12
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Suggested actions

« Thereis need for requlations that ensure the Norwegian interests and traditions within
HSE when warking on the Norwegian Continental Shelf and internationally.

«  Theresponsibility for regulations, inspections and audits within HSE should be clear
and coordinated

«  Appropriate inspections and audits should be conducted

« Thephases in offshore wind energy production farms should be regulated to ensure
that HSE is attended to at an early stage

« Thereis a need for HSE requirements in the design phase to ensure sufficient
attention to ergonomic considerations in work areas.

— This may require an international standard or guideline as most concepts are "off the shelf’
from international industry.

« Cooperation between the relevant autharities in different countries is necessary.

* ltis suggested to establish a pilot offshore wind park for research, testing and learning

«  Allexperience (within operation, maintenance, reliability and HSE) from an early stage
of the development should be collected.

— Databases should be established. Contribution to and use of data from such databases
should be open to all actors and the authorities.

«  Emergency preparedness plans and training sessions should be established

@ SINTEF Technology for a better society 13

Thank you for your attention-

«  Wewish to thank the Petroleum Safety Authority in Norway this assignment.

@ SINTEF

Technology for a better society 14
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E) Installation & sub-structures

Coupled analysis of floating wind turbines, Elizabeth Passano, MARINTEK

The effects of breaking wave-induced currents, PhD stud Sung-Jin Choi,
Uni of Stavanger

Effects of Foundation Modeling Methodology on the Dynamic Response of
Offshore Wind Turbine Support, PhD stud Eric van Buren, NTNU
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Wind Power R&D seminar — deep sea offshore wind, Trondheim 20-21 January 2011

Coupled Analysis
of
Floating Wind Turbines

Harald Ormberg and Elizabeth Passano
MARINTEK

. MARINTEK ) SINTEF

Background

® Need for integrated analysis of floating wind turbines
m Difficult to couple existing programs

m Decision to add functionality to our existing tool for
floating offshore structures (SIMO and RIFLEX)

. MARINTEK ) SINTEF

Floating wind turbine system

Main components:

Rotor
Nacelle

Tower
Support structure
(SPAR buoy)

Mooring lines
Power cables

MARINTEK ) SINTEF

Floating wind turbine system
Aerodynamic loads on blades,

tower and floater

Interaction between blade
motions and aerodynamic loads

Control of blade pitch and
applied electrical torque

Hydrodynamic loads on floater,
mooring lines and power cable

Interaction between
mooring line dynamics and
floater motions.

Seafloor contact

MARINTEK ) SINTEF

RIFLEX: New Functionality

» Wind loads on blade elements based on foil
formulation

» Aerodynamic interaction based on Blade Element
Momentum method (BEM-method)

» Control systems for blade pitch and electrical
torque

» Apply blade pitch as prescribed relative rotation

. MARINTEK ) SINTEF

Finite element model of a floating wind turbine

. MARINTEK ) SINTEF
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GUI: Wind turbine modelling

MARINTEK

) SINTEF

GUI Wind turbine — FE-model

. MARINTEK ) SINTEF

GUI: Wind turbine - Foil axes

MARINTEK

) SINTEF

Functional test — Fixed tower base

B NREL 5 MW wind turbine,
63 m blades

B Fixed tower. Yaw bearing
at 87.6 m above MWL

B Constant wind speeds

B Comparison with SIMO
analysis with rigid blades,
previously benchmarked

" MARINTEK

) SINTEF

Functional test — Fixed tower base

S0

HO - rigid blades (SIMO w/dll)
- Ha — flexible blades (RIFLEX)
4
25 RotSpeed [rpm] (HO)

EwiPiicht [deg] {HO)
i GenTorgue (kN m| (HO)
£ *+  RolSpeed [rpm] (H4)

+ BRPiteh [deg] He)
GenTorgue kN m (H4)

. MARINTEK

Functional test — Fixed tower base

6000
5000
HO - rigid blades (SIMO w/dll)
H4 — flexible blades (RIFLEX)
000 & GenSpeed jrpm] (HO)

GenPwr K] (HO)
RoaTheust [kN] (HO)
+  GenSpesd Wpm] (HA)
3000 © GenPwe K] (H4)
REATRAS! K] (H8)

4 5 s 1 12 14 16 1@ w2
Winet speed [ms]

. . MARINTEK
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Functional test — Fixed tower base

& . . . . .
H4~flexible blades (RIFLEX) Terwer top defiection |m] (44)
Blace b defiection |mj] (H4)

sl

A

2l

n

ol

al |
2

4 6 [ 10 12 " g 1 20 -
Wind speed [mis]

. . MARINTEK

Floating wind turbine

. MARINTEK

B NREL 5 MW wind turbine

B OC3-Hywind spar buoy, 7.5
ton, draught 120 m

B Equivalent mooring system
B Significant wave height 6 m,
peak period 10 s

B Mean wind speed 18 m/s

B Comparison with SIMO
analysis with rigid blades

SPAR motion HO - rigid blades (SIMO w/dll)
2 . . . Ha - flexible blades (RIFLEX)

Ha
¥ . ) ]
S5 ey =
B‘n

foo e w0 0 e 80 820 a0 960 880 1000
Time [5]
2
H4
HO

Heave [m]

oo a2 w0 860 80 %0 20 M0 860 %80 1000

Time [5]
10
= Ha
g‘ L) HO -
£
foo @ mo eo s 80 @0 B0 S0 e 1000
Tiene [5]

" MARINTEK

Wind turbine response

Gen speed [rpm]
g

B0 a0 w0 s s

£

Fiotor Thrust W]

0 840 Be0 &%

.

e Power K]
L EEE

00 &N B0 BG0 880

. MARINTEK

HO - rigid blades (SIMO w/dll)
H4 ~ flexible blades (RIFLEX)

HE
HO

\ He
1 HO

%00 520 w0 60 880 1000

Ha
Hi)

600 620 4D GED  9A0 1000

Wind turbine response HO - rigid blades (SIMO w/dll)

H4 — flexible blades (RIFLEX)
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[
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e
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§ e000) T
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Floating wind turbine

) SINTEF
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Conclusions

m A tool for coupled analysis of floating wind turbines
has been developed
m Nonlinear finite element method
m Stochastic waves and wind
m Interaction between mooring dynamics and tower motions
m Interaction between blade dynamics and aerodynamic loads
m Aerodynamic loads based on the blade element momentum
method

B Graphical User Interface to aid modeling and analysis

MARINTEK ) SINTEF

MARINTEK ) SINTEF

Planned work

B Publish benchmarking of analysis tool and case study
B Ease modeling of blade twist

®m 3D wind field

B Comparison with full scale measurements (Hywind)

B Continued development of GUI

. MARINTEK ) SINTEF
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The effect of breaking wave induced
Current on an Offshore Wind Turbine Foundation

Sung-Jin Choi Ove T. Gudmestad

University of Stavanger, Stavanger, Norway
Presentation to Wind Power R&D seminar on 21 January 2011

University of
Stavanger

Contents

Introduction

« For the design of an offshore wind turbine installed on a flat bottom, Morison
Equation, utilizing a wave theory like Stream function theory, has generally been
employed to determine wave forces acting on the structure for a given design

wave condition.

=7
Hp=19.2 m H-F S
T=15 sec Uu=2

HHWL o

58.6 m F=7

» "

M=7?

Fig. 1 An offshore wind turbine installed on flat bottom

ght at deepwater, Ha : Wave height at structural position
T : Wave period, Fand M: Wave force and moment, U : Current velocity at structural position

Introduction

« In the case where an offshore wind turbine is installed nearby a submerged
shoal, the waves may show unsymmetrical shapes or breaking patterns.
« Calculations of wave forces can be beyond the applicable range of Morison

equation and Stream function wave theory.

Ha =72
T=7?
Hp=19.2 m u=2
T=15 sec
HHWL v
ez

Fig. 2 An offshore wind turbine installed nearby a submerged shoal

He : Wave height at deepwater, Hd : Wave height at structural position
M Wave force and moment, U : Current velocity at structural position

Introduction

« Chun et al. (1999) performed three-dimensional hydraulic model tests to measure

the wave plus current forces and wave heights nearby a submerged shoal.
« The directions of the waves were adopted for four cases (NNW,SSW, S and SE).

\ 1

[ osozsm 1

o <Rt :
£
%

aam Numemeote
® Structural position

Fig. 3 Plane layout of experiments (scale : 1/120) Fig. 4 Photograph of experiments

~30 hydraulic model tests were performed at a small scale (1/120) in awave tank at the Korea Institute of Construction Technolog

Introduction

* Waves from the NNW-direction were the only case where breaking waves occurred
before the waves propagated over the structural position.
* The measured signals of wave forces showed irregular shapes which tended to

one side, either positive or negative.
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Fig. 5 Time histories of measured data from wave sensors and wave force meter : Waves from
NNW-direction
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Introduction

« In spite of that the wave heights nearby (on lee side of) the submerged shoal
appeared to be small compared with the wave heights on a flat bottom, the

measured wave forces rather exceeded the wave forces on a flat bottom which

were calculated by SACS.

Orientation of structure (Deg.)

Fig. 6 The horizontal wave forces from SACS and experiment : Waves from NNW-direction

20
150~ . L
B e "
Y ° . s *
£ w04 . ®
H
s0
0o T T T T
00 w0 w0 &0 80

1000

Application of 3D Numerical analysis

* Computational domain
- Sponge layers are located to the left, right, upper and lower sides with a
thickness of 2L.
- The internal wave generator is located in front of the sponge layer which is

located to the upper part of the computational domain.

l2u] aam L2

T T T 1
= —i
2L
- "
£.. 8m
g —+
"
2

X(m)  Lspongeimver - .
Fig. 7 Computational domain for 3D model L : wave length

Application of 3D Numerical analysis

* Wave heights

- Fig. 10 shows the distribution of the wave heights along the horizontal lines

- The wave heights are continuously reduced after breaking waves take place.

[Section (8- 87 N
1‘ 2o
|

Now] 7
T T
= [ o

Section (C— C)

i X (m)

o ** Tsection (0 — D) ]
£
Nowo]

LR

o so o o 2o Ao Bo Ho Mo £o %o 50
X (m) B )

Decreasing

Fig. 10 Horizontal section of wave heights along sections B —B', C - C and D - D'
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Introduction

« The results suggested that the breaking waves might have induced the strong
current forces.

« For an offshore wind turbine is installed nearby a submerged shoal, the use of
waves only may result in an underestimated design of the structure.

The objectives of the present research,

1. The presence of breaking wave induced current will be clarified.

2.3D numerical analysis will be carried out to quantify the wave height and
current velocity at the structural position.

3. The wave plus current forces, wave forces without current and wave forces
on a flat bottom will be calculated and compared.

4. The design wave forces acting on the structure will be determined.

Application of 3D Numerical analysis

« Input conditions

Table 1 Input conditions for 3D model

h
H, (m) T (sec) (@) Ax /By At
' h, (m) h (m)

0.16 137 -0.489 -0.109 0.1/01 0.02

X (m)
Fig. 8 Depth contour for 3D model

Fig. 9 3D perspective for 3D model

oo T Incident wave height and Wave period AX ,AY : Grid spacing (distance), At : Grid spacing (time)
I Water depth at the bottom and top of submerged shoal

Application of 3D Numerical analysis

« Surface elevation

- After the waves propagate over the top of the submerged shoal, the wave

transformation occurs by breaking waves.

Y (m)

500 400 300 200 100 00

S0 100 150 200 250 300 0 400 o o O
1

X (m) e

Fig. 11 Surface image of the wave propagation and wave surface elevation
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Application of 3D Numerical analysis

* Breaking wave induced current
- A strong current (0.391 m/s) is induced by breaking waves.
- The strong current exists in the form of a circular flow in the vicinity of the

left and right sides behind the submerged shoal.

Waye Digction
Thiey

U=0.391m/s
05
EREI PN
S 02 A
01 (1 \ .
et ¥ L
0o T T T

500 400 30 200 100 00
Y

T o s He o oy a o o
It

X (m
Fig. 12 Vector plot of breaking wave induced current
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Application of 3D Numerical analysis

« Fig. 13 shows the variation of the determined wave heights and current velocities

at structural positions.
« After the breaking wave takes place, the wave heights continuously decrease ;

however, the current velocities continuously increase.
o (o ®
|
|

0.380m
L

ave
U: Current velocity at structural position

20m
Point3
Cos Description | Point 1 | Point 2 | Point 3
—037\’7
s E | Him) 0.139 | 0.067 | 0.027
Foz3
o1
1 L U(mss) | 0023 | 0391 | 0.246
1
T — - oo L
30 340 320 300 280 260 240 220 200 e eight at structural position
(

Fig. 13 Variation of the determined wave heights and current velocities at the structural positions

Determination of wave plus current force

* The model structure is selected as a vertical cylinder (D = 0.025 m).
« The structural positions are adopted at three locations (point 1, point 2 and

point 3) over the submerged shoal.

ol 0.489
an0- A
D=0.025m
-
0.380m
A A
6m 28m 20m
Point 1 Point 2 Point 3

100- -0.109

oo e @ B #o o e W0 e e o
X (m)
Fig. 14 Model structure and structural positions

Determination of wave plus current force (Point 1)

« For point 1, the wave plus current forces increased by about 12 % compared with

the wave forces without current.

“foozsm

~C

H=0.139m
U=0.023m/s 0.380m  ® Structural position
1

Point 1

.
] ¢ 12%

oo 0s 10 15

t (sec)

Fig. 16 Comparison of the wave plus current forces and
wave forces without current at point 1

e height at structural position

ave
U Cilrent velociy a siructurar posiion

Determination of wave plus current force

« Input conditions

Ha=0.139m Ha=0.067m Hd=0.027m
U=0.023m/s| U=0.391m/s U=0.246m/s
~C |-0209m
I
-0.489m Point 2 $ Point 3

int 1
Fig. 15 Input conditions for calculating wave plus current forces on the model structure

Table 2 Input conditions for calculating wave plus current forces on the model structure

Point 1 Point 2 Point 3
Ha (m) 0.139 0.067 0.027
ha (m) -0.489 -0.109 -0.109
T (sec) 137 137 137
U (mis) 0.023 0.301 0.246
D (m) 0.025 0.025 0.025
Co/Cwm 1.2/2.0 12/2.0 1.2/2.0

/ave height at structural position, h : Water depth at structural position, T : Wave period
0 Current velocity at structural position, D : Diameter, Co : Drag coefficient, Ci : Inertia coefficient

Determination of wave plus current force (Point 2)

« For point 2, the wave plus current forces increased by about 245 % compared with

the wave forces without current.

H=0.067m
ﬁ 0.025m  U=0.391mis

® structural position

w0 _ e t 245%

15

t (sec)

Fig. 17 Comparison of the wave plus current forces and
wave forces without current at point 2

/ave height at structural position
U Cilrent velociy a siructurar posiion
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Determination of wave plus current force (Point 3)

« For point 3, the wave plus current forces increased by about 218 % compared with

the wave forces without current.

H=0.027m
U=0.246m/s

ﬁ oozsm
=N
Point 3

# Structural position

] ] 1 218%

15

t (sec)

Fig. 18 Comparison of the wave plus current forces and
wave forces without current at point 3

Hd : Wave height at structural position
U__ Current velacity at structural position

2011-02-16

Determination of wave plus current force

« In spite of that the wave height at point 2 appeared to be small compared with
the wave height on a flat bottom, the wave plus current force increased by about
45 % compared with the wave force on a flat bottom

« Forces in breaking wave situation only briefly estimated.

Ha=0.139m Ha=0.067m Ha=0.027m
U=0.023m/s U=0.391m/s U=0.246m/s.

7~ Ak

t 45%

L 4

Point 2 Point 3

Point 1 Point 2 Point 3
Fig. 19 Comparison of the wave plus current forces, wave forces

Ha : Wave height at structural position
without current and wave forces on flat bottom at all points "> &5W8 W81 5 *UHETE PORIOT

Determination of design wave force

« The results show that the wave plus current forces greatly increased compared
with the wave forces without current. Moreover, the wave plus current forces
rather exceeded the wave forces on a flat bottom.

« For the determination of the design wave forces on the structure which is
installed in the vicinity of the submerged shoal, the maximum wave forces
have to be selected after comparison of the wave plus current forces, wave

forces without current and wave forces on a flat bottom

Table 3 Determined design wave forces on the model structures

Point 1 Point 2 Point 3
Description
F(N) M (N-m) F(N) M (N-m) F(N) M (N-m)
Wave forces and
moment on flat bottom 181 0.46 116 0.41 129 0.48
wave forces and 128 0.45 0.49 0.05 011 0.01
moments without current
Wave plus current .
forces and moments 143 050 169 0.16 035 0.02

Conclusions

* Three dimensional numerical analysis showed that a strong current (0.246 ~
0.391 m/s) can take place in the vicinity of the submerged shoal due to

radiation stress differentials given by the breaking waves.

« Comparison of the total forces on the structure without the current and with the
current showed that the wave plus current forces in this area increased by an

average of 200 % to 250 % compared with the wave forces without current.

« In spite of that the wave heights at point 2 appeared to be small compared with
the wave height on a flat bottom, the wave plus current force increased by about

45 % compared with the wave force on a flat bottom

« This can be attributed to the combined effect of waves and current which can be
induced by breaking waves.

Conclusions

« For an offshore wind turbine installed on the lee side of a submerged shoal

the use of waves only (i.e., without current velocity) could result in the under-

estimated design of the structure.

« For the determination of the design wave forces on the structure which is
installed on the lee side of the submerged shoal, the maximum wave forces
have to be selected after comparison of the wave plus current forces, wave

forces without current and wave forces on a flat bottom

Thank you
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Effect of Foundation Modeling
Methodology on the Dynamic Response of
Offshore Wind Turbine Support Structures

wherw.ninu_ne

Eric Van Buren, PhD Offs

Agenda

*  Motivations for research

* Research Questions

*  Project details and methods
¢ Results

» Conclusions

«  Further work

Higher costs largely due to
offshore support structures

= Support structures make up a much higher percentage of the total costs offshore
« This trend is likely to continue as water depth increases at wind farm sites

Contribution to Total Cost

Component Onshore Offshore

Turbines (excluding 68-84% 49%

works)

Support Structure 1-9% 21%
o Grid Connection 2-10% 16%

Consultancy 2-8% 9%

Electric Installation 1-9% 5%
o S

Other 2-10% 1%

Courtesy, EWEA 2010

W, NG Effects of Foundation Mo

e . ng Effects of Foundation Modeling Methodology (S D 3 D@

2011-02-16

Motivations for Research

To reduce the costs while increasing the performance and reliability of
offshore wind energy through advancements in foundation modeling
techniques and design methods

Installation Difficulties

« Very large and expensive installation vessels are required

« Foundations and tower must be installed to very precise tolerances

* Many components must be installed in calm weather to avoid damage
~ Bad weather can lead to large amounts of downtime , running up costs

« Foundation installation is the most time consuming part of the process
~  Extremely large diameter piles or immensely heavy gravity based must be installed
— Preparation of the seabed and scour protection may be required
- Offshore cost 2.5x more than for a similar land-based wind turbine

Effects of Foundation Modeling Methor

e . ng Effects of Foundation Modeling Methodology Eric Van Buren, PhD O

Reducing the costs...

« Efficiently designed support structures and foundations

~ Specifically engineer foundations for loads and site conditions at each offshore wind
turbine

~ Develop computer software tools specifically produced for offshore wind turbine
foundation design
* Mass production of offshore wind turbine support structures
~ Towers and foundations must be designed in a way that is economical to mass-produce
~  Efficient use of materials, manufacturing facilties, and manpower
~ Purpose built offshore wind support structure manufacturing facilties will be needed

«  Improved installation techniques and equipment

proved es and equip

~  New foundation technology which is easier and quicker to install
— Purpose-built installation vessels to install wind turbines in a cost effective manner

@NT

Effects of Foundation Modeling Methodology Eric Van Buren, PhD O
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Pile Foundations Models

~ Fully coupled finite element model simulation s
c Most comprehensive modeling technique, includes many additional non linear effects l
£ ~ Includes interactions between soillayers (vertica) and between adjacent piles (horizontal) M
R ~ Very ime consuming and expensive, requires exiensive ol lab testing P
%1+ sequential analysis with finite element simulations .
n mbines the capabiliies of the muliple non-inear spring model with finte element simulations h
Allows for dynamic FE simulations of the foundation withou the need for a fully coupled model c
' |+ Multiple non-linear spring representation (p-y curves) )
N ~ Foundation modeled with springs distributed along_length of pile
T — Dependant on accurate soil profile and characteristic parameters T
Y |+ Single non-linear spring representation Y
Entire foundation modeled wih single springs at mudine for each DOF
& —~ Does not account for ile flexibility or soil profile non-homogeneity &
+ Model with an equivalent fixity depth (Apparent Fixity Length)
c ~ Very simple and fast in computations. more representative than fixed condition s
° ~ Does not capture any soilstructure interaction P
s |+ Assume fixed boundary conditions E
e Extremely simple, fast computations E
~ Gross misrepresentation of stifiness of the foundation o

@NTNU

Uncoupled Foundation Models

« Four different foundation modeling techniques are considered
~ Fixed boundary conditions
~ Apparent Fixity Length (AFL)
~ Uncoupled Springs
— Distributed non-linear spring model using force-displacement (p-y) curves

Fully-fixed Apparent Fixity Longth  Uncouphed Springs Distributed Springs

wew.atniho s of Foundation Modeling Methodology

Structural efficiency or design
efficiency?

Separately design each pile to give the minimum installation time and maximum
structural efficiency
—  Each foundation designed to only the minimum required length and diameter
~  Less overall material use, reduced fabrication effort, less time and effort for installation
~ More time, man-hours, and money spent during the testing and design phase
Develop a single pile design that can be utilized for all structures in the entire wind park
—  Foundations designed for worst case, many piles may be grossly overdesigned
~ Higher overall material use, increased fabrication effort, more difficultinstallation
~ Less time, effort and money spent in the testing and design phase

| { ! [ | | |

STRUCTURAL pEsIoN
EFPCIENCY EFRCERCY

n Buren, PhD Offshore Wind

Eric Van Buren, PhD Offshore Wind

Apparent Fixity Length

Boundary effect of soil clamping is approximated by fixing the pile a
certain depth (AFL) below the seabed

AFL chosen to match the stiffness of the pile with distributed spring model
~ Only matches at one given load due to non-linearity of p-y curves

Can also be determined based on soil properties

n

BNTNU

Eric Van Buren, PhD Offshore Wind

Effects of Foundation Modeling Methodology

2011-02-16

Research Questions

1. Do the most simple modeling techniques provide and accurate enough
description of the dynamic characteristics to be used for preliminary
design and analysis?

2. Does the added accuracy and certainty in analysis and design of an
offshore wind turbine foundation when using more advanced modeling
techniques outweigh the additional costs of using such techniques?

BNTNU

Uncoupled Springs

« Static forces are applied in 'x’, and 'z’ directions DOFs to determine the
uncoupled spring stiffnesses
* Can be determined using two different approaches
—  Appiled Force/Moment method
~  Forced displacement/rotation method

« Can be modeled with linear or non-linear springs

BNTNU

Borrowed from Zaajer (2002)

e, RN Eftects of Foundation Modeling Methodology Eric Van Buren, PhD Offshore Wind
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Distributed NL spring models

* Force displacement (p-y) curves found in the design standard are used
for horizontal and vertical displacements
— IS0 19902:2007(E) — Petroleum and natural gas industries — fixed steel offshore structures (Ch 17)
—  Dependant on undrained shear strength profile, friction angle, unit weight of soil, and pile diameter
—  Not really suitable to extremely large diameter piles (such as those used on monopile wind turbines)
* Hyperbolic force displacement relationship used for torsional stiffness
—  Method developed by Randolph and Guo Torsional Piles in Non-homogenous Media (1996)
~  Dependant on undrained shear strength profile, unit weight of soil, pile stiffness, pile diameter

FrT—r—"
g
g

Verica Dapacement tetes)

Support Structures

«  Monotower
— Chose a generic design, representative of currently producing turbines
~120m height, 35mm wall thickness, diameter tapering from 5.5m to 3m
* Full-height lattice tower
~ Designed by former NTNU PhD student Haiyan Long
~ 120m height, 4 legs, 10 sections. 21 meters wide at base, 4 meters at nacelle

A

wherw, ninisne 3 oundation Modeling Methodology an Buren, PhD Offshore Wind

Monotower Comparison

MionepBc Base Shear

I .

e, RN T ifects of FoUndsion]modeiing methodoiogy Eric Van Buren, PhD Offshore Wind

Lattice tower comparison

Letliv I B Bamcbins Scemamst Lt o s Shocan

. e
I I I I i
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)

e, RN 3 S ——— Eric Van Buren, PhD Offshore Wind

Conclusions

« Significant discrepancies noted between the different foundation models
- Not immediately clear which is most accurate, but worth investigating further
- The discrepancies are mostly due to dynamic ampliications
« Response is very sensitive to changes in the selected soil parameters
~ More detailed soil descriptions and response models are needed
- Actual soil profile and soil properties from an offshore wind turbine site needed
* No interaction between soil layers or between adjacent piles
~ Future models must include 3-D soil interaction effects
- Models must include time dependent effects such as drainage and dilatency

wherw, ninisne 3 oundation Modeling Methodology an Buren, PhD Offshore Wind

Research Questions

1. Do the most simple modeling techniques provide and accurate enough
description of the dynamic characteristics to be used for preliminary
design and analysis?

2. Does the added accuracy and certainty in analysis and design of an
offshore wind turbine foundation when using more advanced modeling
techniques outweigh the additional costs of using such techniques?

e, RN T Eifects of FoUndsion modeiing methodoiony Eric Van Buren, PhD Offshore Wind
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Coupled Foundation Models

Sequential Analysis FE Method

Method used to investigate the response of a piled foundation to the loads experienced on an offshore
wind turbine structure using the finite element method

An iterative process of finite element simulations of the soil-pile structure and the wind turbine structure
Does not allow data to feed into the aero-elastic code at each time step, only as initial conditions

Static FEM NL Soil Springs HAWC?2 Simulation

|=

N
L |
S

|
g

Dynamic FEM
Time Series Force Data

Eric Van Buren, PhD Offshore Wind

Questions?

Thank you for your attention

Contact:
Eric Van Buren, Ph.D. Candidate, NTNU
Eric.vanburen@ntnu.no

Coupled Foundation Models

Fully-Coupled FE Model
Foundation, or ‘Geo’ module to be develop using open source FEM foundation code (such as
OpenSees, Code Aster, etc.)
Geo Module then fully coupled with an Aero-Servo-Hydro-Elastic code (FAST, FLEXS, ADAMS, etc.)
Adding an analysis tool for the foundation system is the last piece needed to provide a proper analysis of
the entire wind turbine system

werw, nining an Buren, PhD Offshore Wind

Further Work

Develop a FEM code for foundation response which can be coupled to a
Aero-Servo-Hydro-Elastic simulation (Aero-Servo-Hydro-Geo-Elastic)
~ Can be implemented and coupled with FAST/ADAMS or other open source code
~ Allows for a time domain analysis of the entire wind turbine system
Investigate dynamic processes of scour and the impacts on soil stiffness
and damping
Changes in soil properties can have significant impacts on the fatigue life of the structure
- Impact will be more significant with shallow foundations such as suction caissons
Extend investigations to suction caissons and other foundation solutions
Potential foundation concepts can be used in conjunction with a number of different
tower concepts
Validate numerical models with field data (RAVEN)
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F) Wind farm modelling

Wakes in between wind parks, Idar Barstad, Uni Research
Wake models compared with measurements, Jennifer van Rij, IFE
Wind and wake modelling using CFD, Jens A Melheim, CMR GexCon

A model study of wind turbine interference, Prof Per Age Krogstad, NTNU
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Wakes in between wind parks

- and what we can learn from mountain meteorology

Idar Barstad
(A Fitch, A Sapronova, A Gupta)

2

NOrcowe s

Norwegian Centre for Offshore Wind Energy

What is a wake?

What is a wake?

- (Smith et al, 1997)

Disturbance from a mountain

Tendencies of flow divergence
- inviscid flow

- at z=0 [m]

- rotation effects

- stability: N=0.006 [Us] ~, |,

No generation of Potential Vorticity (PV)!

What is a wake?

- Disturbed flow caused by dissipation
lasting several inertial length-scaled downstream

- (Smith et al, 1997)
MODIS 23 MAR 2010, leutans siands
L]

Wakes in between wind farms

Dissipation in wind park introduce PV in the flow
-> downstream wakes !

But disturbances (not necessarily caused by dissipation)
may propagate in the flow, typically associated with:
- inversions

- reflections at some vertical level
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Test for a single wind farm

Two sophistication levels:
1) reduced and simplified model (LM;Smith 2009)
2) full mesoscale model with turbine drag (WRF)

Reduced model

800 turbines on 20x40kem (U=15 ms”!)

PBL-500m

The principle:
Generation of pressure gradients by wind farm:
- 0 increases with height under typical stable conditions
- As air lifted over farm, lower 6 air brought up from below
- This creates cold anomaly aloft and thus high pressure anomaly below
-> pressure gradients deflect wind.

Typical 6-profile over sea:

s theta; =
/ ot
side view -
E—— EElF Sl S Sl Sl
top view

3—*

Reduced model ‘

800 turbines on 20x40km (U=15 ms”')

The effectof the 4
inversion strength

0.06 4

Frnctional wind reduction

' v Fismarch
For a typical static stability of N=0.01 s
1.
FU | I l I I O d eI - Note wind reduction ahead of farm
Reduction in u-wind across wind farm at hub height
0.18 1
|
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2 |
B ooz
= |
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Doubling static stability in inversion:
- Wind reduction within farm is less

Reduction in u-wind across wind farm at hub height

Fractional wind reduction
°
B8

o W 60 %0 120 150 180 210
% (km)

H=200, 1=400. K (N=0.02 /5]
M=0.01 /5 whola atm

Two farms —reduced model

Second farm (Lx=10km)

Present n all runs (Lx=10km)

B0 et o0 TubEwalhm (L1 s ")

Fractional wind reduction
2

Two farms — reduced model

Second farm (Lx=10km)

Present n all runs (Lx=10km)

00

e 2anblum [Us 18 s

Fractional wind reduction




227

Wake Models
Compared with Measurements

Wind Power R&D Seminar — Deep Sea Offshore Wind
20-21 January 2010, Trondheim

Jennifer van Rijj

IF2

Outline

» Motivation

» Previous Wake Models
Compared With Measurements

» CFD Wake Studies at IFE

IF2
21612011 [ =

2/16/2011

Motivation

4 GW in construction now, 40 GW by 2020, and 150 GW by
2030... meaning many, very large, offshore wind farms.

Wind turbines create a wake - a flow with a momentum deficit
and increased turbulence - which, reduces power and increases
fatigue loading to downwind turbines, resulting in ~10-20%
losses.

Wake behavior is influenced by the wind direction, the wind
turbine itself, other wakes, the terrain, and the atmospheric
boundary layer, including possible effects from other nearby
wind farms, however, these factors are often not predicted well
with wake models

In short, wake effects significantly influence wind farm power
output, thus, the accurate prediction and minimization of wake
losses is crucial to the economic feasibility of Europe's offshore
wind goals.

IF2

Previous Wake Models
Compared With Measurements

» Wake Models
» Simplified empirical/analytical methods
+ Such as Jensen’s linear expansion model and Ainslie’s eddy viscosity model
+ Asimplemented in commercial codes WAsP, WindPRO, and FLaP.
+ Parabolized Navier-Stokes methods

« Typical approximations include axisymmetry, empirical near wake and
atmospheric boundary conditions, k-¢ turbulence etc.

+ Examples include WAKEFARM and WindFarmer.
+ Computational Fluid Dynamics (CFD)
« Three-dimensional unsteady Navier-Stokes.
« Simplified CFD methods such as actuator-disk, -line, and -surface methods.

IF2
2/16/2011 [

2/16/2011

Previous Wake Models
Compared With Measurements

Published Offshore Wake Data

Vindeby (11 Bonus 450 kW stall-regulated turbines)
Bockstigen (5 Wind World 500 kW stall-regulated turbines)
Middelgrunden (20 Bonus 2.0 MW stall regulated turbines)
Horns Rev (80 Vestas 2.0 MW pitch regulated turbines)
Nysted (72 Siemens 2.3 MW stall regulated turbines)

- Data sources from which wake effects have been derived
include on and offshore meteorological masts, power
production data, satellite data, and nacelle anemometer data

IF2

Previous Wake Models
Compared With Measurements

« A Few Offshore Wake Model Validation Studies
- ENDOW (Efficient Development of Offshore Wind Farms)

« ‘“evaluate, enhance and interface wake and boundary layer models for
utilization offshore”

+ UPWIND

« “improving models of flow within and downwind of large offshore wind farms”
+ Carbon Trust’s Offshore Wind Accelerator

+ Benchmarking of wake codes compared to measure data

+ Norwegian R&D programs (NOWITECH/NORCOWE)?

IF2
2/16/2011 [
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Previous Wake Models
Compared With Measurements

« A few general findings from previous studies

+ For small wind farms, most models, even simple empirical models,
perform reasonably well.
Large measurement uncertainties have made model comparisons
and validation difficult, and a clearly superior wake modeling
method has not been not evident.
For large multi-row wind farms, wake models are not sufficiently
accurate, errors are propagated and wake losses are often under
predicted.
The capability of wake models to predict atmospheric and sea
stability effects, and losses due to nearby farms appears to be
lacking.
Increased spacing clearly decreases wake losses, but wake models
must be improved for optimize wind farm layouts.

IF2
211612011 [ =

CFD Wake Studies at IFE - Objectives

« Develop and validate an offshore wake model

Accurate — capture all the necessary physics for small to large
farms, dynamic behaviors, ambient meteorology, etc.

Efficient — computationally scalable and fast
Integrable — coupled to BEM, grid, and optimization methods
* Previous and ongoing CFD wake studies at IFE

KMB Deep Sea Offshore Wind Turbine Technology

« Apreliminary/qualitative eval of offshore wake p using 3DWind
IEA Annex 29 ‘MexNex’

+ Adetailed evaluation of the rotor and wake using DLR TAU code
NOWITECH (with NORCOWE collaboration)

+ Continuation of 3DWind & TAU models for wake studies as required by research and
industry

IF2
21612011 [ =

3DWind Wake Model Description

= 3DWind Algorithm

» Flow solver for atmospheric flows
Finite volume
Three-dimensional

Incompressible
RANS (mixing, Prandtl’s one-equation k-/ model, k-¢)
Three stage explicit Runge-Kutta time stepping

IF2
2/16/2011 [

3DWind Wake Model Description

* AD Model ‘1.0’

* Simple momentum sink, f, = -C(1/2)p..u..2(dA/dV)
Specified, constant C;
Assumed x-direction flow

A single AD, assumed to be in the y-z plane
Prandtl’s one-equation k-/ model
» Conclusions

» Good qualitative agreement for single wake evaluations with
effects from hy,,, Cr, U.,, Zy(1..), ATIAX
— Proceed with development of the 3DWind AD wake model

IF2
2/16/2011 [

3DWind Wake Model Description

* AD Model 2.0

« AD at any angle to the grid and incoming flow
Multiple ADs for wind farm arrangements
Thrust coefficient via thrust curve, C{u,,)
Wake rotation*, 2a’wr
k-€ turbulence model
Advanced visualization output options

*Hansen M, Aerodynamics of Wind Turbines, 2 ed., Earthscan, London, 2008. o
*
201612011 [ =

Validation Data - Vindeby wind farm

* + 11 450kW Bonus turbines
< + Stall-regulated
: . « D=35m, hy,=38m,
[N 4° tilt, 35.2 RPM

« Two rows, spacing of
300m (8.6D) / 336m (9.6D)
+ Published data from one
ol land mast, two sea masts,
and SODAR*
+ Validation data for single,
double, and quintuple wakes

*Barthelmie RJ, Larsen G, Bergstrom H, Magnusson M, Schlez W, Rados K, Lange B, Valund P, o
Neckelmann S, Christensen L, Schepers G, Hegberg T, Folkerts L. Proceedings of the workshop: ‘ENDOW: I
2/16/2011  efficient development of offshore windfarms'. Rise-R-1326(EN), Risg National Laboratory, Roskilde, 2002. [ =8
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Numerical Grid

x-direction (freestream)

single wake 4
N 750m (21.5D)
250 cells uniformly spaced Fl
double wake 8

- 1086m (31.1D)
362 cells uniformly spaced
quintuple wake
- 1950m (55.9D) -4
+ 650 cells uniformly spaced
y-direction (horizontal)

+ 74 cels with 2% strelching
z-direction (vertical)
188m (5.4D)
+ 62 .cels with 4% strelching

(]
~17 cells across the AD 5
1.15x105, 1.66x10°, 2.98x10° cells for a single, a
double, and quintuple wake, respectively %
~24 CPU hours for a single wake o

Numerical Boundary Conditions, Initial
Conditions, and Convergence Criteria

Geostrophic velocities and roughness length are
input values

One-dimensional simulation gives initial conditions
and inlet boundary conditions

Periodic boundary conditions are used for sides
Neumann boundary conditions are used for outlet

Residuals < 1x103 (~10000 timesteps) for steady
state convergence criteria

21162011 I Fe 21162011 I Fe
Some Preliminary Results Some Preliminary Results
Single Wake Double Wake
y L
j - " | - 9
21162011 I Fe 21162011 I Fe

Some Preliminary Results

Quintuple Wake

o]
201612011 [ =

2/16/2011

Some Preliminary Results
Entire Wind Farm Wake
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Conclusions & Future Plans

The studies are ongoing, so no final conclusions...
The improvements to the 3DWind AD model were helpful

« Average velocity profile error ~3% — ~2%

+ Average equivalent k,, = 0.09 — 0.08
The improved AD model both qualitatively and quantitatively predicts
wake development and decay compared to experimental data and
empirical models.
Although the 3DWind wake model performs reasonably well for smaller
studies (~1x10° cells), it may not be ideal for larger evaluations.... AD
models in TAU CFD will be investigated next.
Detailed evaluation of the rotor and wake using DLR TAU code (3D,
unsteady, using advanced gridding, transition and turbulence models,
with parallel computing access up to 5632 processors).
Possible continuation studies may include AL or AS models and/or
coupling to a BEM code (FLEX5) for individual wakes.

IF2

Animation of a Double Wake

2/16/2011
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Wind and wake modelling
using CFD

Jens A. Melheim

CMR GexCon

Wind Power R&D seminar, 20-21 January 2011, Trondheim

Slide 1/21.01.2011, Wind Power R&D Seminar, Trondheim

. norcowe e

Outline

= Motivation

= CFD models
— Background
— Turbulence models
— Wind modelling
= Wake models
— Wind deficit models

— Rotor models

= Offshore wind farms

Slide 2 / 21.01.2011, Wind Power R&D Seminar, Trondheim

= Wake loss is a large uncertainty

= Computations of wake losses can be

= No industry standard for

Motivation

when planning wind farms

used to:
1. Foresee energy output from a wind farm

2. Optimize wind farm layout

computation of wake losses in
multiple wake cases

™ NOrcowe e

Slide 3 / 21.01.2011, Wind Power R&D Seminar, Trondheim

CFD - Computational Fluid Dynamics

= Solve the Navier-Stokes equations on a grid

= Impractical to resolve the smallest time and
length scales in a turbulent flow -> solve
averaged or filtered Navier-Stokes equations

— Need model for unresolved scales —> turbulence model -

= Use a finite volume formulation

= Assume incompressible flow M
— Prediction-correction algorithm to obtain pressure field 11
= Results can not be better than: S
1. Models for unresolved physics

2. Boundary conditions

fm_Norcowe |

Slide 4 / 21.01.2011, Wind Power R&D Seminar, Trondheim

Turbulence models

= Closure for the unknown Reynolds stresses -pu v’ that
appear in the Navier-Stokes equations after
averaging/filtering

— RANS: Reynolds Averaged Navier-Stokes
= Turbulent viscosity models

— Use a turbulent viscosity and mean velocity gradients to model
the Reynolds stresses

— Solve transport equations for 1 or 2 turbulence parameters
— k-L, k-5, k-
= Reynolds stress models

— Solve transport equations for 6 Reynolds stresses + dissipation
rate of turbulent kinetic energy (¢)

- Large eddy models

— Solve filtered N-S eq. using a grid size dependent filter

Slide 5 / 21.01.2011, Wind Power R&D Seminar, Trondheim

. NOrcowe |

Characteristics of
wind farms

« Large domains (L=1-20 km)

- Large range of time and length
scales
Bl

= Moving rotors and high tip speeds

Anisotropic turbulence in wake
regions

Unsteady boundary conditions

== Impossible to resolve all physics

Slide 6 / 21.01.2011, Wind Power R&D Seminar, Trondheim

™ NOrcowe s




Implications

= Large domains (L=1-20 km)

— Only RANS based models applicable without using super
computers.

= Large span of time and length scales
— Wall functions at ground / ocean
— Blades cannot be resolved in detail
= Moving rotors with high tip speed
— Average over a rotor swept
= Anisotropic turbulence in wake regions
— Turbulent viscosity models are not accurate in the near wake
= Unsteady boundary conditions

— Assume steady state when planning

Side 7 21.01.2011, Wind Powsr R&D Seminar, Trondheim @1; norc Dwm

Wake models

= Explicit wake models

— Calculate wind speed deficit in the wake
— WasSP, WindSim

= Parabolic models / Eddy viscosity models
— Start ~2D downstream of turbine using Gaussian wake profiles
— Solve simplified Navier-Stokes on axis-symmetric grid or 3D grid
— ECN Wakefarmer, GH Windfarmer, FLaP (Uni Oldenburg)

= Full CFD models
— Model turbine by momentum sink

— NTUA CFD, Ellipsys3D, CENER, CRES, RGU-3D-NS

. norcowe e

Slide 8 / 21.01.2011, Wind Power R&D Seminar, Trondheim

Wind turbine models

= Actuator Disc models

Wind
Profile

— Model rotor area by a porous disk

— Momentum sink uniformly distributed

— No mature model for turbulence generation

= Actuator line / Actuator surface models
— Model each blade using a line or a surface
— Use BEM to calculate local forces
— Time step restricted by the tip speed

= Direct methods

— Geometry models of moving blades (moving grid)

— Resolve flow at blade

Slide 9 / 21.01.2011, Wind Power R&D Seminar, Trondheim
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Summary of wake models

Model Pre Cons Multiple wakes?
Explict models Quick Need to tune parameters No
Very easy to use No physics solved
Parabolic models/ | Quick Terrain (2D models) Tuning needed
Eddy viscosity Easy to use Multiple wakes
Full CFD with Solve most physics Slow Yes
Actuator Disc Easy input Turbulence production
model Not accurate in near wake
Full CFD with Solve most physics Very slow Maybe
Actuator Accurate in near Requires detailed blade
Line/Surface wake and airfoil data
Full CFD with Solve "all” physics Extremely slow No
direct blade model | Accurate in the near | Much work to setup
wake

Slide 10 / 21.01.2011, Wind Power R&D Seminar, Trondheim
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CFD — Actuator Disc

= Momentum sink in control volumes inside the
rotor area — uniformly distributed over disc area

= Turbulence production caused by wind turbine

— No established model for turbulence generation

Slide 11 / 21.01.2011, Wind Power R&D Seminar, Trondheim
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Actuator Disc Improvement

- Blade Element Momentum (BEM) Theory yield a
better distribution of forces than the traditional
AD method.

AD:

dF, = c‘% PUZdA

dF, =0

BEM:

dF, = F_cos(¢) + F, sin(¢)

dF, = F sin(¢) - F,cos(¢) a

Slide 12 / 21.01.2011, Wind Power R&D Seminar, Trondheim




233

Turbulence production
= El Kasmin & Masson (2008): Sf%%

1
- Rethoré et al (2009) S, =—C.(aly)’

1
S, =5C.(5,(aV,) - AkaU,)
1
S; = ECX E(Cuﬁp (auo)3 _Cgsﬁnkaun)
- BEM S, = a(dF" —dl:‘)aU0
&
S, = ClL‘ESk

A. El Kasmin & C. Masson (2008). Journal of Wind Engineering in
Industrial Aerodynamics 96:103-122

P.-E. Rethore et al. (2009). EWEC 2009

Slide 13 / 21.01.2011, Wind Power R&D Seminar, Trondheim
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Sexbierum experiment
West coast of the Netherlands 16
Polenko/Holec WPS 30 wind turbine . . 7 ‘
Wind 10 m/s at hub height (35 m)

Turbulence intensity 10%

Thrust coefficient C;=0.7

Measurements 2.5D, 5.5D and 8D
downstream at hub height

Slide 14 / 21.01.2011, Wind Power R&D Seminar, Trondheim
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Sexbierum experiment

= Wake wind speed deficit:

x=2.5D x=5.5D x=8D

Slide 15 / 21.01.2011, Wind Power R&D Seminar, Trondheim EE norc uwe"

Conclusions

= The combination of full CFD with RANS based
turbulence model and Actuator Disc is a
promising technique for modelling of wake
losses in wind farms

= Better understanding and modelling of the
turbulence in the near-field of the rotor are
needed

= Validation and benchmarking are key factors
for success

fm_Norcowe |

Slide 16 / 21.01.2011, Wind Power R&D Seminar, Trondheim
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A model study of
wind turbine interference

P.-A. Krogstad and M. S. Adaramola

The Norwegian University of Science and Technology,
Trondheim, Norway

Wind Power R&D seminar, Deep offshore wind
Trondheim, 20-21 January 2011 1

2/16/2011

Model turbine

Main purpose of investigation:
Measure turbine interaction under controlled laboratory conditions

»Model turbine designed using
standard Blade Element
Momentum theory

»Rotor diameter D=0.9m. Design
tip speed ratio, =6

»Wind tunnel test section:
Crossection=2x2.7m, total
length=12m

»>Power predictions performed with
BEM and CFD (Fluent) software

Wind Power R&D seminar, Deep offshore wind
Trondheim, 20-21 January 2011 4

#Background

#Model and measurements

¢ Effect of turbine operating condition
®Yaw effects

@ Conclusions

Wind Power R&D seminar, Deep offshore wind
Trondheim, 20-21 January 2011

Model turbine

Airfoil: NREL S826 14% thickness

Characteristics:

»Gentle separation due to trailing
edge ramp

»Rapid transition on suction side
due to small radius of curvature

»>Low sensitivity to surface

roughness 1
> Strong separation on lower side sl
at negative angles of attack 03
o 02 04 08 0B 1
we

Wind Power R&D seminar, Deep offshore wind
Trondheim, 20-21 January 2011 5

Background

> Turbine interaction reduces
power output and increases
dynamic loads

»Wake structure depends on
turbine operating conditions.
Is it always best to operate at
turbine peak performance?

»Wake may be deflected by
yawing the turbine. How much
power is gained or lost by
yawing?

In wind parks, turbines interact!

Wind Power R&D seminar, Deep offshore wind
Trondheim, 20-21 January 2011

Model turbine

2D predictions of S826 performance

Fully turbulent XFOIL predictions agree well with k-&@ SST

ToXFOI Nert=3.0
~=XFOIL Nert=0.01 (urbulent)

® Flvent SST (trbuent)

B_Fluont RNG (urbulont)

C.vsa CLvs Cp

Wind Power R&D seminar, Deep offshore wind
Trondheim, 20-21 January 2011 6
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Model turbine

Standard Blade Element Momentum theory
gives blade geometry

m  —

View in streamwise direction

e

View in plane of rotation

Wind Power R&D seminar, Deep offshore wind
Trondheim, 20-21 January 2011

2/16/2011

Power coefficient vs tip speed ratio

Wind Power R&D seminar, Deep offshore wind
Trondheim, 20-21 January 2011

Thrust coefficient vs tip speed ratio

Model turbine

Model and measurement systems

Slip ngs Torga: wansducer

Flexible couplings

Optical posifion ransmitter

S

Model instrumentation T
Model in wind tunnel

Wind Power R&D seminar, Deep offshore wind
Trondheim, 20-21 January 2011

Measurements for 2 similar turbines
(Simplified wind farm experiment)

Yawed upstream turbine

Wind Power R&D seminar, Deep offshore wind
Trondheim, 20-21 January 2011

rmmeE

Fluent predictions

100.000 cells used to describe the blade and nacelle surfaces
3.5*108 grid points in 1/3 volume

Wind Power R&D seminar, Deep offshore wind
Trondheim, 20-21 January 2011

Effect of distance between turbines
Upstream turbine operating at peak efficiency

L e
F =08
5 ta A o0=8
mf
] mf
1 ooml
aml
: amf
.13
“to 20 40 &n a0  fop 2o 20 4 &0 a0 ms mo

A R
Thrust coefficient,
downstream turbine

a
Power coefficient,
downstream turbine

Wind Power R&D seminar, Deep offshore wind
Trondheim, 20-21 January 2011
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s %
a given distance, the output from the downstream - otal output compared to two unobstructed turbines
turbine depends on the operating point of the first Upstream turbine operating at peak efficiency
S/D=3 S/D=3
1] T T T
SO-3emip-of
f TS E
Jal _
i |
e T T R TR T T 20 40 &0 &0 W8 @0 gm- 1
Power cogfficient, Thrust coeﬁficient‘ @I
downstream turbine downstream turbine ﬂl.l. ['. * 5 "' r
Upstresm tucbine: vow mghs.
Wind Power R&D seminar, Deep offshore wind Wind Power R&D seminar, Deep offshore wind
Trondheim, 20-21 January 2011 - Trondheim, 20-21 January 2011 s

Results
otal output compared to two unobstructed turbines Conclusions
S/D=3
» When two wind turbines are placed in-line and both operated at best efficiency,
L2 T T T the output of a turbine at S=3D is less than 60% of that upstream
L SD-3mif=T
mal - > The power reduction is influenced by the wake characteristics from the turbine
| upstream and therfore by its operating point
g =ar 1 » By reducing the power extracted from the first, the TOTAL output may be
i increased
s ol d
L > Yawing a turbine reduces its power by cos?®y. But it also deflects the wake which
; ssal il increases the output further downstream
3 - . 111 » Two turbines operating in-line at best efficiency may increase the total output
o Lo Cylieraamr Hgh from about 69% of two unobstructed turbines at zero yaw, to 78% when the first is
awed 30 degrees. (Figures taken for S/D=3.
T ol miorgin y g g )
Wind Power R&D seminar, Deep offshore wind Wind Power R&D seminar, Deep offshore wind
Trondheim, 20-21 January 2011 14 Trondheim, 20-21 January 2011 17

Results Model turbine
Effect of yawing upstream turbine
Upstream turbine operating at peak efficiency Reynolds number dependence

S/D=3
Turbine was designed for A =6 and U, = 10m/s

n

Yorgmplol)
Power coefficient, Power coefficient, downstream turbine,

downstream turbine compared to single, non-yawed turbine

Wind Power R&D seminar, Deep offshore wind
Trondheim, 20-21 January 2011

Wind Power R&D seminar, Deep offshore wind
Trondheim, 20-21 January 2011
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Fluent predictions

3D CFD details

»1/3 of the rotor including the nacelle was simulated.

»CFD domain same as wind tunnel test section (-4.5D to 7.8D in streamwise
direction, 2.9D in spanwise direction).

»k- SST turbulence model with y*<5 for first grid point.

» Structured boundary layer grid around blade up to 0.1c, tetrahedral grids used
further out.

»QUICK and SIMPLEC schemes used for convective and pressere terms.

»>100.000 cells used to describe the blade and nacelle surfaces, 3.5*10° grid points
used.

»4CPU PC parallel processing, = 24 hours computing time per case

Wind Power R&D seminar, Deep offshore wind
Trondheim, 20-21 January 2011 19

2/16/2011

At low tip speed ratio (A = 3) the blade operates in deep stall mode
and the flow is highly three-dimensional.
BEM expected to fail severely

r/R=0.89

Wind Power R&D seminar, Deep offshore wind
Trondheim, 20-21 January 2011 2

Results

At design tip speed ratio (A = 6)
Flow almost two-dimensional

»Flow mostly attached except at the
trailing edge separation ramp

»Angle of attack close to 7° over
most of the blade

»>C ~1.2

r/R=0.89

Wind Power R&D seminar, Deep offshore wind
Trondheim, 20-21 January 2011 20

\

Force distributions fdr x“—; 3

Significant differences between BEM and CFD distributions.

(Still C, predictions virtually identical, but BEM C; severely under-estimated)

Tangential force Streamwise force

Wind Power R&D seminar, Deep offshore wind
Trondheim, 20-21 January 2011

Results

Force distributions near design tip speed ratio

Good agreement between BEM and CFD

Streamwise force

Wind Power R&D seminar, Deep offshore wind
Trondheim, 20-21 January 2011 21
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Closing session — Success stories from Offshore Wind
Research, Development and Deployment

Carbon Trust’s Offshore Wind Accelerator, Phil de Villiers, Carbon Trust

From Scanwind to GE — becoming a global player anchored in Mid-Norway,
Martin Degen, GE

HyWind — A success story — A catalyst with Access as an example,
Sjur Bratland, Statoil

Offshore wind farm forecasting and energy production, Jostein Malan, StormGeo

Using research experiences in marine technology for advancing offshore wind
technology, Prof. Torgeir Moan, NTNU

Research gives results, Espen B Christophersen, Research Council of Norway
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—
Carbon Trust’s Offshore Tcarsan
Wind Accelerator DONG

Accelerating progress of offshore wind
energy through targeted R&D

NOWITECH
21 January 2011

e-on

Phil de Villiers

SCOTTISHPOWER

@SSE
2) Statkraft

LA
" Siatol

Independent company mainly funded

Our mission
is to adceleraté

by UK Government

We cut carbon now by

the move to
a low carbon
economy

> Providing speci dvice and finance to
help organisations cut carbon

= Setting standards for carbon reduction

We cut future carbon emissions by
Opening markets for low carbon technologies
Leading industry collaborations to
commercialise technologies

» Investing in tage low carbon

companies

UK faces an energy gap and ——
tough renewable energy target e

Installed capacity, projected % of UK energy from

Mass deployment of offshore e ——
CARBON

wind required to meet targets TRUST

Forecast UK 2020 electricity supply in 40% scenario

demand (GW), 2008-2020 renewables, 2005-2020 Twh
160
15%
80 120 om B = Up to 25% of
70 E Projected [ | o electricity to
E peak demand 100 6
60 nergy gap [ ] come from
8x increase i
50 Renewables et 80 Offshore Wind
40 Nuclear 60
%0 Gas 0 £ 6,000 turbines
20 to be installed
10 Coal 20 by 2020
0
20082010 2015 2020 2005 2010 2020 Offshore Onshore Wave Hydro Solar Other! Total
target wind wind and tidal
1. Landfill, co-firing, biomass
Source: Committee on Climate Change, 2008 (based on DECC Energy Model) 3 Source: Carbon Trust “Offshore wind power: big challenge, big opportunity”, 2008; BCG analysis 2008 4
Deployment rates are very e ——= e ——=
challenging but feasible CARBON But cost reduction is essential CARBON
] L . TRUST TRUST
Build rate similar to coal in the 1970s and gas in the 1990s
Coal: Gas: Offshore Wind: Cost per MW installed (€m/MW)
28GW 26GW Up to 29GW 35
—_ I BIRES Rhyl Flats
awpa . - ~ 3.0 ] > Rising commodity prices Robin Rigg
€ g > Bottlenecks in supply chain
> Complexity of sites, distance, depth
° 2.5 > FX rate volatility .
North Hoyle , Gunfleet Sands
4 2.0 ~ '
- Lynn
. s - Kentish Flats
Scroby Sands =~
2 1.0 Barrow
| | |I |||| nll
0 " I Aloa I I 0.0 Year
FEL LI FFL LIS ST TSP 5T 2002 2003 2004 2005 2006 2007 2008 2009 2010
Could create 70,000
jobs in UK by 2020
Source: Carbon Trust “Offshore wind power: big challenge, big opportunity”, 2008; LEK Consulting, Renewable Energy 5 6
Framework March 2006, Carbon Trust “Focus for Success”. 2009

Source: Emerging Energy Research, 2009

| ————
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. . U ﬁ\.
|nC|"eaS|ng RD&D is critical CARBON
Increase project IRRs to accelerate deployment TRUST

Weak commercial
returns, high levels
of public subsidy

Stronger commercial
returns, lower levels
of public subsidy

£75bn £16bn
£14bn
£45bn
Current Optimal site Cost Achievable
expectation availability reductions goal

7

Source: Carbon Trust “Offshore wind power: big challenge, big opportunity”. 200

Offshore Wind Accelerator is a m——
consortium to reduce costs CAR TN

Objective: Reduce cost of energy by 10% through RD&D

DONG e-an ¥ 8 developers + Carbon Trust

T RWE

= Focusing on developing
technologies for
— Round 1 & 2 extensions
— Round 3
— Scottish Territorial Waters

@SS E "ﬁ;‘.{{l.?""’-ﬁ:‘filf

¥ Total budget ~£40m
— £10m for collaborative R&D

,il.', _D — Up to £30m for demonstrations
LT Statkraft
X = — Carbon Trust funds 1/3
—— ¥ Commitment to 2014
CARBON — Started October 2008
TRUST

e —

6026 of UK market is in OWA: e
attractive for innovators CARBON

TRUST
OWA developers have 30GW of licensed capacity in UK waters
Developer Round 1 Round 2 STW & Demo Round 3 Total market
RWE 150 02 453 750
SSE 10 1518 o EEL
Centrica 104 I : 430 [ 155
SPR 250 1,500 ]
Vattenfall 240 MW acs J— 00
DONG 108 - <00 280
Statkraft £ [ > 250
statoil 158
Mainstream 360
Siemens
Fluor 252
E.ON 28 | ) 300
SeaEnergy 013
EDP
Eneco m
Warwick % Y
Fred Olsen a15
Masdar 200
EDF %0 00
AREG lsa

[ owa stage 11 partners
o

Source: RenewableUK (Jan 2010), The Crown Estate (May 2010)

’..-——--_"\;
OWA objectives CARBON
TRUST

]

Focus on commercial outcomes: reducing cost of energy by 10%

]

Deliver innovations that can be implemented by offshore wind
developers in time for Round 3 (~2015)

Y

Learn by drawing on the experiences of the different members
— Offshore wind, oil and gas, onshore wind

]

Encourage the best designers to deliver the innovations
— Let them keep their IP

— Look internationally, not just to UK

— Engage them on very specific challenges

~

Look to other industries for technology transfer
— Not just oil and gas, but also civil engineers, naval architects, manufacturers

]

Operate responsively to member needs, and cost effectively
Objectives require
very targeted R&D

- ’_..--—-.:\
OWA involves 90+ people from CARBON
8 Developers, 400+ companies TRUST
Steering Committee
| Carbon Trust Management Team |
Foundations Wake Effects Access Electrical
Technical Technical Technical Technical
Delivery Delivery Delivery Delivery
Consultant Consultant Consultant Consultant 90+ people
Innovators, Innovators, Innovators, Innovators, A
designers designers ‘ designers ‘ designers 400+ companies
W owA partners
[ carbon Trust
[ 3 party contractors 11

Farms will be large, far-shore, ———

with bigger structures Rt A
Round 3 zones
180m

T, PR
B D |_EDP 1GW Seaknergy 0.36W.

L]
Firth of Forth 3.5GW.
SSE 1.7GW Fluor 1.7GW
) [oeogr s o |
SSE 2.256W
Statoil 2.256W | g 00!
5GW

RWE 2.2
- Statkraft 2.25GW.
L %

30 St Mary Axe
(the Gherkin]
v -60m

Average distance to shore (km)
0 10 20 30 40 50 60 70

Round 1 [l 8
Round 2 25
Round 3 65

West Isle of Wight
0.9GW Eneco
Source: UK Ports for the Offshore Wind Industry: Time to Act, DECC / BVG Associates, 5 February 2009, 12
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. —
Sensitivity of CoE to depth, CARBON

distance must be reduced TRUST

CoE as % typical
near-shore site

COE as % typical
near-shore site

COE as % typical
near-shore site

130 130 130
125
120 120 L7 120
115 .7
110 110 LT 110
105 L -
100 100 T © 100
95 N
£ %0 %0 N o
85 g
80 80 80 ~o
7
70 70 70
0-20m 20-40m  40-60m 0-12 12-30 30-60 60+ <700 700-800800-900 900+
Depth Distance to shore (nm) Wind power (W/mz2)
Note: Cost analysis for <700 W/m2 wind power, where 100% = £97/MWh (2008 assumptions) 13

Source: Carbon Trust “Big Challenge, Big Opportunity” 2008

Turbine installation rates will —.

need to increase dramatically CAR TN
Number of turbines installed per year 2003 - 2020

One new turbine
installed every 11 days

One new turbine
installed per day

2.5 new turbines
installed per day

1,000 1,000

M Actuals
[ Modelled

1. Number of turbines calculated from actual and forecast installed capacity figures, assuming 3W turbines 2003 — 2013,
and SMW turbines from 2014

Source: Carbon Trust “Offshore wind power: big challenge, big opportunity”, 2008; Carbon Trust analisws 2010 14

—
OWA has four Research Areas =
Chosen based on assessment of 70 technical areas C?IRU.SOTN

Offshore d returns
[

| CAPEX ‘ | OPEX | ‘ Yield

7
Q
=
o
=
Qo
c
&
5
w

Access Systems
Electrical systems
Wake effects

15

| ———

[Foundations
Our competition attracted >100 ===
entries from all over the World ~ “ARPON
Objective: reduce lifecycle costs for 30-60m
104 88
—
7
.
Total entries Rejected in Rejected in Finalists
first round second round

| ———

[Foundations

. . ———
Three fixed structures installed .5 6w
separately to turbine TRUST

Keystone MBD
Inward Battered suction bucket
Guide System monopile

Ballast Needam
drilled monopile

[Foundations

i i
Three integrated structures EARBON
floated out for installation TRUST

Gifford / BMT /
Freyssinet Gravity
Base Foundation

SPT Offshore &
Wood Group self-
installing tribucket

OWPSE Titan

i
N
A
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Foundations Foundations
. — Four structures short-listed for ===
One flqatlng structure CARBON further development CARBON
Glosten Tension Leg Platform TRUST Based on suitability for Rourg 3 TRUST

Glfford BMT- Freyssmet

Keystone

SPT Offshore & Wood Group

Installation

® Standardise, optimise,

¥ Improve utilisation rates
automate

step: demonstrate epts
ady for deployment

Foundations Electrical Systems
R ‘.F""-."'\_ . ) R ﬂ
Current focus: Mass production, EamncN Electrical systems is focusing T’:AI!ON'
and faster, cheaper installation on higher voltage arrays TRUST

¥ Validate costs and benefits of
higher voltage arrays

— Design impact of higher voltage
— eg, cables, substation, transition

— Supplier engagement to ensure
equipment will be available

— Determine optimal voltage

jake Effects JAccess Systems
Increase accuracy of wake . Competition for technologies to ===
effect models CARBON increase O&M days CARBON
Reduce financing costs, increase yields TRUST Closed 26 November 2010: 450 entries, ~50 from Norway TRUST
(] LY T3
!
& LR IR R I T TN T T
3 Coloured lines
s represent R R R B .
£ 0 different e de v e v e .
] models or
model variants S L RS
X-- - Measured Data " e v e e
= Upper 25%
Coumn_° = Lowerzsn
Next steps
T

Develop more accurate wake effects models
Develop tools to optimise layouts
Measurement campaign to reduce data collection costs

T
I
= Test performance of floating LIDAR
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CARBON
TRUST

Conclusions

We believe OWA is a successful model for collaboration

® Cost-effective approach for performing R&D
— Each members’ annual contribution generates 12x research

r Efficient forum for members to learn from each other
T Successful for screening the market for new technologies

® Promotes technology transfer from other industries
— Allowing new companies to enter the market

£ Very targeted R&D: Keeps focused on commercial returns

...but we are still learning and would welcome further
collaboration with research organisations and innovators s

| ——

Is more collaboration needed?

Number of offshore wind research projects

Turbine development

Grid integration
Foundations

Ecosystem

Wind resource assessment
Wake effects

Access / O&M

Electrical systems

Floating wind turbine

Source: Carbon Trust analysis 2010

‘..—-_._-""b-.
CARBOMN
TEUST

25

' No. projects

23

IS

IS

Il owA focus area

/-—v--.._“\
CARBON
TRUST
DONG

Questions

Phil de Villiers
phil.devilliers@carbontrust.co.uk

www.carbontrust.co.uk

2) statkraft

A
T Salol
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GE Energy

From Scanwind to GE - becoming a global player
anchored in Mid-Norway

Trondheim
January 2011

Martin Degen
GE Wind Energy
Nordic Region

@ mogination ot work

What did GE aquire with Scanwind...?

- ..Established in 1999 for marketing of large wind turbines suited for
harsh environments based on own design.

- ..ScanWind has developed a superior product platform especially
designed for harsh environments with high winds and turbulence like
the Northern European coastal onshore and offshore markets

- ..ScanWind's platform has been proven over 25 years accumulated,
of successful operations, in one of the toughest wind farms in the world;
Hundhammerfjellet Wind Farm.

- ..ScanWind's-platfo is scalableis>

VI. Organization
- Organization structure

Organization chart

ScanWind

Managing Director
Inge Garshol
(1)

(19)

= 42 employees and 5 consultants

= Average age ~38

= HQin Trondheim incl. Sales & Marketing, Finance & Project Management and
Purchasing & Logistics

= Manufacturing & Services in Verdal

= R&D is located in Karlstad (Sweden)

Januory 17,2011

IV. Technology
- Availability

ScanWind (product generation 3) average availability 2008 and 2009

Average availability of more than 96% and improving |

HHF availability T5-15

NROS M PO NMT O™

Week
=1 week ——4 week average

a7 2031

infrastructure, finance, media company
We O re G E challenges

N Iirostructrs
{ o
{ ’ e $42B/27%
g
I
GE Consumer & GE Energy

Industrial $37B/24%
_l $10B /6%
J e

2009 revenue $157 billion and profit $11.2 billion
300,000 employees across 100 countries

© General Electric Company 2010 2009 Revenues / % of total revenues

Global Research

Began in Schenectady,

New York in 1900

Founded with the focus to improve businesses
through technology

Today: One of the world’s most diverse industrial labs and the cornerstone
of GE's commitment to technology

=
A

=
|

Munich, Germany Bangalore, India Shanghai, China

Niskayuna, New York

2,800 research employees
26,000 GE technologists worldwide
@ R GE technology spend: ~$6B

© General Electric Company 2010
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GE's Global Renewables Footprint

Employees
+Wind lobally: 3200

+Wind Europe: 1200

© General lectric Company 2010

GE Energy in Norway

GE Footprint

* 2300 GE Employees in Norway

* 850 GE Energy...Growing 10%-+
*400 Mfg & Services
#370 Engineers
*80 Project Mgmt & Sourcing

GE Wind, Verdal
GE Oil & Gas, Trondheim

eThermal Fleet ... ~3.5GW offshore
~150 GE Aero Gas Turbines
~135 GE O&G NP Compressors
~130 GE VG Service Wells

GE Energy Nordic HQ

GE Oil & Gas
. v T GE Oil & Gas, 7 0Oslo
*11 GE direct drive turbines Energy Services, Kollsnes

(former Scanwind) Optimization & Control,
1 x 1.5MW Cold Weather test Bergen

unit, Tromso " g
GE Ol & Gas, ¥ @i,
Stavanger Karlstad

*Wind Fleet ... ~35MW onshore

[ Strong Presence ... Growing ...Green Jobs J

o

8
© General lectric Company 2010

GE Renewables business journey

Keys to success
GE revenue g

($ in billions) $6+

$4,8 ,
II
\n
=
52,2 N
S
B l w-
03 s T

‘09
GEinternaldata

 Focusing on customer value
* Product leadership

- Technology differentiation

- Efficiency/reliability

- Low Cost of Energy
 Global supply chain

- High quality

- Rapid response

Flawless execution ... project
management & logistics

Renewable Energy Portfolio

Design Evolution through proven technology

Built on solid ScanWind platform

GE 4MW... the evolutionary next step
1.5 -82.5

1.6 - 100

« Lower wind speeds  + Expanding MMW reac}

« 97% availabilty

+ Enhanced controls  « Performance

« Utgrunden 7 x 1.5

+ Advanced load controls | « Arklow 7 x 3.6

/"

« ScanWind
Acquisition

« Performance Upgrades
« Diagnostics & Life Extension

« Grid Management
« Plant Optimization

\ Nearly $1B invested in technology

|

|

« Enhance generator rating to 4MW with improved cooling

* Minimal changes to base design... Scale-up of structural
components only where required

Leverage GE technology portfolio

« Reduction of loads with GE's Advanced Loads Control... In
commercial operation on GE 2.5xl and GE 1.5xle

* Grow rotor size to 113m with advanced blade
technology... leverage 100m blade experience

* Wind Power Plant solution for seamless grid integration

Combining solid ScanWind platform with
proven GE load reducing technology

n
© General lectric Company 2010

Features
Direct-Drive MMW
Introduction v Reliability... gearless machine
Rotor Diameter (m) 90 9 v Product competitiveness... 113m rotor
§ v Maintainability and safety... spacious
Capacity Factor* (%) 4“8 b nacelle and ease of access
AEP (GWh) 127 13.4 v Seamless grid integration

* Estimated AEP ot 10 m/s and 98% ovailabilty

v Designed for IEC Ib environment
**Fleet Leader target COD

Proven Experience

13 direct-drive installed at Hur

fiellet (Norway)
+ COD Dates: Two SW 3/90 in 2005, Four SW 3.5/90 in 2007, Seven SW 3.5/90 in 2008
* Design validated in very challenging site conditions

* Coastal location: high salinity and lightning

« High wind speed: 9.2 m/s

* Temperature ranging from -25°C to +25°C

[ Enhancing performance of proven platform

12
© General Electric Company 2010
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Right Technology

Industry’s lowest LCOE in average water depth

High Reliability and Production

Low Opex Right Partner
Through technology, supply chain, and safety

a product of
ecomagination-
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HyWind -A succe
A catalyst with Access as an example

Trondheim 21.01.2011 '

=

Building our Competence

——

e —

'_q,'r_-,. - ag—

Statoil " s threefold strategy

Harsh environment

Deep water

Heavy oil

| Gas value chain

Stepwise growth
within New

Energy

ba,
< raing
L

. - : J
r Demsmn’.mvestvw

® Experience owle,
ess 0 enh

Partners/Contraci
« Siemens

Lift of upper tower and nacelle on 13 May
2009
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Hywind - Status after one year
of operation

Hywind - opens new markets
A game changing technology, qualified?

One year of operation —
The Hywind concept is qualified

* Production is as good as or better than
other 2.3 MW Siemens wind power
turbines

—Loads factors above 40 %

* Wind turbine has preformed well. No
drawbacks from being installed on a
floater

—Less alarms than anticipated

+ Access and maintenance equal to other
offshore wind installations

« All technical systems are working well

System integrity is verified
All sub system inspected '
* Mechanical systems

* Electrical systems

+ Alarms

« Temperatures

« Oil samples

* The Hywind movements has proven not
to be an issue for the system integrity

Verification of our structural load model

* The models simulate the motions and the structural loads which we control with
different regulators

* We have tested two regulators working differently towards the structural loads and
which have been used as important components in the cost and design
optimization

Tower Pich Angle

Bringing Wind Power into a new era
(floating) is about working along 3 axis

Technology

y

Market = Authorities Competitiveness

Bringing cost down

Customers
Supply chain

i

‘:’fm
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Focus areas bringing cost down

Hywind Il will have a shorter design and
larger turbine

Hywind || Hywind |
* Turbine - Close cooperation with suppliers to reduce unit costs, bring + Conservative design for Hywind pilot .
weight down and increase reliability. - WTG weight sensitive
= Create believe in future markets " | arge scale park cost comparable with
+ Marine operations - Utilize established routines and experience from our bottom fixed ) ~
offshore activity, working together with new and established suppliers ® Focus on commercialization of Hywind
— Active and demanding customer technology
* Sub-structure - Optimizing within Hywind patents and design
—Our main task
oL b
“:’ il 1‘4
Access challenges
= = e f— i
Fob Trim
'
T
v
T
o
Month
I e T T R A A A T O T T T T Bt L
. s — e
L e T T N O L N N T T T L

Access challenging
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FOB Swath

1. Improve access and utilization:
Operate in SWATH MODE (Small
Waterplane Area Twin Hull) in up to 3
m. significant wave heights and in
high sea swells;

2. Reduce fuel consumption, 10 liters
per nautical mile at 25 knots;

3. 30 knots as top speed and 25 knots
as service speed;

4. Improve passenger comfort for 36
passengers;

5. Improve flexibilities: Shallow water,
DP, Crane, Additional boat, etc.

6. Improve safeties;

M
< Taarn

FOB Swath seatrials

SeaBridge gangway concept by Brothers AS

The SeaBridge concept
consists of three main units:

*Gangway

*Docking station

*Universal joint/towing
point

SES Concept by Umoe Mandal

Air supplied to cushion by centrifugal lift fans
= Increasing the air cushion pressure relative outside
atmospheric pressure
~ Typically B0% of ft farce from air cushion (20% from hull)

antag

Mona hull Catamaran Trimaran SWATH SES
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Markets

« Initial markets l
—Scotland Classified degth | Grast Lakes
0. it
-Uus T e

- East coast -Maine, Great lakes

— Norway
- Next phase
— Asia -Japan
— Spain/Portugal - Mediterranean

— Greece, Egypt, Malta, France, Korea, Turkey, Brazil, Italy

* Third phase
— South America, New Zealand, South Africa

Great Lakes

Scotland/Norway — A Marine Renewable Axis From ldea to Commercial Concept

bbb bbb

Sustain Statoil’s leading position in offshore
technology development

—— Pilot Park 2014-16

Develop an attractive arena for Marine Renewable Verify multiple mill concept )

business

Test and document improvements
Document cost reductions
Develop commercial conceptpy )09

Projects near home with potential for integration

with core activity
Pilot Park

The Vision ‘Commercial and Market Focus

Prototype
Cost Focus

Thank you for your attention
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2011-02-16

A SNAPSHOT

History & facts

-Founded in 1997, official start in 1998
- Founded by meteorologist Siri Kalvig and TV 2
- Worldwide operations in the Renewables, Offshore and Media industries
- Headquarters in Bergen, Norway

- Owned by:
- IDEKAPITALAS: 38,6%
1 -TV 2 InvestAS: 38.6%
- Orkan InvestAS 81%
-Management/Employees 14.7%

- Board and CEO
- Erik Langaker, Axel Dahl, Siri M Kalvig, Endre Solem
- CEO Kent Zehetner
- 82 employees 8 offices
- The group includes StormGeo AS, StormGeo Ltd, StormGeo Inc ,

- Seaware AB
Iy - Offices in Norway, UK, Sweden, Denmark, USA, Azerbaijan

- Invested MNOK 100 in R&D over P&L since inception
- Aleading weather services provider in Europe

Selected customers

Selected customers Industries

Key Events

Renewables Offshore

T F =@ 5

= £} cunach
= g
wen,  POB
L Enl

First trading service 1999  BP 2000
First Hydro service 2000 ExxonMobil Norway 2005
90 % wind market 2008 Statoil ASA 2005
First offshore turbine 2008 Hydro AS 2006
Dogger Bank 2009 Shell Europe: 2009
Bankable 2010 Brazil & Oilspill 2010
InstCap 1,5 GW 2010

Shipping

B =&

penoRE  PIL

waaLtEwns G s
e,
LAUREN  FRONTLINE
First Customer 2001
Seaware Routing 2003
Seaware EnRoute 2006
Seaware EnRoute Live 2008
£9 2010

Media

First customer 1908
woD 2000
Weather Channel 2004
Sky Italy 24/7 2005
NTV MSNBC 2006

Aftorbladet &SVT 2008
200

Competence, Innovation, Inspiration

iaee LI TV
e 889908
Kberhan | Houson %% %
Ay 111}
3ae

2 ae 1809228
0898 14
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. Global Q ECMWEF products — global 0.125 deg resolution
From theory to weather foreasting Models
e — 16-100km @ GFS model - global 0.5 deg resolution FETRE R

1946 Electronic Numerical Integrator And Computer: 40
FLOPS Tk g e~ i LOPE e s
[T e —

A4

' "1 ]
SN [

S ——

_,ﬂl

e )
European Centre for Medium Weather Forecasting ha 'k“no.”nllm““uﬂjm W

IR BELLL

r
Used as boundary conditions for regional and local scale i "‘

0 Ml

Coupled Model System Air/Sea.

Proven to have very high quality!

Local scale numerical modelling is strongly dependent
on Initial Values!

=mr

The fundamental working tool:
Numerical atmosph/wave prediction models ettt e

« Wind Energy Projecting an Planning *  Wind Energy O&M, installation and

External Data StormGeo State of the art inhouse modelling q i
) WRE AR Operational Forecastina
obsenvaiions ~ Global e Regional Local ywgE.. n 4Ny
— Models = Models = Models g\ v km*
16-100k 1-9km 10m -1 km — .
m Ta oo SAM 99 P90 P75 E: = da =

SWAN 9 km —» SWAN 3km = SWAN 1km
WRF9km = WRF3km = WRF1km HIGH RES

StormGeo wind farm planning tool /screening Wind Power Production forecasting
Data extractor, Virtual Wind Measurements e

WRF model 1-9km Statistical layers Uncertainty

WRF Hindcasts
( T ~

Net production
P99 P90 P75 P50

i
i
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Weather Window, Criteria forecasting

For Offshore Wind Installations/Operations = sesestmsmet

Thanet Wind Farm Project
London Array Wind Farm Project
Doggerbank, Havsul, Hywind,
Sheringham Shoal etc

R ]

THE LONTNN ARRAY OFFSIRE
Wi ARM, UK

Provision of Met-Ocean Forecasting Services:
Winds (extreme wind warnings)

Weather

Lightning (probability forecasts and high risk warnings) i i i e s e
work's largest offslbore wisnd larm.
Wave (high wave warnings)
- Additional wave forecasts from L == 2]

Route forecasting (fixed routes for habour to site transportation)
<!

Probability forecasting (1-15 days ahead)

Long-term forecasting (30 days ahead)

Weather sensitive tasks during construction:

On and off-loading, Barge and vessel transportation of

foundations and turbines, Foundation Installation

Turbine Installation, Cable laying, Diving operations »
~ Final installation, construction and commissioning

Wake Loss/Calculations

Wake loss in % of production

CFD - the effect of wakes OpenFoam
Winds/waves modelling

Key factors:

*Open source — sharing
competence — efficient
solvers - OpenFoam

*’Changing’ weather in micro
scale CFD approach — profile
information

Ex: The wake loss is calculated
for every time step of the whole
hindcast period

Understanding the winds important to wind power
production offshore - Air/Sea coupling ettt

B8 &

EGEGE
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RFF - Improved design criterias Understanding the winds important to wind power

WRF - SWAN Atmosphere / Wave Coupling e e production offshore - Air/Sea coupling e
All aspects of offshore wind Global models 0.125 How does a "non-flat” sea affect the
turbines (design, placement, P~ wind fields, power production?
production) require accurate =) = dahdd

Initial and boundary

knowledge of how the waves 4 44
and wind will affect the installalitm

2 e w‘ ECMWE | I
cale is needed.

L 1 conditions from EC e Atypical offshore wind picture.... ...and installation/construction?
a ...and support/maintenance work?

SWAN 1 km

—W

u10,vio z/L Pair

Roughness Z,

waves - no wind

Weather window for . . .
iRl TR e Aquired Seaware, ship engineers
installation/construction R
o TOTAL SEA e e .
Besel Cond " WS wmN T e -
I |
o "
[ - 2 on oW s
(W o N R T
[ -G RIE
—— S ‘Safety is the motivating factor’
Sateiny ol “ Lo .Ip - : [y
- B oW os i s
G PR T ﬂ -
[ATmwing oM W s . s e
[ A wn ” : ——
WREC W = b} )
RMIRE N w83
T T Ton s =
HIWHINE i A [ g e iy
Cond
Saadmy el il wms wsl Ip B Hs Tt e Tt B o T M
[ T O R R A R
| SN e o BEEN w ow ow v s sy g EEEE s ga g o g g

R&D Thank you for listening.

v Norwegian Centre for Offshore Wind Energy

en iy PaRTHRS ANBEIAL REPORT 2000

O',_ _ -

oo m\nr‘mnm x-r-n-—mbg of e an condions
a0 moetng o e mame bounteghar uau e oS peenC Couniary
Thyet ovie Ba e, 304 Fifueteat e o asgeo s ccnsn maves
exietieg o the marine boundary ieyss / b

.n—qrou.h Lacemsers, ad apaason of Siuhors wind e
e ‘actutale descriphon
e AN N U m; e detaded

Bergen | Oslo}' tavanger | Stockholm | Copenhagen | Aberdeen
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Wind Power R&D seminar — deep sea offshore wind
January 20-21. 2011

Using research experiences in
marine technology for advancing
offshore wind technology

by
Torgeir Moan

LTI ———

Outline

» Introduction
» Marine structures
- serviceability
- safety
- example concepts
» Marine operations
» Research drivers
» Examples: sea loads & response, safety management,
crack control, riser & umbilicals, wave energy
converters
» Concluding remarks

LTI ———

NOWITECH ..

Introduction: Marine technology

Safe, sustainable and economical utilisation of the oceans through:

Seafood production

; -Systems
Infrastructure -Operations

n for Ofshors Wind Tachnology

Introduction: iy Photo of Fram

Shipping vs wind turbines? E oo
in March 1894

From machinery to propellor From rotor to electricity

NOWITECH

Introduction
Oil and gas exploitation

- » The oil and gas industry is crucial to the world
economy

» At the same time, the society at large is
concerned about the industry’s potential damage
to the environment (and to men) — and its control

» Focus on safety for men, environment and
property loss - implying “zero release” philosophy
Open sea fish-farming
%' [, > Seafood production beyond 100 Mtons a year
. depends on aquaculture

» Increased production / quality could be
achieved by large farms in open sea

» Novel industry with opportunities and challenges

n for Ofshors Wind Tachnology

Introduction
Wind power offshore
» The oil and gas industry is crucial to the world

economy

» At the same time, the society at large is
concerned about the industry’s potential damage
to the environment (and to men) — and its control

» Focus on safety for men, environment and
property loss - implying “zero release” philosophy

Wave power

» Many facilities: concept development, involving
model scale testing
Some concepts: at prototype testing level

» Wave power occupies ocean space and meets
the environmental challenge — by avoiding the
coastal zone

Dt ekt Wind Tochnology
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Marine Structures

Design Fabrication Operation

Life Cycle approach Design approach

» Explicit Limit State Criteria
[ w - Serviceability

- Safety (ULS; FLS, ALS)

Wavelcurrent, Sea Load

i = @ pesioncriteria B Direct analysis of
environment * loads " effects
== ULS, FLS, ALS|
e e | TR T
% ——— [0*~0 |Design check - Resistance
ST e
Reference to
specified

probability level » Probabilistic methods

Failure probability P, = P(R<S)

-Reliability approach

NOWITECH ..

n for Cffshare Wind Tachnology

Introduction, continued
Design for Servicability (use)

= Platforms for drilling forand ~ ® Fishfarms

! . " Wind turbines
production of oil and gas

4 Provide Q Provide
containment

Q Platform for su.pporting -prevent escape S:pﬁ)oar:‘ of
payload, and risers Q Ensure proper pay

QO Limited motions fish welfare imi i

O Mobility of drilling vessels Q Operational M Limited motions

O Access for IMMR suitability for

moving fish in
and out, feeding
etc

O Access for IMMR

0 Access for IMMR

anten for Cffshare Wind Tachnology

Introduction

Design for Safety

to avoid:

» Fatalities or injury

» Environmental damage
» Property damage
Regulatory regime (depends on economy; accident potential):

Offshore oil and gas Fish farming Wind energy

- National regulatory - National Regulatory -IEC
bodies; body, Norway: - national reg. bodies
- Industry: _API,_NORSOK. - Design code enforced in _ classification societies
- Classification soc. January 2004.
- 1SO/IMO - Classification societies ??

Regulatory principles
- Goal-setting viz. prescriptive
- Probabilistic viz. deterministic
- First principles viz.
purely experiential

Overall stability Strength Escapeways/
lifeboats

LTI ——

Mobile drilling units

SEMI SPAR Classic ~ SPAR Truss SSP buoy TLP-4 Leg TLP-1Leg
e ad -3 ’

i

(Stationary) Floating Production Systems

NOWITECH

anten for Cffshare Wind Tachnology

Marine operations
Dynamic positoning and manoeuvring

» Mathematical
modelling

» Manual vs
automatic
control

: \g;

i » Human factors
Transport of heavy objects

NOWITECH

i it ebare Wind Tochnology

Knowledge transfer regarding concepts, methods
- from oil & gas, aquaculture

»Differences between offshore wind turbines and
other marine systems
- function;
- loads/hazards; risk of fatalities,
environmental damage,
- costs
- size
- one-of its-kind vs. mass production
» Analysis and design of system
- sea loads -Standardization
(Best practice)

- structural engng. & materials technology
- Guidance

- safety (risk) management

» Installations, operations & maintenance

NOWITECH
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Introduction

Reearc h d rlvers » market pull (industry driven)

,p;' Deepwater development of oil & gas
Ll

» technology push
(researcher driven):
- Disciplinary research
- Inter-/cross- disciplinary
(CeSOS: integrate
hydrodynamics,
structual mechanics and
automatic control!)
- Inventions or innovations

» Enabling technologies

-Information and comm.
technologies, e.g.

(FEM, CFD)

- Materials technology

- Measurement technologies

13

NOWITECH .

weeh Centra for Offshare Wind Tachnology

Analysis for design

Functional loads Load Design

- dead loads
- -pay loads

Ocean
environment

Analysis of Damaged
damage structure

AccidentalN Ext
gl’é{)‘;""ﬁ Ultimate
force global
R resistance
esponse
— - analysis
Piper Alpha™ - dynamic v.s. Design
quasi-static/ check

quasi-dynamic

NOWITECH

effects criteria

Extreme .
moment (M) uLs:

and (=) Collapse
axial resistance
force (N)

Local N , 1l
stress I-curve
range = fracture
historv mechanics

Defined probability level

i Cemirn bor Cifshore Wind Tochnology

Methods for generating new knowledge
about sealoads

Field measurements is the only
way to estimate the probability
of wave, wind.. conditions

_Field

Computational Fluid Mechanics

Potential Flow Methods

Field Equations

| Basle Assumptions

Navier-Stokes Mathods

Interfaces

[ ammersat i the Commout. Domaln ||

FOId solver I | Gridless

| Forms of the Governing Eqsl

NOWITECH .

tasch Centen or Offshars Wind Technology

Challenging hydrodynamics phenomena

» Impulsive loading should always be
treated by dynamic analysis
- wave slamming
- ringing loading due to steep, high waves

» Harmonic or irregular loading at
natural frequencies (dynamic response)
- wave frequency or sum or difference
frequency loading due to drag term
in the loading, nonlinearity
associated with finite wave elevation
and motions of the body

{oDtsn(ali
 deonly ot e -0.17 oin @ ol] -0026in 50
-GN COMMMNE

NOWITECH

weeh Centra for Offshare Wind Tachnology

Ringing loads and response

[, 3 =0
- I
i e i e e el ek

The Draugen case

Features
« Ringing occurs in:
- high, steep waves
- platforms with large volume and
natural periods below 8s

Load calculation is reasonably
accurate for single columns

In general: loads need to

be determined by lab. tests

« Dynamic analysis is straight forward

« Ringing was discovered in the early
1990’ies
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High frequency wave load effects - tether tension

500
Wave frequency  § 0|
loading 5001

500 600 700 800 900 1000

500] =
High frequency % of
loading 500

500

600 700 800 900 1000
time (sec)

Springing Ringing
« Steady state

- nonlinear features of hydrodynamic loading for
a wave with frequency ® imply load components
with frequencies 2w, 3®. 2w or 3® coincides
with a natural frequency

« Transient
- amplified effect of load with short duration
- maximum transient response coincides with a
maximum in the steady-state response

NOWITECH ..

fiesasch Centen for Offsbats Wind Tochnology

Stochastic analysis of wave load effects
Extreme values and fatigue loads

» long term analysis  Reduction of
computational

and
experimental efforts

(different sea states)
» short term

- 3 hour irregular wave sequence
(by contour line method)

Load effect

- wave episode

J—

- regular (design) wave

Load effect

L IL

Lessons learnt from accidents

a) Alexander L. Kielland
— fatigue failure,
progressive failure and 3
izing, North Sea, 1980

Technical/physical
Capsizing/overturning 2005
Structural failure

1 Chevron Typhoon platform,

Cperatonal e n
by — et fandng
Hiiman-organizational 3

(management) factors

b) Ocean Ranger, flooding and capsizing,

New Foundland, 1982 (Model during survival testing)

NOWITECH

Safety management

Risk Control with respect to
- overall structural failure
- overall loss of stability

| Risk control of accidental events
|

)__ Induced by
Human errors

]
| Reduce consequences ‘

[
| Reduce probability |

I Unknown events'

| l }known events'

|

Reduce Event Direct ALS
errors & Control design
omissions: of accidental ||- Abnormal
- design events resistance

(selfchecking, - Accidental

QA/QC) loads
- fabrication

(inspection) Risk Analysis, or,

Prescriptive code requirements

NOWITECH ..

ch Centra for Offshore Wind Tachnology

Design for robustness (ALS criterion

« Background

1 Y

l =
BT

- ships and floating Flooded

platforms have been
required to have
damage stability for a

long time T -

_ T
« General criterion =1 |

- consequences of "any” _ \

small damage should b) Structural failure e.g. due to im| acw
not be dispoportionally ) -g. due to imp: 0

large __ — Failure

| = ‘ LT rate:
(Petroleum One One 0.15 per
Safety tethdr| H mooring platform-
Authority, faile 173 Iin_e year
Norway) failed

c) Failure of mooring system

NOWITECH ..

Accidental (Abnormal) Loads and their Effectg
Ship Impacts?

. 1Explosion loads
(pressure, duration - impulse)
scenarios
explosion mechanics
probabilistic issues
= characteristic
loads for design

1he ophinist wiew

7

Foik

2 Fire loads
(thermal action, duration, size)
3 Ship impact loads
(impact energy, -geometry)
4 Dropped objects
5 Accidental ballast
6 Unintended pressure
7 Abnormal Environmental loads
<+« 8 Environmental loads on platform
in abnormal floating position

NOWITECH ...
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| Risk Analysis Planning |
|

In-service experiences with cracks in

]
l | System Definition ’—l North Sea platforms
Risk 1

Acceptance — Risk » Data basis
Criteria | Hazard Identification ‘ Reducing - 3411 inspections on 30 Noth Sea jackets
l—'—l Measures - 690 observations of cracks
» The predicted frequency of crack occurrence was found
Frequency Consequence to be 3 times larger than the observed frequency
Analysis Analysis
RISK ESTIMATION > Cracks which are not predicted, do occur (13 % of observed

Jackets fatigue cracks occurred in joints with characteristic fatigue life

Risk Picture exceedina 800 vears: due to abnormal fabrication defects or
Nane b | oot |0 | e o] ke
Yor | dhage s
Risk Evaluation 9098 | iy [ fono|us . »Cracks have occured, due to
Unacceptable ] - lack of fatigue design check
Tolerable

s | o o | - inadequate design check

- abnormal fabrication defects
Semisubmersibles | | | . - inadequate inspection

ety

Acceptable

Risk analysis

25

NOWITECH e ottt NOWITECH

Crack control measures Reliability - based design
Struct. Type Fatigue Residual Ultimate Inspection H H H
type of Design fatigue reserve (and DeSIQ n COd e Cal ! b ration .
joint Factor life strength repair) Goal: The Implied "
e D) Method Re/rr > 1oDe + vilc + veEc o
Jacket Tubular | 210 Some- Normally NDE?) Pi= P(R>D+L+E)= Py,
joint Significant Underwater R — resistance Pf depends upon the
D, L, E — load effects due to systematic and random
geLni- :Ialed 12 gome E_y/_\le" I':‘BBE? « permanent uncertainties in
ubm. race - ome imitec o i .
. Plated 188 live load R;D, L, and E
col.-p. NDE « environmental J effects
TLP Tether 10 Small ByALS M9
Plated 1-3 Some Limited LBB H ili H H H .
v column NDE Reliability-based inspection planning: =
Ship Plated 1-3 Significant None Close
longt. Visual
1) Fatigue Design Factor — by which the service life is to be multiplied with to achieve the design fatigue life
2) NDE - Non Destructive Examination Method .
3)LBB - Leak before break monitoring Diver
4)ALS - Accidental Collapse Limit State inspection
5)IM - Instrumental monitoring (by “an intelligent rat”) 2

LTI ——— NOWITECH Co o Ot e

Safety of Marine Operations Station keeping system Challenges
- Considering automatic control and human factors

Conventional Mooring —
-Long-term failure rates
remain uncertain
(One FPSO line failure
every 6 yrs)
- Particular problems
at connectors &
interfaces
(Noble Denton JIP)

Catenary mooring system Taut mooring

- Synthetic moorings

—— % | -Damage during handling
Synthetic ropes -Long term integrity

—Particular problems at
terminations

Research topics:

- hydrodynamic modelling
of motions

- automatic control

- reliability and safety
(human factors)

-High strength - low weight
carbon fibre tether
instead of steel tether
nchor handling and other

Dolphin” case

NOWITECH s e NOWITECH
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- Riser tensioner
s

B

Umbilicals on floating platforms

NOWITECH

far ffshare Wind Technology

Riser tensioner, slip joint and heave compensator

far ffshare Wind Technology

Synergy of renewable offshore (wind & wave energy)
& conflicts of interest

- Transfer of knowledge regarding
design & operation

- Share infrastructure;

- Power to shore or to other facilities

- with offshore oil and gas,

- with aquaculture,

| atal load
~100MW .

NOWITECH s

far ffshare Wind Technology

Photo of
Fram

on the polar
expedition
in

March 1894

Concluding remarks

- Concepts and operational procedures as well as assessment
methods established in the oil & gas and other marine industries
may be adapted in offshore wind activities by proper
adjustment in view of the differences in the relevant
industries

- bottom fixed and floating wind turbines

- hydrodynamic analysis

- safety management in general and in
crack control in particular

NOWITECH

ehante Wind Tochnology
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R&D gives results
Deep Sea Offshore Wind R&D Seminar,
20. - 21. January 2011, Trondheim

Espen Borgir Christophersen, The Research Council of Norway

CONCEPT
DESIGN
PROJECT PLAN

DEMONSTRATION ;
ENDUSER I MARKET
;7 enova

DEVELOPMENT
UP-SCALED PILOTS

TECHNOLOGY R&D ]

MODELLING .a

PILOT ce®

LABORATORY innovAsien *

USER DRIVEN NORGE

| R&D INSTITUTIONS

€] Forskningsradet

—

Examples of supported projects

+ ANGLE WIND * NOWERI

New mechanical gearbox for drive train for wind turbines 250 KW floating wind turbine
NORCOWE/NOWITECH - project
66 mill. NOK funding i 2010

NOrCoWe s

NOWITECH

+ INGENIUM AS
Katamaranlekter med laftemekanismer « Alfanor 7125 AS

Fred Olsen wind energy drive train

Projects 2 3 4 27 2 56 179

Total grant (mill. NOK) 1117 138 122 897 371 8377

Total of Knowledge building projects (KMB)
‘and user driven projects (BIP) 2004-2008

PhD 2
N m
Publishing

ifi w/ referee 81

104

Books 17

i 304

Other 736
Commercial results

New products 2

New processes 15

New services 9

New patents 28

New licences 19

New enterprises
New

Technology transfer

of new technology 32
Mgreforskning, 2010

M NOrcowe e

=" Merwegian Centre for Dffshore Wind Energy

Wind Technology E

NOWITECH

T norcoWET=———
oy

European Energy Research Alliance
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MNOK/MW

= Low Case (Minimal Growth & Development)
= Base Case (DWL Cost Reduction Analysis)

= High Case (Onshore Target)

v
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www.forskningsradet.no/renergi

Espen Borgir Christophersen

Senior Adviser RENERGI — Offshore Wind
www.ren.no

Department for Energy and Petroleum Research
The Research Council of Norway

Stensberggata 26
PO Box 2700 St. Hanshaugen
NO-1031 Oslo

E-mail: ebc@rcn.no

Moile: +47 901 64 172
Switchboard: +47 2203 7000
Fax: +47 2203 7101
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