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International Energy Agency

Implement Agreement for Co-operation in the
Research, Development and Deployment of Wind
Turbine Systems: IEA Wind

The IEA international collaboration on energy tedlogy and RD&D is organized under
the legal structure of Implementing Agreementswimch Governments, or their delegated
agents, participate as Contracting Parties andrtatdeTasks identified in specific Annexes.

The IEA’'s Wind Implementing Agreement began in 19@hd is now called the
Implementing Agreement for Co-operation in the Resle, Development, and Deployment of
Wind Energy Systems (IEA Wind). At present, 24 cacting parties from 20 countries, the
European Commission, and the European Wind Enegppdation (EWEA) participate in
IEA Wind. Australia, Austria, Canada, Denmark, Eheopean Commission, EWEA, Finland,
Germany, Greece, Ireland, ltaly (two contractingtipa), Japan, the Republic of Korea,
Mexico, the Netherlands, Norway (two contractingrtiga), Portugal, Spain, Sweden,
Switzerland, the United Kingdom, and the United&iare now members.

The development and maturing of wind energy teahglbver the past 30 years has been
facilitated through vigorous national programs edaarch, development, demonstration, and
financial incentives. In this process, IEA Wind halayed a role by providing a flexible
framework for cost-effective joint research progeahd information exchange.

The mission of the IEA Wind Agreement continuesb® to encourage and support the
technological development and global deploymenwiofi energy technology. To do this, the
contracting parties exchange information on thantimuing and planned activities and
participate in IEA Wind Tasks regarding cooperativesearch, development, and
demonstration of wind systems.

Task 11 of the IEA Wind Agreement, Base Technoldgfprmation Exchange, has the
objective to promote and disseminate knowledge utino cooperative activities and
information exchange on R&D topics of common inséréo the Task members. These
cooperative activities have been part of the Wmglementing Agreement since 1978.

Task 11 is an important instrument of IEA Windc#in react flexibly on new technical and
scientific developments and information needsriltids the latest knowledge to wind energy
players in the member countries and collects in&diom and recommendations for the work
of the IEA Wind Agreement. Task 11 is also an intgot catalyst for starting new tasks
within IEA Wind.

The International Energy Agency Implementing Agreement for
Co-operation in the Research, Development, and Deployment of Wind Energy Systems
www.ieawind.org
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IEA Wind TASK 11: BASE TECHNOLOGY INFORMATION

EXCHANGE

The objective of this Task is to promote dissemingatknowledge through cooperative
activities and information exchange on R&D topidscommon interest. Four meetings on
different topics are arranged every year, gatheantive researchers and experts. These
cooperative activities have been part of the Age@rsince 1978.

Two Subtasks

The task includes two subtasks. The
objective of the first subtask is to develop
recommended practices for wind turbine
testing and evaluation by assembling an
Experts Group for each topic needing
recommended practices. For example, the
Experts Group on wind speed

measurements published the document
titled “Wind Speed Measurement and Use
of Cup Anemometry”. A document dealing

with Sodar measurements are presently
under development.

The objective of the second subtask is to
conduct topical expert meetings in research
areas identified by the IEA R&D Wind
Executive Committee. The Executive
Committee designates topics in research
areas of current interest, which requires an
exchange of information. So far, Topical
Expert Meetings are arranged four times a
year.

Documentation
Since these activities were initiated in

1978, more than 60 volumes of
proceedings have been published. In the
series of Recommended Practices 11
documents were published and five of
these have revised editions.

All documents produced under Task 11
and published by the Operating Agent are
available to citizens of member countries
participating in this Task.

Operating Agent

CENER

Félix Avia Aranda

Urb. La Florida. C/ Somera 7-9, 12
C.P.: 28023 - Madrid — Spain
Phone: +34 91417 5042
E-mailfavia@cener.com

The International Energy Agency Implementing Agreement for
Co-operation in the Research, Development, and Deployment of Wind Energy Systems
www.ieawind.org
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COUNTRIES PRESENTLY PARTICIPATING IN THE TASK 11

COUNTRY INSTITUTION
Canada National Resources Canada
Denmark Risg National Laboratory - DTU

Republic of China

Chinese Wind Energy AssociafiOWWEA)

European Commissio

n

European Commission

Finland Technical Research Centre of Finland - \ERErgy

Germany Bundesministerium fir Unwelt , Naturschurtd Reaktorsicherheit -BMU
Ireland Sustainable Energy Ireland - SEI

Italy CESI S.p.A. and ENEA Casaccia

Japan National Institute of Advanced Industriakice and Technology AIST

Republic of Korea

POHANG University of Science arethnology - POSTECH

Mexico Instituto de Investigaciones ElectricasEIE

Netherlands SenterNovem

Norway The Norwegian Water Resources and Energgciirate - NVE

Spain Centro de Investigaciones Energéticas, Medioamdliesity Tecnoldgicas
CIEMAT

Sweden Energimyndigheten

Switzerland Swiss Federal Office of Energy - SFOE

United Kingdom

Uk Dept for Bussines, EnterpriseRé&gulatory Reform - BERR

United States

The U.S Department of Energy -DOE

The International Energy Agency Implementing Agreement for

Co-operation in the Research, Development, and Deployment of Wind Energy Systems

www.ieawind.org
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a) Background
Wind energy installations offshore are increasiegnby year and are expected to grow even faster in
the future. Currently, March 2011, there is 3.654%production capacity installed offshore globally
Forecasts indicate that there will be 40&Mstalled 2020. That is 10 times more than theenity
installed capacity. This tremendous developmenkt pake significant requirements in many areas of
wind engineering and especially on foundation dgwelent. The challenge is to find structures that

can be utilized in an economic, safe and relialdg.w

Foundations come in many different shapes and desgitions. To date, offshore wind farms have
been constructed in relatively shallow waters wiphto 20—-25 m water depth. Concrete gravity-based
structures and monopiles have been the preferrgtdgion concepts for these water depths. The next
generation of wind farms could be constructed irtew&aup to 50-60 m deep. To meet the site
specifications at these water depths, further dgmeent and improved design are clearly needed. The
foundations are usually adapted to the prevailimgddions, such as water depth, sea floor condstion
and wave/wind/ice-conditions, this may require specific foundation designs.

Figure taken from ref 3

A systems approach to the design of foundationgited. The reason is that the system dynamic
behaviour is very dependent of the flexibilitiestloé support structures and sea bottom. This paws n

and increased requirements on the structural maxfeise whole system. This becomes even more
important when WT systems are up-scaled. The refmsahis requirement is the need to understand

1 BTM World amrket Update 2010
2 EWEA Pure Power, Wind Energy Targets for 2020 2080. 2009 update

The International Energy Agency Implementing Agreement for
Co-operation in the Research, Development, and Deployment of Wind Energy Systems
www.ieawind.org
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the up-scaling effects. It is not necessary posgust to scale up components. An innovative apgroa

is vital when designing larger structures. It imsidered that there is a great possibility and rteed
improve performance of coming foundations in batbreomic and technical terms.

The EU UpWind project has a separate Work Packag®undation and support structures. Chapter
4.3 in the summary repdiis an excellent introduction to offshore foundasio

http://www.ewea.org/fileadmin/ewea documents/docusiapwind/21895 UpWind Report low we
b.pdf

b) Topics to be addressed

The meeting will mainly focus on bottom fixed stiwes, but floating structures may also be
addressed.

General challenges with offshore foundations
Up-Scaling

Loads, from winds, waves and ice as well as dynaffects
Experiences from other offshore areas

Access systems

Operation and Maintenance Aspects

N o g s~ w D PE

Research needs

c) Expected outcomes

The outcome of the meeting is the proceedings dnetua short summary of the presentations and a
compilation of topics that are crucial for futurevelopment of foundation structures.

Networking is also an important part of the outcarhéhe meeting.

# UpWind — Design limits and solutions for very largind turbines, March 2011

The International Energy Agency Implementing Agreement for
Co-operation in the Research, Development, and Deployment of Wind Energy Systems
www.ieawind.org
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e) Agenda

Tuesday, September2d

9:00 Registration Collection of presentations and final Agenda

9:30 Introduction by Host
Jens |. Madsen , Acting Competence Unit Manager, &8et Development / BU
Engineering, Vattenfall Research & Development AB,

10:00 Introduction by AIE Task 11 Operating Agent.Recognition of Participants
Mr. Felix Avia, Operating Agent Task 11 IEAWind R&D

10:20 Introduction of Attendees

10:30 Presentation of Introductory Note
Jens |. Madsen , Acting Competence Unit Manager, &Bet Development / BU
Engineering, Vattenfall Research & Development AB,

1% Session Individual Presentations:

11:00 The European offshore wind industry 2010
AA Arapogianni, European Wind Energy AssociaticgigRim

11:30 Status Some Key Offshore Wind Energy Researdkctivities in the Unites States
Walt Musial, National Renewable Energy Laboratd§gA

12:00 Offshore Overview at Riso
Thomas BuhlRiso-DTU, Denmark

e12:30 Lunch

The International Energy Agency Implementing Agreement for
Co-operation in the Research, Development, and Deployment of Wind Energy Systems
www.ieawind.org
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2" Session Individual Presentations

13:30 Market oriented Evaluation and Development © Offshore Foundations for

OWECs. Jarge Reimers, Offshore Structure, Areva Wind Gngétmany

14:00 Experiences with different foundation types
Frank Hermes, RWE Innogy Offshore Wind, Germany

14:30 Testing and Optimization of Support Structues for Offshore Wind Turbines

Martin Kohlmeier, Fraunhofer Institute for Wind Eqgg, Germany

15:00 Physical and numerical modeling of the highycle fatigue loading of offshore wind
turbine foundations - some research results
Peter Kudella, Institute for Soil Mechanics & Rddkchanics, Germany

e15:30 Coffe Break

16:00 Improvements to soil-structure interaction an foundation modeling

E. Van Buren, Norwegian University of Science &hredogy, Norway

16:30 Modelling of transition piece in structural and aerolastic codes
Elena Menéndez, Alstom Wind, Spain

17:00 Efficient foundation design of monopile, jackt and hybrid structures: Limitations
of current practice, Recent research and PracticaDesign Tools
Paul Doherty, University College Dublin, Ireland

17:30 End of the Tuesday meeting

Dinner at Fang Krogard

The International Energy Agency Implementing Agreement for
Co-operation in the Research, Development, and Deployment of Wind Energy Systems
www.ieawind.org
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Wednesday, March 2§

3 Session Individual Presentations

09:00 Ice loads and ice-induced vibrations in offsire wind turbines
Dr J Heinonen, VTT Technical Research CentreimfRd, Finland

09:30 Simulation and assessment of wind turbines
Urs Wihlfahrt, Fraunhofer Institute for Wind Enetggermany

10:00 Simulation of support structures for offshorewind turbines and large scale tests
Jan Dubois, Leibniz University Hannover  Germany

010:30 Coffe Break

11:00 Life Cycle Cost for Offshore Wind Farms
Francois Besnard, Chalmers, PhD student
Thomas Stalin, Vattenfall, Senior Project Manager

11:30 Presentation 13
PKP Passon, Ramboll Offshore Wind, Denmark

e12:00 Lunch

13:00 Discussion and summary of Meeting

14:00 End of the meeting

¢14:00-16:00 Optional tour to the Vattenfall WT Control Centre

The International Energy Agency Implementing Agreement for
Co-operation in the Research, Development, and Deployment of Wind Energy Systems
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The European offshore wind industry 2010

Athanasia Arapogianni
Research officer
t
The European Wind Energy Association 21% Sep.2011

WP\ EWEA

Outline of presentation

2010 annual offshore wind power market

1991 — 2010 cumulative offshore wind power market
* Main trends 1991 — 2010

Market outlook: 2011 and beyond

IEA WIND ENERGY - Task 11: Base Technology Information Exchange 1



TEM 66 "OFFSHORE FOUNDATION TECHNOLOGY AND KNOWLEDGE FOR SHALLOW, MIDDLE AND DEEP WATER"

RN EWEA

Outline of presentation

2010 annual offshore wind power market

1991 — 2010 cumulative offshore wind power market
Main trends 1991 — 2010

Market outlook: 2011 and beyond

WO\ EWEA

2010 Annual offshore wind power market

e 308 new offshore wind turbines installed and
connected

+ 883 MW in total — increased by 51% on the previous
year

* During 2010, work was carried on 18 offshore wind
farms among which

— Eight wind farms were fully completed and grid
connected

— One wind farm partially completed and grid connected

— One wind farm completed but not grid connected

IEA WIND ENERGY - Task 11: Base Technology Information Exchange 2
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INSTALLED CAPACITY: SHARE OF 2010
INSTALLATIONS (MW) BY COUNTRY

United Kingdom
458.4/52%

Denmark
207/23%

WT MANUFACTURERS: SHARE OF 2010
INSTALLATIONS (MW)

REpower BARD Gaia
20/2% 0.033/0%

Vestas
555/63%

IEA WIND ENERGY - Task 11: Base Technology Information Exchange 3
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DEVELOPERS: SHARE OF 2010 OFFSHORE
MARKET Ih. e EWE Suomen Hyotytuuli

14.25/2%

BARD
20/2%
DONG

68.5/8%

2.3/0%
Floating Wind Power Plant
0.03/0%

Belwind Vattentall
165/19% 307.88/35%

FOUNDATION TYPE IN 2010 OFFSHORE WIND
FARMS Jacket _ Tripile 4/1%

6/2%

Floating
1/0%

Monaopile
204/67%

IEA WIND ENERGY - Task 11: Base Technology Information Exchange 4



TEM 66 "OFFSHORE FOUNDATION TECHNOLOGY AND KNOWLEDGE FOR SHALLOW, MIDDLE AND DEEP WATER"

RN EWEA

AVERAGE WATER DEPTH AND DISTANCE TO
SHORE - 2010

50

:
20
3
i .. .-. I
. W s W

“ 5 fg; il g leearl e |

* Average water depth: 17.4 m in 2010

» Average distance to shore: 27.1km

RN EWEA

Outline of presentation

2010 annual offshore wind power market

1991 — 2010 cumulative offshore wind power market
* Main trends 1991 — 2010

Market outlook: 2011 and beyond

IEA WIND ENERGY - Task 11: Base Technology Information Exchange 5
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Cumulative Market

* 1,136 turbines installed and grid connected

* 2,946 MW in total

* 45 wind farms in nine European countries

* Produces 11.5 TWh of electricity in a normal year

» Average wind turbine size 3.2 MW

CUMULATIVE AND ANNUAL OFFSHORE WIND
INSTALLATIONS (MW)

3000
Total cumulative

. Tatal annusl
2500

1000

500 II
0 i -II-..II

1991 1992 1393 1954 1995 1996 1597 1958 1099 2000 2001 F002 2003 2004 2005 2006 2007 2008 2009 2010

IEA WIND ENERGY - Task 11: Base Technology Information Exchange 6
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INSTALLED CAPACITY: CUMULATIVE SHARE BY
COUNTRY AT END 2010 (MW)

Germany Finland  Ireland Norway
92/3% 26.3/1% 25.2/1% 2.3/0%

Sweden
163.7/6%

Belgium

195/ 7%\

United Kingdom
1341.2/45%

Denmark

B853.7/29%

WT MANUFACTURERS: CUMULATIVE MARKET
SHARE IN MW - END 2010

Areva
30/1%
GE BARD Others
35.7/1% 25/1% 43.38/2%
WinWind
54/2%

REpower
70/2%

Vestas

1369/46%

IEA WIND ENERGY - Task 11: Base Technology Information Exchange 7
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WP\ EWEA

OWNERS / DEVELOPERS: CUMULATIVE MARKET
SHARE IN MW - END 2010

EWEC-Power VindPark Vrnen
Econcern 1%

PensionsDanmark

3%
Noordzee Wind

4%

Vattenfal
21%

WP\ EWEA

Outline of presentation

2010 annual offshore wind power market

1991 — 2010 cumulative offshore wind power market
* Main trends 1991 — 2010

Market outlook: 2011 and beyond

IEA WIND ENERGY - Task 11: Base Technology Information Exchange 8
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WP\ EWEA

SHARE OF CONSENTED OFFSHORE CAPACITY BY
COUNTR AR AEVAIN

Finland

400/2%
Denmark | Norway Italy
418/2% 350/2% 162/1%

Sweden

995/5%
Estonia

1,000/5%

Germany
B,435/42%

WP\ EWEA
AVERAGE WIND FARM SIZE (IN MW)

ADO MW

350 MW

150 MW

100 MW

155 |
.
e e
aan 23
B0 MW 46,25
208
253
= B sl Amll
oMW — 2 L it L

PLEFS IS PEP PP PSS I SR FE

The average offshore wind farm size in 2010 was 155.3 MW, up
from 72.1 MW the previous year

IEA WIND ENERGY - Task 11: Base Technology Information Exchange 9
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RN EWEA

Trends: water depth and distance to shore

» Average water depth in 2010 was 17.4m, a 5.2m
increase on 2009, with projects under construction in
water depth averaging 25.5m

» Average distance to shore increased in 2010 by 12.7
km to 27.1 km substantially less, however, than the
35.7 km average for projects currently under
construction

RN EWEA

Outline of presentation

2010 annual offshore wind power market

1991 — 2010 cumulative offshore wind power market
* Main trends 1991 — 2010

Market outlook: 2011 and beyond

IEA WIND ENERGY - Task 11: Base Technology Information Exchange 10
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WP EWEA
--------------- MR AsoewEn
Snapshot of activity in the first six
months of 2011

BELGIUM UK GERMANY NORWAY TOTAL
Nr. of farms 1 7 2 1 11
Nr of foundations installed 4 108 16 1 129
Nr of turbines installed 0 101 6 1 108
Nr of turbines connected 0 68 32 1 101
MW fully connected to the grid 0 244.8 103.3 0.015 348.1
Total MW of projects (once completed) 148 2238 448.3 10 2844.3

WP\ EWEA
--------------- MR AsoewEn

Market outlook: 2011 and beyond

« EWEA forecasts that between 1,000 and 1,500 MW of
new offshore wind capacity will be fully grid connected
in Europe during 2011

* 11 wind farms, totalling 3,000 MW, are currently under
construction. When completed, Europe’s installed
offshore capacity will increase to 6,200 MW

* 19,000 MW are currently fully consented
* 150,000 MW announced projects

IEA WIND ENERGY - Task 11: Base Technology Information Exchange 11
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Online excluding Hywind ﬁ\ EJW:‘E'AWMM
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Under Construction
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RN EWEA
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RN EWEA

Thank you for your attention

IEA WIND ENERGY - Task 11: Base Technology Information Exchange 14
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G * —-—
‘;;,r 'I?:I_ National Renewable Energy Laboratory

Innovation for Our Energy Future

Offshore Wind : Status of Key Research
Activities in the United States

' National Wind
Technology Center
Walt Musial

Principal Engineer

Manager Offshore
Wind and Ocean
Power Systems

Sept 20-21, 2011

Topical Expert Meeting #66
on
Offshore Foundation Technology and Knowledge, for shallow, middle and deep water

NREL is a national laboratory of the U.S. Department of Energy, Office of Energy Efficiency and Renewable Energy, operated by the Alliance for Sustainable Energy, LLC.

Long Term: Offshore Wind on Par with Other Renewables
“Core Scenario of 80% Renewable Electric Future
Scenario predictions for United States
1600
= Storage
1400 Offshore Wind
Onshore Wind
s oy
= 1000 - = il
'E‘ - mCSP
§ 800 - 4__\ Hydropower
3 Draft — Do not ¢ isteibute ® Geothermal
= 600 -
‘é’ Ded.Biomass
- 400 = Cofire Biomass
Natural Gas
200 m Cofire Coal
0 = Coal
S T 2888 E 8 Y g g e
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U.S. DOE Program Goal :
20% Wind Electricity with 54-GW from Offshore

300

Il Offshore
B Land-based

250

200

150

100

20% Wind Scenario—s,

50 Actual

Cumulative Installed Capacity (GW)

2000 2006 2012 2018 2024 2030

Nation:2| Renswable =nergy Laboratory Innovation for Our Energy Future

Offshore Wind Resource is Near Load Centers

United States - Wind Resource Map

U.S. Department of Energy '
National Renewable Energy Laboratory

o,

55 million

people in NE
18% of US
: ‘ population
Wind Power Classification Lo SR
Wind R Wind P s
Poner Ponial  Densfyai 50m N Highest
Class wim? ..
s Fair 300- 400 e|eCtl'|C|ty
L4 Gocm%l 400- 500 ] t
§ E t 500~ 600 2
& Oustanding 800 00 COsIs
7 Superb 800 - 1600 K L~
Credit: Dr. H. ]. Dagher
National Renewable Energy Laboratory Innovation for Our Energy Future
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U.S. Commercial Offshore Wind Projects
In permitting process
/

L
i fr Cape Wind (MA)

-
A Bluewater Wind (NJ)
¥ Gardon State Offshore Energy (NJ)
Fisherman's Energy (NJ)

" “Bluswater Wind (DE)

/
T Federal Waters

Delays due to cost, regulatory uncertainty, and immature infrastructure

National Renewable Energy Laboratory Innovation for Our Energy Future

NREL View of Offshore Wind

Offshore wind is a strategic imperative

= Increase collaboration with Europe

= Leverage 30-years of land-based wind expertise

= Establish U.S. ocean-based facilities

= Build a strong program to respond to research needs

National Renewable Energy Laboratory

Innovation for Our EnddggfFuture
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DOE released $50.5M in Funding Opportunities to

U.S. Offshore Industry in 2011
» FY2012 Sustained funding for core activities and competitive funding awards

2012 Funding about $8M

6

A
1
I
5 I
I
I
I
I
I
I
I
I
L}
I

4 / \
VANGE|

0

Approximate NREL Funding (Millions $)

2002 2004 2006 2008 2010 2012

Year
Historic NREL Offshore Wind Budget: 2003 to present

Innovation for Our Energy Future

National Renewable Energy Laboratory

Solving Regional Technology Barriers
R&D Solutions can Expand Technical Resource by 6x

Freshwater Ice

Deep Water

Deep Water

NREL is forming alliances where test
facilities could be located

IEA WIND ENERGY - Task 11: Base Technology Information Exchange 18
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Key need : Offshore Test Facilities

* Regional test facilities to address technology barriers
and deployment issues:
» Stimulate U.S. market supply for offshore turbines
» Overcome deep water technology barriers
» Develop mitigation strategies for hurricanes
» Address freshwater Ice design requirements

 Establishing and operating major ocean based
offshore wind testing facilities key to NREL strategy

» Implementation of Offshore testing strategy
underway:
» Offshore training,
» Targeting new hires in offshore oil &gas
» Active formation of partnerships in resource area

National Renewable Energy Laboratory Innovation for Our Energy Future

US Offshore Resource: Deep Water Dominates

Technology advances are needed to solve current problems and to
expand the number of viable sites to achieve the needed deployment

. Shallow  Transitional  Deepwater - . ; ; |
Land-based 7 O Ao Floating >60m 4000-GW Total Technical Potential
0-30m 30m-60m

Shallow Water
o

Deepwater (Floating)
61%

Approximate percentage of Gross
Offshore Wind Resource Area for

Three Technology Stages (based on NREL
estimates — 0-50nm from shore, 60% of resource
excluded, AK and HI not included, Class 5 winds
and above only)

National Renewable Energy Laboratory Innovation for Our Energy Future
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Lower Cost Floating Wind Turbines

» Decoupling from bottom reduces site design \\
dependency and work at sea

+ Maximizing land-based labor for lowest cost:1-3-
8 rule of ship building

* Integrating quayside assembly and float-out
strategies

* Reducing anchoring and mooring costs
through automated deployment

* Reducing system weight for lower system cost.

National Renewable Energy Laboratory Innovation for Our Energy Future

Floating wind turbines resolve the resource barrier of deepwater
but also have the potential to reduce COE

NREL Research includes:

= Develop and validate design tools:
FAST/Hydrodyn

= Develop integrated control systems for
platform stability and load management

= Develop system economic models and
evaluate

= Conduct design optimization studies for
lowest cost

= Test and validate deployed systems

= Establish floating design requirements and
standards

Target: Floating offshore technology that can compete with

shallow water offshore systems in 15-20 years.

National Renewable Energy Laboratory Innovation for Our Energy Future

IEA WIND ENERGY - Task 11: Base Technology Information Exchange 20
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Evaluate Design Space of Static Stability
Triangle for Floating Wind Turbine System

Ballast Stabilized

(Statoil Spar Buo (SWAY Spar Buoy)

(HiPRwind Semisubmersible

(ITI Barge) (DeepCwind TLP)

\ L
Buoyancy (Principle Power Mooring Line
Stabilized WindFloat) Stabilized
(Water Plain Area)

Multiple concepts need to be studied for design validation and optimizatio
Positions shown on triangle are approximate

National Renewable Energy Laboratory Innovation for Our Energy Future

SWAY 1:5 Scale Demonstration
characteristics | |

Country/Sponsor:  Norway

Major Partners: AREVA

Turbine 1/5 scale 12.9-m rotor
Size/Description:  downwind prototype

Deployment date : June 2011

Platform Type: Tension leg —Spar
Site: 50-m from shore
Water Depth 25m

Approx Budget: NA

1:5 scale SWAY deployment in April 2011

The 1/5" scale SWAY prototype tension-leg spar with downwind turbine
concept is a unique design. DOE/NREL are participating as a partner to help
testing and collect data for model validation of platform and to ensure that a
full-scale system can be properly designed.

National Renewable Energy Laboratory Innovation for Our Energy Future
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Principle Power 2-MW Demonstration
characteristis | | e —

Country/Sponsor: Portugal

Major Partners: Vestas, EDP

Turbine Size/Description:  Vestas V-80, 2 MW
wind turbine

Deployment date : September 2011

Platform Type: Three — tank
semisubmersible — 6
line mooring

Site: Agugadoura, Portugal

Water Depth 40 to 50-m

Approximate Budget: S 25M USD

The PPI WindFloat semi-submersible wind system is scheduled for installation and
commissioning off the Portuguese coast in Sept 2011. The installation includes a grid-
connected Vestas V80 2-MW wind turbine. Testing for at least 12 months is planned and will
focus on performance validation. An EU Framework 7 award recently increased their testing
capability. DOE and NREL are participating in data analysis and modeling.

National Renewable Energy Laboratory Innovation for Our Energy Future

DeepCwind Project — Maine, USA

GW by Depth (m) Maine
0530 Deep Water >60-m

* New floating wind technology

» Tension leg platform design
by Glosten Associates

« Funding ~$15M US Dollars
by DOE

» 1/50™ Scale Model Testing

* 1/3 scale V-27 open ocean
testing

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

National Renewable Energy Laboratory Innovation for Our Energy Future
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DeepCwind Project — Maine, USA

TLTP Technology Development
Initiative for floating wind

Funding ~$15M US Dollars
1/50t Scale Model Testing
1/3 scale open ocean testing (2012)

Deep Water >60-m

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

Flaating Turbine Tes: Tank Seale Modsls at 1:50 Scals

I,,

National Renewable Energy Laboratory Innovation for Our Energy Future

Concept Designs for 1/50t Scaled Model Tests

1:3 Scale concept

UMaine UMaine

UMaine TLP Hywind Spar Semisubmersible

18
Mooring Line Ballast Buoyancy/
Stabilized Stabilized Ballast
Stabilized

National Renewable Energy Laboratory Innovation for Our Energy Future
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TLP Design

National Renewable Energy Laboratory Innovation for Our Energy Future

Scaled Wind Turbine Issues

* Incorrect Reynold’s #
— Factor of 350

* Thrust is important for
purpose of test

— Low -> increase wind
speed

— Still small torque — RE#?

National Renewable Energy Laboratory Innovation for Our Energy Future
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Great Lakes Ice Regime
Freshwatr Offshore Resourc

oy “' : US Offshore Wind
el w4 ; Resources

GW by Depth (m)

Freshwater Ice Loading Design and Mitigation

Induced Mechanical Vibration

Resonant Frequency Shift
Ice Force —
*Thickness
*Strength
*Velocity

*Fracture Mods
e -_—-—TT Ty

Baltic Sea — Windpower Monthly Excitation
Cover Photo Feb 2003 Lock-in

Wind Turbines at
Nysted with Ice
Cones

Innovation for Our Energy Future

National Renewable Energy Laboratory
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Wind Turbine Hurricane Design

* Wind Turbines are Type Certified
before exact site conditions are
known

* U.S. Hurricane conditions can
exceed IEC Class 1A wind
specifications

» High uncertainty in predicting
hurricane probability and intensity

Table 1. Saffir/Simpson Hurricane Scale, modifed from Simpson (1974).

Typical characteristics of humricanes by category
Scale Number | Winds
(Category) (Mph) (Millibars) (Inches) Surge (Feet)  Damage
1 74-95 > 979 >28.91 4to5 Minimal
2 96-110 965-979 28.50-28.91 6to8 Moderate
3 111-130 945-964  27.91-28.47 9t0 12 Extensive
4 131-155 920-944  27.17-27.88 1310 18 Extreme
5 > 155 <920 <2717 > 18 Catastrophic
National Renewable Energy Laboratory Innovation for Our Energy Future

Hurricane resilient designs are needed to
deploy in hurricane prone regions

Turbine modifications may be
needed; current designs may
need incremental upgradesto |
blades an substructure.

Texas and South Carolina have
proposed offshore wind projects

+ Standards need to be upgraded
to address hurricanes in USA
and Asia. (IEC 61400-03 MT) Region

AWEA/NREL/BOEMRE are Now England

Mid Atlantic

organizing to address hurricanes [s. tente signt

. . California
in the U.S. regulations. Pacitic Noriw et

Great Lakes

Gulf of Mexico
Haw aii

Total

IEA WIND ENERGY - Task 11: Base Technology Information Exchange 27
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Offshore Wind U.S. Summary of Issues

* No Offshore Wind Projects Installed in U.S. Yet
* About 2500-MW in regulatory pipeline

 First adopters will have higher risk due to cost, regulatory
delays, and immature infrastructure

« First floating turbine is scheduled to be installed in Maine in
2012.

* |ce loading may define Great Lakes designs and
installation practices

* Hurricanes may become a design driver in Atlantic and
Gulf of Mexico

National Renewable Energy Laboratory nnovation for Our Energy Future

o J -
N ST
Thank You for Your Attention

Questions?

Walt Musial
+1 (303) 384-6956
Walter.musial@nrel.gov

nnovation for Our Energy Future
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HE

Offshore Wind Energy

Risg DTU \

National Laboratory for

Sustainable Energy

Technical University of Denmark

Risg DTU, Technical University of Denmark

Wind Energy Division - Risg DTU g
Technical University of Denmark

INTERNATIONAL
CONSULTING |

[ | Meteorology | | Aeroelastic t Wind | | Wind Energy ‘5“ Test &
| Design || Turbines | .| Systems | |Measurement|

i
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Wind Energy Division - Risg DTU
Technical University of Denmark

HE

WIND ENERGY
DIVISION

Wind Energy Division - Risg DTU g
Technical University of Denmark

IEA WIND ENERGY - Task 11: Base Technology Information Exchange 30
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Research project overview nov. 2010

e TWENTIES - EU - Storm control- TB 56 M€ (8 my)

e HTF foundations - Cost efficient foundations — TB 80 MDKK (11 my)
e EUDP Walney - wake and foundations measurements - TB 7 MDKK (6 my)
 EUDP Wave loads on offshore structures

e EUDP resonant wave

e PSO Wake effects

* Wake effects of large offshore wind farms

e HYWIND - Floating turbine

e MARINA

e Poseidon - Wind and wave concepts

e IEA Annex 30 - Code comparison

e DeepWind - New offshore floating concept

e EU-Norsewind — Wind resources

e Radar@Sea - PSO - Wind resources

e ORECCA

e South Baltic offshore

e Wasp offshore

e etc.
5 Risg DTU, Technical University of Denmark 13-o0ct-2010

HE

Research project overview nov. 2010

e TWENTIES - EU - Storm control- TB 56 M€ (8 my)

» HTF foundations> Cost efficient foundations — TB 80 MDKK (11 my)
* EUDP Walney —Wake and foundations measurements - TB 7 MDKK (6 my)

<+ EUDP Wave load®on offshore structures
e EUDP resonant wave

e PSO Wake effects

* Wake effects of large offshore wind farms
e HYWIND - Floating turbine

e MARINA

<« Poseidon - Wind-and wave concepts

0 - Code comparison
<+ DeepWind - New offshore floating concept
e EU-Norsewind — Wind resources
e Radar@Sea - PSO - Wind resources
* ORECCA
e South Baltic offshore
e Wasp offshore

e etc.
6 Risg DTU, Technical University of Denmark 13-o0ct-2010

IEA WIND ENERGY - Task 11: Base Technology Information Exchange
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DTu
A
Combined floating wind- and wave energy =
converter -
Risg DTU, Technical University of Denmark
Poseidon: Modeling Challenges g
At

e Three rotors in one simulation
e Structural modeling already possible in the multi-body formulation
e Aerodynamic model updated to handle this
e Wake from upwind rotors
e Already possible with the dynamic wake meandering model in HAWC2

° Large water surface area Arimaticn Hep
e Full coupled HAWC2-WAMSIM simulations
* HAWC2 validated aeroelastic code
o WAMSIM validated radiation/diffraction
code for dynamic of floating structures
from DHI
e WAMSIM recode to HAWC?2 dll-interface
format
e Ordinary HAWC2 turbine model
e Ordinary WAMSIM model
e Full system solved by HAWC2

8

Risg DTU, Technical University of Denmark
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DTu
=
Poseidon: how it looks
PSO project, measurements and modeling: DONG, FPP, DHI and Risg DTU
“ "~
3x GAIA 11kW. Downwind,

Free yaw and teetering
-

Grid connection
point

Mooring point Wave energy
conversion device

9

Risg DTU, Technical University of Denmark Risg Hawcz

HE

DEEPWIND - New EU Funded Program

Vertical axis wind turbine
Bottom mounted generator for weight savings

10 Risg DTU, Technical University of Denmark
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DeepWind concept m
Components - Generator configurations =
e Several configuration are possible to convert energy in power
» 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
3. Generator fixed on the sea bed and tower. The tower is fixed on the
bottom (not floating).
11 2 I3
| | |
| | |
| | |
|
]
‘ f Sea bed
\ \ \
Risg DTU, Technical University of Denmark DeepWind Concept and project ~ 9/21/2011
DeepWind concept m
Components - Blades technology =
e The blade geometry is constant along the blade length
e The blades can be produced in RPG
e Pultrusion technology:
10 m chord, several 100 m long blade length
Fiber Creel  Preform Flates
ResinBath| Heated Die ' ulers
v 2272
e Pultrusion technology could be performed at site
on a ship
e Blades can be produced in modules
Risg DTU, Technical University of Denmark DeepWind Concept and project ~ 9/21/2011
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Deep Wind Concept
Installation, Operation and Maintenance

HE

e 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.

* O&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 DeepWind Concept and project ~ 9/21/2011

EUDP Walney Offshore Wind Farm Project g

1. One Siemens 3.6MW machine
instrumented with loads sensors

1. Rotor Nacelle components
2. Tower
3. Foundation

2. Water depth 19m -28 m

3. Nacelle mounted LIDAR measuring wind
speed at 2.5 rotor diameter in front of
turbine.

4. Wave and current measurements near
foundation

5. SCADA system data for the instrumented
turbine and surrounding turbines.

Risg DTU, Technical University of Denmark
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HE

Project Setup

e Work Package 1 : Installation, measurement and
maintenance of instrumentation on a Siemens (SWT)
3.6MW machine.

= LIDAR acquisition, installation

= Wave and current sensors testing and installation
= Foundation instrumentation

e Tower and nacelle instrumentation

e SCADA systems

e Work Package 2: Maintenance of a loads data base, Data
analyses and modeling for verification.

¢ Existing Risg database server

e Transfer data mechanisms

e Data protection mechanisms

e Loads modeling, simulation and verification.

Risg DTU, Technical University of Denmark

Analysis of Nonlinear Wave Effects

HE

The structural responses of fixed offshore platforms is non-
Gaussian because of:

e Morison drag term ulu|
e Wave Height effects (wave splash zone)
e Wave nonlinearity (sum frequencies)

/\/\/\/\/\/\/\/\/\/\ Linear Gaussian

Non linear Skewed

Non linear Peaks

Risg DTU, Technical University of Denmark
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Implementing Non Linear Waves g
e The Airy linear wave theory assumes the sea surface
elevations can be neglected in comparison to the water
depth - not true at 40m depth.
¢ 2nd order wave models results from interactions between
any 2 wave frequency components producing frequency
differences and sums.
_I : ion Lreat Waves
ool a1
IR it | liil 'ifjii-’.ﬁl
b ‘ui. i LI f:"l" -l:-f!. "i=. .Ilv
I 'lél" YT
AT R RN
all ilL' 4 ' &
Risg DTU, Technical University of Denmark
Mud Line Moment - Effect of Non linear DTU
Waves =

1. 7.5 m high storm wave in 20m water depth at 24m/s mean wind
speed. (Operational wind speed)

2. Second order non-linear theory applied.

Linear wave loading moment at Non Linear wave loading
mud line moment at mud line

[t ok Second peak close
] to support
Structure first

H i
i H o frequency
P - il U
g
1

Risg DTU, Technical University of Denmark
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HE

Impact of Soil Flexibility

; +Soil flexibility increases
=4 the mudline loads due to
' : the lowered frequency of
the support structure.

*The tower design must be
performed with the
knowledge of the soil
stiffness.

Tower Base Bending Moment (kNmj

Mean Wind Speed (mis) .
*Non linear nature of waves

" implies that the wave

g - “sum” frequency affects
3 the support structure more
Lgan with soil flexibility
2 "
§ J \&’1" ',nv.' e “hy
' Frequency (Hz) : ! '

Risg DTU, Technical University of Denmark

50 year Extreme Mud Line Moment -
Non Linear Waves

1. 5MW turbine at 20 m water depth on a monopile foundation

50 year wave significant height is used in combination with the rotor
nacelle loads.

3. 8% higher overall out of plane mud line moment at rated wind speed.

4. Wave loading steadily increases and is more than 20% higher than the
linear model at 24m/s.

HE

—=— Non Linear Wave
— Linear Wave

Mudline Qut of Plane Moment( Nm)

8 10 12 14 16 18 20 22 24
Hub Mean Wind Speed (m/s)
Risg DTU, Technical University of Denmark
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|

Market oriented
Evaluation and
Development of _—
Offshore Foundations &
for OWECs .

-]
Kai Irschik '

Jurgen Reimers
AREVA Wind GmbH

M5000 technology tailor-made for offshore

> A leading-edge 5 MW offshore wind
turbine:
Hybrid drive-train solution
Light weight
High output

Corrosion protection
through air filtering

Simplified maintenance
» 4 turbines installed in Bremerhaven
for first operating experience:

2 first turbines in 2004 & 2006
2 additional in 2008

> 6 turbines installed offshore in '
Alpha-Ventus project in summer 2009 F

> Next projects: installation of 80 turbines at Global Tech | and 40
turbines at Borkum West Il

Offshore Foundations AREVA
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Bremerhaven: 1st hub to service North Sea

Offshore Foundations AREVA

Stade: Rotor Blades

P Carbon fibre girders
» GRP Structure
P T-bolt root connection

P Consequently integrated
lightning protection

Offshore Foundations
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Alpha Ventus: Germany's pilot project

» Location: 40 km from Borkum
» No. of turbines: 6

» Hub height max. 90 m
» Total height max. 148 m
» Customer: DOTI
» Water depth: 28 m
» Foundation Type: Tripod b

» Scope of delivery:Foundation

Turbine
Installation
Stand: 27.08.2008
Offshore Foundations AREVA

Global Tech | Project
in North German Sea

/"wet "ﬁ.’er"\

» Location: North Sea
» No. of turbines: 80

» Distance to coast: 90 km
» WTG connection: 30 kV
» Water depth: 35-42m

i By Wied Farm

Offshore Foundations
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I

» Location: North Sea

OFFSHORE .
o et » No. of turbines: 40
40 turbines 200MW P Distance to coast: 40 km
Borkum West | » Grid connection: 155 kV
» Water depth: 25-28m A
Offshore Foundations AREVA
Offshore Tripod
Type: Steel, welded
Foundation: Concrete piles
Height: 43 m
Distance pile sleeves: 24,3 m
Weight: approx. 750 t

Offshore Foundations AREVA
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Offshore Support Structure

» Support Structure is customer-supplied (current stage) :
loads are exchanged

> Suppc):rt Structure is developed in tender cooperation (starting this
stage):

increasing amount of exchange of data and knowledge

» Development of our own Support Structure (near future) :

—- \What are the market requirements?

—p Bankability

Offshore Foundations AREVA

New Foundation & Logistic Concepts

base plates ransfer loads to the ground

Offshore Foundations AREVA
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Why we are here

> We are not yet capable to give answers to all problems that
will arise in the next few years.

> We want to ask the right questions.

» We want to get into contact with companys and people that
can help us answer them.

We know what we need

» We need cheaper foundation solutions
» We need solutions for higher water depths
» We need solutions for hard soil conditions

Offshore Foundations AREVA

Possible future markets for
substructure development

To decide which sub-structures need to be developed with which
priority, we need more information about current and future markets

» Where are they?

» What are the requirements?
Soil condition (soft — medium — hard)
Water depths
Wind states
Current /Tides

Labour Costs

» Whatis the timeline?

Offshore Foundations AREVA
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Data Requirements for Sub-
Structure Development

Detailed Solution

Water depth
3 of Substructure

Wind Speed Monopile

Ground Data

—

Suction Bucket
Priority
to develop
which
Sub-Structure

Year of Installation|

—
—

Floating A

Offshore Foundations AREVA

More detailed data to predict
capex and opex

» At the moment, the decision about installation is often done
based on AEP and installation cost.

» With additional expert knowledge, and hydrodynamic
simulations, e.g. the cost of service over lifetime can be easier
accessed

» Example: Boat landing of service vessels
Monopile, Tripod and GBS provide some protection against waves in the
boat landing operation, compared to Jacket foundation
The service window is much higher using the same service vessels

Smaller vessels could be feasable, thus decreasing costs for purchase,
leasing, fuel consumption

Over 20 years lifetime, costs for maintenance vessels can add up to a
considerable number

Offshore Foundations AREVA
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66

Any reproduction, alteration, transmission to any third party or
publication in whole or in part of this document and/or its
content is prohibited unless Company Name has provided its
prior and written consent.

This document and any information it contains shall not be
used for any other purpose than the one for which they were
provided. Legal action may be taken against any infringer
and/or any person breaching the aforementioned obligations.

”
A

Offshore Foundations AREVA

Offshore Foundations AREVA
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Topical Expert Meeting # 66: Offshore Foundation
Technology and Knowledge
for shallow, middle and deep water

-

Esbjerg 20/21 September 2011

. ——
= \‘f’ <
e s

RWE

| B A T

The energy to lead

1.RWE Innogy offshore wind

2. Applied foundation structures
3. Experiences made

4. Challenges / requirements

RYWE

PAGE 2
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Overview Offshore Projects

Triton Knoll

Gwynt y Mér

Rhyl Flats

Atlantic Array
Greater Gabbard

Galloper

® Projects in operation or under construction
® Projects consented or in development

RYWE

Nordsee Ost

Innogy Nordsee 1

Tromp Binnen

Thornton Bank

PAGE 3

North Hoyle

o s s TR

aCiskergr By

RYWE

West Coast UK (Irish Sea)

Capacity: 60 MW
30 turbines Vestas V80

Foundations: Monopiles
Distance from shore: 9 km
Area: 10 km?2

Water depth: 5—-12m

UK Round 1, first commercial
offshore project in the UK

Year of construction 2003

More than 7 years of
operational experience

IEA WIND ENERGY - Task 11: Base Technology Information Exchange
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Rhyl Flats

= West Coast UK (Irish Sea)

= Capacity: 90 MW

25 turbines
Siemens SWT 3.6-107

= Foundations: Monopiles

= Distance from shore: 10 km

Area: 10 km?
Water depth: 4 to 15 m

! |« UKRound 1

= Completion in 2009

= East Coast UK

(River Thames Estuary)

= Capacity: 504 MW
= 140 turbines

Siemens SWT 3.6-107

= Foundations: Monopiles
= Distance from shore: 35 km

Area: 146 km?
Water depth: 24 to 34 m

= UK Round 2

= Under construction

since 2009

= Joint Venture between SSE

Renewables (50% share) and
RWE Npower Renewables (50%
share)

IEA WIND ENERGY - Task 11:

Base Technology Information Exchange
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Thornton Bank

RWE

The pasey tn iras

English Channel, Belgium
Capacity: 325 MW

Gravity base foundations and
pre-piled jackets

Installation in 3 phases
= Phase 1 (6x Repower 5M)
completed in 2009
= Start construction
phase 2 & 3
(48x BMW) in April 2011

Distance from shore: 30 km
Water depth: 12 to 27,5 m

Project company C-Power (RWE
share: 26,7%)

Gwynt 'y Mér

— —

RWE

The pasey tn iras

West Coast UK (Irish Sea)

Capacity: 576 MW
160 turbines
Siemens SWT 3.6

Foundations: Monopiles

Distance from shore: 18 km
Area: 125 km?2
Water depth: 12-28 m

UK Round 2

Construction in two phases
currently preparing for
installation

Joint Venture with Stadtwerke
Minchen and Siemens
(RWE share: 60%)
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Nordsee Ost

GERMANT

PYE

[ >

= North Sea (Germany)
= Capacity: 295 MW
48 turbines
Repower 6.15 MW
= Foundations: Jackets
= Distance from shore:
40 km west of Amrum

Area: 36 km?
Water depth: 22 to 26 m

35 km north of Helgoland and

= Currently preparing installation

Innogy Nordsee 1

PYE

= North Sea (Germany)

= Capacity: approx. 1000 MW
162 turbines of 6BMW class

= Distance from shore:
40 km north of Juist
Water depth: 26 — 34 m
Area: 146 km?

= Soil investigation in 2009

= Construction in 3 phases

IEA WIND ENERGY - Task 11: Base Technology Information Exchange
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Galloper

RWE

The pavey tn iras

West cost of the UK
(River Thames Estuary)

Capacity: 504 MW
up to 140 Turbines

Distance from shore: 39 km
Area: 180 km?

Water depth: 30 to 40 m

UK Round 2.5
Extension of Greater Gabbard

Joint Venture between SSE
Renewables (50% share) and
RWE Npower Renewables
(50% share)

Triton Knoll

RWE

The pavey tn iras

= North Sea UK

= Upto 1,200 MW
150 turbines (8 MW) up to
333 turbines (3.6 MW)

= Distance from shore:
33 km off the coast of Lincolnshire

46 km off the coats of North Norfolk

Area: 195 km?
Water depth: 8 - 28 m

= UK Round 2
= Fully consented 2010

= Environmental Impact Assessment
(EIA) completed

IEA WIND ENERGY - Task 11: Base Technology Information Exchange
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Atlantic Array (Bristol Channel Zone)

i’y ~ ~ " |= WestCoast UK
=~ Tt , s ; (Bristol Channel)

2Oy L . |= capacity: 1500 MW
B 3 W 7R 250 turbines (6 MW)

= Distance from shore:
14 km from North Devon
18 km from South Wales
Area: 492 km?
Water depth: 23 to 56 m

= UK Round 3

= Start of offshore construction
depending on RWE project
pipeline

RWE

The parey tn irad

Tromp Binnen

= North Sea (the Netherlands)

= Planned Capacity: 295 MW
up to 59 turbines (5 — 6 MW)

= Distance from shore: 76 km
Area: 33 km?2
Water depth: 23 - 28 m

= Potential capacity of entire
Tromp area: 2 GW

o
Mo

on DEssar ""“"""&'.:‘

s @Dkt
Tt

Dot

RWE

The parey tn irad
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Dogger Bank
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o | I >

RYWE

North Sea (UK)

Capacity: 9,000 MW
Potential: 13,000 MW
(equals 1500 turbines of 6 MW)

Zone development plan:
4 tranches (A-D) comprising
3 - 4 projects each

Distance from shore: 125 - 290 km
Area: 8660 km?
Water depth: 18 - 63 m

UK Round 3

Development of Forewind Consortium
[RWE Innogy, SSE, Statoil and
Statkraft; (25% each)]

Largest Offshore Wind Project

1. RWE Innogy offshore wind

2. Applied foundation structures

3. Experiences made

4. Challenges / requirements

RYWE
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> Monopiles

Wtk Plattarm

Intermediate
Platfarm

Ezternal J 1ubes Substructure

Transition

Grouted

Foundation

Used on projects:
North Hoyle

Rhyl Flats
Greater Gabbard

Gwynt y Mor

Criterion for Monopiles

* Light turbine

* Shallow water

* Appropriate soil properties

» Fabrication facilities for design
* No piling restricitions

» Used on North Hoyle, Rhyl Flats, Gwynt y Mér

BYWE
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> Jackets

Tower

Wark Platfarm Transition

Intermadiate
Flatform

Used on projects:

= Thorton Bank Phase 2 & 3

Substructure

Extarnal J = Nordsee Ost

= Innogy Nordsee 1

=

—

Faundation

Criterion for Jacket

= Large Turbine

= Water depth 20m - 50m

= Demanding soil conditions — if piled ;

= Strong currents

No piling restrictions

No heavy lift vessel

Used on Thorton Bank Phase 2 & 3, Nordsee Ost, Innogy Nordsee |
(phase 1)

RWE

e panemy n ieas

IEA WIND ENERGY - Task 11: Base Technology Information Exchange 56
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> Gravity Based Structures

Wark Flatiorm

Imermadiale

Pty | | Bost Lending Used on projects:

Shaft = Thorton Bank Phase 1

Substructura

Intermal J ubes

Undar-base

Foundation

Criterion for GBS

= Large turbine

= Middle water depth

= Noise restrictions

= Solid uniform soil profile

= No strong currents requiring

= Economics

= Heauvy lift vessel available or alternative installation method

= Used on Thornton Bank phase |
RWE

e panemy n ieas
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> Criterion for novel foundation concepts

= Safe and cost effective construction and installation
= Robust installation methodology

= Minimum maintenance through life

= Proven technology

= Environmental impact

= Safe and efficient vessel access

= efficient cable pulling

= Safe cable protection

RWE RWE Innogy GmbH 21.09.2011 Seite 23

1. RWE Innogy offshore wind

2. Applied foundation structures

3.Experiences made

4. Challenges / requirements

RYWE
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Experiences made with monopile Foundations

= Many details affecting cost effectivity
= Problems with grouted connections

= Cable installation and protection challenging

RYWE

Experiences made with Jacket Foundations

= The details devil has many faces

= High fabrication requirements — qualified workmanship
= Relative little number of WTG specific jacket designs, yet

= Demanding installation — max inclination

RYWE

IEA WIND ENERGY - Task 11: Base Technology Information Exchange 59
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1. RWE Innogy offshore wind
2. Applied foundation structures

3. Experiences made

4.Challenges / requirements

PWE

General Experiences

= Different statutory regulations affecting design
= Flatness and roundness of flanges is a challenge
= |Installation tolerances are challenging

= Offshore wind specific pile design standard required

RYWE

IEA WIND ENERGY - Task 11: Base Technology Information Exchange 60
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Thanks for your attention! | _~T

L3
s
o

i

RWE

| B A T

The energy to lead
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Testing and Optimization of Support
Structures for Offshore Wind Turbines

The Support Structures project group formed at Fraunhofer IWES

\

Z Fraunhofer Forindv

it
IWES i 01 2 | Universitit
tov:4 | Hannover
Raimund Rolfes, Peter Schaumann

TEM #66, September 20-21, 2011, Esbjerg, Denmark

Martin Kohlmeier, Holger Huhn

AGENDA

B The Fraunhofer Institute for Wind Energy and Energy System Technology
B Motivation and Aims
B The Planned Support Structure Testing Center in Hannover
Location and Dimensions
Planned Specifications of the Testing Equipment
Scenarios and Objectives of Testing
B Potential Benefits of Accompanying Research in Fields as
Load Analysis
Numerical Simulation

Material Modeling

ForWind\7 FRAEEMN  Z2 Fraunhofer
IEA WIND ENERGY - Task 11: Base TEEH0I6gY Tnformat |o XC ang au 0“%3
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Fraunhofer Institute for Wind Energy and
Energy System Technology (IWES)

Bremerhaven and Kassel
Advancing Wind Energy and Energy System Technology

Foundation: 1.1. 2009

Directors: Prof. Dr. Andreas Reuter (Bremerhaven) o IWES Bremerhaven
. . rojektgruppe Oldenbur
Prof. Dr. Jiirgen Schmid (Kassel) T
Ot Hennover
Research Spectrum: o WVES Kassel

Universitat Kassel

B Wind Energy from Material Development
to Grid Optimization

B Energy System Technology for All Kinds
of Renewable Sources

ForWind \y

ter for Wind Energy Research

Z Fraunhofer

IWES

IWES Business Fields

B Wind energy technology and
operating management

B Dynamics of wind turbines and
components

B Component development of rotors,
drive trains and foundations

B Test and evaluation methods for
wind turbines and components

B Environmental analysis of wind, sea
and seabed for the utilization of
wind and marine energy

B Control and system integration of
decentralized converters

B Energy management and grid
operation

B Energy supply structures and systems
analysis

Fori¥ind ¥ Z Fraunhofer
IEA WIND ENERGY - Task 11: Base TEChnol6gy Tnformation Exchange au ol‘%g
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Core Competencies

B Competence |fgmaw ¥ WESE  m Energy
Center Rotor W ' = Meteorology
Blade and Systems

Integration
B Technical | TEerine_
Reliability Simulation
and
Assessment
] DyNaLap m support
(Dynamic Structures
Nacelle
Laboratory)

ForWind \y

ter for Wind Energy Research

Z Fraunhofer

IWES

B Electromobility B Bioenergy

and Smart Grids System
Technology
K | i )

B Energy Economy oy " Systems
and Grid Technology
Operation

m Control ® Fluid and
Engineering and System
Energy Storage Dynamics

Systems

. N~ 171 | Leibniz -—
FOFWI"d\;’/ Z Fraunhofer
IEA WIND ENERGY - Task 11: Base Té¢hnology nformation Exchange wed
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Motivation and Aims

B Multi-axial, Realistic, Quasi-static und Dynamic Tests with Loading
According to Offshore Environment

B Testing of Large and Full Scale Specimen

M Large Scale Models of Support Structures

B Components of the Support Structure
in Full Scale

} Support Structure Testing Center in Hannover, to be built by the

Leibniz Universitat Hannover and operated by Fraunhofer IWES

-—
Z Fraunhofer
IWES

o N~ i
¢ Iniversi
© Fraunhofer EO"Wlnd \( ersiti

ter for Wind Energy Research

Planned Test Site

Location

Next to the well known
In the northern part of Large Wave Flume (GWK) at
Hannover, Germany the Coastal Research

Center (FZK)

Coastal Research Center

i ‘ ;

" Test Site \
‘ 7 3 c®
W
N\-\{‘ /
i L o Source: Franzius-Institute for Hydraulic, Waterways
27 A - and Coastal Engineering. Arndt Hildebrandt, 2010.

© Fraunhofer

ForWin \7 M Z Fraunhofer
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Planned Test Site
Buildings

m Hall for
Testing Rigs

B Laboratory and
Office Building

B Infrastructural
Facilities

-—
Z Fraunhofer
IWES

© Fraunhofer

Hall with Laboratory and Office Building — Visualization

sastcr LEIBNIZ UNIVERSITAT HANNOVER STRICKER ARCHITEKTEN
TESTZENTRUM TRAGSTRUKTUREN e
ENTWURF - PERSPEKTIVE 3 X
> Fraunefer Forwmdy m o Z Fraunhofer
e IEA WIND ENERGY - Task 11: Base T&&HA01645 Tnformation Exchange et
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Hall with Laboratory and Office Building — Visualization

................

[

T

— |

R e LEIBNIZ UNIVERSITAT HANNOVER R AREMITRATE.

i el TEL 0511141048 03 FAX 0511/41048 05

m— e TESTZENTRUM TRAGSTRUKTUREN L S os
© Fraunhofer Forwind\7 = Z Fraunhofer
IWES

Hall with Laboratory and Office Building, Vertical Section

'|" '] i i :—— i .. = -
Ji -Q
L) T
. o -
s e ] Biiro
i | | -
== e e S
Biro
Exes Labor
® ® © ® ®
raunnhotrer Fr nh f r
o IEA WIND ENERGY - Task 11: Base Techno‘rogyrn rma%%ge aunhoter,
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Scenarios and Objectives of Planned Testing

B Scenarios
Standard tests on large scale support structures and foundations

Detailed multi-axial fatigue tests on large/full scale support structure
components like structural nodes, grouted joints and other welded or
hybrid connections

Investigation of the soil structure interaction of foundations in water
saturated soils

Large scale tests of horizontally and vertically loaded single piles
Testing of novel installation techniques and foundation concepts

B Objectives
Validation of numerical simulations and upscaling methods
Optimization of design, manufacturing and installation procedures

Improvement of guidelines and recommendations

H o 10| Leibniz
ForWin
nnnnnnnnnnnnnnnnnnnnnnnnnnn 1004

Z Fraunhofer

IWES

Target Specifications of the Testing Equipment
B Length Scales
Full scale

Large scale (1:10 - 1:5)

jacket, tripod or tripile structures

www.bard.de

ﬂv

concrete support structures

piles (up to 1:3,5) or suction buckets

B Hydraulic Testing Rigs - 1

Frequencies: up to 5Hz

Loading (multi-axial): force of up to 2MN
bending moments up to 15MNm

B Resonant Testing Machines
Frequencies: up to 120Hz

Loading (axial): force of more than TMN

ForWind\7 RSN  Z Fraunhofer
IEA WIND ENERGY - Task 11: Base TEChnol6gy Tnformation Exchange au 0“%9
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Planning Status of Testing Facilities

SANDGRUBE T=10.00m

Planning Status

Ground Floor

STRICKER ARCHITEKTEN
BOHMERSTR.28 - 30173 HANNOVER
TEL. 0511/41048 03 FAX. 0511/410 48 05

LEIBNIZ UNIVERSITAT HANNOVER
TESTZENTRUM TRAGSTRUKTUREN

GRUNDRISS EG M 1:200 23.11.2010

ForWind \y

er for Wind Energy Research

{71 | Leibniz -—
EH Z Fraunhofer

IWES

Planning Status of Testing Facilities

1] =3 E -+ [ Giant Equipment
| E i [ Testing Infrastructure
> i [ Testing Machines
il |

CL: Climate Testing
Laboratory

Planning Status

Ground Floor

STRICKER ARCHITEKTEN LEIBNIZ UNIVERSITAT HANNOVER

BOHMERSTR.28 - 30173 HANNOVER p . TESTZENTRUM TRAGSTRUKTUREN
TEL. 0511/41048 03 FAX. 0511/410 48 05 'S G -

GRUNDRISS EG M 1:200 23.11.2010

1094 | Hannover

ForWind\7  HEE Z Fraunhofey
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s SANDGRUBE T=10.00m

8m

r ¥, \ —_—
- & { L A el \;// .
= - \ o S o I S
9m oA N Planning Status
5 = e e e i
e - o <
e\ U :
3]
STRICKER A P LEIBNIZ UNIVERSITAT HANNOVER
BOHMERSTR.28 - 301 ° .. TESTZENTRUM TRAGSTRUKTUREN
TEL 0611/4104803 FAX. 0511/4". “=
GRUNDRISS EG M 1:200 23.11.2010

Z Fraunhofer

IWES
Testing Pit of 10 m Depth to be Filled with Sand and
Water (left) and Span (right) with Support Walls
Forwind/ M ER =
IEA WIND ENERGY - Task 11: Base Té‘"c‘:pﬁr';%i“ég“ﬁa'f)fgrma Exchange = Fraunhof&g
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Testing Pit B Scales of Support Structures and Piles of Interest
® Monopile 1:5.4
W Tripod 1:5.8 Tripod Pile 1:3.6
" Jacket 1:4.8 Jacket Pile 1:3.8
W Tripile 1:6.6 Tripile Pile 1:5.8

-—
Z Fraunhofer
IWES

© Fraunhofer

Accompanying Research

B Load Analysis
W  Wave Loading and Structural Interaction

Te——

B Numerical Simulations
®  Analysis of Measurement Data
W Validation against Experiments
m  Extrapolation to the Full Scale

™ Analysis of Structural Joints and Hybrid Connections
m  Assessment of Different Types of Support Structures

B Material Modeling
®  Soil Structure Interaction
®  Behavior of Saturated Media in Cyclic Loading

0 Fraunhofer ForWindi:'/ M e = Fraunhofer
S IEA WIND ENERGY - Task 11: Base TEERA0154Y Tnformation Exchange aunhoter,
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Thank you for your attention!

www.iwes.fraunhofer.de

ForWind \y

ter for Wind Energy Research
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ST Ibp

Karlsruher Institut far Technologie

Physical and numerical modelling of the high cycle
fatigue loading of offshore wind turbine foundations —
some research results

Dr.-Ing. Peter Kudella

Institute for Soil and Rock Mechanics, KIT Karlsruhe
KIT-ZENTRUM ENERGIE

KIT — University of the State of Baden-Wrttemberg and
National Large-scale Research Centre of the Helmholtz Association

SKITIbe

Ut f0r Technologie

Research Idea

1. Accumulation of settlement, rotation
Two soil elements of similar initial state under arbitrary cyclic load packages

Void ratio e,
Settlement u

H

Luv side Lee side

I

1
I
'
'
'
i
I
1
1
'
|
|
1

®_

= s fua

Load profile
Head rotation ©
8

Soil densifies (dependent on density, load amplitude
mean value and direction), consequences:

= Asymmetric settlement
» Densification and settlement accumulation

time t, cycle number N

IEA R&D Wind, Task XI
TEM #66, Esbjerg 20.-21.09.2011

2 P. Kudella — Physical and numerical modeling of the high cycle fatigue loading of
offshore wind turbine foundations — some research results
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AT Ibe

Research Idea

2. Partial system ,self-recovery", back rotation

Two soil elements of similar initial state under small cycles after extreme load

Void ratio e, lateral displacement u

H

Luv side Lee side

ile)
[
------------ 1 .
u u v¥¥ In(p) mean pressure
Load profile (6]
Head rotation ©
Gravity foundation: Pile:
Smaller leeward cyclic Leeward side loosened,
soil compression luvward interlocking ®
= back rotation due to = back rotation due to elastic 0 time t, Cycle
gravity pile stiffness numoer N

P. Kudella — Physical and numerical modeling of the high cycle fatigue loading of IEA R&D Wind, Task XI
offshore wind turbine foundations — some research results TEM #66, Esbjerg 20.-21.09.2011

ST b

Research Project

»Geotechnical Robustness and Self-Recovery of the Offs hore Wind Power

Generation Turbines* (2007-2011)

WP 2:
»Serviceability of monopile foundations

for offshore wind turbines under
consideration of high-cycle loading “

WP 1:
JFatigue and self-recovery of the subsoil

through cyclic long-term loading of gravity
foundations for offshore wind turbines*

Objectives: l l

1. Development of a constitutive law for the polycyclic behaviour of sandy soils
based on cyclic elementary tests allowing variable loading histories.

2. Implementation of the derived constitutive relation in a finite element code
and calibration of the parameters with numerical element tests.

3. Performance of model tests with gravity footings and monopiles under
controlled material and geometrical boundary conditions and loads as a first
confidence stage for the validation of the proposed numerical model.

4. In the latest stage performance of full scale tests validation and predictions of
the structural behaviour as a basis for design recommendations.

P. Kudella — Physical and numerical modeling of the high cycle fatigue loading of IEA R&D Wind, Task XI
offshore wind turbine foundations — some research results TEM #66, Esbjerg 20.-21.09.2011
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Accumulation Model ﬂ(“. I bp

carlsruher Insitut f0r Technologie

Calculation strategy: coupled ,implicit* + ,explicit* calculation steps

AE ¢F

ty

>

= Only a few cycles are calculated incrementally using a &-¢- model (implicit)

» Larger packages of cycles AN in between are treated like creep deformations under
constant load (explicit)

» input of the accumulation model: strain amplitudes £2™' from implicit cycles

s advantages: 1) no limitations in regard of possible cycle numbers
2) much smaller number of increments — numerical errors minimized

P. Kudella — Physical and numerical modeling of the high cycle fatigue loading of IEA R&D Wind, Task XI
offshore wind turbine foundations — some research results TEM #66, Esbjerg 20.-21.09.2011

Accumulation Model IT | bp

Karlsruher Insditut f0r Technologie.

o Stress rate

E Elastic stiffness (pressure dependent)

& Strain rate

&£2¢ Accumulation rate (given)

&Pl Plastic strain rate (for strain paths
touching the yield surface)

’ g8 _ (é“c]m) ‘ m Direction of strain accumulation (unit tensor)
N — Flow direction of MCC-Model
intensity of strain accumulation (scalar)

gacc fN fp fY ‘%, Functions (with material constants) consider:

Jampt  Strain amplitude (C,)
I n Cyclic preload (Cy;,Cy Cps)
fp:Jy  Meanstress (C,, Cy)
Amplitude definition for fe Void ratio (C,)

multidimensional loops fx Polarization changes (C,, C,,)

~acc
€

P. Kudella — Physical and numerical modeling of the high cycle fatigue loading of IEA R&D Wind, Task XI
offshore wind turbine foundations — some research results TEM #66, Esbjerg 20.-21.09.2011

IEA WIND ENERGY - Task 11: Base Technology Information Exchange 77



TEM 66 "OFFSHORE FOUNDATION TECHNOLOGY AND KNOWLEDGE FOR SHALLOW, MIDDLE AND DEEP WATER"

Tibp

Cyclic laboratory testing

Parameter determination based on:

1. Atleast 11 drained cyclic triaxial tests

3 Campl os—[Ca
=2 = 2fa T =%
3 TR a0 aaa s N S
. . ' '
3.  Estimation of all parameters by /
correlations with dso, C, und e, Pleldaw’ TN
T (£ el =)
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7 P. Kudella — Physical and numerical modeling of the high cycle fatigue loading of IEA R&D Wind, Task XI
offshore wind turbine foundations — some research results TEM #66, Esbjerg 20.-21.09.2011
Cyclic laboratory testing p

Objective: Improvement of the accumulation
model

= Very large cycle numbers N > 108

= Changing load cycle direction

= Changing mean effective pressures
n Stiffness parameter E from K and v

~

‘ o :(E): (€ — & _ ¢Pl) ‘

A4

A F(e) pum ™ 9" F(1) |

] K

» Influence of density and stress anisotropy on K
= Simplified calibration methods for K and v

= Extension of calibration towards fine grains
and shell lime

= Very small stresses

8 P. Kudella — Physical and numerical modeling of the high cycle fatigue loading of IEA R&D Wind, Task XI
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AT Ibe

Karlsruher Insitut fr Technologi

Model Testing — Test Setup

Pneumatic loading pistons

Loading frame

Sand container (D = 97 cm, H = 140 cm)
Monitoring frame

Displacement sensors

Pile cap respectively foundation extension

Sand densification

Steel drum

a Monopile 1:50, length 80 — 100 cm,
inserted by driving

a Pile stiffness and loads scaled to
model laws, pile diameter not

a Dry quartz sand, ds, = 0.14 mm,
C, = 1.5, densificated in layers to
Ido >92 %

u Gravity foundation model 1:100

IEA R&D Wind, Task XI
TEM #66, Esbjerg 20.-21.09.2011

9 P. Kudella — Physical and numerical modeling of the high cycle fatigue loading of
offshore wind turbine foundations — some research results

Tibp

Karlsruher Initut f0r Technologie.

Model Testing — Measuring and Loading

Plate foundation:
Using 6 axes

Monitoring quantities - Monopile:
= Lateral pile head displacement "
»  Maximal umax

» Residual ua

= Accumulated u3cc

Loading scheme: T
500 Precycles Ha=0, Hamp!
Monotonic load HM&x, Hav

3 packages Typical displacement record:

of N= 10000

10

» Cyclic load Hav# 0, Hame!

max
Hy

max max
[ Ha \H3
I

0 i

s f ‘}\. W f\\ ngwp‘

‘Jv gy VHVIVT

Zyklenanzah! N

P. Kudella — Physical and numerical modeling of the high cycle fatigue loading of
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Number of cycles N [x104]

offshore wind turbine foundations — some research results

Number of cycles N [x104]

IEA R&D Wind, Task XI
TEM #66, Esbjerg 20.-21.09.2011
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lbp

Karlsruher Initut f0r Technologie.

Experimental results for plate
foundations

s H,, causes base gap and
residual rotation ©,,,,

u following cycles with 0.1
< HampiHmax < 0.9 cause
significant back rotation

= 2. and 3. package: soil
stiffenes, back rotation
reaches almost 100%

s back rotation faster for

Displacement u [um]

008 - / gn\‘ . \* "y_‘»

. E 0.06 - =y |
symmetric cycles (H,, =0) s ‘ a0} W |
T 0.04 i
s Settlements double under & ‘
. . 002 Hiagzess |
changes of load direction — |
" Se”_recovery IS a SpeCIaI 0 5060 10600 15000 20(‘)00 25000 30(;00

accumulation effect in Number of cycles N [-

differential settlement Displacement and (back) rotation due to symmetric cycles after maximum

loading

IEA R&D Wind, Task XI

11 P. Kudella — Physical and numerical modeling of the high cycle fatigue loading of
TEM #66, Esbjerg 20.-21.09.2011

offshore wind turbine foundations — some research results

Tibp

Karlsruher Initut f0r Technologie.

Experimental results for plate
foundations

s Stepwise cyclic loading

n  Settlements increase with load
always, rotation increases with load
only after base gap (e > 0,125 Dpe )

s Avoid base gap and/or use additional

o
S
a

Loading history
(mean values,
cyclic amplitude)

o
@
3

2
Ny
]

Bezogene Schwelllastamplitude Fampi / Fmax [-]

skirts ! Versuch | Versuch Il
50 0.14
o 0.12
= %0 0.10
5 =
= -100 ] &
3 2 Versuch Il
=
2 -150 3
5
5 °
& -200 =3
Versuch Il g
-250
-300
Versuch | Versuch |
-350 o
0 05 1 15 2 25 3 35 4 45 5 85, 0 05 1 15 2 25 3 35 4 45 5 655
x 10

Zyklenanzahl N [-] Zyklenanzahl N [-]

Mean settlements due to stepwise cyclic loading

offshore wind turbine foundations — some research results

12 P. Kudella — Physical and numerical modeling of the high cycle fatigue loading of

Rotation due to stepwise cyclic loading

IEA R&D Wind, Task XI
TEM #66, Esbjerg 20.-21.09.2011
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Experimental results for monopiles F
»  Model test with H™*=60 N, H&=4 N, Ha™!=6,1 N, |15,=90 %, L=80 cm, D=30 mm resp.
D=63 mm, N=3x10* Example for results demonstration
- 0.7
- 2000 1 Ve B oe D=83 mm
= . = mm
Overall g 1600 hchd mmn Overall
lateral < rotation 05
displace- § 1200 T 04
ment 5 5]
£ 800 E
> 0.2
N 4
P Nmt—t— e
I _ — i - i {
ol . ! o ! o d 0
0 05 1 15 2 25 3 35 0 05 1 15 2 25 3 35
Zyklenzahl N [x10%] Zyklenzah! N [x10%]
. 100 80
Back rotation 1 — Cyclic
lized 2—— Y 75 |
ngl;]ma el = O = lateral I, Wﬁw
with residual - & L displace- £ 70 [ o
rotationafter >~ 60 v ment = e ol
unloading 3 / .5 65 »
3 amplitude € ;
Hmax > H g a0 per cycle S 60
package 55 ; —
o 0 50 3
T 0 02 04 06 08 1 0 02 04 06 08 1
A Zyklenzahl N [x10%] Zyklenzahl N [x10%]
13 P. Kudella — Physical and numerical modeling of the high cycle fatigue loading of IEA R&D Wind, Task XI
offshore wind turbine foundations — some research results TEM #66, Esbjerg 20.-21.09.2011

Experimental results for monopiles ﬂ(“. Ibp

s Lateral displacements u,, (resp. pile rotations) increase with the number of cycles
= Residual displacements after maximum loads decrease with smaller cycles. This back-
rotation accelerates for larger cyclic amplitudes.

= 2. and 3. load package: increasing soil stiffness (back rotation growing from 47% to
80%). The soil has not relaxed completely after restraint.

= Anpile of adequate design length (here: L = 80

cm) meets the ,vertical tangent” criterium (AP, Overall lateral displacement for
DNV). different pile lengths

Vergleich Rammtiefe F,, _=6,1N

n  Alonger pile shows smaller deformation (L = 100
cm relates to ,zero toe kick").

= Apile too short (L = 60 cm) cannot store enough
elastic energy, back-rotation capacity lost ——p

u with larger pile diameter D (30 — 63 mm),
displacements decrease, normalized back
rotation develops faster with similar magnitude

= Changes in loading direction result in a

Verschiebung u__ [um]

temporary acceleration of accumulation. e S U R R
2Zyklenanzahl N [-] x10°
14 P. Kudella — Physical and numerical modeling of the high cycle fatigue loading of IEA R&D Wind, Task XI
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Experimental results for monopiles

with maximum load |H .,
with cyclic amplitu ampl
and with density J45.

They decreaseAvith the

Tibp

carlsruher Insitut f0r Technologie

= Accumulated displacements resp. back-rotation Au,/u,, increases

Agee/a AlgeelUgy Algee 10

= Since back-rotation is a restraint-relaxation effect,
it disappears for too ,flexible piles (EI small)
as well as for too small H,,,.

AP AuP [%)

v

Vers. HM™=00N ——
Vers, HM*=40N ——
Vers. H™=60N ——— ~—~ —

Normalized back rotation 02 04 06 4 08 !
Zyklenzahl N [x107]
15 P. Kudella — Physical and numerical modeling of the high cycle fatigue loading of IEA R&D Wind, Task XI
offshore wind turbine foundations — some research results TEM #66, Esbjerg 20.-21.09.2011
Experimental results for monopiles ﬂ(". I b p
Stepwise cyclic loading  (without previous extreme load):
_ 10 0.03
Roading Overall 007
istory = o . -
(mean £ rotation 0.05
values, T g = 0035
cyclic & E 0.01
amplnude); A = 003
E 2 i
0.01
0 a
0 05 1 1E 2 25 0 05 1 15 2 25
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30
= Accumulation for rising mean values H&" ICYC“CI 25
ateral
= Back rotation for falling H& displace- = 20 —
. . . ment E
n Cycl}c amplltude seems independent of amplitude & 1°
loading history > "0
) . . ] | S
- No design code describes that! 5
0 ==
0 05 1 15 2 25
16 P. Kudella — Physical and numerical modeling of the high cycle fatigue loading of IEA R&D Wind, Task XI
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Numerical Model for monopile ﬂ(“. I bp

Reference mesh = FE code ABAQUS
= 12.800 C3D8R elements (reduced
=970 T integration to minimize calculation time,
locking and numerical self-restrain
effects

s Monotonic (extreme) load and following
3 cycles using hypoplasticity
s Cyclic loading using the HCA model

60

55 _—
50 el
T
45 ot
pd ’ /
g ® 7 %
& 35 s
s /
< 30
N
5 25
2
20
15 >
V. z FEMD=30 mm ——
10 7 Vid FEM D=63 mm
5 - Vers. D=30 mm — + -
0 Vers. D=63 mm
0 500 1000 1500 2000

Horiz. Verschiebung [ m]

Acceptable modelling of the monotonous maximum loading

17 P. Kudella — Physical and numerical modeling of the high cycle fatigue loading of IEA R&D Wind, Task XI
offshore wind turbine foundations — some research results TEM #66, Esbjerg 20.-21.09.2011

Numerical Model for monopile ﬂ(“. | bp

 Insciut f0r Technologie

Distribution of lateral stress (top) and void Distribution of lateral stress (top) and void
ratio (bottom) during monotonous loading: ratio (bottom) during cyclic loading:
Residual restraint and loosening of Luv side  Relaxation and redensification

Hav Hav Hampl

18 P. Kudella — Physical and numerical modeling of the high cycle fatigue loading of IEA R&D Wind, Task XI
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Numerical Model for monopile ﬂ(“. I bp

Simulation of stepwise loading with variation of H2 and Ham?!

20 20 . 40
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HCA —— HCA —— 35 e HCA g
15 15 e 30 =
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§ A ‘ L
) 15 =
5 - 5 10
[ I IS N S
S I JUUSNN SOOVUURY ) covuuens 0
0 1000 2000 3000 4000 0 1000 2000 3000 4000 0 1000 2000 3000 4000 5000
100
Vers. HP=0 8 N Vers. HP=1 6 N Vers. HPl=3 3 N
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s Calculation of initial amplitudes using hypoplasticity (+ intergranular strain)
= Over-/underestimation of accumulation through unrealistic initial amplitudes

19 P. Kudella — Physical and numerical modeling of the high cycle fatigue loading of IEA R&D Wind, Task XI
offshore wind turbine foundations — some research results TEM #66, Esbjerg 20.-21.09.2011
Results summarized F

= Accumulations of displacement and rotation under polycyclic loads including back
rotation effects are experimentally evident

= Dependencies on foundation geometry, soil density and load history are basically
understood

= Physical models can be back-calculated, the phenomenonogical effects and
dependencies be reproduced qualitatively using numerical models

= Numerical validations in small-scale still have shortcomings (lack of parameters for
small-stress, self-restrain effects, transition beween different constitutive relations,
general overestimation of system stiffness)

Paket NI.

s Accumulations depend on the 12 3 4 5 6 7 5 5 o 1 12 13 4 15 16 17 18 19
complete (cyclic) loading history =
. . . 50
= Design/Prediction models based £l L. B B . o i
on the interchangeability of load g . A jM J
packages must fail —————3 F | o v | Aj |
(,Miner's rule* holds only for = /'
elementary tests, if at all) o Il
SE=:BcBEtE_EBEEREEEE
Zykenanzahl= 8 S 8 2 22883 25323822288 ¢
SSsgggimgmwN a-cc T
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SKITIbe

Further plans bt

s Physical small-scale model tests with water saturation

= Numerical models including saturation (pore water overpressure effects), gravity
foundations and overcoming various numerical problems

n Interpretation of a full-scale onshore test, validation of numerical prediction model
= Simplified design procedures representing a realistic accumulation history

21 P. Kudella — Physical and numerical modeling of the high cycle fatigue loading of IEA R&D Wind, Task XI
offshore wind turbine foundations — some research results TEM #66, Esbjerg 20.-21.09.2011

SKITIbe

 Insiut f0r Technologie

Thank you for your attention !

22 P. Kudella — Physical and numerical modeling of the high cycle fatigue loading of IEA R&D Wind, Task XI
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@ NTNU

Norwegian University of
Science and Technology

IEA R&D Wind Task XI — TEM #66

Offshore Foundation Technology and Knowledge
For Shallow, Middle and Deep Water

September 20, 2011 — Esbjerg, Denmark

Improvements to Soil-Structure Interaction
and Foundation Modeling

www.ntnu.no Effects of Foundation Modeling Methodology Eric Van Buren, PhD Offshore Wind

Personal Background

¢ Eric Van Buren; Houston, Texas

* BScin Civil Engineering from Texas A&M University (2008)
* MSc in Structural Engineering from Texas A&M University (2009)

« Develop cost-effective foundation systems for bottom-fixed offshore
wind turbines in intermediate water depth (30m-70m)

» Planned project completion in September 2012

¢ Part of NOWITECH, WP 3: Novel Substructures for Offshore Wind
Turbines since August 2009

NTNU

Norwegian University of
Scienee and Technology

Eric Van Buren, PhD Offshore Wind
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NOWITECH

Norwegian Research Centre for Offshore Wind Technology

The objective of NOWITECH is pre-competitive research laying a foundation for
industrial value creation and cost-effective offshore wind farms. Emphasis is on
"deep-sea” (+30 m) including bottom-fixed and floating wind turbines. Work is focused
on technical challenges including a strong PhD and post doc programme:

Established by
the Research Council

of Norway

www.ntnu.no

Integrated numerical design tools for novel offshore wind energy concepts.
Energy conversion systems using new materials for blades and generators.
Novel substructures (bottom-fixed and floaters) for offshore wind turbines.
Grid connection and system (ntegration of large offshore wind farms.
Operation and maintenance stratenies and technologies.

Assessment of novel concepts by numerical tools and physical experiments.

Total budget {2009-2016) is MNOK 320, M€ 38, MUSD 49

Cantact:

Jahntande@sintefno

NOWITECH

Norwegian Research Centre for Offshore Wind Technology

Partners

Industry partners:

Aker Solutions AS

Det Norske Veritas AS

Devold AMT AS

DONG Energy Power AS
Fugro OCEANOR AS

Lyse Produksjon AS
Nord-Trandelag Elektrisitetsverk Holding AS
SmarthMotor AS

Statkraft Development AS
Statnett SF

Staloil Petroleum AS

Vestas Wind Systems AS
Vestavind Ofshore AS

GE Wind Energy (Norway) AS
EDF

Fedem Technology AS

Effects of Foundation Modeling Methodology

www.ntnu.no a0

Associated industry partners

Enova

Innovation Nonay

NVE

Norweglan Wind Energy Association (NORWEA)
Navitas Network (old name Leverandamett Ofje
og Gass (LOG))

Energy Norway (old name EBL)

Norwegian Centres of Experlise Instrumentation
(NCEI)

@ NTNU

NOWITECH Director John 0.6, Tande

Research partners:

= SINTEF Energy Research {hosf)

= Norwegian University of Science and Technology
(NTNU)

» Institute for Energy Technology (IFE)

= Norwegian Marine Technology Research
Institute (MARINTEK)

= SINTEF Materials and Chemistry

= SINTEF Information and Communication
Technology

Associated research pariners:

= National Laboratory for Sustainable Energy at
the Technical University of Denmark (Rise DTU)

» Massachusetts institute of Technology (MIT)

« National Renewable Energy Laboratory (NREL)

« Fraunhofer IWES

= University of Strathciyde

= TU Delft

+ MNanyang Technological University (NTU)

Norwegian University of
Science and Technology

Eric Van Buren, PhD Offshore Wind
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NOWITECH BT

Norwegian Research Centre for Offshare Wind Technology

Proposed NOWERI Concept
el 7 %

Offshore Bonndary ' @

Loyer Observatory

I—':m{ 2, t)

Floating
Test Turline

Met-mast

T(2.1)

Wirve Doy
nit) it

www.ntnu.no

NOWITECH

Norwegian Research Centre for Offshare Wind Technology

Scientific Committee ] Committee of innovation
Lead: Trond Kvamsdal / NTHNU = =
irlomlhnlrrulmum';.t Undeland | NTNU & i%mmsgffsg?gg?n
International capacities G ENTAS
Centre Management

Director: John O, Tande / SINTEF ER
\ice directors: Jan Onarheim / NTNU and Per Finden / IFE
Manager. Nils Arild Ringheim | SINTEF ER
Management Team including WP leaders

| | |

wWPr4 WP§ WP6
Gridd Operation Hovel concepts,
conneclien and waponments &
&
(. Uhlen 14 Heggsat {P. Bartheisen,
SINTEF MC) N ERMNTNU| SINTEF ER] MARINTEK)

www.ntnu.no
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WP Activity 3.1: Bottom-fixed
Suppo¢ Structures

| Group Leader:
\ Michael Muskulus

Rotar: —,
PhD Marit Reisa
(PhD Tania Bracchi)

~—Piteh Control:
PhD Fredrik Sandquist
(VisHing Prof. Anaye-Lara)

Stochastic Modeling:
PostDoc Paul Thomassen

Operations and Maintenance:

Tmm_agﬁ Matti Scheu
PhD Daniel Zwick
PostDoc Michael Muskulus Floating Support Structures:
(Halyan Long) < Wave Forces: Ludwig Krause
/ PhD Ml Chella Matthias Brommundt
(Prof. Deg Myrheug) PostDoc Karl Merz

Foundalions:

PhD Enc Van Buren

(Prof. Thomas Benz)

www.ntnu.no X

Motivations for Research

» Costs of offshore wind energy are rising as water depth and distance to shore
increases — largely from increasing support structure costs

» Foundation modeling techniques are outdated and do not fully describe the
dynamics of the system, e.g., damping in the foundation is largely ignored

» Uncertainty in foundation performance leads to overdesign and increased costs

[ [ ]
—
- 25 ¢
—— L
n N
== 20
— I.. il
10 |
e v i tmtotiod == 0
Historical current and peolscted fubure capmal casts for oshors wind probects GEBEHEREEEFNEOREREE,
From: GL-Garrad Hassan 2009 From: EWEA 2009
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Offshore vs. Onshore costs

» Offshore turbine support structures typically cost 2.5 times more than a
comparable onshore turbine support structure

»  Support structures make up a much higher percentage of the total CAPEX for
offshore turbines compared to land based turbines.

:m -;r‘-*_ Component Onshore Offshore

T &= Turbines (excluding 68-84% 49%

- e - works)
__am = Support Structure 1-9% 21%
" L Grid Connection 2-10% 16%
—_— " Consultancy 2-8% 9%
i Electric Installation 1-9% 5%
T T T T R Other 2-10% 1%

Courtesy: EWEA 2010 From: Wind Energy - The Facts

NTNU

Norwegian University of
Scienee and Technology

www.ntnu.na ' Effects of Foundation Modeling Methodology Eric Van Buren, PhD Offshore Wind

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 facilities, and manpower
— Purpose built offshore wind support structure manufacturing facilities will be needed

* Improved installation techniques and equipment

— New foundation technology which is easier and quicker to install
— Purpose-built installation vessels to install wind turbines in a cost effective manner

NTNU

Norwegian University of
Scienee and Technology

www.ntnu.na ' Effects of Foundation Modeling Methodology Eric Van Buren, PhD Offshore Wind
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Pile Foundations Models

«  Fully coupled finite element model simulation
—  Most comprehensive modeling technique, includes many additional non linear effects
— Includes interactions between soil layers (vertical) and between adjacent piles (horizontal)
— Very time consuming and expensive, requires extensive soil lab testing
«  Sequential analysis with finite element simulations
—  Combines the capabilities of the multiple non-linear spring model with finite element simulations
—  Allows for dynamic FE simulations of the foundation without the need for a fully coupled model
«  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 at mudline for each DOF
—  Does not account for pile flexibility or soil profile non-homogeneity
«  Model with an equivalent fixity depth (Apparent Fixity Length)
—  Very simple and fast in computations, more representative than fixed condition
—  Does not capture any soil-structure interaction
« Assume fixed boundary conditions
—  Extremely simple, fast computations
—  Gross misrepresentation of stiffness of the foundation

<=HZ=->»-H23mMm0O
<=H—-—0~-ruv=s"—ow

R0
-

N NeNel
ommT®w

Red: Models being developed in PhD (Coupled)

Blue: Existing models (Uncoupled) [\-,-[TN L]

Norwegian University of
Science and Techmology

www.ntnu.na ' Effects of Foundation Modeling Methodology Eric Van Buren, PhD Offshore Wind

Research Question

Does assuming a fixed boundary condition for the foundation of an
offshore wind turbine tower provide an accurate enough estimation of the
dynamic characteristics of the tower to warrant its use for preliminary
structural optimization procedures?

NTNU

Norwegian University of
Science and Techmology

www.ntnu.na ' Effects of Foundation Modeling Methodology Eric Van Buren, PhD Offshore Wind
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Support Structures

* Monotower
— Up scaled model of NREL 5MW offshore reference turbine tower
— 120m height, 35mm wall thickness, diameter tapering from 5.5m to 3m
— Natural frequency of 0.197 Hz in 1t bending mode, 0.557 Hz in torsion
* 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
— Natural frequency of 0.938 Hz in 15t bending mode, 2.42 Hz in torsion

120m 120m
Asmm—,
AV
I =
S55m@
Tr
NTNU
Smm -
A am " Norwegian University of
Science and Technology
WWww.ntnu.no ' Effects of Foundation Modeling Methodology Eric Van Buren, PhD Offshore Wind

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 Length Uncoupled Springs / Distributed Springs \

IR 1{

t-z cuve—, | = __py curve

Q-z curve—. 1 A
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Distributed NL springs (p-y curves)

» Force displacement (p-y) curves found in the design standard are used
for horizontal and vertical displacements
— SO 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)
— Dependanton undrained shear strength profile, unit weight of soil, pile stiffness, pile diameter

Typical p-y curve Typical t-z curve Soil Characteristics
[E——— 'z cine e cioy ot g 220 Sand Clay
- Unitwegnt | V' wms) | 10 i
< s FrictionAngle [ @' [deg] 40

Proportionality

Constant k [kN/m?] 45000

4 Undrained
G 2o Shear Strngth | Cu kN/m?] B ®

e ® NTNU

Norwegian University of
Scienee and Technology
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Model Setup

* Analyzed Using HAWC2
— Multibody aero-servo-hydro-elastic asymmetric Newmark-Beta type solver
— 130 second time series with first 30 seconds discarded to eliminate transients
— 12 m/s average wind velocity, power-law wind shear profile
— Mann type turbulence intensity of 10%, u,v,and w directional scaling
— Tower aerodrag and hydro drag included only on main legs due

» Soil modeled as lookup table of displacement-force relationship
— Lookup table developed using p-y curve equations executed in Matlab
— Built-in HAWC2 soil module uses look-up table

Typical wind velocity time series
s r"*.-"l"'r"-f"‘u'“.. :
T | "'-"I """"‘.r'\._» A A
II\;{\-'N ! lI'L,,-Ir"’.J\J‘I ; L\;;‘."""’ .II"II-IH.
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Conclusions

» Significant discrepancies noted between the different foundation models

— Models with more flexible p-y curve foundation experienced higher forces and larger
displacements at the nacelle than the fixed models

— Discrepancy significant enough to affect the outcome of structural optimization procedures

* Results agree with similar investigations
— Erica Bush compared similar foundation models using FAST
— Foundation models compared using several solvers as part of OC3 code comparison

NTNU

Norwegian University of
Scienee and Technology
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Shortcomings of the p-y model

* No interaction between soil layers

* No interaction between adjacent piles

* P-y curves assume slender pile behavior, monopiles are much more rigid
» P-y curves primarily developed for (static) lateral capacity calculations

+ Damping levels are mostly a total guess

+ Pile size effects likely to effect the results

NTNU

Norwegian University of
Scienee and Technology
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Finite element model of piles

» Allows for a more detailed description of the pile-
soil interaction

* Provides the capability to measure time-history
dependent damping due to pore pressure
dissipation and other effects

* Includes capabilities to measure damping due to
energy radiation through the soil

» Allows soil stiffness to be correctly predicted
given history and dynamic effects

* Allows for small strain effects to be included

@ NTNU

Norwegian University of
Science and Technology

WWW.NENu.no ‘  Effects of Foundation Modeling Methodology

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

NL Soil Springs HAWC2 Simulation

Static FEM

@ NTNU

Norwegian University of
Science and Technology

Dynamic FEM ! L ==
Time Series Force Data
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Coupled Foundation Models

Fully-Coupled FE Model
— Foundation, or ‘Geo’ module to be develop using open source FEM foundation code
— Geo Module then fully coupled with an Aero-Servo-Hydro-Elastic code (FAST, FLEX5, 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

NTNU

Norwegian University of
Science and Technology

www.ntnu.no ,  Effects of Foundation Modeling Methodology Eric Van Buren, PhD Offshore Wind

Cooperation with FEDEM

Flexible multibody solver
— Linked with AeroDyn for aeroelastic capabilities
— Internal hydrodynamic solver
— Used by Kvaerner Verdal (Aker Jacket Solutions) for Nordsee Ost Wind Park
— Research Partner with NOWITECH (as of 2011)

T Feden R608 07,90 ncket i Gy e [E=s ren ot

@ NTNU

Norwegian University of
Scienee and Technology
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Further Work

» Develop an improved soil model 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 FEDEM and/or FAST/ADAMS or other open
source code
— Allows for a time domain analysis of the entire wind turbine system
» Extend investigations to suction caissons and other foundation solutions
— Potential foundation concepts can be used in conjunction with a number of different
tower concepts

* 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

» Validate numerical models with field data =
NTNU

Norwegian University of
Scienee and Technology
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Questions?

Thank you for your attention

Contact:
Eric Van Buren, Ph.D. Candidate, NTNU
Eric.vanburen@ntnu.no

Tr
NTNU
Norwegian University of
Scienee and Technology
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Modelling of transition piece of jacke
substructures for offshore wind turbine

Elena Menéndez, Offshore subestructures; R&D Departn

Esbjerg, September 20-2

POWER

ALSTOM

Introduction ALSTOM

Alstom Wind is currently working in the installation of its first prototype for the

new Offshore, Haliade 150 6 MW wind turbine. Even though the prototype is
being installed onshore, a jacket substructure has been included. The objective
has been to gain experience with this kind of susbstructure before “getting wet”.

The fact that a jacket has been used has been
a challenge in many ways. One of them was
the correct modelling of this new component
in Alstom’s aerolastic and structural codes.
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Introduction ALSTOM

*Wind turbine dynamics are key in the design and assessment of offshore (and onshore) WTG.
A good modelisation of the wind turbine-tower-substructure set is fundamental for obtaining the
right design loads.
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4 — Tower mode s
. - | —Towermdes

35 —— Tower mode 10
Tower mode 11

|— Rotor out of planemode 1 81

|— Rotoraut o piane mods 1 FY
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— |— Rotorin plane mode 4 BW

05 = [— Rotorin piane mode 4 Fw

—— Rotor in planemode’5 BW

—— Rotor in plane modes FW.
M

Wind speed (mfs)

*Offshore wind turbines include a “new” component, substructure, that has a great influence in
the dynamic behaviour of the whole system.
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Introduction ALSTOM

*An integrated approach is fundamental when assessing loads and performance of the wind
turbine and the substructure. Treating them as separate items is clearly not the way to proceed.

For jacket type substructures, the most complex part of the substructure itself (excluding the
foundation) is probably the so called “transition piece”. This is the piece that transfers the loading
from the wind turbine to the substructure.
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Introduction ALSTOM

*Most aerolastic codes used nowedays have features capable of modelling a wind turbine jacket,
using beam elements. However, more complex structural models are not available in all aerolastic
software packages.

*A suggestion to overcome this shortage is presented next
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Description of transition piece ALSTOM

The following transition piece is being used for Alstom’s Haliade 150 6 MW wind turbine
onshore prototype

This is by no means a simple beam structure!!!
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Detailed FEM model of transition piece ALSTOM

A detailed FEM model of the transition piece, using a combination of beam and shell elements,
is presented
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Detailed FEM model of transition piece ALSTOM

Next is a table of the frecuencies of the first fundamental modes of the whole WTG-substructure
system obtained with the detailed FEM model

Modeshape Frequency
(Hz) f
1st FA 0.32 {
1st StS 0.33 '
Torsion 1.07
2nd FA 1.68
2nd StS 1.71 e ! T o s

NOTE: The figures to the right do NOT correspond to the resulting
frequencies of the tables of this document. Their use is only to show 17 Bmtor Torwer- Suilis trmc nge
the approxir shape of the ei Taaruim jmde:
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Simplified FEM model of transition piece ALSTOM

In order to create a model that can be implemented in our aerolastic software, a simplified FEM
model was created, that matched the detailed model in terms of dynamic behaviour. This model
uses beam elements only.
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Simplified FEM model of transition piece ALSTOM

The diagonals that merge into the trunk are modelled as beams that cross at the vertical axis of
the tower. This results in a very high stiffness at that point. In order to solve this, the thickness of
the beams was reduced (thus less rigidity) and the density assigned was increased in order to
maintain the right mass.

The trunk of the transition piece is
modelled according to its actual
geometrical and material
properties, excluding details like
door, door frame and flange

*The diaphragm that forms the deck was modelled as a square and a cross formed by beams.
In this case, the opposite was done: Thickness was increased in order to raise the stiffness of
the section and in return, a lower density was applied to adjust the total mass
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Simplified FEM model of transition piece ALSTOM

Next is a table of the frecuencies of the first fundamental modes of the whole WTG-substructure
system obtained with the simplified FEM model.

Modeshape Frequency
(Hz) f
1st FA 0.32
1st StS 0.33
Torsion 1.07
2nd FA 1.68
2nd StS 1.71 e : T -

NOTE: The figures to the right do NOT correspond to the resulting
frequencies of the tables of this document. Their use is only to show 1" Rtor: Tower-Subiirmic s
the approxil shape of the eig Tarvim jds
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Comparison of resulting frequencies ALSTOM

The differences in frequency for the most important fundamental modes are shown next.

Difference
Modeshape

P ()

1st FA 0.09

1st StS 0.13
Torsion 0.46

1% Rotor- Tower-Substructure system FA mode 27 Rotor- Tower- Substructure system FA mode.

2nd FA 0.15
2nd StS 0.03

NOTE: The figures to the right do NOT correspond to the resulting
frequencies of the tables of this document. Their use is only to show 1" Roaar Torwwoe- Sl e fure
the approxir shape of the eig Tarvim jds
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Conclusions ALSTOM

*It is possible to translate a detailed FEM model into a more
simplified beam FEM model with a good correlation of dynamic
behaviour between both models.

*Care has to be taken in the translation so that mass, as well as
stiffenesses are correctly represented.

Stiffness has to be adjusted carefully to get a good match in all
degrees of freedom.

* As long as the dynamic behaviour is correct, the simplified
FEM model is considered valid for its use in an aerolastic code.
The model can be subsequently used to evaluate loads and
performance.

OFFSHORE FOUNDAT
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Further work and studies ALSTOM

* Correlate the calculated eigenfrequencies with values coming
from measurements. This will help in identifying the uncertainties
and assessing the goodness of the FEM and aerolastic models
used in the design phase.
* Improve the beam model with some or all of these features:
*Model joint-flexibility and joint offsets in the beam model
*Modify properties according to measurements

*Include, if necessary, redundant members that do not exist in real model
but can give a good representation of mass and stiffness properties
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ALSTOM

Thank you for your
attention !

Acknowledgements: Manel Santiago, Design engineer,
Offshore substructures, R&D Department. Alstom Wind
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Geotechnical challenges for offshore
wind farm developments

Dr. Paul Doherty

UNIVERSITY COLLEGE DUBLIN

School of Architecture, Landscape and Civil Engineering GAVIN & DOHERTY

| GE

Research Topics

Site Investigation Methods

Gravity Bases

Monopile Design

Jacket Pile Design
Pile Driveability
* Dynamic Testing Methods

UNIVERSITY COLLEGE DUBLIN

School of Architecture, Landscape and Civil Engineering GAVIN & DOHERTY
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Site Investigation Testing

* SONIC CORING

& B .

uch =t
— 0 gimeering S— ; - GAVIN & DOHERTY
\

Site Investigation Testing

¢ Seismic Dilatometer

e
— Provides a shear wave :

velocity profile

— @Gives an indication of in-
situ stress conditions

— Can be used directly in
foundation design

— More research needed

o & .
ifsls] UNIVERSITY COLLEGE DUBLIN GD‘

GAVIN & DOHERTY

\
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Gravity Bases

* Shallow Footings

— Bearing capacity — overall s |
stability, sliding & Guidelines
overturning -

— Degradation of soil strength
caused by cyclic loading

— Consolidation settlement

Second Edition

o
¥4 UNIVERSITY COLLEGE DUBLIN GD‘

= School of Architecture, Landscape and Civil Engineering GAVIN & DOHERTY

\

Gravity Bases

* Snugborough Wind Farm
* 11.5m x 11.5m RC spread footing.

* 3.0m founding depth in stiff clay
stratum. .

GDG

GAVIN & DOHERTY

GEO SOLUTIONS
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Snugborough Windfarm —

Stresses over Foundation Lifetime
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Snugborough Windfarm —

Operational Pore Pressures

* Porewater pressure
changes are

a oo 4000 6000 8000 10000 12000
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g
e » Much smaller than
5 total stress changes
B _
i * Suggests that
8 consolidation
) settlement is not an
o issue
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What did we learn from the field tests?

* Applied stress levels are low

 The distribution of stress beneath the foundation is
critically dependent on construction details

* Cut-Off mechanism was effective in minimising excess
applied stress

* Minimal excess porewater pressure was set-up during
loading of the footing on till

* No cyclic accumulation of settlement occurred

UNIVERSITY COLLEGE DUBLIN

School of Architecture, Landscape and Civil Engineering GAVIN & DOHERTY

| GE

Developing models:
Predicting Mobilisation of Bearing Resistance

Base Pressure g qb = [k (WbID)] + qbres

*

where
k = (4/1) Ey/(1-v?)
for w,/D<w,, /D

Opo1 = 0.2 q,

Drisplacement w,/D

UNIVERSITY COLLEGE DUBLIN

School of Architecture, Landscape and Civil Engineering GAVIN & DOHERTY
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Other Effects Considered:

a0 — Il Ll G SRETTS
ol
*Footing Shape i

*Footing Scale

g
*Eccentric Loading gm

*Moment Loading

04~
*Cyclic Loading
0

0 e L 18 2 s 3 1 4 4
ITY §B(%
ifas] UNIVERSITY COLLEGE DUBLIN Ul ’LJ
”2:7” School of Architecture, Landscape and Civil Engineering VTN & DOAIERTY

| .

Monopiles

488 UNIVERSITY COLLEGE DUBLIN

. .. . . LIAVIN b DO LRTY
School of Architecture, Landscape and Civil Engineering ©
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Monopile Design: p-y method

P4
* The API-07 and DNV-07 codes
recommend a p-y method of
analysis

* The p-y approach is highly
empirical and based on very
limited test data from model scale
(610mm diameter) on-shore pile p

=
=
tests Cy
C.

* Should these test results be
extrapolated to the large diameter
piles being used today? P

* s the current method
overconservative?

% UNIVERSITY COLLEGE DUBLIN GAVIN & DOHERTY
[(Geo

School of Architecture, Landscape and Civil Engineering

Industry uncertainty

B Tender A :7
777777777 B Tender B|
= OTender C|

\ o\

-
o
o

\

VLV L L L

90
80
70
60
50
40
30
20
10

N

A\ U VU U VO W W A

AN N N O O W W
\

Monopile Weight
(% of maximum)

AR VR R W R

\

3 Tenderers for Metmast Site

S48 UNIVERSITY COLLEGE DUBLIN

. .. . . LIAVIN b DO LRTY
School of Architecture, Landscape and Civil Engineering ©
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Monopile Design

* 2 Piles Installed at

Blessington
— Both piles had an L/D of
approx. 6

— Both piles were very stiff
(similar to industry scale
monopiles)

— Both piles were
instrumented with strain
gauges

— One static test

— One cyclic test

Monopile Design

» Static Load Test
— Pile Loaded Laterally
— Capacity over100% higher than predicted using API method

——Measured

~——Industry Standard
Approach - APL

5 10 15 20 25 30
Ground level lateral deflection (mm)

— Well predicted by in-house FEA modelling
— Need to consider in-situ E, stress state, non-linearity
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Monopile Design

* Static Load Test

— Instrumentation worked well
— Moment profile was measured during test

Moment (KN.m)
(] 0 0 30 10 50 60
. A - e X
s 3 T B S
\ \ \
X, " 4 \
E -1 4]" s A X
= . L & x
=5 /,o S _:___._i_d_ &
Ea e —
S e
2| * A ——6.0EN
¥ wiF —w—24.TkN
e 374kN
——45 1N

2.5

— Developing new CPT based p-y curves for use by industry

Monopile Design

Cyclic Load Test _
— Over 3000 cycles applied &

— The displacements were
smaller than API
calculated

— The loading stiffness
generally increased as the|
number of cycles ;
increased
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o o Apphed
°
Jacket Pile Design : API 4 .
/XN
— !
T = Kf (@) VtanS Shear
Stress, T¢
— ' ,
T = Bs (O Normal Stress, 6°;y —
Density ps"=Ktans Trim (KPa)
very dense 0.56 115
dense 0.46 V6
wedium dense 0.37 81
loose® NR NR
very loose” NR NR
* Designers arz refzaed 1o CPT based methods if loosz or very loose sands ate enconnterad as previcus
recommendarions are considered nnconservative.
" B 15 assumed 25 percent higher for closed endsd piles.

GAVIN & DOHERTY
[ G

Uncertainty in Pile Design

Assessment of Pile Design Methods: Xu et al 2007
COV: Predicted to Calculated Ratio
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

API-00

EF-97

LCPC-82

Fugro-05

NGI-05

IC-05

UWA-05 |

UNIVERSITY COLLEGE DUBLIN

School of Architecture, Landscape and Civil Engineering GAVIN & DOHERTY

| G
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30
®DNV-07
© API-08
X NGI-05
X Fugro-05
z oICP-05
=3 2 UWA-05
215
E Applied Load for typieal
Oﬂ- 5MW turbine -
Unfactored
FOS=2
0 AN
0 15 30
Qmeasured (MN)
Open-ended piles Gavin et al. (2010)
UNIVERSITY COLLEGE DUBLIN GAVIN & DOHERTY
o School of Architecture, Landscape and Civil Engineering | GEC

Jacket Pile Design

Load, Q (MN)

0 10 20 30

Assume :

Dense North Sea Sand,

q. =50 MPa,D=2.5m, t=30 mm,

15 L/D =10 to 22

Use methods in API (2007)

Depth, z (m)
N
6]

Range of For a 2.5 m diameter pile:

35 —NGL05 Pile .
—ICP-05 Design Design Lengths:

40 | —UwA05 Lengths FUGRO-05 =23m

45 |~ Fuero-0s ICP-05 =26 m

| ——DNV07 | NGI-05 =30 m

50 UWA-05 =37m

DNV (AP100) =45m

UNIVERSITY COLLEGE DUBLIN GAVIN & DOHERTY
L' School of Architecture, Landscape and Civil Engineering | GEC
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Jacket Pile Design Methods

Methods developed from carefully instrumented pile
load tests performed on small relatively lightly loaded
closed-ended piles have been extrapolated to offshore

conditions, we should consider:
1. Soil conditions
2. Difference between open and closed-end condition

3. Friction fatigue due to cyclic loading

UNIVERSITY COLLEGE DUBLIN GAVIN & DOHERTY

School of Architecture, Landscape and Civil Engineering [ G€O

Tests using Imperial College Pile (ICP) Lehane (1992)

2w ;=0 ¢ tan d
£ 35
% 30 0-rf=0-rs+ Ao-rd
g
25 A
E c
g 201
s -0.5
2 15 - , h
§ .= 0.03q, | —
2 10 A D
o= —&— Labenne h
<
E 5 1| —0—Dunkirk
2 0 IR R TR N NN TN N T SN N SO T N1 a

0 0.005 0.01 0.015 D
Normalised radial stress, 6",/ q.

GAVIN & DOHERTY

UNIVERSITY COLLEGE DUBLIN | G€O
_School of Architecture, Landscape and Civil Engineering
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Normalised radial stress after installation

O Jacked (Loose)
12
a5 15 B Jacked (Dense)
a o IC)
= | ——UWA-05
- 10
£
=]
2 Number of load
- cycles (N) in
£ brackets
£
-
s 6 ®\
g [ T—)
]
= 8
£ @®
= 4
7
2
=
E , | ©)
St
S S
z |  I——
3
0 T T T
0 0,01 0,02 0,03 0,04

Normalised radial stress, ¢',/q,

UNIVERSITY COLLEGE DUBLIN
School of Architecture, Landscape and Civil Engineering 'GAVIN & DOHERTY

| GEO

Effect of cyclic loading

o
b3

1000 0.06

0.025

h/D=1.5

r 0.05

I
3

0.02 800 1

r 0.04
600 -

3

0.015
r 0.03
A
400 +
r 0.02

200 1 L 0.01

Stationary radial stress, o',
(kPa)

o >
™

»

A
‘( b
2
b
3
)
3
"
i
2
%

0.005

Stationary radial stress, o', (kPa)
Normalised radial stress, o'./q.

o
2
Normalised radial stress, o' /q,

h/D=10.5

=
S}

0 20 40 60 80 100 0 10 20 30 40 50
Number of Cycles, N Number of cycles, N
Loose Sand

Dense Sand

UNIVERSITY COLLEGE DUBLIN
School of Architecture, Landscape and Civil Engineering 'GAVIN & DOHERTY

| GEO
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UCD Test Site and Instrumented Pile
14 14 B Jacked (V.D
% O Jacked (Loose) acked (V.Dense)
= 1 — UWA0S g UWA-05
£ 115(15 = 2 — e
é 10 e} Minir-mlm post- 23 (15) (65) Minimum
;‘ cyclic . = 10 post-cyclic
g ““rf“al‘“d g | normalised
& 8 horizontal g s " &~ horizontal
2 stress 3 | stress profile
g 6 <\ g I
e T p z° P "
| 2
: . a00)- s 5. s
2 ' g 4 N\
= ﬁ ‘\ No. of cycles (N)
£ 2 £ . inbrackets
5 ] = 2
z 3) 2z Eenm
0 - - - - 0 63 Q)
0 ool 002 003 004 0 001 002 003 004
Normalised radial stress, ¢',./q,
Normalised radial stress, ¢',/q.
Loose Sand Dense Sand
UNIVERSITY COLLEGE DUBLIN
School of Architecture, Landscape and Civil Engineering GAVIN & DOHERTY
| GEO

Jacket Pile Design

Axial Load Tests

« Large range in capacities observed

700
600 [_/_/_I'
500 / I
7S~
= 400 —~———— I S4-Day 30
£ ‘ ————a
s 300 1 S2-day1
g ! I
- 200 H === S2-day 10
H l ———$3-Day 12
100 1
P
0 T T T 4 T |
10 20 30 40 50 60
-100
Disp (mm)

— Variation in resistance seems to result from a complex interrelationship
between time related capacity increases and cyclic reductions in
resistance.
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Jacket Pile Design

Axial Load Tests ="
— Radial Stresses Measured Yy
Directly using flat earth
pressure cells cast into the pile
face

— Similar measurements were
obtained from miniature cells
embedded in steel piles

— Analysis is ongoing

Pile Driveability

» Steel Piles & Concrete Piles Driven
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Pile Driveability

» Dynamic Installation oy
Resistance Measured using
strain gauges &
accelerometers

» |nstallation resistance of o
concrete & steel piles e
measured

Pile Driveability

* ReSiStance _Of Static Resistance to Driving, SRD (kN)
Concrete Pile greater 0 s a0 om0 200
than steel pile ° | ' ' '

e This is due to the 't
higher base 2§
resistance

* Indicates plug
behaviour is
important

» Shallow increase in 6 &
SRD suggests friction
fatigue is evident

—Steel Pile

4 - Concrete Pile

Depth (m)
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Dynamic Monitoring

» CAPWAP signal matching used to assess shear stress profiles
CONCRETE STEEL
Shaft Shear Stress (kPa)
0 Shasfg Shea{osotresslglgPa) 200 100 200 300
) 0

0
] [ R
—#—Tip Depth =3m —#—Tip Depth = 3m

1 1 .
~>=Tip Depth = 5m =>=Tip Depth =5m

i 2 ) _
2 0 Tip Depth = 7m i\w:pm 7m
3

-
£’ £
g £ 4 D
sS4 a \
g— [
as es

6 6

5 7

s 8

» Similar Stresses on Concrete & Steel Piles
+ Friction Fatigue is Significant on both piles

Dynamic Monitoring

CAPWAP capacities used to assess ageing

1400 -
Concrete Pile - PC4
- 1200 | *
= I —4—S5teel Pile -52
= |
= 1000 i
] | ~—Concrete Pile - PC2
[ — |
800 |
g |
D 00 o)
[-"] &
I3 |
.E 400 #
= |
v o0 |
o | g : : T ik i
1] 5 10 15 20 25 30 35

Time (days)

« Ageing observed on steel pile

« Limitation - Hammer capacity can effect mobilisation of base resistance
and effect ageing results
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Hybrid / Novel Structures

UNIVERSITY COLLEGE DUBLIN GD G

School of Architecture, Landscape and Civil Engineering s

Keystone Twisted J acket nstrentation

\ ]II_

UNIVERSITY COLLEGE DUBLIN GD G

School of Architecture, Landscape and Civil Engineering s
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Keystone Twisted Jacket Instrumentation

UNIVERSITY COLLEGE DUBLIN -
School of Architecture, Landscape and Civil Engineering | :’A:IIN" LElLLTAS

UNIVERSITY COLLEGE DUBLIN

School of Architecture, Landscape and Civil Engineering | :;A:IIN" Freeepop
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Keystone Twisted Jacket Instrumentation

UNIVERSITY COLLEGE DUBLIN GD G

School of Architecture, Landscape and Civil Engineering s

CONCLUSIONS

* Existing Design Procedures are empirically based and
thus uncertainties exist

* More Sophisticated design procedures have been
developed and validated using field tests

* Need industry to accept and use these advanced

i

#M UNIVERSITY COLLEGE DUBLIN e

School of Architecture, Landscape and Civil Engineering
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Thanks for your time!
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Businass fram lnchnology

Ice loads and ice-induced vibrations
in offshore wind turbines

Topssal Expart Kssbing 358

on

Offchors Founsdation Teohnology and Enowisdgs,
for chaliow, middis and desp wabsr

Esijlerg, Dmnmark

HE-2LA201

JRERke Fafnomnen
WTT Taohnizal Rescaaroh Cantra of Fintand

NTE TEZHAIC &L B EARCH CENTRE GF FISLUA NG

Content

= Wind energy in Finland

= Siea ice conditions and ice loads

» Field measurements of ice loads

= Examples of numerical simulaSon of ice-structure
int .

» Introduction of ice loads in owerall simulation of offshore
wind turbines

= Pilot offshore wind turbines in Finland
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NTE TEZHAIC &L B EARCH CENTRE GF FISLUA NG

Wind energy in Finland

«  Thetotd capacly of wind turbines In Finiand Is 197 MW (May 2011},

«  The production of wind energy covers 0.3% of tofal consumption of electric enangy In
Finland.

«  Thegowemment of Finland has defined o Increase the total capacty over 2000 MW by
2020,

mezst off new wind furbines will be Insialed at
Bee, manly dus o belfer wind condBions

Fesdn tarift from 2010 (3.5 £WANH)

Lamge capacties for offshore wind fanms In coid
climate regions
high and corsiant wind welocdbes

Cffshore wind energy Is not well estabilshed In
norinsEm counTies

lo= loads are a big uncertainty In WT suppart
snuchure design

NTE TEZHAIC &L B EARCH CENTRE GF FISLUA NG

lce features - Sea ice

lo= riges in Gulf of Bothnis, of-shore Hallushs Firland:
* Sal helght =07 -15m
» Eesidepth=3—5m

= poroshy = 30-40 %
* o= Block Hickness = 20 o and widi = 0.5 — 1.3 m
* Consolicaled layer

* foa poroaity -3 %)

= PiCENEss = 1.4 — 1.5 Imes isvel loe thickness.
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NTE TEZHAIC &L B EARCH CENTRE GF FISLUA NG

Characteristics of sea ice loading

= Moing Sex-ice Flo= = (e lcad depensds on
= e foe weiodly, up o 1.2 mis = Floe thickness.

= Criving Forces: = e drifi speed
= Wird = Ehape of the stuchune
= Sea cument Faliure mode of Io=

= Crysial struciure of o=
= Flexbdity of e struchine af e =vel
= HEic.

= Thiewater

NTE TEZHAIC &L B EARCH CENTRE GF FISLUA NG

Other ice features

= Athmospheric icing
= |ze accretion on strucfures
iblades)

» Riverice, lake ice

= (Glacier
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NTE TEZHAIC &L B EARCH CENTRE GF FISLUA NG

lce conditions ':‘ 13.3.1987
at Baltic Sea T -

NTE TEZHAIC &L B EARCH CENTRE GF FISLUA NG

Morstromsgrund lighthouse — ice load measurements

“Wideo — Morstrémsgrund 202003 =
loe thickness 05m

Kari Kodari, VTT
STRICE - Project

Siden
2023088
|2 BT~ B iR
G Wil Wk
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NTE TEZHAIC &L B EARCH CENTRE GF FISLUA NG

Failure Mode of Ice — Shape of Structure
Erushing failure Bending failure

AR

-] — e
erfical structure Canlcal suchure
cylingder downwards | upwands
jo= Breaking Conss

NTE TEZHAIC &L B EARCH CENTRE GF FISLUA NG

AHRAVUD
Ridge-structure Interaction Simulation

‘wrr
Py BN jaskie hanonanBvilll S
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NTE TEZHAIC &L B EARCH CENTRE GF FISLUA NG

Bending failure of ice against inclined structura

= o= Sickness 30 cm, welochy 10 cmis
= Indlired sortace (g=50)
1

= Coniact batwesn ice and shacirs
& = Buoyancy with “soft coniact” against water
4 surface

= UNUAT malerial modsl that desoribes faking

r = WingCrack Camage (WCD) model

NTE TEZHAIC &L B EARCH CENTRE GF FISLUA NG

Introduction of ice loads in overall simulation of offshore wind
turbines

Collaboradion with Fraunhofer IWES

. Breaking the loe —project (BRICE)
Implementation of lce losd models Inko an overall wind turbing simutation
platform Cniind

Implementation of 3 seff-excied lea-structure Interaction model by
NMaaRanen-Blenkam Imo ASAGLES and Cmdind

Campanson and verificalon of the lce load models and stuchural benavour
Investigation of InMuence of ke veiocity Inlce sinuciure Interaction
o a singie-iegged offshore wind turine
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NTE TEZHAIC &L B EARCH CENTRE GF FISLUA NG

OnWind
Owverall simulation of offshore wind turbines

= Uge of the OniVind sofwans dessioped by Fraunholer MVEES for overall simulabon of wind
Burkdnes.

* Dbjeci-orent=d L ELm i

| hemedonopen sourcemodslP? e i e e e wiban

language: Modelca - i | 3 1

* Siruchural mode! for dynamic anaiysts. Inchading ety

« ol esseniial parts and loads

« muitinody dynamics and detormabie parts
= Improve existing simulaion software

= Incheding loe models

F R

. o - N ¢ ;. ey T

* jor Insuced vibradors IHH ‘5_;. ] .:.__,'.,._ £

= Faligue loads. EII e
= Opimizalion of ofshons foundabiors.

* Less comsenvalie safety taciors Wind turbine topology

= st efechve

I k. Franaboler P15

NTE TEZHAIC &L B EARCH CENTRE GF FISLUA NG

OnWind
Owverall simulation of offshore wind turbines

» Hierarchical simulation struciure
= Rigid body models
= Beam models ! 8

= 30 FE-models

= Component based
= Exchangeable / Reusability through object arientation

= Variable models of wind turbines regarding fopologies and
structure
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NTE TEZHAIC &L B EARCH CENTRE GF FISLUA NG

r time
F io= mction

& structure dispiacement stice level

Raision BOOS 1508

NTE TEZHAIC &L B EARCH CENTRE GF FISLUA NG

Self-excited Ice Load Model in Overall Simulation of
Offshore Wind Turbines

Dymamic ice load model by Miittanen-Blenkam
:l'J-_,l"[r—.lEjl ‘ll" Q::
- Structure and ice dynamics i,.f{ .":.q:ﬂ
. B, ¥ A
:L'—[1-'—\.IJ!:Iﬁ \ .
e
. Polynomial approach for ice strength TR R T R T R TR T T
o =200+ 7806 -18.576% +13.005* -191#@ Mo orosting seong o0 aneion of diepee
J b
- The dynamic force
F = 4o, () O is a reference strength (2 Mpa)
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NTE TEZHAIC &L B EARCH CENTRE GF FISLUA NG

Numerical model

Humsarical modal [ ] [
MIREL! offshore — 5 LY basaiine wind 1
hurbine !
Twio wind furbine comfigusstion with ]
diferant subsfruciurs [=ngth F
Crymamic lom el by MAESHAnes-
Blarkam
Ewlar-Eamoulll bears for all srucirs

Rayleigh damping
Slmutation
Simplificatione
The dynamic aralyses In fime domain ] o and wind

AMied expllcitimplic E Euler soieer InSnky ind Mo =l
Hi " ElmpiHied struchune with de=ad mass on
Eprrulalion Sme perod was set bo 20 seconds fower hop

CHELL Mwsioral Senmanis [rargy Laborwiony

NTE TEZHAIC &L B EARCH CENTRE GF FISLUA NG

Structural configurations

e T Various structural confgurations
[ . Tveo differeni subsiruchure lengih
caresponding waler depties 30 m and
10m
lce Miciness 06 m
1 Canfgerion T
Bl | Mew ) Bt | Mee
Sobubuchoe MNom) mwacig) wim| w0y
“Tewar Tam| kgl Tam] D
[ wam| ek waom]  amig
e
RS Viaried parameters:
FEM mode - lce velodlty
Ermpe of b wuchues sl e safer ireal b cplindical
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Eigenvalue analysis

Conligartion | Coafgiration 2

1 I
¥ %
' \

<,
(5
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i

NTE TEZHAIC &L B EARCH CENTRE GF FISLUA NG

,rl-. FELT nl"‘I bESmy
z=sa==h
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awt 1 w Tl s
T . ] nH -=
| r.-,urﬂ.r Lﬂ.|i": -"iu.-f .= Vil gl
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=. ]
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Onwind simulation with detailed WT structure

- All important subsystemns included
- Elastic struciure, especially blades

- Blade pitch and generator moment
contraller included

. Asrodynamics on rotor incuded
= Constant wind velocity
= “Apparent Fixity-Method” for soil

Hebraazryk 5, Femaemn 1, Stk M, I Dyenic loa Load Madel o
Crandl Smwlsbion of Offiben Wnd Thobinms, mbmdisd = da 20
Infarratzenl (Hlikem (O] e Pele Ingiasaing Corfiomes (00PE)L,
Mo, Mwwrndl, LE0&, Foms 1624, 2001

YT TEGHNIG AL BDSEARTH