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Foreword by the German Federal Minister
for Economic Affairs and Energy

The use of both onshore and offshore wind energy is a key element in Germany’s energy
transition. Today, onshore wind energy is already the primary source of renewable energy
in electricity generation in Germany. The increased expansion of offshore wind turbines still
offers a great deal of potential. However, it also requires a lot of innovative solutions to be
developed in the areas of construction and operation.

The research undertaken at the first German offshore wind farm Alpha Ventus has played a
crucial part in helping to build up knowledge and expertise in what is still a very young sector
in energy generation in Germany. It is particularly pleasing that the various research projects
could be coordinated with one another so well, and that it has been possible to combine the dif-
ferent interests of researchers, facility operators, and plant manufacturers, whilst also ensuring
that expansion work is environmentally sound. The Alpha Ventus wind farm is a pioneering
venture which - together with the research initiative ‘Research at Alpha Ventus - RAVE’ - has
laid the foundations for German projects in the area of offshore wind energy. The results of
the research are outstanding — something which is also reflected in the level of international
interest that has been attracted.

There is, of course, still a great deal of research yet to be carried out on developing the use of
wind energy in Germany. We will only be able to use the potential that exists in this field if we
continue to reduce the costs of electricity from wind energy and continue to raise grid security.
Doing so will enable Germany’s wind sector to stay competitive in the long term.

Given this background, the primary aim of the research funding provided by the Federal
Ministry for Economic Affairs and Energy is to reduce both the investment and the operating
costs for wind-powered installations. The state-of-the-art in German wind-power technology
is impressive — with German industry setting international standards based on high-capability
wind-powered installations ‘Made in Germany’

When it comes to the expansion of wind power into the future, it will be crucial to ensure
that the electricity generated by wind turbines can be reliably integrated into the public grids.
Indeed this is one of the priorities that the Federal Ministry for Economic Affairs and Energy
has set in the area of energy research. Further research is needed in areas such as optimising
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the grid connection of offshore wind farms, load and generation management, wind-ener-
gy-specific aspects of storage, and improvements in wind forecasts.

German companies, universities, and research establishments are among world leaders in wind
energy thanks to the innovations that are being generated in this field. Research activities are
being supported by German manufacturers and service providers, who are developing solu-
tions designed to meet the specific requirements of foreign markets. The Federal Ministry for
Economic Affairs and Energy is providing funding for these activities with the aim of ensuring
the highest possible value generation in wind energy in Germany and, through this, of making
the German wind industry internationally competitive.

I am delighted that an essential overview of the many different research projects being funded
by the Federal Government as part of the Energy Research Programme now appears in book
form. I wish you interesting reading and hope that this publication will serve as a source of
inspiration to you.

Sincerely yours,

Sigmar Gabriel
Federal Minister for Economic Affairs and Energy
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Foreword by the Chair of the Offshore Wind
Energy Foundation

The construction of the Alpha Ventus test field played a significant role in the development of
offshore wind energy in Germany. Within five years of it being commissioned in April 2010
there were wind farms in the German North and Baltic Seas with an output of 3,294 megawatts
connected to the grid. And based on the investment decisions and business planning already
made, the output will have more than doubled by 2020 - while optimistic predictions reckon
that the government-set upper limit of 7.7 gigawatts will be fully utilised. This breakthrough
of this new technology, which had no easy task in overcoming many teething troubles, would
not have been possible without the extensive research projects and their findings that were
part of the RAVE research initiative.

Over 50 universities, research institutions and businesses have been involved in numerous
individual projects dealing with the solution of problems that would improve offshore wind
turbine technology, making it safer and more profitable while also optimising its compatibility
with the marine environment. The entire German offshore wind industry has profited from
this.

The foundation would therefore like to thank all the scientists who have been involved in this
national offshore wind research project and who have thus helped a new technology to make
its breakthrough.

On behalf of this research community the foundation would especially like to thank Project
Management Jiilich (Pt]) and the Fraunhofer Institute for Wind Energy and Energy System
Technology (IWES), who supported and coordinated the individual scientific works, and
aggregated all the results.

The RAVE research network has made a great contribution to the development of offshore
wind energy in Germany.

Jorg Kuhbier
Chairman, Offshore Wind Energy Foundation
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Publisher’s Foreword

RAVE: 1) a frolicking crowd, a dancing mass of people, a swarm 2) abbreviation of Research at
Alpha Ventus. So ambiguous and yet so applicable, because the installation and investigation
of Germany’s first offshore wind farm, Alpha Ventus, also proved to be a ride over the North
Sea, for everyone involved.

The start signal for RAVE was given just eight years ago and it is already hard to visualise what it
was like back then. Nobody had ever had any experience of erecting wind turbines so far out at
sea, over 40 kilometres from the nearest piece of dry land. Nor did anyone have any experience
of building wind turbine foundations in water 30 metres deep. The foreseen five-megawatt wind
turbine generation was also new and had never been tested out at sea. But we are in a very differ-
ent position today; nobody asks the question “Is that at all possible?” any more. Five-megawatt
turbines are now old hat. Today around 800 oftshore wind turbines are operating in German
waters, and over 3,200 in Europe. That is also thanks to Alpha Ventus and RAVE.

Both of them are success stories. With around 4,500 full load hours of wind power a year,
Alpha Ventus is very impressive. This is especially so compared with other European off-
shore wind farms - even though Alpha Ventus is a test field. The experiences made and the
operating results of Alpha Ventus have significantly contributed to building trust in the tech-
nology, which is a prerequisite for further expansion. And this indeed came to pass; in 2015
there was a record 2,282 megawatts of new offshore installations in Germany. There are now
offshore wind farms with a total of around 3,300 megawatts on grid. The government goal of
achieving its short-range target of 6,500 megawatts of offshore wind power by 2020 appears
feasible. Based on current information, around 80 % of the projects planned to date have the
financing in place.

RAVE is also a success story. Never in the history of wind power has there been such a large
coordinated research initiative, in which the industry and research institutions have acted so
in concert. And with success, because within just a few years not only have the manufacturers
involved been able to develop their wind turbines further, but based on the research findings
they have also been able to develop new guidelines that are now applied across the entire in-
dustry. Last but not least, the project has also provided new fundamental knowledge, ranging
from the behaviour of porpoises to loads caused by breaking waves. Within just a few years,
German offshore wind energy research has made it to the top of the international league - as
proven by the many publications and conference contributions.

RAVE has been a joint effort. Despite, or perhaps because of, all the obstacles that had to be
overcome. “We were all bitten by the offshore bug” Us, all the researchers involved in Alpha
Ventus, Germany’s first North Sea wind farm. We are proud that this test field came to fru-
ition — and that we scientists were able to research in the field. Also very important was the
financial support that first enabled this research work, for which we must thank the Project
Management Jiilich Pt] and the Federal Ministry of Economics and Energy. Over 50 universi-
ties, research institutes and businesses have been involved in the RAVE research. Their results
help to further develop offshore wind energy use.
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An incredible amount has been achieved in the past ten years. Our knowledge has increased
enormously. But as we all know, miracles take a bit longer, and that is something we should
bear in mind when all that is discussed nowadays is how quickly we can expand offshore wind
power and how quickly the costs can be reduced. Despite the massive advances made, the
offshore wind industry is still a very young industry, which still needs a long time - which it
must also be allowed - in order to complete its knowledge, optimise its technology and gather
operational experience. Offshore wind farms are built for an operational life of at least 20 years
and even the first German offshore wind farm, Alpha Ventus, is not even half way there yet.

Research can make a contribution, and wants to. The long-term behaviour of materials and
components in the harsh offshore conditions has to be investigated and understood. Deeper
knowledge enables innovations that can reduce the cost of power generated offshore. New
approaches in planning, production, construction and operation of offshore wind farms have
to be conceived, developed and tested. In ten years” time wind farms will look very different,
and also cost less than today.

One last question remains to be asked. Who is this book really aimed at? Everyone interested
in offshore wind power, and everyone who wants to understand what research issues had and
have to be solved if they are to become reality. In other words, it is for everyone who wants to
know more about the work and (interim) results from Germany’s first offshore test field. And
it is for those who do not want to first study engineering or physics if they are to understand
it. This book is an attempt to express the scientific findings of RAVE in a way that is generally
understandable. If anyone wishes to have more detailed information we recommend that they
read the final reports of the respective research projects, look at the Internet presentations or
speak to those involved in the projects.

Offshore wind power in Germany is only just getting started. Research into it continues, and
hopefully the success story will also. We researchers want to make our contribution and look
forward to doing so.

Foreword to the English edition

After more than half a decade of research involving over 50 universities, research institutes and
businesses, Alpha Ventus is the world’s most thoroughly investigated offshore wind farm. This
translation of the German book “Meer - Wind - Strom” will also give a wider international
readership the opportunity to share in the results of the RAVE research project.

Michael Durstewitz Dr. Bernhard Lange
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4 Chapter1 - Metamorphoses of an Offshore Wind Farm

Project information: Planning,
construction and operation of a 60 MW
offshore wind farm 45 kilometres off the
island of Borkum for test and research
purposes

Project management:

DOTI - Deutsche Offshore-Testfeld- und Infra-
struktur-GmbH & Co. KG

Wilfried Hube

1.1 In the Beginning Was the Sea

No experience of offshore wind turbines, not much
chance of a profit, uncertain territory, and then off
out onto the high seas. The first time anywhere in
the world at such a great distance from land, in wa-
ter depths of 30 metres, and a service life of 20 years.
Faced with such an investment prospect any busi-
ness would usually say “Thanks, but no thanks”
Luckily the discussions during the planning, con-
struction and operation of Germany’s first offshore
test field went much better — and finally the Alpha
Ventus wind farm actually became reality under
the leadership of Deutsche Offshore-Testfeld und
Infrastruktur GmbH & Co. KG. Generally known
as DOTI, this is a joint venture by energy suppliers
EWE, E.ON and Vattenfall which realised Germa-
ny's first offshore project in the North Sea and has
been operating it ever since (B Fig. 1.1). With 4,500
and more full load hours, Alpha Ventus is unparal-
leled anywhere in Europe. But first things first.

Peripheral Anecdote (I): Legal commuting
between Hamburg, the capital and East
Frisia

The start was made in East Frisia. In the autumn
of 1999, the owner of a wind farm planning and
design office, Ingo de Buhr, visited the Federal
Maritime and Hydrographic Agency (BSH) in
Hamburg to present his plans for the erection of
the “Borkum West” wind farm. It was Germany's
first offshore wind farm project. There was not
yet a legislative framework for offshore wind

farms, nor were there any proper wind mea-
surements. EU-wide the use of an exclusive eco-
nomic zone beyond the 12-sea-mile limit had
only been in force for a few years. BSH lawyer
Christian Dahlke created the legal framework for
offshore wind farms quite quickly, for example
with the “Standards for Environmental Impact
Assessments”, introduced in 2002. There was re-
sistance from residents of the island of Borkum,
but backing and great plans from Berlin. In 2002
the federal government set a target of installing
500 megawatts of offshore wind power by the
end of 2006, and “at least two to three thousand
megawatts more by 2010". At least three Ger-
man wind turbine managers considered getting
involved in offshore wind power. By the start

of the new millennium planning was moving
ahead at a pace, but the costs of construction
were outstripping the budget. The banks were
unwilling to risk the financing, insurers were un-
willing to insure, manufacturers still had no off-
shore experience and, putting it diplomatically,
there was a great deal of room for improvement
as far as the grid operators’inclination to provide
the connection to the grid was concerned. For
many of the players it was quite clear that the
billion-euro offshore business was too expensive
for conventional planning and design offices.
Offshore, the standard wind farm size of 40 to
50 turbines quickly exceeded the billion-euro
mark. Without the involvement of the major en-
ergy suppliers there was no way offshore could
succeed - it needed an “icebreaker” to prove
that offshore wind energy use does work.

So the planned Borkum West wind farm went
through a metamorphosis. The planning and
design rights were transferred to a specially
established foundation, the “Stiftung der
deutschen Wirtschaft zur Nutzung und Erfor-
schung der Windenergie auf See” (Offshore
Wind Energy Foundation). In autumn 2005, just
before the general election, the federal ministry
provided its five million euros of starting capital.
The Alpha Ventus test field with twelve turbines
built by Adwen (then Areva) and Senvion (then
REpower) went into planning.
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B Fig. 1.1 A bird’s eye view
of Alpha Ventus during
construction. © DOTI/Alpha
Ventus (Photographer:
Mathias Ibeler) | Tl

And the DOTI “grid consortium” of power
companies EWE, E.ON and Vattenfall also experi-
enced a metamorphosis. It was originally estab-
lished in 2006 for the sole purpose of building
the cable connection from Alpha Ventus to the
mainland. But at the end of a long multilayer
design process and an “energy summit” with
federal government in Berlin the three energy
suppliers took the joint risk of transforming

the cable planners into a “large suprastructure
corporation”. Deutsche Offshore-Testfeld und
Infrastruktur GmbH & Co. KG leased the offshore
site from the Offshore Wind Energy Foundation
to become builder and operator of the first
German offshore wind farm.

Bjorn Johnsen

1.2 Prerequisites and Previous

Experience

Forty-five kilometres from the nearest piece of dry
land - nobody had ever been that far out. Before
Alpha Ventus there was no experience with offshore
wind farms in water depths of around 30 metres and
45 kilometres from the coast. Previous projects in
Denmark and Sweden, mostly in the Baltic Sea, are
in much shallower water, a maximum of 15 metres,

and less than 20 kilometres from the coast. Building
Alpha Ventus thus represented a far greater risk and
a myriad of unknowns, in that the offshore wind
farm was, technically speaking, a real pioneer proj-
ect.

The turbine manufacturers had never erected
a wind turbine out at sea until 2006, and in fact
nowhere in the world had a wind farm ever been
erected under the wind and wave conditions that
prevail on the open North Sea. It was a similar story
with the new turbine size; if possible each machine
should have a rated capacity of over 4.5 MW. Up
to then the standard offshore wind turbines had a
rated capacity of just 2.3 MW, though a few were
3.6 MW - but never had there been a turbine with
five megawatt rated capacity. The bottom line was
that the erection of Alpha Ventus was the first time
in Germany that the offshore industry, turbine man-
ufacturers and energy suppliers worked together on
one project.

1.3 Foundation Concepts:

Something New on the Sea Bed

Before Alpha Ventus most of the few offshore wind
farms in Europe used only monopiles, but these
were not suitable for the site conditions of the great
five-megawatt deep-water machines. The decision
was made to try out two new foundation designs,
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B Fig. 1.2 July 2009: Trans-
porting the first offshore wind
turbine to the Alpha Ventus
construction site. © DOTI/
Alpha Ventus (Photographer:
Mathias Ibeler)

tripod tube constructions on the seabed that then
joined as one big main tube, and jackets, which are
four-legged lattice constructions. Both foundation
concepts have a greater load-bearing capacity than
monopiles. The installation of the tripods began in
April 2009 using a pontoon crane and a jack-up plat-
form, from which the piling, grouting and cement-
ing of the joints was carried out. It soon became
clear that foundation construction using a floating
crane was subject to extreme weather restrictions.
It only makes sense to use one for a small number
of foundations, because it led to massive time risks
and significant delays. There were no comparable
delays with the erection of the jacket foundations
because the company chartered the world’s biggest
installation ship from the very start.

Peripheral Anecdote (l1): First wind
“Lessons learned and projects planned” - the
German language is full of Anglicisms, some-
times giving rise to a sort of d-english. This was
not the case when it came to naming the first
German offshore wind farm. Here the owners
drew on the languages of classical antiquity.
The Greek alpha was not just the symbol for
the mathematical angle, but also stands for the
first. And ventus is Latin for wind, so this gives
you literally first wind. And until the last German

offshore wind farm is built, which could possibly
be called Alpha Omega Offshore, it will take a
few decades - if ever.

Bjorn Johnsen

1.4 Delayed Completion

When it was established in 2005, the Offshore Wind
Energy Foundation still assumed that the Borkum
West test field would be going online two years later.
Far from it. First of all they would have to effect an
agreement between what were in the meantime
seven offshore wind farm planners about a common
cable route via the island of Norderney. And then the
wind farm erection phase developed a life of its own:
sudden weather changes, lack of floating crane avail-
ability, logistics that could be improved and a lengthy
wind turbine tuning process. So after the first turbine
was completed in July 2009 (B Fig. 1.2), and the first
electricity was fed into the grid in August 2009, set-
ting up all 12 turbines took until they were officially
commissioned in April 2010. Additional work, such
as the cabling within the wind farm, ran on into the
following year. Or as general construction manager
Wilfried Hube wittily, and slightly overstatedly, put
it: “We don’t really know how it should be done, but
we have learned everything you can do wrong”
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B Fig. 1.3 The pontoon crane
Thialf installs a jacket foun-
dation in the Alpha Ventus
construction site. © DOTI/
Alpha Ventus (Photographer:
Mathias Ibeler)

1.5 Installation, Logistics

and Cabling

Here too the maxim was: gain experience! One had
to make do with what was available - and unfor-
tunately not everything was available. Were there
planning errors, have the machines used done what
they were meant to? Was the weather “unplanna-
ble”? A particular problem in the North Sea was
the subsequent groundswell. While the wave height
wanes and is not really all that strong, the lengths of
the waves increase. The swell only ebbs away very
gradually and continues in areas where there is no
wind and the sea is supposed to be quite calm.

The connection of the short cable sections of
about 800 metres in length between the individual
wind turbines also proved to be difficult. There are
tried-and-tested methods for longer sections of ca-
ble, such as the cabling between the mainland and
the island. At Alpha Ventus it turned out that the
laying and injection of the inner-farm cables was
one of the most demanding and weather-sensitive
jobs in the construction of the wind farm. The chal-
lenge was in laying a cable between two foundations
very close to one another without any loops or kinks
and then drawing it into the turbines’ cable protec-
tion system.

This work required long “time and weather
windows” The “installer ships” on the German
market at that time were usually not big enough

and the international ships of suitable design and
appropriate certification (8 Fig. 1.3) could only be
chartered temporarily as they passed through the
German Bight from one job to the next. This led to
long delays that were difficult to make up for during
the further Alpha Ventus scheduling. Nevertheless:
the experience gained and the increasing demand
resulted in the development of new ships.

1.6 Operation, Maintenance

and Farm Control System

Strict safety precautions apply for carrying out main-
tenance and repair work. There were no incidents
during the erection and cabling of Alpha Ventus -
and that with over 5,000 transfers from ships to tur-
bines and their subsections. DOTI set up a control
centre for the management of the offshore wind farm
in Norden - the nearest port (alongside Norddeich)
on the mainland opposite Norderney. The office
gathered and evaluated all the wind farm data. There
were still challenges in allocating means of transport
to Alpha Ventus. Unnecessary capacity stockpiling
causes unnecessary costs; waves and swell do not
always permit transfer from ship to wind turbine,
resulting in unnecessary empty runs. Here there is
still massive optimisation potential if one is aiming
for high technical availability — as well as meteoro-
logical weather forecasts that really are correct. Wind
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Force 1 was specially developed for the offshore ser-
vice sector, and was used for Alpha Ventus. It is a
catamaran with space for 25 persons, has a large
loading deck for loads up to ten tons and its own
1.5-ton crane. The scheduled maintenance of the
wind farm takes place from spring to late summer.
In acute cases and where there are heavy seas the last
resort remains to use a helicopter (8 Fig. 1.4).

Including the initial months prior to the official
commissioning in April 2010, Alpha Ventus had gen-
erated a total of 1.35 terawatt hours by 30 June 2015.
In the four full operating years between 2011 and
2014 Alpha Ventus had notched up 16,582 full load
hours and produced 994.9 gigawatt hours (GWh) of
wind power. The average annual yield is 248.73 GWh
and thus exceeds the forecasts by around 7 % a year.
In 2014 the yield dropped a bit to 235.6 GWh, but
was still 1.5 % over the forecast of around 230 GWh
(with 3,900 full load hours) per annum. The decrease
was mainly due to the replacement of individual
components in the course of the year. In 2015 the
amount of power produced was 242.1 GWh, once
again 3.1 % above forecast, with a technical avail-
ability of 93.1 %. In February 2016 Alpha Ventus is
expected to hit the 1.5 terawatt hours mark.

Due to the positive experience made with Alpha
Ventus, the DOTTI partners have now erected more
offshore wind farms in the German Bight, though
this time each as individual operators: Riffgat (EWE),
Amrumbank (E.ON) and DanTysk (Vattenfall).

¥ O Fig. 1.4 Helicopterin land-
ing approach to the helideck

of the substation at the Alpha
Ventus offshore wind farm.

© DOTI/Alpha Ventus (Photo-

grapher: Mathias Ibeler)

1.7 Money and Its Usages

Allin all the total investment of around 250 million
euros was significantly greater than the originally
planned 180 million euros. This additional expen-
diture for the first German offshore wind farm was
mainly due to the additional costs for logistics and
assembly, increased steel prices and also the higher
price of the wind turbines themselves. And despite
this there is an immense benefit - in particular for
subsequent and future offshore projects. The ex-
perience gained from the erection of the turbines,
foundation structures and from the cable laying
also benefits other projects, making for simpler and
more efficient work processes. It has also expedited
the development of new installation vessels and en-
hanced knowledge-building for planning authorities
and other specialist authorities. It has enabled the
setting of new standards for approval and construc-
tion procedures for offshore wind farms. But first
and foremost Alpha Ventus has been a joint effort
between manufacturers, suppliers, politicians (of
successive governments), administration, logistics
providers, researchers and developers, and in par-
ticular DOTI as investor and operator, and the Oft-
shore Wind Energy Foundation as companion and
intermediary (8 Fig. 1.5).
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O Fig. 1.5 Panorama of the
Alpha Ventus wind farm.

© DOTI/Alpha Ventus (Photo-
grapher: Mathias Ibeler)
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11 S., unpublished

== Stiftung Offshore-Windenergie: alpha ventus
Unternehmen Offshore. Bielefeld 2010

== P www.alpha-ventus.de as accessed on
09.02.2016


http://www.alpha-ventus.de

n

Who, What, When, Why
and Above All - Whereto?

The Coordination of the Offshore Text Field Research

Bjorn Johnsen

2.1 Sources - 13

© Springer-Verlag GmbH Germany 2017
M. Durstewitz, B. Lange (Eds.), Sea - Wind - Power, DOI 10.1007/978-3-662-53179-2_2



12 Chapter2 - Who, What, When, Why and Above All - Whereto?

Project information: Coordination of the
RAVE research initiative — Research at
Alpha Ventus

Project management:

Fraunhofer Institute for Wind Energy and Energy
System Technology

Dr. Bernhard Lange

Michael Durstewitz

Biologists, geologists, ornithologists, material tes-
ters, psychologists, economists, mechanical engi-
neers, and not forgetting electrical engineers, en-
gineers, structural engineers, logisticians and many
other professions. What for some observers might
at first glance appear to be a “research supermarket”
with a massive range of products, in fact reflects the
diversity of those involved in the RAVE research
initiative. The Alpha Ventus test field provided the
start signal for the development of offshore wind
energy in Germany - and also for a large number
of research projects. While Project Management
Julich (Pt]) was entrusted with the administrative
management of the project, the responsibility for
the coordination of the research activities lies with
Fraunhofer IWES.

The research coordination involves a great deal
more than just organising a few boat trips out to
the wind farm for the research organisations. It also
includes the planning and coordination of the mea-
surement operations; Alpha Ventus has been fitted
out with extensive measurement technology in or-
der to be able to supply all the research projects in-
volved with the detailed data they need. Whether it
be verification and modelling of turbines and com-
ponents, grid integration, further development of
lidar wind measuring methods, recording the loads
on foundation structures, measurement of the wind
farm construction and operation noise or the ac-
companying ecological research, the job has been
to avoid duplication of measurements or that other
measurements are omitted. In other words what is
called for is coordination of the implementation and
shared data management. The most important job
for the coordination project was initially to create
the structure of a joint programme for all research
sections and organisations, and to make it available

to them all. The tasks also included the preparation,
organisation and staging of workshops and special-
ist conferences (B Fig. 2.1).

The official launch of the enterprise was on
8 May 2008, when the Federal Environment Minis-
try (BMU) invited over 200 experts from the fields
of research, science, government and wind industry
to meet in Berlin for the kick-off event for RAVE
- Research at Alpha Ventus. This gathering gave
all those involved a broad overview of the planned
research activities and more. “The Alpha Ventus re-
search project and its findings will in the long term
contribute to reducing the costs of offshore wind
energy’, summed up Professor Jirgen Schmid, then
president of the European Academy of Wind Energy
EAWE and chair of the Institute for Solar Energy
Supply Technology (ISET) in Kassel.

At the time of the RAVE launch event, onshore
wind turbines produced 22,000 megawatts, slightly
more than six per cent of total power produc-
tion. Government plans envisaged another, more
far-reaching target, which was to incorporate the
massive wind energy potential in the North and Bal-
tic Seas into the future energy supply structures and
achieve 15 % of the total power consumption from
offshore wind by 2030. Alpha ventus was to be the
high-profile “door opener” for the use of offshore
wind energy; the Federal Environment Ministry
provided around 50 million euros for the accompa-
nying research in the test field over a period of five
years. In 2007, immediately prior to the main event,
14 projects had already been approved with a total
funding volume of over 16 million euros. Around
20 more projects were to follow (B Fig.2.2).

In order to be able to make use of synergies in
the research projects and thus increase the quality of
the results, Fraunhofer IWES developed a concept
for the cooperation between the various projects
in the test field which was then coordinated at the
regular meetings of the organisations involved. The
main work packages in the coordination project in-
volved the organisational and scientific networking
of the individual projects; nobody should be “com-
pletely detached and researching alone”. This meant
regular meetings for reporting on partial results and
difficulties in implementing projects. Interest and
conflict mediation was naturally also in demand,
because not everybody could go out to sea at the
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B Fig. 2.1 Research results from Alpha Ventus, presented
at the International Offshore Wind R&D Conference 2015 in
Bremerhaven. © Fraunhofer IWES

same time and at any time. The coordination project
eventually involved over 30 projects, as well as over
50 research organisations, institutes and facilities.
National and international networking was also part
of the job, because offshore wind is not just a Ger-
man domestic issue.

The coordination project has also involved the
planning and realisation of specialist workshops and
major scientific conferences like the RAVE Confer-
ences in 2012 and 2015 (Offshore Wind R&D Con-
ference). And it is responsible for all the PR work;
not just answering questions about the test field, but
also informing the industry, government, project
sponsors, the scientific community and other inter-
ested parties about the research in the test field and
about the latest trends and tendencies to do with
offshore wind energy use. A job it continues to do
to this day.

2.1 Sources

Website » www.rave-offshore.de, RAVE - For-
schung im Offshore-Testfeld alpha ventus.
Accessed on 20.08.2015

Website » www.alpha-ventus.de, der erste
deutsche Offshore-Windpark, accessed on
09.02.2016

RAVE - Forschen am Offshore-Testfeld
(2012), BINE Themeninfo 1/2012, Herausgeber
FIZ Karlsruhe, ISSN 1610-8302
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Construction, operation, Foundation and

(== ] -
measurement, coordination support structures monitoring

B Fig. 2.2 Overview of the RAVE projects — the 27 research projects listed correspond to the chapter sequence in this book.
© Fraunhofer IWES




2.1 - Sources

Grid integration
Fraunhofer IWES

Supported by:

@ Federal Ministry
for Economic Affairs
and Energy
J Projektiriiger Jilich FOUNDATION

) . Forschungszentrum Jiilich UFFSHDRE
on the basis of a decision WIND ENERGY

bv the German Bundestag

Grid integration - Environment and Ecology - Safety

@ Fig. 2.2 (continued)



A Thousand Sensors,
from the Blade Tip
to the Bottom of the Sea

Between Measurement Technology, Logistics, Scour Holes
and the Ocean: The Central Measurement Service Project

Kai Herklotz, Thomas Neumann, Wilhelm Heckmann, Hans-Peter Link,
Copy edited by Bjorn Johnson

3.1 Measurement Service: One for All - 18

3.2 Coordination, Organisation, Exploitation - 18
3.3 Tripod Is Also Hard to Access on Land - 19

3.4 An Obstacle Course Before and out at Sea - 20
3.5 The Tides and Maltreated Measuring Buoys — 22
3.6 Only 30 % Accessible by Ship in Winter - 23

3.7 Firmly Entrenched in the Ground,
even with Scour Holes - 24

3.8 Logistics: (No) Ship will Come - 26
3.9 Just Keep on Going - 27
3.10 Sources - 27

© Springer-Verlag GmbH Germany 2017
M. Durstewitz, B. Lange (Eds.), Sea — Wind — Power, DOI 10.1007/978-3-662-53179-2_3



18 Chapter 3 - AThousand Sensors, from the Blade Tip to the Bottom of the Sea

Project information: Central realization of
measurements within the framework of
RAVE research projects

Project management:

BSH - Federal Maritime and Hydrographic
Agency

Kai Herklotz

Project partners:

DNV GL

UL International GmbH (DEWI)

3.1 Measurement Service:
One for All

The central measurement service project of Alpha
Ventus involves more than just carrying out mea-
surements and providing measuring technology for
others. Long before the start of construction of the
first offshore wind farm out at sea it involved coor-
dinating and implementing the various measuring
requirements and - after installation — making the
measurement data available for evaluation. It is a
project that is still ongoing and which carries out
basic oceanographic and geological research - in the
truest sense, because there is a lot going on down on
the seabed around the turbines. And this basic data
is relevant for virtually all the investigations. There
are regular maintenance trips into the test field to
maintain all the measuring equipment during plant
operation - a work assignment that continues to this
day. The measurement service project thus provides
all the institutes, agencies and firms involved in the
overall RAVE research project with the necessary
service facilities.

3.2 Coordination, Organisation,

Exploitation

The key component of the test field research is the
measurements made on the wind turbines them-
selves. While the scientists aim to detect the con-
dition of the offshore wind turbines as completely
as possible, for financial reasons the turbine op-
erators are more interested in having an as much

uninterrupted production as possible, without any
production downtime. Two contradictory interests
that need to be reconciled.

For this reason it was decided to concentrate the
main measurements for the research on one turbine
per manufacturer. The two wind turbines selected
- AV4 and AV7 - are situated on the western edge
of Alpha Ventus, in the direct vicinity of the Fino 1
research platform. Due to the predominantly pre-
vailing westerly wind direction there it would also
be possible to analyse a wind field that was to a
wide extent uninterrupted, and not in the shadow
of wind turbines upwind. It would also be possible
to correlate the data measured on both turbines with
the measurements from the Fino 1 platform. To be
on the safe side, and in case important research in-
struments on the main turbines broke down, two
neighbouring turbines - AV5 and AV8 - were also
fitted with sensors at the same time, though with
considerably fewer.

The requirements for number, type and posi-
tioning of the measuring sensors to be installed that
the RAVE coordination committee had drawn up
was available well before the construction of Alpha
Ventus began. Five hundred different sensors were
attached to the chosen turbine AV7 and over 400 to
AV4. On top of that came more measuring sensors
on the substation, on and in the sea, on the seabed
and at the next substation on dry land, at Hager-
marsch on the North Sea coast of Lower Saxony.
The sensors were spread out from the seabed up to
the tips of the blades. Over a thousand sensors were
installed in total.

The installed sensors are documented in one
central register of measuring points. The data is
checked, its plausibility is tested, and once it is re-
leased it is made available in the RAVE research ar-
chive. The data is exclusively available to the RAVE
research projects.

Peripheral Anecdote (l): Not much room
for research

Measuring equipment (B Fig. 3.1) needs space,
and even more measuring equipment means
control boxes (B Fig. 3.2). One problem that
transpired was that the connections of the mea-
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O Fig. 3.1 Measurement
amplifier with cable routing
for the tripod measurements
on AV7.© UL International
(DEWI)

suring technology - in this case the sensors on
the foundation - should with good reason be
as far as possible unconnected with the normal
power electronics of the offshore wind turbine.
But where do you put the additional control
box? The tower of a wind turbine is not a conve-
nient warehouse or open-plan office. But finally
a place was found in the tower of platform 9

of the wind turbine which, while climatically
unfavourable (with the highest humidity and
the possible formation of condensation on

the floor), was the only place where there was
sufficient space for the additional research
measuring equipment. And that has worked
perfectly ever since.

Bjorn Johnsen

3.3 TripodIs Also Hard to Access

on Land

The first research sensors were installed far away
from Alpha Ventus, in a shipyard near Verdal in
Norway, 50 kilometres northeast of Trondheim. This
was where the tripod foundations for the Adwen
AD 5-116 were welded together, and thus also for the

o 3

chosen research turbine. The measuring technology
was to be attached there in Norway. But a basic prob-
lem was the accessibility of the designated measuring
points on the foundations, which when set upright
were about 45 metres high. It was only possible to
attach sensors to the west leg of the tripod as planned
before assembly on the ground. The tripod manu-
facturing process caused increasingly longer pauses
during the installation of the sensors and cabling.
All this work was carried out in June to August 2008
during a vital six-week deployment in Norway. The
integration of the measuring equipment and fitting
these previously unscheduled work processes into
the tightly scheduled tripod production process was
also new territory for the Norwegian yard.

The tower segments were on the other hand
comparatively close by at the manufacturer’s works
site in Bremen, where they were fitted with strain
gauges, acceleration sensors and a variety of other
sensors (B Fig. 3.3). The power electronics were
accommodated in the third tower segment. Once
in the water, the tripod foundation was also fitted
with special collars at three different heights around
the main column, and their water pressure sensors
supplied precise high-resolution (50 Hz) data about
the hydrostatic water pressure around the tripod
structure of AV7 for about two years after commis-
sioning.
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B Fig. 3.2 Control box for research measuring equipment in
an offshore wind turbine. © UL International (DEWI)

Peripheral Anecdote (l1): Swapped

With the autumn storms approaching, the
installation of the turbines in October and No-
vember 2009 was pretty hectic. During the erec-
tion of a tower out at sea, two of the prepared
segments were switched, and as fate would
have it, it was the tower of one of the turbines
to be used for measurements. The result was
that because the tower segments were mixed
up it was not possible to use the pre-installed
measuring equipment. Numerous additional
measuring installations had to be installed out

at sea. The wind turbine manufacturer bore the
additional costs incurred.
Bjorn Johnsen

3.4 An Obstacle Course Before
and out at Sea

Some 120 measuring points were defined on turbine
AV4 in the wind farm, a Senvion 5M, another 157
on its foundation structure and 37 measuring points
on the neighbouring turbine AV5 of the same type.
Here too there were plenty of lessons to be learned
in this pioneer project. Contrary to planning, due
to contractual arrangements between supplier and
wind turbine manufacturer it was not possible to
equip the tower segments with structural dynamic
sensors at the supplier’s works. It was therefore
necessary to carry out this work subsequently out
at sea in the offshore test field, which took signifi-
cantly longer than it would have onshore and con-
sequently resulted in much later commissioning of
the measuring equipment. The sensors inside the
nacelles were installed on schedule. The attachment
of sensors in the rotor blades was unproblematic in
the area of the blade root (8 Fig. 3.4), but not so at
greater distance from the blade root. This was in-
compatible with the blade manufacturer’s lightning
protection concept and therefore not approved.
Where there is movement, there is also wear.
Measuring equipment can also break, particularly
when subjected to sea waves. The repair of such
defective sensors was closely coordinated with the
project partner, the test field operator and the man-
ufacturer of the wind turbine in question. Due to a
long chain of communication and the fact that re-
search activities cannot of course always be afforded
such priority as operating issues, these extended re-
action times for necessary installation and mainte-
nance work out at sea obviously affect matters. Are
any boats available, and are they ready to use? Is
there enough transport capacity for personnel and
material? What is the state of the sea and the tidal
currents, and what about ice drift? A lot of ques-
tions, many of which can only be finally clarified
on the quayside just before the service ships leave.
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3.3 . Tripod Is Also Hard to Access on Land

O Fig. 3.3 Layout of the blade 1 blade 1
measuring point positions on
AV7.© UL International (DEWI); l '

Graphic: DOTI, adapted by UL
International (DEWI)
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O Fig. 3.4 Measuring equipment mounted in the root of a
rotor blade. © UL International (DEWI)

The project included grid measurements at
transmission level. Here it was necessary to install
three current sensors (current converters) and three
voltage sensors (voltage converters) per measuring
point — with measuring points on the substation
out at sea (AV0) and in the next substation on land
in Hagermarsch (B Fig. 3.5). The measuring ca-
bles in the substation were pre-laid onshore in the
substation in August 2008. The current converter
could only be installed at the points required in the
110-kilovolt voltage level out at sea, because the

Alpha Ventus

Chapter 3 « AThousand Sensors, from the Blade Tip to the Bottom of the Sea

cables were not yet available on land. As far as the
installation was concerned, there were no critical
systems or measurement points because from a
measurement point of view it involved four identical
standard grid measurements.

The Tides and Maltreated
Measuring Buoys

3.5

The strong tidal impacts shape the ocean circula-
tion in the German Bight. The marked tidal currents
caused by ebb and flow cause greater exchange and
better mixing of the water in the North Sea at all
depths than in the Baltic Sea - and thus also greater
harmonisation of temperatures, regardless of how
deep the water is. Sea state, temperature and current
were measured over several years at Alpha Ventus.
This was all necessary for example for planning
maintenance trips and the logistics for supplying the
wind farms in order to save on costs and resources,
or in order to assess any ice drift in the North Sea.
In addition to sea state buoys and wave radar, other
sensors were deployed at depths between five and
28 metres, for example for measuring the tempera-
ture of the water in the North Sea. The “vertical
temperature profile” measured at Alpha Ventus was
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around four degrees Celsius in March 2011 at all
depths between five and 25 metres. Nor were there
any noticeable temperature differences in the water
between the turbines.

From winter 2010/2011 to the start of summer
at the end of June 2011 the water temperature rose
from four to 18 degrees. It must be said that the win-
ter had been very cold and had lasted into March
2011. This does not of course say anything about the
danger of ice in the North Sea, poor accessibility of
the wind farm by boat, or even damage of the sup-
porting structures of the offshore turbines. Because
there are few comparable existing “time series” it is
not possible to make any definitive statements about
the possible temperature fluctuations and changes
in the test field and the German Bight; this requires
that the measurements are continued and evaluated
over a longer period of time.

FINO1: significant wave height below 1.3 m (in %)
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B Fig. 3.6 Significant wave height Hy < 1.3 m in per cent per month, measuring period 2004 to 2013. © BSH
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3.6 Only 30 % Accessible by Ship

in Winter

Sea state buoys proved indispensable for gathering
data about sea wave states, in that these had in the
meantime been fitted with integrated acoustic Dop-
pler current profilers (ADCP) and could therefore
also measure the currents. Radar from the Fino 1
research platform can take more exact complemen-
tary measurements and is not as easily damaged as
the sea state buoys on the sea surface, but does not
provide any information about the swell direction.

An example of the importance of wave mea-
surements is that for Alpha Ventus there was a
fixed threshold value for safe transfer of persons
from ship to offshore wind turbine, a “significant
wave height (H;)” of less than 1.3 metres. Seen over
the course of the whole year, wave height and wind
speed frequently correspond. In the autumn and
winter months with typically high wind speeds, the
frequency of significant wave heights below 1.3 me-
tres is only 30 to 40 %; in the spring and summer
months on the other hand there is a frequency of up
to 70 % (B Fig.3.6).
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@ Fig. 3.7 A 12-metre-high wave hits the Fino 1 research
platform. Extreme sea state events have an impact on the
logistics and plant management of offshore wind farms.
© DNV GL

To improve logistical deployment planning the
sea state data was made available to the wind farm
operator’s operations centre in real time. Extreme
weather situations that can result in loads on and
damage to offshore structures are of course also re-
corded and evaluated. The measurement data and
results are directly integrated into the planning and
operation of future wind farm projects. And indeed,
the sensors in the wind farm are not just subjected
to stress by extreme events but also strongly sub-
jected to corrosion and the state of the sea during
continuous operation, and their maintenance is
made more difficult due to the rough weather condi-
tions out at sea (B Fig. 3.7). In the follow-up project,
more instruments for measuring the sea state were
installed and the oceanographic measurements were
continued.

3.7 Firmly Entrenched in the

Ground, even with Scour Holes

There’s a lot going on down on the seabed, and not
just as far as the fauna is concerned. Enormous
motional processes are taking place on the seabed
around the turbine structures.

A particular process is the development of
scour or scour holes, in the area around the piles
that effectively “nail” the turbine’s legs (with a tripod
foundation) or the framework foundation (jacket

foundation) to the sea floor. Scouring occurs when
objects such as the supporting structures of offshore
wind turbines are put in an environment that is sub-
jected to currents. The course of the current changes,
resulting in increased erosion of the seabed.

In order to measure the currents and scour that
occur, five echo sounders were attached to each of
the bracing elements of the tripod foundation or
jacket structure, and additional echo sounders were
attached to the central tube of the tripod. These
echo sounders permanently installed on the foun-
dation structures (B8 Fig. 3.8) have continuously
measured the development of the scour holes on
one jacket and one tripod since 2009, and a con-
tinuous increase in scour holes has been observed
since then. The increase in the depth of scour holes
is very rapid in the first three to six months after
erection of the offshore wind turbine, after which
the process slows down - but after a five-year mea-
suring campaign still persists. After strong storms
there is often a big increase in scour depths within
a short time.

» The tendency towards global scouring
We have observed scouring, the deep potholes
in the seabed around the foundations, for
years. The greatest scouring dynamics occur
in the beginning, before slowly ebbing away.
There is however still a tendency towards
global scouring — potholes around the whole
foundation.

Kai Herklotz, Federal Maritime and Hydro-
graphic Agency BSH

In the case of the tripod, scour depths of between
three and four metres were found around the oft-
shore piles after five years of measurements. The
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B Fig. 3.8 Schematic representation of the arrangement of the echo sounders on the tripod of AV7 (a) and on the jacket of AV4 (b).

The designation “ES” stands for echo sounder. © BSH

echo soundings showed that the scour depth had
stabilised at about seven metres in the central area
of this supporting structure. These unexpectedly
large scour depths around the tripods appear to be
due to constructional effects. The massive structural
elements close to the seabed cause a reduction of the
flowed-through area and thus an increase in current
speeds close to the seabed, leading to erosion under
the foundation. The erosion effect is intensified by
the open central element, which allows fluctuating
water levels in the central tube. These fluctuations
result in a pumping motion whereby the water flow-
ing out causes the bottom sediment to move and be
carried away.

In the case of the jacket foundation, after a
(slightly shorter) four-year measuring campaign
the scour depths were not quite as deep, measuring
2-2.5 metres. In order to not just measure selective
depth development with the installed sensors, both
turbine types were also surveyed at regular intervals
from on board ship using a spatially high-resolu-
tion, large-scale multibeam echo sounder - which
verified the results of the fixed-point measurements
(B Fig. 3.9). The results showed that both types of
foundation had developed “global” scour of different
types and degrees, the central scour hole below the
central tower and the local scour holes around the
piles. This tendency towards “global scouring” exists
with both types of foundation.

O Fig. 3.9 Bathymetry around a jacket foundation from mea-
surements made with a multibeam echo sounder. The circular
markings each represent one measurement. © BSH

The tripod design was modified as a result of
these findings with the aim of avoiding scour de-
velopment on tripod foundations in future. Current
research is investigating which hydrodynamic pro-
cesses are responsible for the various scour depths.
There is a suggestion that it is the impact of local
currents that could be responsible for erosion phe-
nomena like submarine landslides, but this has to be
more closely monitored. The plan is to broaden the
investigations in order to be able to better under-
stand the dominant scouring processes.

To determine the firmness of the sediment on
the seabed measurements were also made with a so-
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called “dynamic penetrometer”, which measures the
penetration resistance of the ground. Apart from the
scour holes, no substantial changes in the composi-
tion of the seabed sediment have been observed to
date after the turbines were erected. Nor have any
noticeable seasonal changes been observed.

3.8 Logistics: (No) Ship will Come

Organising and providing logistics and transport for
carrying out measurements offshore is also one of the
jobs of the measurement service project. This includes
the transport of personnel and material for the in-
stallation and maintenance of the measuring system,
whereby the offshore deployments are carried out us-
ing a variety of logistical means. These include ship
transfer with special service boats, which involves
stepping over onto the turbine, helicopter transfer,
which involves people being winched down onto
the roof of the nacelle, and direct boat operations,
where the personnel remain on board the ship and
do the work from there, for example when replacing
oceanographic instruments. Ships are the preferred
mode of transport for maintenance jobs because of
the lower transport capacity and higher deployment
costs of helicopters. Yet unlike ships, helicopters can
be deployed in virtually any weather (8 Fig. 3.10).

Peripheral Anecdote (lll): Flat-sharing out
at sea

The original idea was that the measurement
service project should itself charter the ships
needed for deployments, but the idea was soon
dropped. A cooperation was arranged with
manufacturer Adwen and wind farm operator
Doti whereby the project could share their
logistics for any installations offshore. This was
simply to be able to more quickly use any small
time windows that might arise, which is how
the researchers came to occasionally share the
Adwen accommodation ship. A small flat-share
out on the open sea. When it came down to it,
fewer ship days were required than planned
(120 days with 33 journeys).

Bjorn Johnsen

Research work carried out around the turbines (e. g.
diving work or attaching measuring instruments) is
covered by using the Federal Maritime and Hydro-
graphic Agency’s ships. The extensive underwater
work involves additional diving operations over sev-
eral days and weeks, so where possible use is made
of hotel ships in order to avoid time-consuming per-
sonnel transports to the mainland. The total number



3.10 - Sources

of person transfers is about 100 per year. This was
only significantly higher in 2010, with 150 transfers,
due to the time-consuming installation and com-
missioning of the measurement technology needed
for the research (B Fig. 3.10).

3.9 Just Keep on Going

It is not just a question of a one-time installation of
the measuring equipment on the wind turbines. Ev-
erything has to be maintained and where necessary
repaired or exchanged, as was the case with several
echo sounders on the foundations that were used
for scour measurements. Above all, the measure-
ment data has to be evaluated. The dynamics of the
scouring around the foundations is still far from be-
ing conclusively assessed, and the same goes for sea
state, marine currents and long-term oceanographic
measurements.

3.10 Sources

Abschlussbericht Projekt RAVE-Servicepro-
jekt. Durchfithrung der technisch-wissen-
schaftlichen Messungen im Offshore-Testfeld,
FKZ 0325026, 112 S., unveréffentlicht, ohne
Datum. Koordinator: Bundesamt fiir See-
schifffahrt und Hydrographie (BSH), Kooper-
ationspartner: Deutsches Windenergie-Institut
GmbH (DEWTI), GL Garrad Hassan Deutsch-
land GmbH (heute DNV GL), GL Garrad
Hassan Deutschland GmbH (ehemals Wind-
test), wissenschaftlicher Kooperationspartner:
Universitit Bremen, DFG Forschungszentrum
Ozeanrander (RCOM)
RAVE-Messserviceprojekt: Zentrale Durch-
fithrung der Messungen im Rahmen der
RAVE-Forschungsprojekte und ozeanogra-
phische und geologische Untersuchungen.
Bundesamt fiir Seeschifffahrt und Hydrogra-
phie (BSH), Hamburg. Word-Dokument, 6
Seiten. O.D. (2.10.14)
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4.1 Introduction

Offshore wind turbines are mounted on large sup-
porting structures in the sea. The conditions of the
open sea really put these support structures to the
test: salt in the air and water, ultraviolet rays and
above all immense loads from wind and waves im-
pact on them and therefore have to be taken into
consideration in the design and construction, op-
eration and maintenance of the wind turbines. The
aim of one of the biggest research projects relating
to Alpha Ventus was to optimise the design of the
steel constructions based on these measurement re-
sults so that it would be possible to reduce the costs
of development, material, production and mainte-
nance, and also achieve a longer life for the support
structures. These diverse subjects from different sci-
entific disciplines were dealt with in eight different
work packages or sub-projects, and analysed so that
the results could be brought together to create one
holistic concept.

42 The Tripod as Wave Breaker

The supporting structures of offshore wind turbines
do not just have to take the effects of the wind into
account, but also those of the waves. These loads
are incorporated in computer-aided modelling. The
more accurate the models, the more economically
long-life wind turbines and supporting structures
can be designed and constructed.

The “Load Models” sub-project investigated
how loads caused by breaking waves impact on a
tripod foundation. In a model experiment at the
large wave flume at the Franzius Institute in Han-
nover several tests were carried out using an ap-
proximately five-metre-tall “miniature” tripod with
a scale of 1:12 in water with a depth of 2.5 metres.
For these tests the tripod was fitted with 30 pres-
sure sensors positioned at several positions on the
model - both below and above the “at-rest water
level” (B Fig. 4.1). In the wave channel it is possible
to exactly define and set the wave characteristics,
such as wave heights and lengths as well as whether
and in which position the waves break.

14 pressure
sensors (DS)
with (15-20 cm)

ok | J
10 DS in the lower i
part. Arrows show DS

0.71m, 1.12m

B Fig. 4.1 The five-metre-tall model tripod (scale 1:12) in the
wave flume. © LUH



4.4 . Cavity and Grout

In their series of tests, Hildebrandt & Schlur-
mann (2012) measured the spatial and tempo-
ral pressure load on the structure and created a
three-dimensional numerical flow model. In ad-
dition to the load analysis this also provided addi-
tional findings about the movement of waves and
the flow around the tripod structure.

Measurements were also made of non-breaking
waves on a tripod directly in the Alpha Ventus test
field. To achieve this, three measuring cuffs with
30 pressure sensors were attached to the central
cylinder of the foundation in order to measure the
pressure distribution around the cylinder and wa-
ter-level changes during a wave period. Using this
measurement data it was possible to investigate
methods for the theoretical calculation of the wave
loads in the lab and in the test field. The projected
and measured loads exhibited good congruence.
Since the loads of real, irregular waves are, as is to
be expected, well spread out compared with waves
produced in the lab, there is a need for further re-
search here.

Steel Structure
with an Ideal Figure

4.3

As well as the tripod foundations, Alpha Ventus also
uses jacket constructions as foundations in deep
water. Jackets are lattice-style foundation structures
whose struts are joined by weld nodes. The fatigue
strength of their structure and nodes were investi-
gated, i. e. examined for cracks caused by constantly
recurring, cyclic loads. One cause of material fatigue
can be strongly influenced by imperfections — un-
desired manufacturing deviations of the structural
components from their ideal form. These geometric
imperfections influence the load-bearing behaviour
and thus also the structural durability of the struc-
tural components. In the search for suitable mea-
suring systems able to identify such imperfections
during the production of the jackets, the choice fell
on laser scanners and tachymeters. Laser scanners
can quickly scan the surfaces of objects at a number
of points without touching them. The result is a 3D
scatter plot that can be used to calculate the form
and shape of the surface. Automatic self-tracking
tachymeters measure the directions automatically
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in accordance with the set target, whereby the dis-
tances are ascertained electronically. Two measur-
ing groups were created for testing the two types of
technology, which examined the surface of the im-
perfect structure on the one hand, and on the other
the accuracy of fit of the connections.

The first group undertook the scanner measure-
ments on a jacket manufactured for Alpha Ventus
in a Scottish shipyard. The scanner that was used
recorded up to 500,000 points per second and had
a measuring range of up to 80 metres. For the com-
plete survey, measurements were taken from vari-
ous angles and combined to create an overall model.
This was followed by a comparison of how the struc-
ture is and how it should be. The ideal reference
geometry was calculated, from which it is possible
to determine the deviations of the manufactured
structure from the planned geometry. With the aid
of laser scanners it was thus possible to determine
deviations with an acceptable degree of cost and ef-
fort and to optimise manufacturing processes with
regard to service life.

The second group took tachymeter measure-
ments on a jacket frame - also made in Scotland.
The geometries of unprocessed tubes were also mea-
sured. The tachymeter recorded measuring points
by using manual targeting by means of a telescopic
sight. As with the laser scanner the measuring de-
vice converted the measured angles and distances
in a Cartesian coordinate system. It showed that the
tachymeter was also very suitable for measurements
during production.

4.4 Cavity and Grout

In addition the project came up with what is cur-
rently the only method capable of measuring the
movements of the “grouted joints” — the joints be-
tween supporting structure and transition piece,
the piles and the structure. These are tube-in-tube
connections where the cavities between tubes at sea
are filled with grout or mortar.

This joint is problematical because the support-
ing structures are subjected to very great loads and
damage cases have already occurred in practice. A
prototype of a measuring concept for determining
the relative displacement (8 Fig. 4.2) was devel-
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measuring construction

measuring box

[

oped, which was attached to a tripod in the test field
so that it could measure horizontal and vertical dis-
placement with the aid of displacement transducers.

Although the prototype could only record the
relative displacements on the horizontal measuring
level and broke down after several months it was
still possible to demonstrate the basic functionality.
It is conceivable that this measuring method could
already be applied during the process of installation
out at sea in order to monitor the critical period
of time between filling and hardening of the grout
and to register any displacement of the connecting
tubes. Its use for long-term monitoring of the off-
shore wind turbine is also conceivable.

Peripheral Anecdote: Fino completed

- the soft wave bends the steel

That really was something quite amazing:

long before Alpha Ventus and the start of the
RAVE project, the wind measuring station and
research platform Fino 1 was erected in the
immediate proximity of what would later be the
Alpha Ventus test field. Shortly after its comple-
tion, two severe storms, Britta and Tilo, moved
across the North Sea on 1 November 2006 and
9 November 2007 respectively. Waves reached
a height of up to 16.5 metres above mean sea
level - reaching the steel work platform around
Fino 1, and washing over it up to a height of

1.5 metres. When the storm had passed, it was
found that the handrails of the work platform
had been bent - such was the force that the

O Fig. 4.2 Measuring
concept: measurement of
relative displacement of
grouted joints between pile
and sleeve on a tripod. © LUH

“soft water” at the crests of the waves exerted
on the steel. Just 3.5 metres higher and it would
have hit the main deck with all the measuring
equipment.

Bjorn Johnsen

4.5 Rust on the Tube

Wind, waves and ultraviolet rays create a great deal
of stress on steel structures. Corrosion caused by salt-
water attacks construction elements like tubes and
connecting nodes, and this can significantly reduce
the lifetime of the supporting structures. In the “Cor-
rosion Protection Systems” sub-project researchers
therefore tested several coatings and additional sen-
sor systems for corrosion measurement to investigate
their suitability for offshore use. These sensors were
affixed to the steel foundation structures to help to
non-destructively examine the condition of the corro-
sion protection and detect any damage in good time.

The corrosion protection systems used were
primarily organic finishes and varnishes, which in
principle guarantee good protection. However, pro-
duction defects and damage to the coatings incur
significant costs for structures out on the open sea
in that offshore maintenance operations are both
time-consuming and expensive. Damage can occur
when errors are made during production on the sur-
face preparation, workmanship, application, drying
and hardening. About 80 % of all critical areas arise
due to faults during processing. Coatings can also
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O Fig. 4.3 Test plates after
two years’ exposure: splash
zone (a), intermittently
immersed zone (b). © LUH

be damaged during the transport and storage of the
supporting structures, and also during installation.

The research project also tested several organic
protection systems (varnishes) and developed one
mineral protection concept based on the use of
high-performance grout. Up to now there has not
been a concept that offers lasting protection, and
especially in what is known as the splash zone - the
area in which the water level regularly changes due
to the tides and which the waves break against. Since
this zone is greatly stressed it can quickly result in
damage to the coating.

Immersion Bath
for the “Problem” Plates

4.6

In order to test the suitability of the different pro-
tection systems, the researchers coated so-called test
coupons or test plates with selected varnishes and
mortar compositions and exposed them to authen-
tic environmental conditions in the test field. The
plates were installed both on a jacket and a tripod
in the permanently immersed zone and the splash
zone (@ Fig.4.3). The material degradation was then
subsequently examined in the lab.

It turned out that the best corrosion protection
method is the application of multiple layers of pro-
tection. The samples set out in the test field did not
display any signs of degradation, which is partly due
to the short two-year period of exposure, but they
also supported the lab findings that the coatings
proved to be very durable.

During the project a grouting system was devel-
oped that consisted of a 1 cm thick coat, and which
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when hard exhibited such a degree of impermeabil-
ity that it can permanently protect the steel structure
against the ravages of the sea. This coating is the ba-
sis for the development of an alternative corrosion
protection system that can be used on the splash
zone of offshore wind turbines. In order to apply
the mineral corrosion protection layer, formwork is
built to create a cavity around the steel tower to be
protected and is then filled with high-performance
grout. Various coated test plates fitted with differ-
ent sensor systems and the associated electronics
are attached in three zones (splash, intermittently
immersed and permanently immersed zones) on a
tripod and a jacket foundation. This showed that
electrochemical methods are suitable for use as
corrosion sensors and can register damage such as
cracks, underlying rust, adhesion loss and blistering.
However, during the measuring campaign many
sensors that were under water in the test field or in
the intermittently immersed zone broke down. This
means that in order for the sensors to be used for
permanent structure condition monitoring it will
be necessary to develop suitable protection mech-
anisms.

4.7 Monitoring Is Everything

Offshore wind turbines are difficult to access - yet
the high dynamic loads on the turbine require con-
dition-dependent maintenance. The focus of the
“Global and Local Monitoring” sub-project was on
methods that can be reliably used to detect faults.
The sub-project also worked on a monitoring con-
cept that enables remote monitoring of an offshore
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O Fig. 4.4 Installation and plausibility check of a measuring system. © LUH

wind turbine. This makes it possible to plan main-
tenance assignments better, and reduce the costs.

Prerequisite for effective control and monitoring
is of course a large amount of measurement data -
collected by around 1,200 sensors in the test field.
These sensors include strain gauges or fibre-optic
sensors that were attached to the supporting struc-
tures to determine the stress distribution resulting
from the strains. In order to stay in control of such
large amounts of data it is first necessary to develop
data plausibility methods (8 Fig. 4.4). This checks
whether a value or result is verifiable or not. This
method is based on having comprehensive informa-
tion about the wind turbine, the measuring system
and the defined load cases, such as flow around the
nacelle, turbine braking manoeuvres or measure-
ments taken at constant wind speeds and direc-
tions. On the basis of these load cases, where the
behaviour of the turbine is easily predictable, the
measuring signals can be compared with the ex-
pected values and calibrated for the spreads.

Since sensor defects can occur with time and
not all measuring levels can be fitted with sensors,

the researchers developed an assessment model in
order to avoid misinterpretations and a component
damage prognosis model. Investigations were car-
ried out to see if the partial damage at one sensor
position can be carried over from one time period to
another or can be applied to a similar position on a
neighbouring turbine. This should lead to the devel-
opment of approaches and methods for estimating
the residual life of the structures. With the aid of
algorithms it is then possible to create a forecast for
time periods with similar conditions. These mod-
els can then be used as tools for condition-based
maintenance of offshore wind turbines and their
supporting structures.

A monitoring concept needed for this has to
consist of four stages: damage detection, damage
localisation, determining the extent of the dam-
age, and the residual life prognosis. A concept was
worked out that takes into account the different
states of the turbine. To this end, a database was
fed with raw measuring data as well as information
about the environmental and operating conditions
(EOCs) (B Fig. 4.5).
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All in all, the database comprises 48,000 data
sets with a volume of about 1,000 gigabytes. The
data on the EOCs can be classified and then an-
alysed, and serves to ascertain the expected val-
ues for future series of measurements. During
the course of the project it was possible to lay the
foundations for a comprehensive structure moni-
toring by developing a fast, automated analysis of
time series.

4.8 Scouring, the (Un)Known Entity

The sea, the seabed and the offshore wind turbines
are constantly moving. As time goes by, wave and
tidal currents can scour potholes in the seabed
around the supporting structure. In extreme cases
such scour-induced potholes can endanger the sta-

Qceurrence in %

Temperature [*C] 1
Block width 1 295

Wind Speed [m/s]
Block width 1

bility of the wind turbines if the seabed that gives
them their footing is washed away over time. Scien-
tists from the Franzius Institute in Hannover there-
fore investigated scour phenomena in the “Scour
Protection and Local Scour Monitoring” sub-proj-
ect using a model tripod. The analysis was based
on measurement data from physical measurement
trials in wave flumes (8 Fig. 4.6), numerical simu-
lation and real measurement data about scouring
development in the Alpha Ventus test field. This
showed that the development of scouring is strongly
dependent on sea state and tidal currents, the ori-
entation of the structure and the structure param-
eters, in other words the geometry of the offshore
structures. Scouring does not only occur immedi-
ately next to the piles that connect the supporting
structure to the seabed, but also in the closer vicinity
or under the structure.
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4.9 Scour Protection Using

Concrete Chains

An innovative scour protection system was devel-
oped in the course of the project, one which can-
not be eroded or destroyed. With scour protection
methods used to date, such as stone deposits or ge-
otextile sand containers, it was found that individ-
ual pieces of such protection can be dissolved out
or washed away, so that the protection gradually
becomes useless. The new scour protection system
consists of concrete-filled elements that are linked
together to create a long chain. To this end, the ele-
ments were inserted into a textile hose. The hose was
tied after each chain link, resulting in a flexible and
uniform chain that can be laid in various formats
(@ Fig.4.7).

The elements can be lifted by the current but
not carried away. Tests with the model showed that
the chains reduce the depth of the scour potholes

at the foundation piles and under the central tube
of the tripod, but they also showed that the flow
conditions around a tripod are very complex and
that this form of protection cannot be used without
further research. In the case of jacket and mono-
pole foundations the use of this new system is quite
conceivable.

4,10 How Much Can a Pile Bear?

Supporting structures like jackets and tripods are
anchored in the seabed with steel piles. The piles
join the feet of the structure with the sandy ground
and are therefore just as responsible for the stability
of an offshore wind turbine as the structure itself.
This is why research also focussed on modelling
the load-bearing behaviour of these driven piles,
so that in future it would be possible to identify
influencing variables and inaccuracies in existing
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B Fig. 4.7 Installation variants for concrete scour protection chains before load. © LUH

calculation approaches. To this end, the static and
cyclic load-bearing behaviours were analysed using
numerical modelling. Part of the research involved
investigations with the cyclic triaxial device and in
model test rigs. The triaxial device is a test machine
used to determine the shear parameters (cohesion
and angle of friction) of the cylindrical soil sam-
ples. A drill core sample is inserted into the device
and then subjected to pressure from the sides and
from above until it breaks. Typical for the break is
that the sample shears or slips from above onto one
or more inclined planes. The shear parameter can
be calculated from the stress ratio at the moment
of break.

In the test field, the driven piles were open steel
tubes with diameters of 1.8 to 3 metres, which were
then used to secure the tripods and jackets. These
piles must be able to bear extreme loads and thus
they must exhibit sufficient load capacity. Pile head
deformation and the rigidity of the pile also influ-
ence the behaviour of the overall structure, and it is
also necessary to clarify what effect the axial (along
a single axis) and lateral loads have on the pile and
the structure.

To do this, a programme was developed which
makes a systematic comparison of existing calculation
approaches for any pile geometries and foundation
conditions possible. To this end, a numerical simu-
lation model was optimised to clarify possible loss of
load-bearing capacity as a result of cyclic loads. The
ground behaviour was investigated and clarified with
the aid of the triaxial test. A calculation model was
validated by model tests with monopiles and, using
additional measurement results, was further devel-

oped until ready for practical use. It has already been
used in a variety of wind farms. All in all, the project
enabled a better understanding and better modelling
of the load-bearing behaviour of offshore driven piles.

» The quadrature of steel
The foundation and supporting structure take
up a large percentage of the investment in an
offshore wind turbine. This is where we want
to reduce costs and extend service life. Two
apparently contradictory goals, but an exciting
task for researchers.
Raimund Rolfes, head of the Institute for Statics
and Dynamics, Leibniz Universitdat Hannover,
ForWind

4.11 Close to Reality

Offshore wind turbines are designed on computers,
with the aid of simulations based on numerical mod-
els. With their tall and slender towers, and their large
head masses, wind turbines display a marked dynamic
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behaviour. When reproducing dynamic quantities
in the model however, large deviations often occur
through the implementation of masses, rigidities and
damping. This is why the researchers in the “Validated
Total Structure Model” sub-project concentrated on
the task of reproducing the dynamic structural be-
haviour as true to nature as possible. The parameters,
i. e. natural frequencies and forms, were determined
for this automatically. The extracted parameters were
then used in the automated model validations.

Various validation algorithms were then investi-
gated. By defining variables, the user can specifically
adjust and test characteristics, such as the resonating
water mass, with an easy-to-manage user interface.

This saves an enormous amount of time com-
pared with the manual variation of free parameters.
The knowledge gained can be used for the creation
of future models in order to already achieve greater
closeness to reality at an early stage. The adapted
model provides the basis for a variety of essential
applications, such as load calculations and simula-
tions for structure optimisation.

The basis of the model validation was the mea-
surement data from an Adwen AD 5-116 (in the test
field, turbine AV7) with a tripod foundation struc-

O Fig. 4.8 Improved structure
model of AV7 with known

wall strengths (a). In the detail
view (b, ¢) the nodes, as vari-
able parameters, are marked
green. © LUH
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ture. Structure models of the turbine (B Fig. 4.8)
were implemented in Ansys - finite element (FE)
software with which linear and non-linear problems
can be solved.

With its interface, the developed environment of
the model validation allows the integration of other
FE programmes and the implementation of addi-
tional validation algorithms. In addition to numer-
ical models, a more complex, parameterised model
of test field turbine AV7 was also created, which
reproduced the structure from shell elements. The
model has the advantage of being closer to the real
structure than simplified rod models and can bet-
ter reproduce both flange and tube joints and their
complex behaviour.

4.12 A Software Puzzle
Gets Put Together

Commercial software tools are used in the design
and optimisation of wind turbines, as are in-house
developments from a variety of research institu-
tions. In the “Holistic Dimensioning” sub-project,
scientists developed a simulation and sizing package
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that realises a modular integration of the different
software tools for the simulation of offshore wind
turbines, and which significantly accelerates the
process of economic dimensioning. Under the title
DeSiO (Design and Simulation Framework for Oft-
shore Wind Turbines) it enables an aero-servo-hy-
dro-elastic overall simulation (8 Fig. 4.9) - on the
one hand with the finite element method, and on the
other with the multiple-body simulation.

The application of both of these simulation ap-
proaches functions using the same database without
the user having to regenerate the model.

DeSiO combines the objects from the Gigawind
sub-projects to lay the foundation for embedding
the latest research findings into the overall simu-
lation. Using interfaces it is possible to integrate
additional, new tools. The research results should
be made better usable for the overall simulation,
and particularly with regard to wave load and scour
simulation, as well as ground-structure interaction.
The plan is also to embed a freely available equation
solver (FE Solver) with shell and volume elements,
which enables the optimised design of supporting
structures.

DeSiO centres on the three modules GUI/visu-
alisation, controlling and database/validation. Other
features are the individual interface modules, which
build bridges to the individual programmes and
tools. Sensors from the test field and the Fino 1 met

GIGAWIND alpha ventus Tools

mast provided the data - for example about water
level, air pressure, current direction, wave direc-
tion or wind direction. The database and validation
model was developed because of the foreseeable
large volume of data and the large amount of time
needed for downloading. It enables the centralisa-
tion of the measurement data so that it is reliably
available for processing. The GUI/Visualisation
module contains all the functions needed for repre-
senting the model and simulation results, and gives
the user the interface needed for controlling. The
controlling model enables communication between
the interface modules, the GUI/Visualisation and
the database module. This means the user can carry
out simulations more easily because DeSiO controls
the connected software tools.

The software tools include WaveLoads for the
simulation of wave loads, and GIGAWAVE for the
transferring of loads from breaking waves into De-
SiO. Falcos calculates the fatigue strength of dy-
namically stressed offshore node connections. With
a preprogrammed interface it is possible to model
the node connections of a resolved offshore wind
turbine support structure automatically.

OWEACcorr, a tool that reproduces and calcu-
lates the problem of rusting and the mass increase
caused by marine growth, is also to be integrated
in the numerical overall structure model. Also in-
corporated is ISoS, which determines the horizontal

TP 1 TP2 TP 3
[ cicawave | [ Farcos | [ owescor | TPS
IP4 TP5 TP 6 design and simulation framework
| ansvs | | Scour | | 1S0S | for OWTG (DeSiO)
TP 7 | GUI / visualisation |
| ARSYS und ValiTool |
| control | I database / validation |
’, Al
Tools for holistic simulation wa
MKS FE 4_T

[ FAST II AeroDyn I

| ADAMS | [ WaveLoaas | l Poseidon l

D load calculation programme

programme

T —
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O Fig. 4.9 Overview of the modules and software tools integrated in DeSiO. © LUH
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and vertical initial rigidity of the pile bedding of the
offshore wind turbine foundations. With ValiTool it
is possible to validate models on the basis of natural
frequencies and mode shapes, and HanView is used
to call up, read in and visualise stored raw measure-
ment data and simulation results.

One application example is the FE analysis of
the structural dynamics of a Senvion 5M five-mega-
watt wind turbine (Turbine AV4 in the test field),
where a modal analysis (numerical characterisation
of the dynamic behaviour of vibratory systems) is
carried out for the overall structure. A pile founda-
tion was also modelled.

Indicative multiple-body models were also cre-
ated and prototypical analyses carried out. An ex-
ample of this is an Adwen AD 5-116 with tripod
(Turbine AV7 in the test field), for whose modal
analysis the Fast, Aerodyn, Adams and WaveLoads
programmes were used (8 Fig. 4.10).

The overall simulation enables the consideration
of the interactions between wind, waves, turbine,
supporting structure, foundation and ground. The
latest research findings can also be integrated via
standardised interfaces, tested for the overall simu-
lation and then made available for industrial appli-
cation. The software tools tested can be used both
in DeSiO as well as in other FE or multiple-body
simulation programmes for industrial simulation.

The objective of Gigawind Alpha Ventus is to
improve the supporting structures of the offshore
wind turbines using a holistic dimensioning con-
cept — despite all the loads from wind, waves, sun,
rust and scouring. The end of this development will
see solidly standing supporting structures which are
also an economical product for the series produc-
tion of offshore wind turbines.

4.13 Sources

Raimund Rolfes, Peter Schaumann (Hrsg.):
GIGAWIND alpha ventus. Verbundprojekt
Ganzheitliches Dimensionierungskonzept

fir OWEA-Tragstrukturen anhand von
Messungen im Offshore-Testfeld alpha ventus.
Forderkennzeichen 0325032, 03250324,
Abschlussbericht 2008-2012. 267 S., Oktober
2012, unpublished
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O Fig.4.10 Schematic representation of the sample
calculation for Turbine AV7 using Fast, Aerodyn, Adams and
Waveloads in DeSiO. © LUH

Hildebrandt, A., Schlurmann, T. (2012): Wel-
lenbrechen an Offshore Tripod-Griindungen
- Versuche und Simulationen im Vergleich zu
Richtlinien, Bautechnik 89 (2012), Heft 5, pp.
301-308
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Project information: Life time - Research
on Support Structures in the Offshore Test
Site Alpha Ventus (GIGAWIND life)
Project management:
Leibniz-Universitat-Hannover, Institute of Struc-
tural Analysis
Prof. Raimund Rolfes
Project partners:
== Adwen GmbH
== Fraunhofer IFAM
== Fraunhofer IWES
== Fraunhofer LBF
== | eibniz Universitat Hannover

- Franzius-Institute of Hydraulic, Estuarine
and Coastal Engineering
Institute of Building Materials Science
Institute of Concrete Construction
Institute of Geotechnical Engineering
Institute of Steel Construction

== Senvion GmbH

5.1 The Journey Is the Reward

Gigawind continues. The follow-on project “Giga-
wind Life” is dedicated to aspects that first come to
light after an offshore turbine has been in operation
for several years, i. e. the degradation mechanisms of
its supporting structures such as material damage, de-
fective rust protection systems, scouring or degrada-
tion of the pile load-bearing behaviour - but also the
ascertainment of external loads from waves or marine
growth on the supporting structures. So “Gigawind
Life” means an immense collection of data from the
ongoing operation of Alpha Ventus over many years
- and its evaluation right into 2016. The worldwide
unique long-term measurements taken on the wind
turbines out at sea are then combined with individual
investigations and model developments to be created.

So the motto is not necessarily “service life above
all else”. Solutions like increasing the service life of
supporting structures beyond the current 20 years are
one possibility - and their optimised, more cost-effec-
tive design another. The focus of the ongoing research
project is on condition assessment and prognosis for
the supporting structures - in other words, for every-
thing below the nacelle - based on measured data.

The plan is also to develop verifiable methods and
structure models for an integrated and economical
design of supporting structures for offshore wind tur-
bines. The tripod foundation is the subject of a special
sub-project where the focus is on automated service
life determination of the tripod support structures —
taking their real loads into account.

5.2 Efficient Data Management

As far as monitoring the supporting structures,
monitoring tasks to date have mainly been planned
as stand-alone solutions for one wind turbine or for
one wind farm. This is associated with a massive
amount of effort, frequently accompanied by insuf-
ficient reproducibility of the data and a lack of data
security, which is why a sub-project of “Gigawind
Life” will develop a universally applicable system that
eliminates these weak spots and that is easy to use.

In view of the foreseeable great flood of data
from the Alpha Ventus sensors, the development of
a data management system is an important sub-proj-
ect (B Fig.5.1). It supports the other sub-projects by
providing tools that make data from different sys-
tems accessible in a uniform way - in other words,
by bringing together monitoring, simulation and
lab test data in one standardised user database. The
various component research projects can then also
implement the intended evaluation with these tools.
For the evaluation of this great amount of data ways
are being investigated as to how the data can be filed
in blocks on a computer cluster, and then processed
as part of several sub-projects.

Peripheral Anecdote (I): The future of
offshore begins - in the test centre

It might not exactly have been a bargain, but it
sets standards - the Hannover-Marienwerder
Testcenter for Support Structures, opened in
September 2014, cost 26 million euros. Most of
the far-sighted investment came from Federal
Government, the EU and the State of Lower
Saxony, though Leibniz Universitat and the
local Institute of Statics and Dynamics at Leibniz
Universitat Hannover also contributed to the
funding. The testing hall is 20 metres high and
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data evaluation

3 ~

data access

X
- W !
data management
B Fig. 5.1 Systems were developed in Sub-project 1 that en-

able the access, evaluation and management of data in com-
pliance with the special Alpha Ventus requirements. © LUH

20 metres wide. The various different areas can
be used for such experiments as testing the
tensile forces on the piles of an offshore wind
turbine on a concrete wall, or for investigating
foundation anchoring concepts and scouring

in a ten-metre-deep sandpit, while a resonance
test machine observes the tension-compression
stresses on bolted or welded connections. There
is also a climate chamber with various tempera-
tures and humidities, and there’s even (sea) salt
spray as well. The test centre for supporting
structures - alongside the new turbulence wind
tunnel in Oldenburg - is the centrepiece of the
ForWind research partnership.

Bjorn Johnsen

5.3 Research Put into Practice

Methods are to be developed on the basis of long-
term measurements which identify the condition
parameters, damage and loads, and which can
analyse their temporal evolvement. For this you
need model tests, for example to test if methods or
continuous structure monitoring (SHM, Structural
Health Monitoring methods) are suitable to do this
based on specific damage scenarios. The findings
from improved model approaches and methods for
early diagnosis of damage are not under any circum-
stances meant to stay in the lab, but increasingly put

into practical application: thus making an important
contribution to the optimisation of existing inspec-
tion concepts, and to the determination of the resid-
ual life of the supporting structures.

Also important here is the possible displace-
ment of the grouted joints. Down on the seabed
these are the most important connections between
the foundation pile and the supporting structures.
These connections are usually filled with high-per-
formance concrete or grout. The special concrete
can already achieve very great pressure resistances.
Yet these grouted joints are in danger of material
fatigue and deformation resulting from the high
number of load cycles experienced by an offshore
wind turbine. This is why strain gauges were also
attached to a turbine here to measure any possible
deformations or displacements of the grouted joints
that might occur.

An example of this transfer of supporting struc-
ture research into practice is where the existing accel-
eration measurements taken on the tower of a wind
turbine were used to automatically calculate the nat-
ural frequency modes of the tower. The changes in
the dynamic behaviour are now being monitored fur-
ther and used to assess the condition of the turbine
(B Fig. 5.2). This also includes the prognosis for the
accumulated pile deformations and the quantifica-
tion of the system stiffness under operating loads.

Another important role is played by marine
growth at various water depths right down to the
seabed - and this is much more than just a few algae
and clumps of mussels (B Fig. 5.3). The growth can
affect the impact of waves on the wind turbine and
result in an increase in mass. This in turn means
more loads on the turbine. The marine environment
- sea/wave state, scouring, marine growth - there-
fore has a direct impact on the fatigue loads of the
supporting structures.

5.4 Despite Rust and All that:
Is There Anything After the End

of Service Life?

With the degradation models, work is being done
on the base in order to be able to make statements
about the service life of the supporting structures
and to be able to estimate residual useful lives of
existing supporting structures. For it is possible that
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B Fig. 5.2 Monitoring the condition of the turbine with
modal parameters from the long-term measurements.
© Senvion GmbH 2015

“we could get a bit more out of it”, once we come to
the end of the 20-year operating life it was designed
and built for. To do this however, it is necessary to
redevelop the existing degradation models or even
develop completely new ones taking spatial stress
conditions and reductions in rigidity into account.
Afterwards these models can be transferred into
automated calculation programmes where their va-
lidity can be tested using measurement data from
Alpha Ventus and other model tests in the test cen-
tre. The knowledge learned from this will then en-
able a holistic consideration of the different limit
conditions of the supporting structures, with regard
to their load-bearing capacity, fatigue and fitness for
purpose.

For example, a model is currently being created
which describes the consequences of material loss
resulting from corrosion where there are coating

defects. The changing water level on the support-
ing structures — sometimes ebb, sometimes flow,
sometimes particularly high waves - represents a
massive mechanical strain on the corrosion protec-
tion at this point; it is being constantly degraded.
In several long-term tests models were developed
for estimating the service life of mineral and con-
ventional corrosion protection systems - based
on the findings of corrosion tests and “field tests”,
for example in Alpha Ventus in the North Sea
(@ Fig. 5.4).

» We want to really boost reliability
Research is becoming especially important with
the increasing size of wind turbines. With the
investigations and test series in our testing halls
and laboratories we can significantly shorten
processes that would take up to 20 years in the
sea; in just a few weeks or months we can age
the objects we are investigating by years. Our
goal is to boost the level of reliability of the
wind turbines.
Raimund Rolfes, director of the Institute of Stat-
ics and Dynamics, Leibniz Universitat Hannover,
ForWind

Model Tests Are Good, but Are
Calculation Models Better?

5.5

Or is it the other way round? With the measure-
ment data from Alpha Ventus it is possible to de-
velop framework conditions for lab tests, and in
turn use their results to optimise the calculation
models specifically for conditions in the North Sea.
Pre-damaged test specimens from Alpha Ventus
were examined in the laboratory - which, combined
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B Fig. 5.3 Marine growth at different depths on the foundations of turbine AV6 and on the seabed.a—-1.9m, b -8.6 m,
c—15.8m, d —33.0 m (seabed). © IfAO

B Fig. 5.4 Corrosion on differently coated steel test specimens with damaged corrosion protection. © Fraunhofer IFAM

with the measurement data, gives a more exact re- in a model. Virtual tests can, among other things,
production of, for example, the real stresses on the  serve as a basis for the targeted design and planning
corrosion protection grout that might be expected  of large-scale trials.
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O Fig. 5.5 3D Wave Basin at the Franzius Institute. © LUH

A key task in offshore research is undertaken
at the 3D Wave Basin at the Franzius Institute in
Hannover-Marienwerder, which has been exten-
sively enlarged following major construction work
(B Fig.5.5). Here it is possible to recreate and anal-
yse wave and current flows. Tests will start in the
near future with realistic loads from a multidirec-
tional sea state with superimposed flow, in order to
thus recreate a realistic load on the offshore wind
turbine.

Peripheral Anecdote (l1): Researchers build
mini sea

Unique in the German research sector is the 3D
Wave Basin at the Franzius Institute in Han-
nover-Marienwerder (8 Fig. 5.5). With a length
of 40 metres and a breadth of 24 metres it can
generate a proper sea state with waves of up to
40 cm height. The 3D wave machine has 72 indi-
vidual wave blades and enables investigations
such as the revetment stability of wave breaker
heads and experiments with wave attacks at an
oblique angle. There is also a deeper section of
the wave pool that is used for the simulation
and analysis of the changes in the seabed,
especially the transport of sediment as seen in
scouring. Opened in 2014, the 3D Wave Basin
was extended to include numerous additional
functions just a year later.

Bjorn Johnsen

5.6 The Gordian Tube Knot

When carrying out an integrated overall simulation
of offshore wind turbines, the innovative inclusion
of design-relevant degradation processes can for the
first time reproduce in detail the real development
of the dynamic supporting structure behaviour over
the complete service life of the turbine. The work
that has already begun is showing how it could still
be even better — especially where the measurement
of fatigue is concerned, as this is crucial for the de-
sign of the supporting structure. It may well be that,
for example as a result of identifying possible system
reserves, this offshore wind turbine can be operated
for longer than the service life it was designed for.
The numerical tools that have been developed for
the fully coupled simulations of offshore wind tur-
bines, including a newly developed FE substructur-
ing technology for offshore wind turbines, are be-
ing validated by the measurement data from Alpha
Ventus.

During these simulations it is particularly the
tube joints of supporting structures that pose a great
challenge. With beam element models it is only pos-
sible to represent their characteristics in a greatly
simplified manner. It would be more accurate if
a superelement approach with the finite element
method (FEM) was used, which describes the com-
ponent behaviour for sections and takes the con-
nection conditions of these sections into account
(8 Fig. 5.6). Improved numerical representation of
the tube joint geometry with the aid of finite shell
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or volume elements can be integrated in the shape
of a superelement approach in the beam element
description of a jacket supporting structure. This
would make it especially possible to represent the
flexibility of these tube joint connections in the sup-
porting structures more precisely.

Where Will It All End -
Automatic Service Life
Calculation

5.7

We know about it from car construction; if you
know the real load data you can predict pretty accu-
rately that a particular engine or gearbox will reach
the end of its service life at 200,000 kilometres. In
car construction this method is however only used
for comparatively few load cycles. Over 100 million
cycles occur offshore, yet the method for the auto-
mated determination of service life based on real
load quantities can, with extensive knowledge and
consistent further development, also be used for the
supporting structures of offshore wind turbines -
and this could in turn lead to reduced costs or lon-
ger service lives. This is assuming that we accurately
know the loads that occur and the reactions of the
materials to these. The plan is for one sub-project to
work on the precise, automatic determination of the
residual service life of an Adwen tripod foundation.

Unlike with classical methods, which usually pro-
vide an early diagnosis of the changes in component
behaviour, it is thus possible to provide statements
about the length of service life — and long before any
changes in component behaviour occur.

5.8 Sources

» www.gigawind.de/gigawind_life.html,
Lebensdauer-Forschung an den OWEA-Trag-
strukturen im Testfeld alpha ventus - GIGA-
WIND life, accessed on 12.12.2015

IfAO (2013): Fachgutachten “Benthos” zum
Offshore-Windpark “alpha ventus”, Bericht
iiber das 3. Betriebsjahr. Auftraggeber: Stiftung
Offshore-Windenergie, Stiftung der deutschen
Wirtschaft zur Nutzung und Erforschung der
Windenergie auf See
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Project information: Application-Oriented
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Project partners:
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A great deal is possible, even on the seabed. To-
gether, wind and waves shake the foundations of
the offshore wind turbines. There is also the “nor-
mal” current and ebb and flow of the tides that are
so distinctive in the North Sea. Pore water pressure
can also occur on the seabed, loosening it. Where
monopiles are involved, the worst case is that the
stability of the whole turbine can be altered - even
if such a monopile rammed into the seabed has a di-
ameter of up to eight metres. Over half the planned
offshore wind turbines in the North and Baltic Seas
are to have monopile foundations, and over 40 %
are to have multi-pile foundations, designed for ex-
ample as a tripod. This is why pile foundations and
their loads deserve special attention. For one thing
above all is to be avoided in plant operations, and
that is the risk of turbine tilt.

6.1 Everything Rests on the Pile

The charm of the monopile is in its simplicity. It can
be driven into the seabed relatively easily and with-
out any extensive preparatory work — provided that
there are no obstructions in the way and the water
is not really that deep. Due to the great depth of
the water in Alpha Ventus, around 30 metres, more
elaborate tripod and jacket foundations were used.
In the case of the tripod the central tower shaft is
reinforced with a three-legged bracing on the side
and horizontal reinforcements, creating what is like
a small pile pyramid above the seabed. Rammed
piles are also used here, which are driven through

sleeves into the seabed. The jacket foundation is a
kind of framework structure with circular hollow
sections and is also anchored in the bed with piles,
and the stresses on their pile elements are compa-
rable with those on tripods. Also similar to a stan-
dard tripod is the BARD Tripile, only that its three
steel tube legs are connected to one another with a
square transition piece above the waterline. Gravity
foundations (only for shallower water) or floating
constructions have only been used for offshore wind
turbines relatively rarely.

The foundation research projects for Alpha Ven-
tus have been about investigating the scientific back-
ground for safe foundations, carrying out laboratory
and model experiments, and equipping a pilot wind
turbine in Alpha Ventus with an extensive array of
sensors and measuring strips on the foundation
and the supporting structure, thereby developing a
monitoring system for future structural monitoring.
The carrying capacity of a foundation depends on
the pile characteristics (diameter, length, bonding
depth and “soil rigidity”), the type of seabed (sand
grain distribution, permeability and density) and of
course the external loads. Are these unique or cy-
clically recurring, do they come from changing load
directions or just along one axis, and what strength
and number do the load cycles have?

Pore Water Pressure:
Even a Drop Weighs Heavy

6.2

One of the loads that occur on the seabed is the pore
water pressure. This is the tension in the water-filled
pores of the seabed, in the “waterlogged” sea floor.
The water is self-supporting, and pore water pres-
sure constantly increases with depth. Excess pore
water pressures are created through a reduction in
volume resulting from shearing. This excess pres-
sure can be reduced again through flow processes in
the sea floor, as with a drainage system (B Fig. 6.1).
If the drainage is impeded this will result in the de-
formation of the ground and a further increase of
the pore water pressures.

This has a crucial influence on the load-bearing
behaviour of the ground. Very large recurring cyclic
loads and increasing pore water pressure alter the
formerly comparatively elastic fixing conditions of
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B Fig. 6.1 The development of pore water pressure changes on the pile sleeve of a laterally stressed monopile in the calcula-

tion model. © BAM

the pile in the ground - and with that, also the entire
offshore construction (B Fig. 6.2).

6.3 Measuring and Expanding

In the “Foundations” research project at Alpha Ven-
tus the scientists carried out measurements on an
Adwen turbine (AV7), especially on one of the three
driven piles (B Figs. 6.3 and 6.4), and also evaluated
the measurements from expansion and acceleration
sensors at various heights on the whole wind tur-
bine, and right down to the level of the sea floor.

The results clearly showed that wind speed and
expansion on the pile go hand in hand; the greater
the wind speed that impacts on the turbine above
the surface of the water, the more the pile in the
seabed is loaded and stretched - also below the sur-
face of the water. This is because different loads are
interacting.

With model tests on smaller-scale piles on land
it is possible to quite accurately trace the long-term
behaviour of the piles along an axis under recurring,
cyclic load. Little by little the researchers turned to

larger models and carried out several test series with
what is known as “Berlin sand”. This sand was com-
pletely flooded in the trial box to create a model of
“North Sea reality”.

Peripheral Anecdote: Far away from the
North Sea - Berlin sand

The Berlin glacial valley was originally noth-
ing more than a big swamp until the Ice Age
glaciers and the water masses flowing off them
brought the sand from Scandinavia. On its long
journey from Northern Europe to Berlin the
moraine scree and till was ground and washed
out under massive pressure. This “Berlin sand”
has a grain diameter of almost one millimetre
and is thus classed as coarse “medium sand” -
and is quite similar to the sand of the North Sea
floor. This is why the scientists used it for their
foundation trials. The sand that was to simulate
the North Sea sand came from the Kraatz sand
quarry outside Berlin.

Bjorn Johnsen
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B Fig. 6.4 Checking the instrumentation on a tripod pile.
© BAM

The centrepiece of the trial series consisted of
two specially manufactured steel containers with
three-metre diameter and a height of two metres
— their floors covered with Berlin sand that was per-
manently under water (8 Fig. 6.5). The model pile,
to which several strain gauges had been fitted, was
then driven into the Berlin sand using a hydraulic
pump (B Fig. 6.6).

The model test showed that there is a rapid com-
paction of the ground around the pile and conse-
quent stiffening of the lateral pile. This results in a
drop in the bending moments at half-height of the
pile bedding in the ground (@ Fig. 6.7).

Between Ground Subsidence
and Pore Water Pressure

6.4

The models also show effects that are probably sub-
ordinate at full scale. In all test trials carried out un-
der recurring, lateral load there was significant sub-
sidence in the immediate vicinity of the pile. This is
caused by the grain location or compression of the
sand. Computer-supported numerical models were
also developed in order to specifically investigate the
basic behaviour of the pile foundation, for example
the stress paths of the floor elements around the pile,
the course of the pore water pressures along the bond-
ing depth of the pile and the time of the occurrence
and extent of the so-called “soil liquefaction”. Such
aspects are difficult (if at all possible) to measure in
model trials - it’s easier for the computer to calculate
it. The greater the pile diameter, the better the load

5 6

O Fig. 6.5 Preparation of trial boxes for testing laterally
loaded piles. © BAM

transfer and stress distribution in the ground. The
consequence of this is less pile head displacement and
only minor ground deformation, which in turn results
in the excess pore water pressure not reaching quite as
high a level as with smaller pile diameters.

The conclusion here is that model trials have
supplied a major contribution to the initial assess-
ment of the lateral load-bearing behaviour of the
piles. Calculation models were subsequently devel-
oped in order to estimate the lateral pile displace-
ment in the event of recurring, cyclic loads when the
ground is saturated.

6.5 Extreme Storms Loosen Things

up

Extremely strong “storms with a one year return pe-
riod” (with a wind speed of 32.5 m/s and maximum
12.2 m wave height) in the German Bight also have
an impact on the foundation. The storm causes a
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O Fig. 6.6 Trial boxes with built-in, laterally loaded pile.
© BAM

significant compaction effect on the sea floor. This
can entail a temporary weakening of the foundation,
at least until the excess pore water pressures have
completely abated (B Fig. 6.8).

Storms of moderate to extreme strength can re-
sultin a certain weakening of the offshore pile foun-
dations. A complete liquefaction of the ground and
consequent risk to the whole foundation is not how-
ever to be expected, because the pore water pressure
does not rise to an arbitrary height. The sand in the
North Sea is too tightly compacted for this to hap-
pen. This means that it does not result in a complete
loss of load-bearing capacity because of soil lique-
faction, although there is a far greater likelihood of
“serviceability problems” that can occur as a result
of the weakening of the sea floor during the storm.
This could result in restrictions for the operative
frequency ranges of the turbine for a while after the
storm - the wind turbine then needs a consolida-
tion period, so to speak, until it can withstand a full
load once more. This can be briefly summarised by
saying that it is most critical in the period after the
storm. A good foundation is usually not endangered

at the start of the storm, because at that stage the sea
floor is still compact. The time that could probably
be most dangerous is immediately after the storm,
when the strong pore water pressure loosens the
ground. It can take a while until the ground stabil-
ity is then strengthened or normalised once again.

The Burden with the Load
Thereafter

6.6

And of course there are still many unanswered
questions, such as how does the reinforced con-
crete and prestressed concrete in the foundation
behave when subjected to the particular offshore
loads? Or how can these foundation structures be
simplified and improved? What could a real load
impact scenario for the foundation look like which
takes into account the most varied forces and loads,
such as constantly changing load directions and
combinations of lateral and vertical loads (the tower
resonates with it) and the whole thing in the most
different time sequences, from the short-term peak
to chronic long-term impact? Ultimately this can
only be answered by an investigation of whole load
ranges with their temporal sequences.

6.7 Sources

== Abschlussbericht zum Forschungsver-
bundprojekt: Anwendungsorientiertes
Bemessungs- und Uberwachungsmodell fiir
Griindungsstrukturen von Offshore-Wind-
energieanlagen unter zyklischer Belastung,
Forderkennzeichen 0327618A. 415 S., Berlin,
Oktober 2012

== Synopse zum Vorhaben “Anwendungsori-
entiertes Bemessungs- und Uberwachungs-
modell fiir Griindungskonstruktionen von
Offshore-Windenergieanlagen unter zyklischer
Belastung”. M. Baef3ler, BAM Bundesanstalt
fir Materialforschung und -priifung, Berlin,
Fachbereich 7.2 Ingenieurbau, 6 S., September
2014
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7.1 Getting the Balance Right

Offshore wind turbines enter unknown territory, es-
pecially where the foundations are concerned. This is
because offshore wind power can only make use of
the experience from the common offshore construc-
tions used by the oil and gas industry to a limited ex-
tent. The offshore wind industry has tried to reduce
foundation dimensions, especially the pile lengths,
as much as possible compared with those of the
oil and gas industry. This is because with the large
number of wind turbines involved it can provide
considerable economic advantages. On the other
hand, the stability of the foundations is additionally
at risk because due to the much larger number of
cyclic loads they are subjected to it is very difficult
to predict how they will behave. Since offshore wind
farms are manufactured in series, every systematic
fault in the foundation acts as a series fault for a large
number of turbines. This calls for monitoring - and
the right dimensions of pile foundation, the most
common type of foundations used for wind turbines.

Where the foundations of onshore wind tur-
bines are concerned, the local ground is explored
and it is usually also possible to refer to experiences
with comparable locations. Where offshore foun-
dations are concerned there has not been any such
comparable experience in the German North Sea
to date. This has resulted in a degree of uncertainty
about what pile diameters and lengths are necessary.
The pile designs could be undersized or oversized.
If the foundation is undersized the stability of the
structure is endangered and - as a result of series
production - so is the whole wind power plant. If

the foundation is oversized it will drive up the costs
unnecessarily. The foundations of offshore wind
farms thus represent a great structural challenge.
This situation is aggravated for wind turbines out
at sea because of the high number of load cycles,
the unfavourable relationship between impacting
horizontal forces and the comparatively low weight
of the wind turbine (= great torque to be expected),
the high cost pressure, the consequences of “series
faults”, the effective lack of offshore wind knowledge
at German project locations until Alpha Ventus, and
the high cost of inspection and maintenance.

7.2 Observing and Monitoring

The use of structure monitoring systems is an ele-
mentary component of project requirements. They
can close the gaps in structural experience and guar-
antee the stability of foundations in operation. In the
geotechnical field the “lack of experience” and espe-
cially any defects discovered during the verification
of the stability can lead to compulsory measuring
and monitoring being prescribed, whereby it is pos-
sible that not just monitoring will be compulsory, but
also the provision of active countermeasures. The so-
called observational method then replaces the veri-
fication of stability or represents this verification of
stability. The observational method includes mea-
surements, the representation of meaningful indica-
tors and intervention thresholds, the representation
of the structural model involved and its degradation,
and the representation of possible countermeasures.

The RAVE research project “Monitoring Proce-
dures and Assessment Model for the Foundations of
Offshore Wind Turbines” was a joint project carried
out in association with wind turbine manufacturer
BARD, whose five-megawatt machines have been
erected in close proximity to Alpha Ventus, at the
BARD Offshore 1 wind farm (80 x 5 MW). A new
type of foundation was used here, the Tripile.

Peripheral Anecdote (I): Slimness has its
price

Like the tripod, the tripile is a three-legged
foundation. In this case, three steel piles of
about 40 or 50 metres in length are driven into
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B Fig. 7.1 Offshore wind tur-
bines with tripile foundations.
© Ocean Breeze Energy GmbH
& Co. KG

the seabed but, unlike the tripod, they extend
several metres above the surface of the water,
where they are connected with one another by
means of a square transition piece (B Fig. 7.1).
The basic idea behind the tripile patented

by BARD, which has in the meantime been
declared insolvent, is that the tensile forces on
the foundation in the sea act particularly on the
grouted section, the point of contact between
pile and load-bearing structure. If something
goes wrong there it can only be fixed using
divers with a great deal of effort, if at all.

This is why the BARD idea was to” do everything
of significance above water”. The transition
piece and the grout sections for the piles are
above the waterline, which means that virtually
all repair work can be done by ship, without
the need to deploy divers. The steel piles can
also be designed to be slimmer, the piledriving
is quicker and the slim steel piles can reduce
costs. The patented piles really are slimmer
than those used on the tripods. But whether
this actually saves cost depends on the current
steel price, because this slimness also has its
price. Inside, the walls have to be substantially
reinforced and instead of one thick tube there
are now three slim tubes sticking up out of the
water. Just these three steel elements and the
transition piece of the tripile weigh 500 tons.

On top of this you have the steel for the wind
turbine and its tower. According to the manu-
facturers, 120,000 tons of steel was used in the
construction of the BARD Offshore 1 wind farm
and its 80 turbines plus transformer station.
Bjorn Johnsen

7.3 All Beginnings: The PCand a
System Identification Procedure

The research project investigated the difference
between indirect procedures for monitoring struc-
tures, where straightforward load monitoring is
used as the basis of assessing the load-bearing ca-
pacity of the foundation, and direct procedures. In
the latter case the load-bearing capacity itself is di-
rectly determined by analysing the actual course of
load displacement of the piles.

Based on this, a new system identification
method was introduced that can be used to deter-
mine the load displacement curves for the pile us-
ing the operating data of the offshore wind turbine.
This basis creates a simple finite element model for
the pile with a freely selectable approach for the
tangential and axial bedding in the seabed, the so-
called “t-z curves” or “t-z springs” - the derivation
of non-linear axial spring characteristics. Vertical
counterforces work bottom to top on the foundation
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B Fig. 7.2 Horstwalde test field. a Driving a pile, b View of the test field with ten piles (length 20 m, diameter 0.7 m). © BAM

or steel pile from the seabed, almost like springs. Or,
as Isaac Newton put it, for every action there is an
equal and opposite action.

This project also initially focused on developing
a computer model where identifiable loads, forces
and data were entered and further developed in
order to identify the “system offshore foundation/
pile supporting structure” as precisely as possible.
Here the forces do not in any way act linearly; if
for example a pile is pulled out of the foundation
soil, this results in a non-linear displacement curve.
The computer model and procedure were theo-
retically tested and the performance limits for the
pile foundations determined. This was followed by
a subsequent reference test at the Federal Institute
for Material Testing (BAM) test field in Horstwalde
near Berlin (8 Fig.7.2).

Field Trials at the Bottom
of the Berlin Glacial Valley

7.4

The load facility in Horstwalde (8 Fig. 7.3) allows
half-scale offshore piles, around 20 metres in length,
to be driven into the ground. The Berlin sand is
densely bedded and has a comparable grain size to
that in the floor of the North Sea. Like the sea, the
high water table - it is located in the former Berlin
glacial valley — provides complete saturation of the

ground. The load tests on the sandy Berlin-Bran-
denburg ground confirmed the opportunities of-
fered by the method and model that were developed.
The load-bearing capacity can be determined from
incomplete force and deformation recordings. The
great challenge for an offshore foundation consists
of two important questions: what quality does it
have and how accurate is the structural model for
the piles? And how accurately can the structure be
measured and monitored?

7.5 The Early Piles:

Still Not Very Resilient

An important finding of the field tests with the
driven piles relates to the increase of load-bear-
ing capacity with time. During the piledriving
the ground material is disturbed around the pile
sleeve. The load-bearing capacity of the pile is
therefore rather poor after installation. With time
the ground tenses up again around the pile sleeve,
and the load-bearing capacity can increase sharply.
The load-bearing capacity on the pile sleeve is de-
termined by the dilatancy. Dilatancy is the volume
change observed in a compacted granular material
when it is sheared (8 Fig. 7.4).

It is also a fact that when a pile is repeatedly sub-
jected to load its load-bearing capacity is altered.
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The difficulty is estimating this accurately over its
service life, because the load-bearing capacity does
not decrease in a linear manner over the 20-year
service life of an offshore wind turbine, and the
loads caused by wind and waves, and their yearly
trends, are too diverse. The impact and the evalu-
ation of extreme events, such as severe storms, are
also important.

On balance it is clear that large driven offshore
steel piles, and especially so-called young piles, ex-
hibit a significant increase in load-bearing capacity
when the turbine first goes into operation.

. 7

B Fig. 7.3 Horstwalde test field: Mobile,
hydraulic load facility for applying static and
cyclic loads (3.6 MN tension, 1.8 MN pressure):
a sketch, b view, ¢ hydraulic actuator. © BAM

7.6

No Signal in Normal Operation

As with many system identification methods, and
similar to dynamic pile load tests, the procedure
developed in the project only delivers good results
when it is sufficiently near to the load. Since no
continuous extreme loads are to be expected in off-
shore operation, but rather underlying cyclic loads,
the prerequisite for model identification is seldom
found. In “normal operation” the measurement sig-
nal is simply too small. It only displays signals when
there is a major storm, when for example 50 % of the
possible bearing load of the offshore foundation has
been reached.

This does not however represent a weakness of
the method developed, because this method can and
should only display results for very large load am-
plitudes with plastic changes on the pile. This meant
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that it was primarily the quality of the measurement
installation that was tested.

Peripheral Anecdote (Il): We are not
measuring for tsunamis, but for the North
Sea

This is most certainly a case of pile degradation:
a volcano erupts in Iceland, triggering a tsunami
that surges across the German Bight and,
among other repercussions, snaps a pile in a
wind farm. But such a tsunami is not really very
likely. It is far more likely that pile degradation
will occur as a result of weaker extreme events,
such as an extreme event that occurs once a
year. Then you would certainly find material fa-
tigue. But you would also find that the pile can
recover after a few days' rest — without storm or
wind turbine operation. So there is a cure.

Bjorn Johnsen

7.7 Testing out at Sea Still

Not Completed

As well as developing models and carrying out field
tests on land, the research project also included trials
of the new structure monitoring method on a wind
turbine out at sea. In this case it was on a wind tur-
bine belonging to our project partner in the BARD
Offshore 1 wind farm in the direct vicinity of Alpha
Ventus. The wind turbine manufacturer’s structure
monitoring system was positioned on one side. The
manufacturer had installed this measurement tech-
nology at the beginning of 2014, towards the end of
the research project. The measurement technology
was implemented in the manufacturer’s data system.

The centrepiece of the measurement technology
concept turned out to be the choice of the right ac-
celeration sensor. The difficulty was in getting a low-
noise measuring signal for the relatively small and
low-frequency vertical acceleration vibration in the
pile. Only then is it possible to calculate the displace-
ment amplitudes of the pile with sufficient accuracy.
To achieve this, the acceleration sensors that take the
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accurate measurements have to point in the three spa-
tial directions (height, width, depth). Several months
of experiments and tests in the laboratory of the Fed-
eral Institute for Material Testing showed that a spe-
cial seismic sensor model was most suitable. So many
laboratory tests were necessary because the data pro-
vided by the manufacturer was often insufficient and
its use for offshore applications turned out to be not
possible. A false initial selection on land would have
had effects oftshore that could only be remedied with
difficulty. The system has to be simple and robust, but
still be able to measure the slightest vibrations very
accurately - and last for many years out at sea.

Project partner BARD had also previously at-
tached strain gauges as a rosette around the outside
of the pile.

Because the measuring equipment was only in-
stalled in 2014, the tests and any subsequent monitor-
ing programme on the BARD test system could not
be completed. The measurements are to be continued.

)» Monitoring procedures for offshore structures
are important. The main problem is when in
future it displays damage or just unscheduled
degradation on the pile. What measures can
and must the wind farm operator take? Here
there is still a significant need for research and
above all development.

Matthias Baef3ler, Department 7.2. Civil Engi-
neering, Federal Institute for Material Testing

Outlook: Please Continue to
Develop Countermeasures

7.8

An accurate forecast of the load-bearing capacity of
typical offshore piles and also the measuring of the
condition of their load-bearing capacity in a mon-
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itoring concept is a difficult task. Unless absolutely
uneconomically dimensioned, cases will therefore
inevitably occur where the sufficient load-bearing
capacity cannot be verified upon installation and
where a definite identification of the load-bearing
capacity cannot be made during operation.

The more uncertain this starting position ap-
pears to be, the more important the applicability
of countermeasures needed to counteract any pro-
gressively failing foundation. With this in mind the
project analysed the main possibilities of counter-
measures. It is however urgently recommended that
practical countermeasures should be developed to
maturity for application.

The findings of the research project and the
practical experience brought in by the project part-
ner for the trials, planning and implementation of
the measurement and evaluation concept, as well
as the knowledge gained about procedural possi-
bilities and limits, represent great added and utilis-
able value. The new VDI Guideline 4551 “Structure
Monitoring and Evaluation of Wind Turbines and
Platforms” currently being drawn up takes experi-
ence from this project into consideration and places
the corresponding possibilities for action offshore at
the disposal of planners.

7.9 Sources

Kurzzusammenfassung des Forschungsvor-
habens “Uberwachungsverfahren und Bewer-
tungsmodell fiir die Griindungen von Offshore
Windkraftanlagen” (FKZ 0325249), Bundesan-
stalt fiir Materialpriifung, Matthias Bafiler, 4 S.,
Juni 2015, unpublished

» www.BARD-offshore.de, Homepage, Daten-
blatt BARD 5.0, accessed on25.6.2015
Herausforderungen bei der Griindung von
Offshore-Windenergieanlagen: Zur Trag-
fahigkeit zyklisch axial belasteter Pfihle.
Sonderkolloquium, Berlin 2.12.2014, Matthias
Baefller, Fachbereich 7.2. Ingenieurbau, 30 S.,
unpublished
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Dr. Jan Kruse

How long do the components installed in offshore
wind turbines last in tough conditions at sea? How
can the monitoring inspections be improved and if
possible the maintenance intervals be extended? And
if they need to be serviced, repaired or just tested,
how can these operations be simplified for more ser-
vice friendliness? These are important issues for the
operation of offshore turbines, and are a component
of several research projects at Alpha Ventus, where
data about structural dynamics, meteorology, hy-
drology or ecology is measured and evaluated. This
data is factored into the further development of the
turbines. The main focus of one of the projects was
to develop the components of the Senvion 5M wind
turbine to give it a longer service life, reduce costs
and improve service friendliness at sea.

The prototype of this five-megawatt machine
with its 126-metre rotor diameter was erected on
land in 2004. This was followed in 2006 by two oft-
shore turbines for a demonstration project off the
Scottish coast (Beatrice Wind Farm). For logistical
reasons, a part of the research tasks for Alpha Ven-
tus was not carried out at the offshore wind farm
itself, but was processes onshore on a prototype in
Ellhoft, Schleswig-Holstein.

In 2009 Senvion erected a new prototype turbine
type with a rated capacity of 6.15 MW. Forty-eight
of these machines were recently erected as Sen-
vion 6.2M126 in the Nordsee Ost wind farm, about
30 kilometres north of Helgoland at water depths of
around 25 metres. The 6. XM series has already prof-
ited from the findings of the research on the 5 MW
turbine from the Alpha Ventus project.

Unlike the competition’s five-megawatt turbines
in Alpha Ventus, the Senvion turbine has a modu-
lar drive train (8 Fig. 8.1). The hub is attached to
the gearbox via a double bearing rotor shaft. The

“5M, as the turbine is called by the engineers and
technicians, has a three-stage planetary/spur gear-
box with a system for filtering and cooling the oil.
Due to this design the generator has less weight. The
double rotor shaft bearing means that all loads are
fed directly into the main frame via the bearing, so
that the gearbox is only loaded with torques. In the
event of a gearbox replacement it is no longer nec-
essary to dismantle the whole rotor, including the
shaft - it can now remain fitted to the mainframe.

8.1 The Gearbox - Highly Stressed

The gearbox is one of the most heavily stressed com-
ponents in a multi-megawatt turbine. Replacing a
complete gearbox is also very costly. Out at sea this
requires a jack-up vessel with a large crane. The man-
ufacturers are obviously working on designs that will
specifically extend the service life of the gearbox, al-
low early detection of any damage, and allow for any
repairs to be carried out simply and economically.
Reducing the mass of large gears like those used in
an offshore wind turbine should be one way of low-
ering unit costs. It is also hoped that by being able
to dismantle the gearbox components separately as
far as possible it will minimise repair and service
costs. Cost reductions are also expected as a result of
reducing complex maintenance operations out at sea
and introducing anticipatory maintenance planning.

A Small Crane on Board Instead
of a Big Jack-up Rig out at Sea

8.1.1

Until Alpha Ventus went into operation there had
never been anything like it: a gearbox in an oftshore
wind turbine that could be dismantled into its com-
ponent parts out at sea. With conventional designs,
if there is any damage, the whole gearbox has to be
removed and transported off for repair. Senvion
had to develop and test a new concept for the new
gearbox that can be semi-dismantled. An important
part of this concept is a small on-board crane. It is
a fixed part of the nacelle and has a maximum load
capacity of 3.5 tons. This saves the use of a large
external crane which otherwise has to be chartered
and shipped in.
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B Fig. 8.1 Schematic representation of the main com-
ponents of a Senvion 6.XM wind turbine. 7 Rotor blade,

2 Rotor hub, 3 Tower, 4 Nacelle, 5 Rotor bearing, 6 Gearbox,

7 Generator, 8 Transformer, 9 Control system, 70 Yaw system,
11 Deck crane, 12 Helideck. © Senvion GmbH 2015, edited by
Fraunhofer IWES

Peripheral Anecdote: The second and third
prototypes are already standing in the
water

After the prototype of the five-megawatt
machine was erected in Brunsbiittel in Novem-
ber 2004, more of these turbines were to be
erected on land in order to gather more oper-
ational experience. However, the sudden offer
from Scotland gave Senvion the opportunity to
test the turbines under realistic conditions out
at sea earlier than planned. Two wind turbines
were to be installed offshore in the British
Beatrice offshore oil field. Senvion grasped the
opportunity, and erected the second and third
prototypes of the five-megawatt machine out at
sea in 2006. Both machines celebrate their tenth
anniversary in 2016.

Bjorn Johnsen

8.1.2 Sufficient Capacity for a Long
Service Life

As with so many pieces of technical equipment,
the shaft, gearbox, brake and generator in standard
types of drive train in a classical wind turbine have
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been conservatively dimensioned and with greater
safety margins than for the minimum necessary de-
sign. Without these margins there is an increased
risk that unexpectedly strong loads can result in
component fajlure before the end of the planned
service life (usually 20 years). This capacity buffer is
therefore calculated to ensure that the wind turbines
can be operated without risk, and possibly for a lon-
ger time, even if it initially involves greater invest-
ment costs. A good understanding of the interaction
of the components in the drive train and the loads
that occur helps the developers to avoid unnecessar-
ily conservative designs and to find a compromise
with regard to added safety margin and cost.

The more detailed knowledge being sought
also includes the correlation between grid instabil-
ity, also in millisecond range, and the overall drive
train, in other words the chain of effects of rotor,
blade-pitch system (B Fig. 8.2), shaft, gearbox and
generator. A reliable investigation using a model
requires an exact mathematical calculation of the
entire drive train with all flexibilities, rigidities and
inertias of the individual components. The calcu-
lations must also factor in the development of the
generator torque and the influence of the tower
vibrations on the drive train. This model-based
description represents the so-called multiple-body
simulation (MBS).

While this multiple-body simulation for wind
turbines was widely discussed in the industry at the
time when Alpha Ventus was being planned, it had
not yet been established as a “standard tool” in the
development phase. For the new design of the main
gearbox for the 5M the engineers involved in Alpha
Ventus were able to simulate the load behaviour of
the entire drive train, with rotor, shaft, main bear-
ing, coupling, brake and generator. MBS verifica-
tions of the drive train dynamics are now part of
the usual steps between design and certification of
wind turbines.

In the course of the gearbox analyses the Sen-
vion developers also investigated three different
gearbox designs with regard to their ability to be
easily disassembled. As general proof of the feasi-
bility, one version was tested in a practical trial on
land. Here a planet carrier bearing was dismantled
in installed condition and the corresponding bear-
ing maintenance work was “pretested” on an off-
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B Fig. 8.2 Installation of the pitch mechanisms in the hub of a Senvion offshore wind turbine. © Senvion GmbH 2015

shore wind turbine without the use of an external
crane — with success.

The future overall turbine simulation with spe-
cial monitoring of the drive train should enable a
holistic view in order to achieve optimised param-
eterisation of the entire turbine and an analysis of
deviations in the operational behaviour of the wind
turbine out at sea. This would make it possible to
identify components needing repair earlier in fu-
ture, to reduce downtimes or even larger repairs,
such as by postponing component replacements to
the weak-winded summer months and generally ex-
tend the service life of the drive train components.

8.1.3 Online Oil Tests to Combat Salt
in the Gears

Salt on metal causes rust. For offshore wind turbines
another problem would be a negative influence of
the salty air on the service life of the gearbox oil.
In suboptimal lubrication conditions gear damage
can also occur on land due to water in the oil. This
is especially true when it is salt water — which can-
not be absolutely ruled out if the wind turbines are
close to the coast. Salt water can lead to increased

corrosion (rust), increased wear and sludge forma-
tion in the bearings and the detachment of parti-
cles from the oil and gears. Increased water content
in the oil reduces its lubricating capacity, and this
can result in the thickness of the lubricating film
becoming too thin. Up to now the rolling bearing
manufacturers have only stated a global threshold
value for water content in oils, which are however
just an average value determined in the lab. And this
does not satisfy the special conditions caused by salt
water content.

Despite the air conditioning of the 5M nacelle,
salty air could impact on the service life of the gear
oil that the developers did not want to eliminate
from the outset. Here it was about extending the oil
service life until the next scheduled oil change un-
der salty environmental influences. The aim of the
project was to undertake a regular, computer-aided
online measurement of the water and salt content of
the oil that also included all the other usual inves-
tigations, from metal particle counting to infrared
spectroscopy.

Combined with aggregate tests, oil analyses can
extend the oil change intervals. Aggregate tests are
also more effective than classical lab tests. These
involved taking oil samples from the wind turbine
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every six months and sending them to the lab to be
analysed. Only then is it possible to draw any con-
clusions as to what extent wear, contact load, fatigue
or even corrosion prevail. It is possible that this loses
valuable time for an oil change - other than with a
reliable online maintenance system.

Aggregate tests can determine the combination
of oil, water, salt, temperature and shear in tooth
flank and rolling bearing contact better than a lab
test. An early diagnosis therefore represents an im-
portant opportunity to avoid costs — be this through
early detection of damage, or quite the opposite,
through extension of the oil change intervals. The
research work on practical oftshore suitability of an
oil particle counter in the research project was suc-
cessful, and that result will in future be used as part
of a condition monitoring system (CMS) for early
fault detection and service scheduling. The experi-
mental setup for investigating the sensor system in
the gear oil takes high-resolution measurements,
and records pressure and vibrations. Different op-
erating situations and special operating conditions
like low outside temperatures in the winter months
can be identified and taken into account as an influ-
ence on the counting of particles in the oil.

Since the research on Alpha Ventus this oil par-
ticle counter is now series standard for this type of
wind turbine. Recording of measurement data was
also introduced in order to make it possible to set
up a long-term evaluation of the measured oil con-
dition variables like purity classes and oil moisture
combined with operating data like turbine output
and gearbox speed. In collaboration with the gear-
box manufacturer, Senvion developed and carried
out a dynamic bench test for the 6-MW main gear-
box: with a test duration of four months it ran par-
allel to a conventional field test lasting one year in a
working wind turbine.

8.2 SCADA, Interfaces and the Like

Standard Communication
Interface

8.2.1

Automation and interface systems (SCADA) of
wind turbines and the wind farm periphery are
based on a variety of hardware platforms and soft-
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ware concepts that in turn use a broad-based range
of interfaces, both at the protocol documentation
level and on the hardware level. So while Alpha
Ventus was being planned it was not possible to
have any uniform data transmission and exchange
between the various types of wind turbines. Two dif-
ferent types of wind turbine within an offshore wind
farm being controlled by a common farm controller
was not possible at that time, nor was data exchange
between them.

There are now several manufacturers who have
erected wind turbines with a rated capacity of five
megawatts or more out at sea; as well as Senvion
and Adwen, these include Siemens, Vestas, Alstom
and others. The need for a common interface con-
necting them with one another in one or more wind
farms was thus all the more urgent. This objective
was achieved in the research project and was then
implemented in Senvion’s subsequent offshore proj-
ects in Thornton Bank (Belgium) and Ormonde
(United Kingdom). The engineers also developed
an additional common interface according to IEC
standard for the monitoring, visualisation and con-
trolling of components for power distribution with
the aid of protection devices: their PC application
software (IEC61850-Proxy) enables farm visualisa-
tion, switching operations and display of protection
device reports.

8.2.2 Closely Linked: Data Flow and
Communication Technology

In the offshore sector the demands on the engi-
neering are increasing as much as the demand for
a greater degree of automation in order to increase
the expensive maintenance and repair intervals.
There are also other increased requirements, such as
constant monitoring of the functionality of the tele-
phones (for the safety of people at sea), the installa-
tion of additional voice and image communication,
and a constantly increasing number of systems in-
tegrated into the overall wind turbine monitoring
system. The classic transmission methods are often
insufficient for recording the increasing data vol-
umes and achieving sufficient redundancy at the
same time. This meant that it was necessary to equip
the data connection with broadband, in other words
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with greater transmission capacity. Only then is it
possible to make full use of a standardised com-
munication interface and the Ethernet technology
generally used today. Satellite communication with
improved communication characteristics was also
developed and tested for the turbine components,
so that the maintenance of these components can
optionally be carried out via a satellite path. Simul-
taneously the research project also realised a re-
dundancy concept for the wind turbine type, which
ensures further problem-free operation in the event
of impairments and damage to individual commu-
nication paths.

8.3 Grid Integration of the 5M

form, it was possible to develop generic models and
a cross-platform format that includes standardised
model descriptions for multi-manufacturer use.
As a rule, all users of the simulation software can
select the corresponding model in a model library.
This generic grid simulation model now includes
the doubly fed asynchronous generator used by
Senvion. A working group of the standardisation
panel achieved such a harmonised reference imple-
mentation for generic models at the end of 2011.
This reference implementation is closely based on a
Senvion wind turbine.

8.3.2 System Services - the Wind
Turbine on Grid

Prerequisite for the expansion of wind power are
reliable, substantiated statements about the inter-
actions of wind turbines and the power grid. Here
there is now a diametric exchange of requirements,
particularly for the operators of oftshore wind farms.
The earlier requirement demanded by grid opera-
tors that “in the event of a grid fault wind turbines
are to be immediately disconnected from the grid”
no longer applies. Now the grid requirements are in
quite the opposite direction; wind turbines should if
possible be treated the same as conventional power
plants, at least as far as their own reactive power
capability and the maintenance of voltage and fre-
quency is concerned. This sets special requirements
for the management of wind farms with a planned
rated capacity of 400 megawatts and more.

8.3.1 Power Plant Characteristics

When the project began in 2007 there were no suit-
able simulation models of the mechanical and elec-
trical systems that could reproduce the symmetrical
and asymmetrical voltage dips in the grid for the
verification of power plant characteristics for wind
turbines with doubly fed asynchronous generators
like the Senvion 5M. The old conventional simula-
tion models were too slow and inaccurate for this.
The grid operators in particular saw that there was a
considerable need for research in this area. In addi-
tion to specific models for the Senvion 5M/6M plat-

The ride-through of short voltage drops in the grid
(Low Voltage Ride Through/LVRT) and the simul-
taneous supporting of the voltage (reactive current
support) has already been tested in a 2-MW Senvion
wind turbine and built into the 5/6.15-MW turbine.
It is also part of the new control strategy for reduc-
ing the mechanical loads on the drive train in the
event of voltage drops in the grid. The supply of
reactive power — depending on the grid operator’s
requirements either a fixed or temporally variable
quantity - is also implemented in the Senvion wind
farm control strategy.

A concept for providing active power from the
centrifugal mass of the system (inertia control) was
also drawn up. This makes it possible for the wind
turbine to feed even more energy into the grid, fora
short time, than it actually generates from the wind.
This is particularly relevant if active power is needed
to stabilise the grid frequency.

8.3.3 Successful Simulation:
The Grid Simulator

Because a wind turbine is also an integral compo-
nent of a power grid, it is not always possible to
try out new functions in the turbine controller as
part of an extensive field test from the outset and
whenever desired. As an alternative solution the re-
search project procured a grid simulator. This grid
simulator complemented the existing test bench
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and enabled “real-time lab tests” This was used
on the test bench to test the grid code compliance
features “voltage control, active power reduction in
the case of over-frequency, active power increase in
the case of under-frequency” and the “provision of
active power” (inertia control) for the 5M/6M wind
turbine types, and was verified by an independent
measuring institute.

8.4 Intelligent Control

8.4.1 Recentlyin the Tower:

No Wobble

Up to now wind turbines were controlled just on the
basis of speed and performance indicators. Struc-
tural and tower vibrations, which particularly occur
with increased load out at sea, were not taken into
consideration as important system control factors.
The structural vibrations - from the nacelle, down
the tower and into the foundation - have a direct
influence on the fatigue loads and consequently also
on the size of the foundation structure. Offshore,
high and strong waves in particular can cause the
tower to vibrate strongly, causing significant fatigue.
This can inevitably lead to altered tower design
loads. This is comparable with the wind that can
hit an offshore structure with a blade tip height of
around 200 metres.

B Fig. 8.3 Thornton Bank
offshore wind farm with
Senvion turbines. © Senvion
GmbH 2015
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The development of an active, load-specific con-
troller is therefore an important part of the research
in order to reduce the tower vibrations and prevent
strongly increasing tower loads both during opera-
tion and when the turbine is standing still. The re-
search project was able to create the basis for testing
modern control processes. The fundamental idea of
active tower vibration control (TVC) is to reduce the
natural vibrations by controlled generation of aero-
dynamic counterforces with the aid of the individual
blade pitch mechanisms.

Vibration sensors in the tower and the return
of the signal to the turbine controller provided the
basic data for this. Algorithms for active tower
vibration control were thus introduced into the
controller of the wind turbine and initially tested
on a hardware-in-the-loop (HitL) test bench. For
financial reasons the field test was carried out on a
two-megawatt turbine on land, and this was fully
verified by the simulation results. The control pro-
cedure for the tower vibration control applied to
the characteristics of the six-megawatt machine
(B Fig. 8.3) and tested on the onshore prototype
in Schleswig-Holstein. The control algorithm also
worked here. It became evident that active tower
vibration control can significantly reduce struc-
tural loads, which means that turbines of this kind
can in future be designed much slimmer, with the
corresponding potential for material and cost sav-
ings.
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8.4.2 The End of “Manual Control”

And finally, the introduction of the active vibration
control into the Senvion 5M reached the practical
limit up to which the control algorithms can be
manually translated into control code, which means
that automatic conversion is essential for efficient
controller development. Here the challenge is to
validate this conversion.

» Helping to keep costs down
With active tower vibration control it is possible
to drastically reduce design-relevant loads. This
can enable a slimmer design of the foundation
structures and a significant reduction of invest-
ment costs. Onshore wind turbines also profit
from this control process: we were now able to
use a tower variant formerly only suitable for
IEC Class 3 low wind locations for IEC Class 2a
medium wind speed locations.
Dr. Jan Kruse, Senvion GmbH

In order to gauge the controller’s possibilities and to
identify optimised parameter sets, many different
versions of the control algorithm have to be trans-
lated into specific control codes. Here the engineers
implemented the realisation of an automatic code
generation and compared this new code with con-
ventionally generated control codes. The conclu-
sion was that the control process for active tower
vibration control is successful. It is possible to up-
grade other wind turbines with this control software
update. All in all, many research results — such as
the gearbox that can be dismantled, the on-board
crane, SCADA interfaces for different wind turbine
types or active tower vibration control - from this
project have already been factored in for the next
offshore wind farms to be built with Senvion tur-

bines (Thornton Bank, Nordsee Ost). Nonetheless,
reducing the costs of offshore wind turbines and
the development of more service and maintenance
friendliness will remain a constant challenge.

8.5 Sources

REpower Systems SE (now Senvion):
Schlussbericht Forschungsvorhaben 0327647
Weiterentwicklung von Offshore-WEA-Kom-
ponenten in Bezug auf Kosten, Langlebigkeit
und Servicefreundlichkeit. Férderkennzeichen
0327647, Schlussbericht vom 28.06.2013

» www.senvion.com, website, accessed on
17.09.2015
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9.1  What Is Required of Rotor

Blades

As far as the rotor blades of offshore wind turbines
are concerned, noise, sound emission or shadowing
are not a priority. More important for rotor blades
used offshore are their aerodynamic characteristics,
their durability under high stress caused by strong
winds, gale-force gusts and salty sea air — and es-
pecially and despite all this: cost reduction in the
production of the rotor blades, despite them being
subject to significantly higher loads. Achieving
more at less cost — offshore rotor blades should do
no more and no less.

One of the two wind turbine manufacturers in
Alpha Ventus is Senvion. The company took the
lead for the research project, working together with
scientists from the Institute of Structural Analysis
at the Leibniz Universitdt in Hannover, Hottinger
Baldwin Messtechnik GmbH and the Institute of
Plastics Processing at RWTH Aachen. The main
aims of the Alpha Ventus rotor blade project were to
improve the aerodynamics and reduce production
costs. The aim was to achieve this with a newly de-
veloped “profile family” of rotor blades, by develop-
ing a production concept for the process engineer-
ing to increase the efficiency of the manufacturing
and possibly by the use of so-called “double blades”,
extra trailing edges integrated into the rotor blades
like a kind of spoiler. The new blade was to be made

entirely of glass-fibre-reinforced plastic (GRP) in-
stead of partly carbon-fibre-reinforced plastic. The
plan was to also develop an innovative condition
monitoring system.

Like many wind turbine manufacturers, for the
5M Senvion also used blades made by the Danish
blade manufacturer LM, the world’s biggest inde-
pendent rotor blade manufacturer. The six Senvion
turbines in Alpha Ventus are fitted with LM blades.
The rotor consists of three rotor blades, each 61.5 m
in length, that are connected to the cast iron hub
with double-row four-point bearings so that they
can be individually pitched about their longitudi-
nal axis by means of the co-rotating pitch drives
- the so-called pitch control. The rotor is operated
in a speed range between 6.9 and 12.1 rpm. In par-
tial-load operation, below the rated capacity, the
turbine works with a constant blade angle and vari-
able rotary speed. To ensure continued operation of
the pitch system in the event of a grid power cut or
plant malfunction, each rotor blade (B Fig.9.1) has
its own, independent, co-rotating electrical energy
storage device.

The rotor blades manufactured by LM at the
time that Alpha Ventus was being planned included
components made from carbon-fibre-reinforced
material. The blades used back then did not have
any wing fences, so that turbulences (radial cur-
rents) occurred, which reduced the aerodynamic
efficiency on the suction side of the blades. The use
of “wing fences” on the blades was to be tested as
part of the project and thus required fundamental
research. And the so-called “double blades” had up
to then only been installed on smaller wind turbines
where their aerodynamic characteristics were inves-
tigated. The corresponding investigations had not
yet considered their possible application on blades
over 60 m long.

9.2 The Work Packages
for the New Blade
9.2.1 In Abundance

The new blade structure was to be robust, reliable
and economical. To this end the developers used
GRP and PET foams, which enabled them to keep
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B Fig. 9.1 Rotor blades being
loaded for installation in an
offshore wind farm. © Senvion
GmbH 2015

the blade weight down to the desired maximum of
around 21 tons despite doing without carbon-fibre
parts. The use of PET foam in blade production is
far more environmentally friendly because it can
be thermally recycled without leaving any residue.
PET foam is also cheaper than the PVC foam used
previously. A modified groove construction for the
resin infusion process also reduced the amount of
waste. The statistical analysis of rotor blades has
also been improved across the industry at the same
time. This applies to the FE modelling of the blade
and more refined load calculation, and also to the
strength analysis. While for years previously just the
pure fibre strength was investigated, an inter-fibre
failure analysis is now standard. This is an essen-
tial prerequisite for the use of fibre composite rotor
blades. Before this research project at Alpha Ventus
all rotor blades of this size, with a length of 60 me-
tres and more, used carbon fibres.

In the model for the new blade design, the de-
velopers repositioned shear webs inside the blade
in order to distribute the loads more evenly. In their
opinion the wing fences on the surface of the ro-
tor blades that were to be investigated did nothing
to improve the aerodynamics, the more so as the
production and maintenance costs and effort were
greater. The same opinion was formed of the so-
called “double blade” during the course of the in-
vestigations. The aerodynamic advantages that had
been hoped for could be achieved just as well with a
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B Fig. 9.2 Computer model: section through the newly
developed rotor blade. © Senvion GmbH 2015

cut-off trailing edge on the blade profile. Due to its
use of GRP and PET foam, the new rotor blade is
thicker around the root — which thus increases the
overall aerodynamic performance and safety. The
new blade geometry, with a flattened trailing edge,
is now a hallmark of all of Senvion’s longer rotor
blades (B Fig.9.2).

9.2.2 Process Development
and Mould-Making

The choice of material also played a major role in
the implementation in the production process. In
drawing up the concept for series production, spe-
cial attention was paid to the adhesion work, par-
ticularly in the sensitive blade root area. The new,
thicker rotor blade, with a cut-off on the trailing
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edge, obviously required a new production mould.
In the end, as always, two large blade halves were
manufactured and glued together. But with the new
blade, structurally important components on the in-
side of the blade did not have to be made within the
main form. They were made separately earlier and
then inserted. The complete set of moulds thus con-
sists of individual forms to manufacture the girders,
shear webs and shells of the two blade halves. This
enables greater quality control in the preliminary
stages while at the same time reducing the amount
of work needed on the main mould. Since this had
always been the bottleneck during the production of
every blade, the new method achieved a significant
increase in efficiency.

9.2.3 Stackable Transport Racks
and a Set of Prototype Blades

The 61.5-metre blades are produced manually at
Senvion. New transport racks were also developed
parallel to this. These new racks make it possible
to stack several blades, which provides logistical
benefits as less storage area is required. This is espe-
cially true for transporting the blades out at sea. The
glass and sandwich kits for the blades are now pre-
assembled in a separate station so that there is less
waste and the time needed for insertion in the main
mould is also reduced. During the later production
process, cooperation with the gluers improved the

@ Fig. 9.3 The prototype of
the rotor blade is prepared for
installation. © Senvion GmbH

\f 2015
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fitting precision of the cut pieces and increased the
insertion speed. The web-setting mechanism for the
individual components was extensively measured,
tested and compared with the CAD model. As well
as manufacturing the prototype set, refinements
were also made to the production process.

9.2.4 Blade Test and Measurement
“in the Field”

The new rotor blade was tested on the test stand
to gain precise knowledge of the blade behaviour.
The tests included blade behaviour under static and
oscillating loads, the analysis of natural frequen-
cies, blade bearing, durability and quality. These
tests were successfully concluded, and in spring
2011 measurements began on a real wind turbine
onshore (B Fig. 9.3). And incidentally, for the first
time the complete rotor star was not dismantled; the
blades were replaced one by one. This only requires
cranes with a smaller load-bearing capacity, so not
only are such cranes more easily available, but they
are also cheaper. Senvion used this erection tech-
nique - individual attachment of the blades to the
hub - for the first time offshore in the 295-megawatt
Nordsee Ost wind farm around 30 kilometres north
of Helgoland.

Once the rotor blades had been swapped on the
onshore prototype in Schleswig-Holstein for the Al-
pha Ventus research project, they were fitted with
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strain gauges and the hardware and software neces-
sary for the measurements. The integrated condition
monitoring system (CMS) was developed externally
and also tested and validated in this field trial.

As far as loads are concerned, measurements
were made of the blade root bending moment, the
tower torsion and the rotor shaft bending under
heavy load. Together with the rigidities of the indi-
vidual components (generator, brake, etc.) this pro-
vides a comprehensive picture of the load situation
of the whole wind turbine.

Peripheral Anecdote: Too much wind = not
enough grid = no research!

The best strain gauges and measurement soft-
ware in the world are no use at all if the wind
farm management switch the wind turbine off
beforehand! It is well known that there is often
grid congestion at the strong wind location for
the measurement prototypes in Schleswig-Hol-
stein — especially when there are high wind
speeds that result in “too much” energy being
generated. So as far as the measurements of
the new rotor blades was concerned there were
several what appeared at first glance to be par-
adoxical situations where the wind turbine had
to be switched off - not because the turbine
and the new blade were subjected to too much
load as a result of the high wind speed, but
because the grid was simply unable to carry off
the six megawatts of electrical power output.
So at exactly the right moment, when the wind
is blowing strongly into the rotor and the great
forces and loads that are of interest to the
scientists and developers are working on the
wind turbine, the grid control centre can order
temporary shutdowns. When it is not possible
to make continuous measurements at such
times the whole research project gets behind
schedule.

Bjorn Johnsen
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9.3 Advances Made by the Others

Even if it is not part of the Alpha Ventus project,
we should not fail to mention the advances made
by others during the project duration 2007-2012.
Siemens manufactured a 52-metre blade in one
casting and without adhesives. Adwen announced
a 66-metre blade, LM Glasfiber, a 73.5-metre blade
for the Alstom prototype Haliade 150, and Siemens
a 75-metre blade for a six-megawatt turbine. The
prototypes mentioned here have in the meantime
— after the end of the project — been erected. And
Senvion has also extended the rotor diameter of its
6.15-MW machine to 152 metres with the addition
of a new 74.4-metre blade.

Outlook: What Have We Got
from It, and What Can We Still
Get from It?

9.4

The project achieved successful blade certification
and push-started the construction of a rotor blade
production plant in Bremerhaven. The blade pro-
duction by PowerBlades, a one hundred per cent
subsidiary of Senvion, creates jobs and strengthens
Germany’s position as a business base. The blade’s
improved aerodynamic properties have resulted
in increased yield compared to the conventional
blades used to date. Senvion will also use the new
rotor blade developed in the Alpha Ventus proj-
ect for its 6M series. The knowledge and experi-
ence gained from the project make it possible to
develop new, larger rotor diameters with greater
energy yield.

9.5 Sources

Schlussbericht Forschungsvorhaben 0327646:
Entwicklung eines innovativen, ertragsopti-
mierten und kostengiinstigen Rotorblattes;
Forderkennzeichen 0327646, Bericht vom
06.09.2012

> www.senvion.com, website, accessed on
17.09.2015
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Project information: Smart Blades -

Development and Design of Intelligent

Rotor Blades

Project management:

German Aerospace Center (DLR)

Dr. Jan TeBmer

Project partners:

== ForWind - Carl von Ossietzky University of
Oldenburg

== ForWind - Leibniz Universitdt Hannover

== Fraunhofer Institute for Wind Energy and
Energy System Technology IWES

10.1 Withstanding - and Exploiting

- 100 Million Gusts of Wind

A larger rotor diameter enables a significantly
higher energy yield, which is why the trend is to-
wards increasingly bigger rotor blades, both onshore
and offshore. With a swept area the size of two foot-
ball pitches and more, the blades turn increasingly
slower in the wind. They become heavier and more
sluggish. But the number of gusts they are subjected
to, and the increasingly greater loads - due to the
greater size — does not decrease. The gusts still
“slam” onto the rotor blade - and the pitch drive
that changes the blade angle only reacts to this rela-
tively slowly. This is why it appears to make sense to
develop a blade actuating system that goes beyond
the conventional pitch drive.

If rotor blades are to have a length of 100 me-
tres and more in the future, they would weigh over
100 tons using conventional designs. The usual
fibreglass construction would then not only be
too heavy, but the blades would also no longer be
rigid and stable enough to cope with the deforma-
tions caused by the enormous wind loads and they
would then be at risk of flapping, could no lon-
ger maintain the minimum distance to the tower
and in extreme cases would even beat against the
tower. This means it is also necessary to investigate
another method of construction using other mate-
rials, for example using more carbon fibres, which
are five times stronger and stiffer than glass fibres
(B Fig. 10.1).

Problem: rotor loads are continuously increas-
ing with greater blade size, and their own weight
is also increasingly greater. At the same time the
inhomogeneous wind field in front and behind the
turbines causes large aerodynamic vibratory loads.
With a wind field that is so varying, there are very
different loads on the blade tips than on the blade
roots.

One solution could be the development of “in-
telligent” rotor blades with new control approaches
for reducing load. The SmartBlades research project
funded by Germany’s Federal Ministry of Economic
Affairs and Energy is developing various innovative
models with a look to the future. Within the proj-
ect, one work package is investigating the turbulent
wind flow in the immediate rotor field.

10.2 Turbulences from the Front

The turbulent inflow of the wind is what signifi-
cantly determines the load on the rotor blades and
the wind turbine as a whole. During its 20-year op-
erating life it can be expected to experience up to
100 million gusts of wind and the corresponding
number of load changes. The investigation of this
turbulent wind field in the rotor near field in front
of the turbine - both temporally and spatially - has
only been possible to a limited extent to date: mea-
suring methods are currently often limited to point
measurements, with for example anemometers
or pulsed lidar laser devices that have only a rela-
tively slow scanning rate in the range of up to about
5 hertz. The SmartBlades research project acquired
a so-called “short-range wind scanner”, which is
planned to be mounted on top of a wind turbine
nacelle as part of the RAVE project. The device can
measure up to 400 points per second in the wind
field, at a distance of up to 200 metres in front of
or behind the turbine. While the spatial resolution
is - depending on the focal distance — considerably
smaller than in conventional devices, the temporal
resolution is much faster than in the devices used
up to now. In short, approaching turbulences can
be measured much more accurately.

This nacelle-based measurement of the inflow-
ing air should as it were “scan” the whole of the ap-
proaching turbulent wind field. This means it is pos-
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O Fig. 10.1 Rotor blades are
becoming increasingly longer
- as are the test benches.

This is the rotor blade testing
centre at Fraunhofer IWES in
Bremerhaven, where the oper-
ational stability of blades with
a length of up to 90 metres
can be tested both structurally
and dynamically. © Fraunhofer
IWES

sible to measure and evaluate averaged, or effective,
wind speed across the whole of the rotor surface as
well as four more wind field parameters: the verti-
cal and horizontal wind shear, and the vertical and
horizontal flow inclination.

The measuring campaign in the “Turbulent In-
flow in the Rotor Near Field” work package aims to
use the short-range wind scanner to find answers
to the following questions: which local turbulence
structures are to be expected in the rotor near field?
What effects do these have in turn on the rotor, and
on the rotor blades in particular? And what feed-
back effects does the rotor have on the turbulent
wind structure?

10.3 Act Early rather than too Late

From the measurement results the scientists are able
to create or derive “turbulence and wind field char-
acteristics” in front of a wind turbine. The linking of
the data about the turbulent wind flow with the local
rotor loads makes it possible to derive aero-elastic
models and then verify them in the real world. In
the end, this reference data serves one great goal:
the design of straightforward, robust, laser-con-
trolled systems for anticipatory control procedures.
The new kind of control should work immediately
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prior to the wind, and therefore the load, reaching
the rotor blades, and not first afterwards as is the
present situation.

10.4 Twisting Instead of Pitching?

Why is the whole rotor blade laboriously turned out
of the wind with a great deal of physical effort by the
pitch motors, which with the “giant blades” of the
future will be subjected to massive strain and still
not be able to react to localised gusts? Is it possible
to develop a supple blade that yields in strong wind,
thereby changing its shape - but without breaking
or hitting the tower? The passive technology com-
ponent project is about seeing if the rotor blades of
the future can bend with massive aerodynamic load
changes and even if they can turn or twist around
their own axes. As they twist, they change the in-
flow angle of the wind and thus counter the threat
of massive load changes (8 Fig. 10.2).

The investigation of passive SmartBlades with
bending and torsion coupling is about two different
approaches. One is a “structural” bending and tor-
sion coupling, where the laminates mounted along
the longitudinal axis of the rotor blade create a cor-
responding effect due to their direction-dependent
arrangement. The other is a so-called geometrical
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@ Fig. 10.2 Active rotor blades adapt to the wind strength.
© DLR; Lizenz CC-BY 3.0

bending and torsion coupling, where the curvature
of the rotor blade out of the rotor plane automat-
ically and passively adjusts the rotor blade for the
wind flow.

10.5 By Bend or by Twist

“Passively intelligent” rotor blades with a structur-
ally induced bending and torsion coupling of the
rotor blade require a special layer structure of the
fibre-plastic laminate inside the blade. This is be-
cause the desired effect of twisting the blade a few
degrees should not be equally distributed in all di-
rections, but specifically only along the longitudinal
axis of the rotor blade. To this end and in addition
to altering the layer structure along the longitudinal
axis, manufacturing also requires improved compo-
nents. So in the automated rotor blade production
using vacuum infusion of the resin into the blade a
special binding agent is required so that the resin
dries faster and the glued components bond better.

During the research project numerous tension and
compression tests were carried out with a variety of
binding mixtures for the desired bending and tor-
sion, and it was possible to achieve material pair-
ing with varying suitable degrees of strength and
rigidity. Depending on which rotor blade manufac-
turing method the manufacturer chooses - such as
the vacuum synthetic resin infusion methods or the
so-called prepreg method where the inside of the
blade is lined with fibre mats already impregnated
with synthetic resin - the results of the trials should
enable a selection of optimised binding systems.

The project also involved component tests for
checking the desired coupling characteristics of
bending and twisting, and absolutely necessary re-
duction of the rotor blade mass and the develop-
ment of fatigue models for these multi-axial loaded
“twisting laminates” for this new type of rotor blade.
So much for the theory. In order to test and vali-
date the theoretically designed models in reality a
subsequent project should involve the building of
rotor blades up to 20 metres in length and then test
them on a real wind turbine. Knowledge gained
from 80-metre rotor blades is already being incor-
porated for the “demonstration blades”. A reference
turbine model was used within the scope of the
SmartBlades project that was designed in accor-
dance with the specifications for IEC strong wind
class 1A - in other words, for offshore wind loca-
tions (@ Table 10.1). This gearless reference turbine
model with individual blade pitch has a rated out-
put of 7.5 MW. The rotor diameter is 164 metres,
which corresponds to the 80-metre rotor blades
mentioned.

10.6 The Bigger the Flap, the Easier
the Influence

“Active intelligent rotor blades” have elastically or rig-
idly adjustable flaps on the trailing edge of the rotor
blades. The latter resemble the starting and landing
flaps on aircraft wings. The variable trailing edge flap
on the end of an aircraft wing alters the angle of attack
there and thus enables the aircraft to take off. The ro-
tor blade of a wind turbine is not of course meant to
take off as such, but the adjustable trailing edge flaps
can be positioned in different places along the blade
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B Table 10.1 Technical data of the reference turbine. © Fraunhofer IWES

Turbine data Unit
Rated capacity MW
Power density W/m?
Wind class

Cut-in wind speed m/s
Rated wind speed m/s
Cut-out wind speed m/s
Drive design

Control concept

Min. rotational speed rpm
Rated speed rpm
Hub height m
Tower’s natural frequency Hz
Drivetrain angle of inclination °
Cone angle °
Hub diameter m
Rotor blade length m
Max. blade tip speed m/s

Nominal tip speed ratio

so that they react differently to the most varied loads.
Because where the rotor blade has a length of 60, 80
or 100 metres these loads are, as is well known, very
different between blade root and blade tip. And the
trailing edge flaps can therefore also counteract these
very differently. Investigations in the project to date
confirm the assumption that the bigger the flap the
greater the influence on the rotor blade. The project
will also demonstrate the advantages and disadvan-
tages of rigid or flexible trailing edges.

In addition to influencing the loads in individ-
ual operating conditions using flap deflection, the
plan is to also develop a complete system that com-
bines the wind turbine controller, the usual pitch
drives for individual blade pitching and the active
trailing edges with one another. A blade segment
demonstrator for investigating the active trailing
edge is currently being constructed and tested.

The active trailing edge flaps should reduce the
various blade loads. To this end the standard con-

Value

7.5

355

IEC 1A

3

1

25

Direct drive
Variable-speed, individual blade pitch
5

10

120

0.23

80
87
8.4

troller of the Wind Energy Research Association’s
7.5-MW reference turbine was enlarged in order to
reduce the blade root impact moments. Forces that
have an impact on the blade root in the transitional
area between rotor blade and rotor hub were mea-
sured and integrated into the controller. With the
newly developed controller it should be possible
to especially reduce the loads that occur as a result
of inclined inflow, wind shear (changes in wind
speed or direction with height) and the most varied
degrees of turbulence, whereby the main focus is
on the reduction of blade fatigue loads depending
on the position of the trailing edge flaps, flap span
and adjustment speed. The interim conclusion
of the research to date: flap positioning near the
blade tip causes the greatest load reduction. The
increase in flap position is not proportional to the
reduction of the blade root impact moment. Initial
estimates show that a flap length of 1/8 of the rotor
blade length, i. e. with the given 7.5-MW 164 ref-
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erence turbine model a moveable flap part that is
a good ten metres in length, is very effective. The
aim of this sub-project is to identify the potential
of a rotor blade with an active trailing edge and to
demonstrate the functional capability of the mech-
anism.

10.7 Don’t Just Work Backwards,
Also Work Forwards for
a Change

The most innovative technology is that of active slats
(B Fig. 10.3). The work on illustrating the turbu-
lence that occurs and the assessment of the dynamic
response of the slats with regard to the influencing
forces such as lift, torque and resistance is still at an
early stage, meaning that here it will “only” get as far
as research in the wind tunnel.

As far as the slats are concerned, there are two
different research approaches: a so-called integrated
slat and a superimposed slat, with a correspondingly
large gap between it and the rotor blade. What both
concepts have in common is the endeavour to cause
a delayed separation of the flow on the profile.

Where the slats are concerned it is also neces-
sary to specify and test various construction details
geometrically: for example the profile depth of the
slat, and in the case of the superimposed slat how
big the gap between slat and main rotor blade profile
has to be, or what angle the trailing edge of the slat
should have.

According to the intermediate results achieved
so far, the superimposed slats generate higher max-
imum lift values — probably due to the longer profile
depths compared with the integrated slats. On the
other hand, with the integrated approach the effi-
ciency, especially in the mid angle of attack range,
and the power is significantly better. The integrated
slat is thus currently favoured to further design and
upcoming experimental investigations.

The rotor blades and the new control approaches
- whether passive or active - play a key role for the
wind turbines of the future. This is not just because
they should be more efficient and deliver greater
yield, but because these wind turbines have to be
more reliable, easier to manufacture and easier to
maintain — despite all the new dimensions.

B Fig. 10.3 Rotor blade profile with slat. © DLR/Manso
Jaume; Lizenz: CC-BY 3.0

10.8 Sources

Untersuchung der turbulenten Einstromung
im Rotornahfeld. Task 2.1.5 im Projekt “Smart
Blades - Entwicklung und Konstruktion
intelligenter Rotorblétter” (Forderkennzeichen
0325601D), ForWind - Zentrum fiir Winden-
ergie Forschung, Carl von Ossietzky Universi-
tat Oldenburg, Arbeitsgruppe Windenergiesys-
teme, Prof. Dr. Martin Kithn

» www.smartblades.info Homepage des
Forschungsverbundes Windenergie: DLR
Deutsches Zentrum fiir Luft und Raumfahrt
e. V., ForWind Zentrum fiir Windener-
gieforschung, Fraunhofer IWES, accessed on
16.10.2015

Smart Blades News: Newsletter des For-
schungsprojektes smart blades, Juni 2013.
Smart Blades News: Newsletter des For-
schungsprojektes smart blades, Dezember
2013

Smart Blades News: Newsletter des For-
schungsprojektes smart blades, Juni 2014
Smart Blades News: Newsletter des For-
schungsprojektes smart blades, Dezember
2014

Smart Blades News: Newsletter des For-
schungsprojektes smart blades, Mérz 2015
Prof. Joachim Peinke, ForWind, Vortrage
“Turbulenzforschung” 28.3.2012 Dt.-Physi-
kal. Gesellschaft und 22.-24.2.2015 EURO-
MECH-Colloquium, auf » forwind.de/forwind/
index

Manso Jaume, Ana und Wild, Jochen (2014)
Aerodynamic Design and Optimization of a
High Lift Device for a Wind Turbine Air-

foil. Jahrestagung der STAB, 4-5 Nov. 2014,
Mitteilung zum STAB Jahresbericht; S. 216 f;
Miinchen, 2014
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Project information: Innovative further
development, construction and testing
of the offshore wind turbine AREVA Wind
M5000 under severe offshore condition in
the offshore test field Borkum West
Project management:

Adwen GmbH

Joachim Arndt

11.1 Objectives

One of the two wind turbine types in the Alpha
Ventus offshore test field is the Adwen AD 5-116
(previously: Multibrid M5000) with a power out-
put of 5 megawatts (B Fig. 11.1). Its prototype was
initially also erected four times on land. But it is the
first wind turbine developed exclusively for use in
deep sea water.

The questions raised in connection with the re-
search project on this wind turbine were therefore
of great importance: how can the weight of the rotor
blade be reduced to save costs? How can an even
greater rotor diameter for even higher energy yields
be developed in the future? This would require a
larger crane and an appropriately dimensioned
jack-up vessel.

And what about the components inside the tur-
bine? Are converter and transformer correctly di-
mensioned? Are the established cooling systems ad-
equate? What special protection systems are needed
during deep-water operation to prevent salt accu-
mulating inside the nacelle and damaging the com-
ponents? What kind of electronic interfaces need
to be developed to enable an exchange of data be-
tween wind turbines from different manufacturers
within one wind farm? How can a helihoist platform
be integrated into the structure to provide access
to service technicians or for emergency responses
by helicopter? And above all: what is the degree of
wear to the compact drivetrain during deep-water
operation? Do generators, gearboxes, bearings and
rolling elements hold up to the promises of their
manufacturers? Interim results were provided when,
after four years of operation for testing purposes,
the entire drivetrain of an Adwen wind turbine was

removed, almost entirely taken apart and then com-
prehensively examined and analysed. The results
confirmed the assumptions made up to now that
aim for a service life of 20 years and longer.

Another special aspect of this project is that
Adwen (formerly Multibrid GmbH) - unlike
Senvion (formerly REpower) - also supplied and
installed the foundation structures for their wind
turbines in Alpha Ventus so that the wind tur-
bines erected were handed over to the wind farm
operator DOTI (Deutsche Offshore-Testfeld und
Infrastruktur GmbH & Co. KG) in a “turnkey”
condition.

11.2 Forward Sweep Instead
of Bending Moments

The rotor blades played a key role in the research
project “M5000 Advancement” (B Figs. 11.2
and 11.3). The aim here was to develop a load-re-
duced rotor blade - which is what the subsidiary
Adwen Blades did. Two development consultan-
cies specialising in aeroelastic calculations for
wind turbines were also involved. The conclusion
reached: a greater forward sweep in the new blade
design ensures greater aeroelastic stability. At the
same time a change was made in the material used
for the load-bearing elements of the rotor blade:
glass-fibre-reinforced plastics (GRP) instead of
the carbon fibres used up to then — which leads to
considerable cost savings. The altered geometry of
the rotor blade, its increased forward sweep, com-
bined with the new GRP material means that the
rotor blade can now be larger without significantly
increasing the loads on the drivetrain and nacelle.
Thanks to stringent development efforts it has
therefore been possible to maintain the existing
nacelle and drivetrain structures without signifi-
cant changes in spite of the marked increase in the
size of the rotor.

The increased size of the rotor diameter means
that the wind turbine is activated even at lower wind
speeds, gets up to its rated power more quickly and
can therefore supply a lot more offshore wind power.
A prototype with 135 metres rotor diameter was
constructed on land in Bremerhaven-Lehe in 2013
and has been certified as AD 5-135.
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B Fig. 11.1 Nacelle AD 5-116
with rotor star and the Alpha
Ventus wind farm in the back-
ground. The red structures on
the nacelles are the winching
platforms that enable
personnel and material to be
transported to and from the
turbine. © Adwen/Jan Oelker

B Fig. 11.2 Nacelle and rotor
star of an Adwen AD 5-116 on
an installation vessel ready
for assembly. © Adwen/Jan
Oelker

11.3 Learning Objective:
Ruggedness

Before the wind power generated by the wind tur-
bines could be transported to the consumers on
land the generator voltage must be adjusted by the
converter to 50 Hz and by the transformer to 33 kV.
Prior to Alpha Ventus the state of technology was
that the converter and transformer in some offshore
wind turbine types are located in or below the na-
celle in a special container (as in the 3.6 MW wind
turbines in Arklow Bank in the Irish Sea) or down in
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the foot of the tower on a platform (as in the 1.5 W
wind turbines in Utgrunden in the coastal waters of
the Swedish Baltic). All these construction types were
unsuitable for the M5000 technology because they are
subject to different loads and methods of construc-
tion. Something new was needed. For the AD 5-116
in the North Sea there was the further stipulation that
90 % of the heat loss be discharged outside the tower
to avoid overheating the components in the tower.
The second major stipulation was that no fresh air
should enter the tower for cooling purposes in order
to avoid harmful deposits of salt and dust.
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O Fig. 11.3 A tower segment
being raised from the installa-
tion vessel and onto the seg-
ment already in place where
the service technicians are
ready and waiting. Part of the
56.5-metre-long rotor blade
can be seen in the foreground.
© Adwen/Jan Oelker

— Definition

== Converter: The converter’s job is to adjust
the variable frequency generator current
of the wind turbine to the grid frequency.

== Transformer: The transformer is used to
transform the voltage of a wind turbine
generator to the voltage level of the
internal wind farm cabling, e. g. from 1,000
to 33,000 volts (33 kV). At the offshore
substation another transformer adjusts the
voltage level to that of the high-voltage
grid (110 kV) for the approximately 75-kilo-
metre connecting cable from Alpha Ventus
through the North Sea, over Norderney and
through the Wattenmeer to the mainland.

These two stipulations and the dimensions of
the tower made it necessary to develop a new and
complex method of construction with liquid-cooled
converters and transformers with integrated cooling
plants. There was nothing like that on the market.
In order to develop the converter for offshore oper-
ation the engineers changed the cooling pipework
and enlarged the expansion tank to make the over-
all cooling system in itself more robust. Objective:
greater ruggedness against the harsh environmental
conditions at sea such as air pressure, temperature,
humidity and salt.

The developers additionally doubled the chop-
per resistance to fulfil the grid connection require-
ments in case of power failure - plus an additional
reserve of 80 % and implementation of correspond-
ing control programmes in the wind turbine. For
operation of the transformer at sea they reduced the
size of the oil-air heat exchanger and changed the
design accordingly.

» Alpha Ventus has been an important mile-
stone for us!
Using the knowledge gained through Alpha
Ventus the company has been able to move
on to commercial offshore projects. This has
resulted in 120 of our wind turbines in commer-
cial operation in the North Sea today. We will
continue this burgeoning development from
2015 onwards in the Adwen Joint Venture.
Luis Alvarez, CEO of Adwen GmbH in August 2015
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11.5 « Not Quite Like Your Living Room Yet: Climate Control in the Inner Tower

They similarly established long-term monitoring
of the converter and transformer with error-root
cause analysis. Example: in the course of a failure of
a semiconductor in the Alpha Ventus wind farm the
error-root cause analysis showed that a connecting
cable had been incorrectly fitted. As a result of this
the assembly process was reviewed so that this er-
ror could not happen again. This systematic quality
assurance enables errors to be identified at a very
early stage and their cause to be swiftly remedied.
These learning experiences led to the development
of a full load test stand. The test stand went into
service in 2011.

11.4 Before We Take to the High
Seas: Testing

Adwen built a test stand in Bremerhaven for quality
assurance and optimisation and additionally for the
further development of converters and transformers
(B Fig. 11.4). All wind turbines can be completely
tested here with 5 MW full load or part load and, in
particular, with all functions. Troubleshooting on the
high seas is both time-consuming and expensive. The
effects on the 20 kV grid and compliance with mains
supply criteria are the key elements of the Adwen test
stand. The full load test stand has been in full serial
operation since 2012. In the course of the project an-
other comparable test stand for wind turbines was

O Fig. 11.4 Bird's-eye
view of the Adwen test
stand in Bremerhaven.

built at the University of Hanover for 1-2 MW out-
put. Adwen was able to share their knowledge in the
planning and realisation of this test stand.

The full load test stand uses the “back-to-back”
procedure (B2B). For this two wind turbines of
the same type are mechanically and electrically
connected (B Fig. 11.5). The Adwen test stand in
Bremerhaven is additionally used for various tests
and measurements outside the serial tests, for ex-
ample for the verification of a generator cooling
system, the exact measurement of all currents, volt-
ages and outputs of the B2B test stand and also to
check a condition monitoring system (CMS) that
has been developed. Before it is erected at sea every
completed wind turbine is subjected to a 27-hour
endurance test, 12 hours of which is nonstop under
full load.

11.5 Not Quite Like Your Living
Room Yet: Climate Control
in the Inner Tower

There were endless demands on the cooling systems
for climate control in the interior of the tower - but
nothing on the market at that time. Some solutions
for a few individual demands were already available
though.

Example: an air/water heat exchanger did not
have to be invented - these systems are not new.

© Adwen/Jan Oelker
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However, a heat exchanger installed “outside” next
to the tower had to be constructed in such a way as
to ensure that it always had the same cooling charac-
teristics. However strongly the wind howls outside
or the outdoor temperatures rise or fall, the air/wa-
ter heat exchanger must ensure that the temperature
inside the tower is always the same. It must also be
protected from corrosion by salt water and function
for at least two years without maintenance. After all
you can't send the service team out to sea every few
weeks or months just because the climate control in
the inner tower is not up to living room standards.

Similar applications on large oil rigs were only
of limited assistance in designing this system: be-
cause there is more room on a rig than in a tower,
the components are more easily accessible and the
climate control expenditure much higher. And 24-
hour monitoring by personnel is guaranteed on an
offshore oil rig.

Conclusion: the cooling concept is known but
needs new development before it can be used in
an offshore wind turbine. What is more, the wind
turbines stand on different foundations depending
on the specific conditions of their location - and
the cooling concepts therefore must be suitable
for tower substructures both of steel and concrete.
The decision was made to fit three or four air/water
heat exchangers directly onto the tower to the right
and left above the entrance door. An oil/air heat
exchanger is also located in the tower: the cooling

B Fig. 11.5 Inside view of the
Adwen test stand. © Adwen/
Jan Oelker

air is drawn in through vents in the tower door, led
through ducts to the heat exchanger and then taken
back through ducts to the tower door where it is
released into the atmosphere.

The higher the altitude the lower the salt con-
tent of the air. By moving the air intake point of the
tower from 15 metres to a height of 90 metres it is
possible to reduce the salt content by 27 %. This
leads to: a lower salt content, a lower filter load and
therefore longer run times for the systems without
servicing. A multistage filtration system was ad-
ditionally installed at the intake point at the top
of the tower to reduce the filter load and enhance
the separation needed for the innovative cooling
system.

The high degree of technical plant availabil-
ity in the Alpha Ventus test field proves that the
cooling systems for converters and transformers
(B Fig. 11.6) are thermally correct and functioning.
The required provision of active and idle current
is likewise maintained. Nevertheless, there is still
room for operational improvement such as better
installation devices for fast connection of the power
cables, use of a smaller transformer cooler or the
construction of even more compact medium-volt-
age switchgear. This has been achieved in the fol-
lowing offshore wind turbines of type AD 5-116
and in the prototype of AD 5-135. But it was the
test operation in Alpha Ventus that opened our eyes
to this.
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@ Fig. 11.6 Internal cooling (a,b) Adwen AD 5-116. © Adwen

11.6 Maintaining Maintenance

Maintenance concepts and condition monitoring
systems for constant surveillance play a vital role
in the operation of wind turbines at sea. There was
not much experience available in the offshore busi-
ness when the Alpha Ventus project began. The
wind farms that had already been built at this time
were in the Baltic and there were initial pioneering
projects in the Danish and British North Sea but
these were close to the coast and in shallower wa-
ters and therefore not to be compared with Alpha
Ventus.

There was hardly any useful “literature” available
on offshore maintenance and monitoring concepts
either. What remained was an exchange of informa-
tion by word of mouth: Adwen held talks with the
operators of offshore wind farms. Onshore opera-
tion of the prototypes of the AD 5-116 in Bremer-
haven over a period of several years provided a
framework of data and experience in maintenance
and monitoring. These data and statistics contrib-
uted to the development of a monitoring system for
the offshore wind turbines in Alpha Ventus which
in turn was adapted and successfully implemented
to simplify inspection of the offshore plants. The
potential has not yet been exhausted, particularly
in the case of structural measurement data to mea-
sure the vibration of the tower and rotor blades.
Data analysis to establish the actual strain on the

mechanical components is therefore an area of con-
stant development.

Various types of vessels for use in construction
and maintenance were also tested. These included
accommodation vessels for the technicians who can,
if necessary, remain at sea for up to three weeks.

11.7 Keeping in Touch ...

The times when only the manufacturer was in pos-
session of a special electronic interface to “their”
wind turbines are long past. In wind farms the
turbines of different manufacturers must be com-
binable and compatible across the system in terms
of SCADA (Supervisory Control and Data Acqui-
sition) — this was one of the specifications in the
Alpha Ventus research project. And it was fulfilled.
The server that was developed is completely com-
patible with the SCADA systems of other manu-
facturers. The new standard interface enables the
AD 5-116 to be used in mixed wind parks with sev-
eral different types of wind turbine. This also means
that the additional expenditure in the development
of SCADA systems is kept to a minimum. The new
interface is also used in the neighbouring wind farm
Trianel Windpark Borkum (40x AD 5-116), which
was built in 2014.
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11.8 Keep Turning in High Wind ...

Wind turbines usually switch off in high wind. They
change into the so-called idling mode to keep the
enormous strain on the foundation to a permissible
limit. In the case of AD 5-116 this occurs at wind
force 10 and can result in a loss of power yield, par-
ticularly in high-wind offshore locations.

The engineers have devised a solution for this
that enables the continued operation of the offshore
wind turbine at reduced power during high wind. The
newly developed control strategy pitches the blades to
a position away from the wind to reduce the pressure
on the rotor and therefore the strain on the founda-
tion. A new type of sensor system additionally recog-
nises peak loads and uneven stress on the rotor before
the situation becomes critical. The plant reacts auto-
matically with individual pitch control (IPC) for each
blade and can therefore avoid short-term extreme
loads. This regulation strategy results in an increase
of the annual power yield but not of the load level.

Peripheral Anecdote (I): One plant with
many fathers!

Ingo de Buhr (then Prokon-Nord) was the first
and only planner of a wind farm project to take
on the challenge and become a manufacturer
of wind turbines. He took over the Multibrid
development corporation of the Bavarian wind
turbine manufacturer Pfleiderer and thereby
“inherited” the plans for a multi-megawatt
machine together with a patent licensing
agreement with the plant developer Aerodyn.
After the prototype had been built on land,
the exclusively offshore machine with Multi-
brid M5000 technology was first implemented
in Alpha Ventus. The French energy concern
AREVA joined Multibrid at the end of 2007

and took over 100 % of the shares in 2010. The
joint venture Adwen Offshore was established
in 2015 between the Spanish manufacturer
Gamesa and AREVA who have brought their
M5000 wind turbine types AD 5-116/AD 5-135
and their offshore projects entirely into the new
enterprise.

Bjorn Johnsen

11.9 Helicopter Air-Drop Platform:
Abseil!

To avoid any misunderstanding: air-drop here
means abseiling. But this has nothing in common
with a safe descent on firm ground! Helicopter
air-drop platforms are needed for emergencies or
perhaps essential quick maintenance work when a
vessel cannot approach the wind turbine because of
high wind and waves. Here again there were at first
no DIN standards at all in respect of offshore wind
energy. At the beginning of the project the only
advice came from international regulations which
was more or less “Heli-decks on offshore (oil) plat-
forms, please be kind enough to comply”. After the
construction of the German offshore wind energy
test field, the minimum requirements for helicopter
air-drop platforms on offshore wind turbines were
legally established in Germany. The “Principles of
the Federal Republic of Germany for Service Areas
on Wind Turbines” have applied since 2012 (Fed-
eral Gazette of 27.01.12). The helicopter platform
(B Fig. 11.7) built for the AD 5-116 was accepted
and approved by the Federal Maritime and Hydro-
graphic Agency (BSH) and the Federal Ministry of
Transport, Building and Town Development; cer-
tification was by Germanischer Lloyd (DNV GL).
A patent is pending, and the economic potential is
high: these helicopter decks were subsequently also
installed on the 40 wind turbines in the neighbour-
ing wind farm Trianel Windpark Borkum in 2014
and the 80 wind turbines in the offshore wind farm
Global Tech L.

11.10 Drivetrain in Long-Term Test

Trust is great, control is better. For everyone con-
cerned. In order to find out exactly what loads the
main components in the drivetrain are subjected to,
the drivetrain of an AD 5-116 was completely taken
apart and examined. After four years of service and
production of 38 gigawatt hours of power. In partic-
ular, the suppliers of the components were invited to
take part in the assessment because they also profit
from the findings obtained. Interim result after four
years: the encapsulation of the wind turbine works
and lives up to expectations, all screw connections
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B Fig. 11.7 Atechnician is
lowered onto the winch plat-
form for a service assignment.
© Adwen/Jan Oelker
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B Fig. 11.8 Planetary gear (a), detailed view (b). © Adwen/Jan Oelker

were free from corrosion and easily loosened. Ac-
cording to the assessment of independent experts,
the rotor blades are in a normal condition in con-
sideration of their operational service.

The blade bearings with raceways, cage, roll-
ing elements, gear teeth and sealing were flawless
according to the manufacturer present during the
examination. They could well reach their expected
service life of 20 years. The main bearing with
raceways, cage and rolling elements was also in a
good condition, said the component manufacturer.
As expected, close attention was paid to the gear-
box, which was removed and then examined by

independent experts. They pronounced that there
was no reason to change the design of the gearbox
(B Fig. 11.8). The large slide bearing C (near the oil
pocket) is free from significant deformation and
can continue to be used. There was no indication of
overheating or false oil circulation. The gearbox is
therefore in a good condition. Nor were there any
complaints when the generator was inspected.
Overall conclusion of the experts about the
“used” drivetrain: the technical concept of the off-
shore wind turbine AD 5-116 was confirmed to-
gether with the materials used and the design of the
components. All findings are important because
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O Fig. 11.9 Aview inside the
assembly shed. © Adwen/
Heike Winkler

they may on occasion lead to improvements and,
in particular, lead to more exact data concerning
the service life of the components. The significant
results of a technical examination are important
for the financial feasibility of future offshore wind
farms. By the way, the drivetrain was reassembled
and returned to service (B Fig. 11.9).

11.11 Sources

== Innovative Weiterentwicklung, Konstruktion
und Test der Offshore Windenergieanlage
AREVA Wind M5000 unter erschwerten
Offshore Bedingungen im Offshore Testfeld
Borkum West. Abschlussbericht, 2014, Forder-
kennzeichen 0327670

== P www.adwenoffshore.com, accessed on
22.11.2015
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Wind turbines are getting taller and taller, with hub
heights of 120 to 150 metres and more now quite
common. The taller the turbine, the greater the
work involved in the erection of met masts that can
measure the wind conditions so that wind turbines
can be operated efficiently. At the same time, turbu-
lent airflow determines the wind conditions at such
heights. On land the wind turbines are also often
situated in complex terrain: hills, valleys, moun-
tains or even buildings in the wider surroundings
also ensure complicated wind flow patterns. New
measuring methods are needed in order to be able
to make more reliable statements about such wind
conditions at blade tip heights of 50 to 300 metres.
One of the most promising procedures to date is
shooting laser beams into the wind!

While this might initially sound like something
out of “Star Wars”, not only can it be used to measure
the wind speed directly in front of the rotor, but also

to capture complete wind fields along with their cur-
rents and the resulting loads on the wind turbines,
thereby enabling better micro-siting when planning
a wind farm. This applies both offshore and onshore.
It is thus no wonder that the lidar research is one of
the RAVE Initiative’s largest projects. On completion
of the four-year Lidar I project the scientists contin-
ued their research in the follow-up project Lidar IL

12.1 How It Works

Lidar (light detection and ranging) devices shoot
laser beams into the air at the speed of light. There
they can hit even the smallest particulate material,
such as dust particles, that are almost always to be
found in the air: the so-called aerosols. The most
frequently occurring aerosols above the sea are salt
crystals. These particles always move in the current
wind direction, and when hit by a laser beam they
reflect a fraction of the laser light back towards
the lidar device, which then evaluates the signal. If
pulsed laser beams are used, it is possible to measure
the wind at different distances and heights above the
ground or surface of the sea simultaneously, just as
radar is used to measure the distance to an object.
This thus gives not just one wind speed at one posi-
tion, but a complete “wind field” in the surrounding
air. In other words, it can do a lot more than the con-
ventional wind meters usually found in meteorolog-
ical stations, which can only capture and measure at
one single point.

12.2 Not Just Research for Research’s
Sake

So we have an abundance of topics, with an abun-
dance of institutes involved. Lead partners in the
research project “Lidar Wind Measurements for
the Offshore Test Field” were Stuttgart Wind En-
ergy (SWE) at the University of Stuttgart and the
ForWind Center for Wind Energy Research at
the University of Oldenburg. The German Wind
Energy Institute (DEWI) was called in for power
curve measurements, while the German Aerospace
Center (DLR) supported the project both with its
knowledge of lidar and with its own long-range
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lidar. While cooperation between the wind industry
and the aerospace industry might otherwise offer
room for improvement, on the lidar project it was
conspicuous.

The Federation of German Wind Power (FGW)
played a lead role in passing on the research findings
to the German industry and in the guidelines result-
ing therefrom. All in all, this was not just research
for the sake of it, but research that has direct con-
sequences for the wind industry and for the further
development of wind energy technology. Sometimes
it is only possible to see the real value of the work
in hindsight, which is why independent research is
so important.

12.3 Lidar Technology

12.3.1 Snowfall Test in Swabia

Almost 1,000 kilometres south of Alpha Ventus;
not on the high seas, but in truly complex terrain:
the first test for the research project with a lidar in-
strument took place in 2008 on the roof of Stuttgart
Wind Energy (SWE), not far from the Swabian Jura.
The test used a French-made instrument that can
measure winds of up to 30 m/s at heights of 50 to
200 metres (B Fig. 12.1), hence far above the normal
cut-out wind speed for wind turbines. It can also
capture several measuring heights simultaneously.
The reference instrument used later for comparison
and to investigate the wind in the wake flow of wind
turbines was a pulsed Doppler wind lidar with 2 um
wavelength from DLR in Bremerhaven.

The French lidar works on the ground, so it’s
not attached to the nacelle of a wind turbine. The
first test on the roof of the institute in Stuttgart was
carried out in wintry conditions (8 Fig. 12.2). There
was snow and ice all around, but the instrument
worked. The lidar was modified by SWE and fitted
with a more flexible scanner unit.

The lidar emits up to 10,000 laser impulses or
shots in the four main wind directions (north, south,
east, west) and at up to ten predefined heights. Each
measurement cycle takes half a second. A further
half-second is needed to calculate the readings re-
ceived, to turn another 90 degrees to the next com-
pass point and then to shoot the next laser beam.
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B Fig. 12.1 Measurement principle of the lidar system.
© Leosphere

O Fig. 12.2 Initial test on the roof of Stuttgart University.
© SWE University of Stuttgart
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The course of the scan describes the volume of a
cone. The whole measuring period for six different
measuring heights is just 1.5 seconds. Two things
are important for a precise measurement: first a
particular minimum concentration of aerosols in
the air needed to reflect the beams, and secondly a
high laser power in order to get a clear signal from
the backscattered light beams.

12.3.2 Scanner System
and Specification Offshore

Scanner and reflector are the crucial factors for de-
veloping a simple lidar to reach new heights - for use
on the nacelle of a wind turbine. A scanner system
with a control unit was developed for nacelle-based
lidar measurements (B Fig. 12.3). The reflector is
used to steer the laser beam in any desired direction.

The scanner and control unit were integrated
in a second casing that can be connected to the li-
dar. This way - depending on the assembly - you
can capture the wind field in front of or behind the
wind turbine - and in each case with a range of sev-
eral hundred metres. Furthermore, the wind field
is now captured three-dimensionally, resulting in
a complete flow pattern. Thanks to the scanner and
reflector it is possible to direct the laser beam in the
desired, predefined positions. With several thou-

O Fig. 12.3 View of the
SWE scanner system. © SWE
University of Stuttgart

Steering Rods
(Carbon)

Motor

Joint Bearing

Lightweight frame and mirror

sand laser shots within half a second it only looks
like continuous blind shooting - but the points have
in fact been clearly defined beforehand. The scanner
in the lidar follows the predefined times and points.
By measuring at five points along the laser beam you
can measure the so-called “radial velocity”. Parallel
to this the researchers developed the necessary sim-
ulation software.

The initial test of the new nacelle-based lidar
scanner system was not carried out on a rooftop in
Swabia. The trial was done in 2009 near Alpha Ven-
tus, but still on land: on the prototype of the Adwen
AD 5-116 outside Bremerhaven, where the system
was mounted on the roof of the nacelle. This was
done quite traditionally, using scaffolding clamps
and poles. With this experimental scanner it was
now possible to use the lidar for measuring the
power curve and the load measurements.

12.3.3 Wind Measurement Buoy
on the Crest of a Wave?

The ground-based lidar also shows what it can do
offshore: it was installed on the Fino 1 platform, but
still ground based. There it also demonstrated a good
correlation with the anemometer measurements
from the met mast. It was also possible to achieve
good availability of the instrument at all heights off-
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B Fig. 12.4 First measured
prototype in Bremerhaven
and the met mast. The lidar
(not visible in the photo) is
located about 10 m from the
met mast. © SWE University of
Stuttgart

shore as well. This is down to the high concentration
of aerosols over the North Sea, which enables a bet-
ter reflection of the laser beams. Incidentally, lidar
instruments are also suitable for “offshore spin-off
inventions” and lead to other developments. One ex-
ample is a buoy the so-called “Floating lidar”. These
float on the waves and make it possible to carry out
wind potential measurements offshore without the
need for massive, stationary ground foundations.

12.4 The Burden of the Power Curve

12.4.1 From Wmo to Demo

A look back at the days before lidar: up to now the
power curve for a wind turbine (> Sect. 20.5) was
measured with a point measurement of the wind
speed and wind direction, ideally with a distance
from the met mast to the turbine of 2.5 times the
rotor diameter — according to an International
Electrotechnical Commission (IEC) guideline.
The “power curve measured in accordance with
IEC” is the central benchmark for the wind turbine
and the basis of the yield calculations. Measuring

s 12

a power curve with these parameters at locations

with weaker wind strengths can require several up
to nine months until enough data for all occurring
wind speeds can be gathered.

In the case of the Adwen AD 5-116 prototype
in Bremerhaven the lidar was initially installed di-
rectly adjacent to the met mast (B Fig. 12.4) - and
the comparative values were very good. So the lidar
does also work without met mast onshore (wmo).

For the offshore test it was once again back to the
roof. The ground-based lidar system was erected on
the roof of a container on the Fino 1 research plat-
form in the North Sea, ten metres from the met mast
(B Fig. 12.5). Here it was easily possible to compare
the data with that from the “conventional” cup and
ultrasonic anemometers and wind vanes. In the case
of the cup anemometer the availability at all heights
was just short of 100 %, and with the ultrasonic an-
emometer it was 97.5 %. At all measuring heights on
Fino 1 the availability of the lidar was 98 %. At the
new windy height of 200 metres without met mast
the availability dropped to 91 %. This is due to the
fact that the signal-to-noise ratio decreases with in-
creasing height - so here we need further develop-
ment, especially powerful laser devices.
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O Fig. 12.5 Position of the lidar on the container (right) on
the Fino 1 offshore research platform. © UL International
(DEWI)

Peripheral Anecdote (I): A bit too hot

The sun and the north both have their own
laws. When used on the Adwen AD 5-116 pro-
totype in Bremerhaven the new lidar scanner
worked for ten months without any problems.
Well, almost without any problems. On hot
summer days the temperature inside the casing
reached 40 degrees Celsius, with the result that
the software thought it had “a bit of a tem-
perature” and so switched the whole system
off automatically. To avoid this happening out
at sea the lidar used on Alpha Ventus had a
sunshade fitted.

Bjorn Johnsen

At met mast height the lidar achieved similarly
good results as the conventional devices, not just
regarding availability but also with the actual mea-
surements. The offshore lidar trial on Fino 1 lasted
one year. The ten-minute average readings showed
over 99 % conformity with the anemometers. The
discrepancies between lidar and anemometer are
thus smaller than the measurement uncertainty of
the met mast.

The wind profiles and turbulence intensities at
sea are different from those on land. In this respect
it may prove beneficial to differentiate between
a power curve with unrestricted wind inflow and
turbulence intensities of 5 to 10 %, and a power
curve within a wind farm with significantly greater

turbulence intensities. This could enable an easier
measurement method using lidar within an offshore
wind farm - and make a major contribution in en-
suring that planners, operators and turbine manu-
facturers have a fast instrument for verifying wind
power yields at their disposal.

The influence of the vertical wind profile and the
turbulence intensity on the dynamic performance
characteristics was also investigated. To this end, the
lidar wind measurement was carried out at five dif-
ferent measuring heights within the rotor diameter
of the Adwen AD 5-116. The capturing of the whole
swept rotor area can improve the accuracy of the
dynamic performance characteristic. This not only
applies to the vertical wind profile - the course of
wind speed and wind direction with the height - but
also for measuring the turbulence characteristics
across the whole swept rotor area.

12.4.2 Lidar on the Nacelle

Can you also get reliable power and load curves
from nacelle-based lidar measurements? Here the
lidar is not on the ground, but on the nacelle or di-
rectly on or in the spinner, e. g. on the roof of the
nacelle as with the tests using the Adwen AD 5-116
near Bremerhaven. In the practical test the na-
celle-based lidar system with scanner apparatus
also achieved results highly comparable with those
of conventional anemometers in this area of applica-
tion. And that is not all: due to the lidar being on the
nacelle it is possible to measure the whole wind field
in front of a wind turbine for the first time; and not
just the vertical wind inflow conditions “above and
below”, but the whole wind field across the gigantic
swept area including the inclined flow (@ Fig. 12.6).

This not only provides a lot of new data about
the movement of the wind, but possibly also a better
understanding of the “interaction of wind and wind
turbine”. And with the inclined flow it identifies a
cause for a weaker power yield or stronger, tempo-
rarily occurring loads on a wind turbine. It shows
that with nacelle-based lidar wind measurement
there is a good correlation between wind speed and
power output of a wind turbine.

Nacelle-based lidar measurements can in any
event measure the transient performance charac-
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teristics as well as the power curve of a wind tur-
bine significantly faster and in more detail than a
ground-based measurement, because the measuring
system turns with the wind direction - and thus also
with the nacelle of the wind turbine. Provided of
course that the lidar instrument in/on the nacelle is
robust and powerful.

12.5 Turbulent Wind Fields in Front
and Behind

12.5.1 Inflow from the Front, Initial
Investigations into System
Control

Gusts of wind, inhomogeneity of the incoming wind
field (vertical and horizontal wind gradients, when
the wind decreases near ground level, partial gusts)
are currently the main load factors affecting wind
turbines. This is expressed in terms of high load
peaks and frequent alternating loads, with up to 100
million alternating loads in the lifetime of a wind
turbine. At present, load reductions can only be ac-
tively achieved with control measures by changing
the rotor speed or through collective pitch adjust-
ment, after the wind impulse - i. e. the load impact
- reaches the turbine. But at that stage the load has
already hit the turbine or is already past! A fast wind
field forecasting system within the short-term range
of 5 to 30 seconds could help remedy the situation,

12:00
Time

17:00 22:00

an anticipatory and proactive system that relays the
relevant information to the turbine control system
before the wind reaches the wind turbine. Such sys-
tems have already been simulated — what is lacking
is the practical implementation ...

Peripheral Anecdote (I1): Open the flap!

In the wind tunnel at the University of Old-
enburg they are following new paths “in the
search for turbulences”. Here they place a heavy
grating in the tunnel, which consists of 126
individually moveable panels and flaps. The
flaps can be moved in a variety of directions by
means of 16 axes, also against one another. This
way the researchers try to generate air vortices
and reproduce the turbulences that prevail in
front of a wind turbine. In conventional wind
tunnels there is just an even flow of wind in one
direction, which then flows over a rotor blade,
for example. This is rather an unrealistic model -
reality and nature are wilder.

Bjorn Johnsen

12.5.2 Simulation Is Part of Testing

The Witlis (wind turbine lidar simulator, @ Fig.12.7)
was developed as the preliminary step to creating
such a system. The lidar system to be developed
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requirements
B for wind fields

| wake model verification
with LIDAR

turbine control
with LIDAR

Power curve
with LIDAR

b

simulated / real
wind fields

should provide wind fields for wake verification,
for power curve measurement and for controlling
a wind turbine. In other words, very different tasks
with rather different requirement profiles: for mea-
suring the wind vortex - the air turbulence behind
a wind turbine - you need high-resolution spatial
measurements, but for controlling you require
rather more high-resolution temporal measure-
ments. And this in turn means the scanning system
has to be more flexible.

There is a lot of development potential in the
system controller, and there has been a lot of ex-
perimentation and trials. For example, a lidar-based
controller was compared with a standard controller
and checked in ten-minute wind fields. In a second
step, Witlis was paired with a commercial aeroelas-
tic simulation tool. In the first trials, virtual tests
were made of identified options with considerable
(up to 30 %) load reductions of the tower bending
moment.

12.5.3 Like a Smoke Trail - the Wind
Loads Behind the Turbine

The wind flow field behind a wind turbine has a
considerable impact on the wake - before it reaches
the next turbine in the second or third row in the
wind farm. Even where the distances between the
turbines are greater, only on statistical average does
it appear to be like the “even” shadow impact of a
building structure. In reality this wind in the wake
moves slowly to and fro to the stream - and as “wave
meandering” it resembles more the billows of smoke
from a tall chimney or the vapour trail behind a
large passenger plane! And this “wake” additionally

scanner recommendations
optimized scanning strategy

@ Fig. 12.7 Scanner devel-
opment concept with Witlis.
© SWE University of Stuttgart

system

scanning device restrictions
measurements

creates an irregular load on the main components
of the wind turbine behind.

While an accurate determination of the wake
flows of multi-megawatt turbines is desirable, this
can only be achieved with elaborate scientific simu-
lation techniques (CFD), which require a lot of com-
puting time. This means that broader industrial use
is hardly practical at present.

» Westill don’t know enough
In recent years there have been huge advances
in all areas of wind technology. And yet we
still don’t know enough. At best, we can only
describe the incoming wind flow on to the rotor
blades in broad terms. But new knowledge also
opens up new possibilities.
Dr. Matthias Wachter, ForWind, Institute of
Physics, University of Oldenburg

A simulation model for the dynamics of the wake
of multi-megawatt wind turbines was developed
during the research project. This Disc Particle
Model (DPM) now makes it possible to generate
synthetic time series of wakes for the most differ-
ent atmospheric situations. Great turbulences in the
atmosphere that can alter the wind direction shift
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the wind wake in lateral and vertical direction - al-
most like a body. In contrast, smaller turbulences
do not alter the wind direction, but do cause a mix-
ing-up of the wake. In science, similar models are
used for modelling the distribution of contaminants
and toxic gases in the atmosphere. The whole trail
of smoke is reconstructed using a large number of
particles. The models make it possible to observe the
behaviour of the particles and thus also the smoke
trails for different atmospheric stratifications.

The wake simulation model that was devel-
oped was compared with the real lidar measure-
ments. This showed a large degree of congruence
between simulation model and lidar measurements
(8 Fig. 12.8). It also turned out that the lidar in-
strument measures with higher temporal resolution
- in millisecond range - and spatial resolution than
conventional anemometers.

These simulation models for wind turbine wake
loads need to be developed further. By taking better
account of the wind wake behind the first row of
turbines it would be possible to develop recommen-
dations for improved positioning of the turbines in
the second or third rows of a wind farm.

12.6 Quo Vadis? New Offshore
Measuring Method and FGW
Guidelines
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German Wind Power (FGW) directive. As far as the
nacelle-based results are concerned, they also have
some influence on the FGW guideline activities, and
the same goes for the non-stationary power curve
measurements. The experiences gathered from the
lidar research will be made available to the entire
wind industry.

12.7 When the Nacelles Have Lidar

A start has been made with the Lidar I research
project, but lidar work continues. In the near future
we can expect to see multi-megawatt turbines with
output capacities of 10 MW and more. Ten-mega-
watt wind turbines will have rotor diameters of
around 250 m, with a swept area the size of five
football pitches. Such power plant scale turbines
require new, adapted control and monitoring strat-
egies. Here it will be crucial to reduce the enormous
wind loads effectively and under minimum use of
control systems. The goal is to feed their generated
electricity into the grid with an already optimised
yield while thereby being able to identify small de-
viations from intended normal operation early on.

12.7.1 Modern Control Systems First
React upon Wind Impact

The results with the new ground-based lidar mea-
surements mean that it is possible to use the ground-
based lidar system along with a reference mast to
measure the power curve. This has been included in
the IEC norm and the corresponding Federation of

Despite many advances in all areas of wind energy
technology, this vision faces one fundamental obsta-
cle: there are too many uncertainties and too little
knowledge about what can at best be described as
statistical inflow onto the swept rotor area. And the
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current control concepts for wind turbines can only
react to changes in the incoming wind field which
have already provoked rotor speed or load changes.

In assessing the average or momentary output
it is unclear which wind conditions on the special
site in the wind farm have caused them. A precise
variance analysis is therefore impossible.

The follow-up research project Lidar II “Devel-
opment of nacelle-based lidar technology for the
measurement of power performance and the control
of wind turbines” should develop several technolog-
ical components.

12.7.2 Robust and Suitable
for Industrial Use

One of the main goals of the project is to continue
to develop a lidar system for nacelle-based use on
wind turbines that is “robust, cost-effective and
suitable for industrial use”. The series price of the
new instrument must be competitive with the ultra-
sound anemometer technology used to date. Ideally
it would be best to integrate the lidar in the spinner
of the wind turbine, but if necessary it could also be
mounted on the roof of the nacelle. Here it would
be necessary to use modern, reliable components
to guarantee low-maintenance automated operation
all-year round. A prototype could be tried out in
Alpha Ventus within the scope of the project. The
“commercialisation” of the new device starts now,
straight after the completion of the project in 2015
- in other words: marketing and preparations for
series production.

Based on the nacelle-mounted lidar wind mea-
surement, other methods were also developed
during the project, which meet the requirements for
power curve measurement in accordance with the
international IEC guideline (IEC 61400-12) and at
the same time determine the dynamic performance
characteristics in the fast 1-Hz range. Result: the
direct measurement of the incoming wind using a
nacelle-based lidar leads to a shortening of the mea-
suring time necessary for determining the power
curve and to a significant reduction of uncertainties
about the incoming wind field. Lidar instruments
are not of course to be seen as a total substitute for
the nacelle-mounted anemometers normally used

today, because in a very few weather conditions -
such as snowfall - lidar measurements are not pos-
sible and it is necessary to fall back on conventional
sensors. Lidar devices can however measure and
process important information about the incoming
wind field faster and more accurately — before the
wind field has reached the wind turbine. Because,
as opposed to permanent, continuous laser beams,
pulsed laser “points” enable multiple measuring dis-
tances simultaneously as well as a constant measure-
ment volume, the project decided to use the pulsed
lidar method.

For examining the stationary performance and
yield potential the lidar scanner that was developed
was tested offshore on the nacelle of a Senvion wind
turbine in Alpha Ventus - on turbine AV4 on the
north-western edge of the wind farm. The location
had the advantage of being a distance of 400 metres
(corresponding to 3.2 times the rotor diameter) to
the Fino 1 research platform and its wind measure-
ment data could be used immediately for compar-
ison. Due to the device not being watertight and
the resulting water penetration there were several
hardware breakdowns during the four measurement
campaigns. The measuring period was therefore ex-
tended into the spring of 2015 so that the planned
measurement campaigns could be successfully com-
pleted.

12.7.3 Collective “Blade Feed Forward
Control” Before the Wind Hits?

In the continued lidar project a monitoring method
was developed that enabled continuous monitoring
of the performance behaviour. A more precise, early
regulation of a wind turbine with a nacelle-mounted
lidar system can also increase the energy yield - by
means of a more exact wind realignment and im-
proved speed control. But first and foremost the li-
dar system should significantly reduce the extreme
and fatigue loads of wind turbines. Trials and ex-
periments were carried out here as well in order to
develop and test the most suitable control strategies.

The favourite by far is a control concept for col-
lective blade angle feed forward control that, thanks
to lidar measurements, receives the necessary infor-
mation about the incoming wind field and can thus
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proactively intervene as the situation demands. In
a complex process a lidar feed forward control was
successfully developed and simulated for an Adwen
wind turbine (Turbine AV7 in the wind farm). This
demonstrated that with the collective blade angle
feed forward control there could for example be a
load reduction of up to 20 % on the tower. Whether
the feed forward control is largely used for load re-
duction, for positioning activity or speed variability,
depends mainly on the decision of the wind turbine
manufacturer when designing “his” turbine. A more
complex individual blade feed forward control was
also developed during the project, which however
only offers minor advantages over the collective
blade feed forward control.

At the end we have here a technology transfer
of research results from Alpha Ventus to the entire
German wind industry, especially to the technical
committee conference of the Federation of German
Wind Power (FGW) - and significantly beyond.
As a result we now have “Wind Task 32” of the In-
ternational Energy Agency concerned with “wind
lidar systems for wind energy development”, which
in the meantime deals with eleven lidar topics, rang-
ing from wind field reconstruction to nacelle-based
power curve measurement. The know-how transfer
is in full swing.

12.8 Sources

Entwicklung von Lidar-Windmessung fiir

das Offshore-Testfeld, Forderkennzeichen
0327642/0327642A, Abschlussbericht vom
27.04.2011, Universitdt Stuttgart, Stiftung-
slehrstuhl Windenergie, Andreas Rettenmeier,
Universitat Oldenburg ForWind, Institut fiir
Physik (0327642A), Dr. Matthias Wéchter
Kurz-Info/Script vom 2.10.2014 zum Nachfol-
geforschungsprojekt: RAVE-Lidar II: Entwick-
lung gondelbasierter Lidar-Technologien fiir
die Messung des Leistungsverhaltens und die
Regelung; ForWind, Universitit Oldenburg,
Projekt Nr. 0325216 A; Universitat Stuttgart,
Projekt Nr. 0325216B
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Even if it initially sounds like a somewhat unpleasant
concept: every time a wind turbine turns, it brakes
the incoming wind and then churns it around as it
passes through the rotor blades. This creates a wake,
a vortex of increased turbulence that has a shadow
effect on the turbines behind. This results in reduced
yield and increased alternating loads on the wind
turbines in the rear rows, which can shorten their
service life. The behaviour, especially the dynamics,
of these wakes and their interaction in wind farms is
complex and difficult to gauge. Up to now, the plan-
ning and simulation models contain uncertainties
and inaccuracies in the assessment of shadowing
and follow-on effects under different meteorological
conditions. This leads to risk premiums when plan-
ning offshore wind farms or can cause a reduction
in electricity supply. This inhibits the economic ef-
ficiency of projects. And these shadowing effects do
not just occur within a wind farm, but even whole
wind farms can be shadowed by one another. It is
possible for the wake vortex of a wind farm to ex-
tend tens of kilometres.

The shadowing losses and characteristics of the
wake turbulences within offshore wind farms were
analysed in a large-scale joint research project con-
sisting of two large sub-projects: the measurements
in the German offshore test field Alpha Ventus,
which are part of the RAVE research initiative, and
the measurements in a second, much larger off-
shore wind farm for comparing and verifying the
investigations carried out so far. This was originally
intended to be the Bard Offshore 1 wind farm with
80 turbines, each with 122 m rotor diameter. As a re-

sult of the insolvency of the Bard Group it was nec-
essary to find a new location for the measurements.
A good replacement location was found in the shape
of the Riffgat offshore wind farm. The wind farm has
30 turbines with 120 m rotor diameter and measure-
ments began in summer 2015.

13.1 Measure More with Multi-Lidar

The first time a multi-lidar system was ever used
offshore was in the GW Wakes research project at
the Alpha Ventus wind farm. This remote sensing
method uses laser beams to determine the wind flow
(see » Chap. 12 “Lidar - Shooting into the wind with
laser beams”). The GW Wakes project used three
so-called “long-range lidar wind scanners” for the
measurements in Alpha Ventus as a multi-lidar with
a range of several kilometres. For the approximately
eight months of the measuring campaign, two of
these wind scanners were set up on the Fino 1 re-
search platform west of Alpha Ventus, with the third
scanner on the AVOQ transformer platform to the
southeast (B Fig. 13.1). By setting up the scanners
at two physically separate locations (8 Fig. 13.2) it
was possible to carry out a variety of measuring sce-
narios. With this configuration, the intersecting and
overlapping lidar measurements make it possible to
calculate the horizontal, two-dimensional wind vec-
tor in large areas of an offshore wind farm, which is
why the MuLiWEA (multiple lidar wind field eval-
uation) algorithm was developed in this research
project. Taking into account a two-dimensional con-
tinuity equation, this calculation process generates
the so-called 2D wind field, with wind direction and
intensity, using the data from several lidar devices.
A specially developed measuring buoy was an-
chored near Fino 1 (B Fig. 13.3), which also records
the water surface temperature, the air pressure and
the air temperature. These measurements contrib-
ute to a better understanding of the dynamics and
turbulences above the sea (see » Chap. 17 “Some-
times it almost bubbles like a witches’ cauldron”
The measurement profiles of air temperature, at-
mospheric pressure and humidity have proven to
be a source of important information for describ-
ing the wakes. This becomes particularly clear with
the example of the thermal: onshore, when the sun
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B Fig. 13.1 Long-range lidar on the Alpha Ventus
transformer platform. © ForWind - University of Oldenburg

shines onto a dry sand hill, the air there heats up
faster than over a marsh and then rises. Offshore,
the sea is still comparatively warm in autumn, even
though the wind is already cold - and this creates
an unstable stratification of the atmosphere over the
water. These atmospheric stratifications significantly
influence the behaviour of the wakes. This influence
could be metrologically measured more accurately.

13.2 A Deficit Is Obvious - Where the
Wind Is Concerned

In the GW Wakes research project the wakes are mea-
sured with lidar in up to 240 measuring points with
arange up to 6.5 kilometres behind the wind farm.
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O Fig. 13.2 Schematic representation of the measurement
scenario in the Alpha Ventus offshore test field. One lidar

on Fino 1 (red) and one on the transformer platform (blue)
measure the wake vortex of turbine AV10. The areas captured
by the instruments are outlined in red and blue. © ForWind -
University of Oldenburg

Thanks to the high temporal resolution of the
measurements it was possible to detect and investi-
gate the dynamics of the wakes in detail. The evalua-
tions of the measurements clearly show the meander-
ing wake behind the wind turbines, with this example
showing it with a southeast wind (8 Fig. 13.4).

The wake flow behind the wind turbines very
much depends on the incoming wind direction
in front of the turbines. The graphic (8 Fig. 13.5)
shows how the wind velocity deficit behind the wind
turbines depends on the inflow direction on the ba-
sis of numerical computer simulations.

13.3 Satellites, Lidars and a Source
Code

Measurements made with long-range lidars were
also compared and combined with those taken us-
ing satellite radar. The radar technology covers a
very large area, making backscatter images of the
sea surface and thereby using the intensity of the
backscatter to measure the roughness of the sea
surface. This can be used to derive the wind speed.
This method can capture significantly larger areas
than lidar, though the satellite can only measure
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B Fig. 13.3 The measuring buoy used in the GW Wakes project before it was positioned near the Fino 1 research platform.
© BSH
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O Fig. 13.4 Measurement of
the wind flow in Alpha Ventus
with a lidar mounted on

Fino 1. The speed component
is shown in different colours
looking towards the lidar
(radial speed or line of sight
speed). The prevailing wind
direction is southeast (red
fields). The wakes of the wind
turbines of the southernmost
three rows of turbines can be
seen clearly (below right). The
white sectors show where the
view of the lidar is blocked by
objects on Fino 1. © ForWind -
University of Oldenburg
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the same position every two or three days. A lidar
on the other hand can take measurements in the
same region continuously, with higher spatial reso-
lution than the radar satellite and at various heights.
But when both were combined - lidar and satellite

technology - the initial comparison proved to be a
promising instrument for detecting the character-
istics of the wakes, and should be used to do this in
future measuring campaigns to make the most of
the respective advantages of the individual systems.
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B Fig. 13.5 Average velocity deficit from numerical calcu-
lations by averaging over grid elements sized 3.5 x 3.5 km?
for inflows at the Alpha Ventus wind farm from directions
between 255 and 275 degrees. The farm’s turbines stand in an
area 19,500 to 23,000 m behind the inflow margin, and here

a marked increase of the deficit is clearly visible. In the area
behind the wind farm it slowly decreases again. © ForWind -
University of Oldenburg

The GW Wakes project partner Fraunhofer
IWES used the findings and approximation models
from the GW Wakes research project to augment
the “Flap-FOAM” wind farm optimisation software.
The programme continues to be developed further
within the scope of the ongoing project and vali-
dated with real measurements.

13.4 More Accuracy Without
a Mainframe Computer

The first measuring campaign in Alpha Ventus has
been successfully completed. With northerly or
southerly inflowing wind it was only possible to
measure fourfold overlapping wakes at most, be-
cause the offshore wind farm only consisted of four
rows with three wind turbines each. In the summer
of 2015 measurements were taken at the Riffgat oft-
shore wind farm for purposes of comparison and for
mapping the results onto large offshore wind farms
- with lidar and additional measuring systems on
four wind turbines. Riffgat, around 15 kilometres
northwest of Borkum, is suitable for investigating

n7 1 3

multiple overlapping wakes, in that there are 30 tur-
bines on the wind farm. While their rated capacity
of 3.6 MW is a bit less than the 5 MW wind turbines
in Alpha Ventus, what is interesting for the research
project is the arrangement of the turbines. In Riffgat
the turbines are arranged in three rows of ten ma-
chines. So if for example the wind comes from the
southwest, this results in tenfold overlapping wake
currents behind the wind turbines, which can be
measured and investigated.

The overriding objective of the ongoing, overall
research project is to gain a better understanding
of the wakes that arise behind the wind turbines
and their interactions. The next step will be the
application of this knowledge and its transfer into
industrial practice: the development of efficient,
numerical computer models that do not just run
on a mainframe computer, but which can be used
directly in the planning of wind farms. This will
lead to significantly reduced uncertainties in the
calculation of wind farm shadows and wake turbu-
lences — and to more precise wind yield estimations,
which could in the end contribute to better wind
farm planning and operation.

13.5 Sources

Schneemann, J.; Bastine, D.; v. Dooren, M.;
Schmidt, J.; Steinfeld, G.; Trabucchi, D.; Tru-
jillo, J. J.; Vollmer, L. & Kithn, M. “GW Wakes:
Measurements of wake effects in ‘alpha ventus’
with synchronised long-range lidar wind
scanners’; Proceedings of the German Wind
Energy Conference DEWEK, 2015

Kithn, M. et al., Zwischenberichte Nr. 03/2012,
04/2013, 05/2013, 06/2014 und 07/2014 zum
Forschungsvorhaben ,,Analyse der Abschat-
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14.1 Wish, Will and Achievement

When you consider the real substance of the exten-
sive offshore research project “OWEA - Verifica-
tion of Offshore Wind Turbines”, it's about nothing
more and nothing less than the “truth” about wind
turbines out at sea: what influence does the atmo-
spheric boundary layer have on the power curve
of the turbines? What effect does the wind perfor-
mance have in the supposedly simple “terrain” out
at sea? What impacts does the wake have on the
turbines in the second and third rows behind a tur-
bine? How and with which simulation models is it
possible to determine the performance and loads of
an offshore wind turbine more precisely? And what
could a simple and stable load monitoring system
for system operation look like?

14.2 Air and Power Curve:
the Greatest Deviations by
Stable Atmospheric Conditions

The direct proximity of Alpha Ventus to the Fino 1
research platform offers numerous benefits - the
power curves of the offshore wind turbines can be
determined in various ways there at sea. As well
as using the conventional measurement of power

curves with the data from the Fino 1 wind met mast,
it can also be done with the new lidar technology,
which uses innovative laser technology. With lidar
systems (see » Chap. 12) it is possible to capture the
spatial structure of the wind fields both in front and
behind a turbine.

The atmospheric boundary layer is character-
ised by turbulence, and depending on the intensity
of the turbulence by a more or less “well-mixed state
of the air masses in it”. It is however hardly possible
to portray these turbulent structures in large-scale
simulation models, because these capture structures
with an order of magnitude between two and several
thousand kilometres, whereas the turbulence ele-
ments in the boundary layer are only between a few
millimetres and several kilometres in size.

The measurements show how dependent the
power curve of a wind turbine is not only on the
wind speed but also on the weather-related stability
of the atmosphere. The partial load range - in which
the output power of the turbines increases the most -
is also where the greatest influence is to be detected.
Here the difference in output between stable and un-
stable stratification with free inflow onto a turbine
is a good 15 % of the rated capacity of the turbine.

It is similar for the wind turbine in the wake of
another wind turbine. Measurements taken over
a year show that the greatest power deficit can be
observed when the stratification of the atmosphere
is stable, because the wake structures are then very
persistent and the airflow is only churned up a bit
(B Fig. 14.1).

14.3 Measuring at Hub Height:
The Standard Is Not Enough

The effects on the power curve are mainly a result
of the turbulence intensity and the wind profile. To
rule out the possibility that this is a type-specific
effect, these investigations were made with two dif-
ferent wind turbine types (Adwen AD 5-116 and
Senvion 5M) in Alpha Ventus - with a compara-
ble result, whereby the researchers and wind farm
planners were able to significantly improve the pre-
vious assumptions. Up to now only the wind speed
measured at hub height was considered to be rep-
resentative of the whole rotor area. This only fits in
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a rough estimate though, because the wind profile,
i. e. the change of wind speed with the height, also
has a significant influence. Where the stratification
is stable, i. e. where there is a particularly marked
change in the wind speed with height, using the as-
sumption of the wind speed at hub height as the
basis for calculation leads to an overestimation of
the wind power of almost 4 %. An improvement is
achieved here by using what is known as the “rotor
equivalent wind speed’, which is calculated based
on the wind profile from a weighting of the wind
speeds at different heights. If the rotor equivalent
wind speed is used as the basis, the power curves of
the three stratifications — unstable, neutral, stable
- are once again similar and more independent of
stability influences (8 Fig. 14.2).

By using the lidar wind measurement technique
on the transformer platform it was possible to mea-
sure the wind flowing in to Alpha Ventus from all
wind directions without any distortion caused by
shadowing. The temporary application of a ground-
based lidar on the transformer platform replaced
the Fino 1 wind measurements for easterly wind
directions, because in these cases Fino 1 was in the
shadow of the Alpha Ventus turbines.

The part of the project dealing with the power
curves resulted in a far better understanding of the
atmospheric influences on the output of individ-
ual wind turbines and whole wind farms: the more

T T
0.8 1.0

rel. Wind Speed FINO1gy [-]

turbulent the stratification, the higher the specific
power at the same speed of inflowing wind. Un-
der stable stratification conditions, combined with
greater wind shear and less ambient turbulence,
measurements showed significantly lower power
outputs at the same speed of inflowing wind. This
has quite an influence on Alpha Ventus’ wind power
production, particularly as this stratification clearly
prevailed in some time periods, for example be-
tween March and May 2011.

The results of the knowledge thus gained go far
beyond just a better understanding of wind flow. The
old IEC power curve standard (IEC 61400-12-1 from
2005) did not take into account the wind profile in
front of a wind turbine, because only the wind speed
at hub height was evaluated. If a turbine produces less
than would be expected from the power curve, this
does not have to be due to the turbine type or some
deviation in turbine behaviour. There are plans that a
new IEC guideline will therefore include a wind shear
correction based on the rotor equivalent wind speed.

14.4 What Is Really Going on Behind
the Turbine?

As the wind passes a wind turbine, this flow be-
hind the turbine is massively altered as a result of
the deceleration of the wind speed caused by the
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extraction of energy from the wind and as a result
of the turbulence caused by the rotor blades in
the near-wake region. Turbines positioned farther
back in the wind farm - leeward - are subjected
to completely different wind conditions than the
wind turbines in the front row of the wind farm
that are in free inflow conditions. The issue be-
comes more complex for a mathematical-physical
representation because these altered conditions in
the wake are also considerably dependent on the
conditions in the undisturbed atmospheric flow far
in front of the first row of turbines. It is therefore
to be expected that where there is stable stratifi-
cation of the inflow, the wake dissipation “at the

back” is significantly slower than where the strati-
fication is unstable and intensely mixed. Due to the
lower ambient turbulence over the sea compared
with onshore, and the associated persistence of the
wakes, planners must take the “wakes” for offshore
wind turbines far more into consideration than for
onshore. In addition, and particularly due to the
diminished ambient turbulence, neighbouring
wind farms probably influence one another to a
far greater extent than on land. Satellite images of
the Horns Rev wind farm in the Danish North Sea
show that the wake turbulences spread over several
dozen kilometres.
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O Fig. 14.3 a Extract of the wind speed on turbine AV4 (nacelle-mounted anemometer) with a scanning rate of 1 Hz, measured
(u1, red) and modelled (u2, blue), b Extract of the power output of turbine AV4, measured (PO, black), modelled with u1(t) (P1,
red) and modelled with u2(t) (P2, blue), c Probability distribution of the speed increments, measured (PO, black) and modelled
(P1, red and P2, blue) for the time scales T = (8,16,32,64) s (from bottom to top) for the month of May 2011. © ForWind - Univer-

sity of Oldenburg

14.5 Not Enough Chaos
in the Simulation Model

The research project also developed a stochastic
model of the fluctuating energy conversion in wind
turbines: it is able to replicate the rapid dynamic
fluctuations and apparently “random” leaps in the
resulting power output depending on wind speed
and the atmospheric boundary layer. It had been as-
sumed to date that the power fluctuations followed a
normal (Gaussian) distribution. In reality, however,
great changes in power within just a few seconds oc-
curred much more frequently than the rather simple
mathematical assumptions applied up to now would
lead us to expect. The results of the calculation of the
partially chaotic fluctuations using the new stochas-
tic model now come very close to the real findings
(@ Fig. 14.3).

However, compared with reality, the model
still generates too little intermittency - in other
words sometimes not enough “chaotic” jumps in
the power. Though while extreme events are sta-
tistically underrepresented in this model, they are
nevertheless already present. Because fluctuations
can also be specified, with this model it is possible

to calculate the power output with regard to power
fluctuations and stability for days in advance - as-
suming of course that a viable weather and wind
speed forecast exists.

14.6 When Super Computers Begin
to Fume - Part I: In the Turbine
and Around the Turbines

The flow behaviour in the Alpha Ventus wind farm
and the flow around the turbines was reproduced in
parallel in a modelling chain from various detailed
computer models in order to be able to study the
complex interdependencies and the loads on the
turbines in more detail.

In one of the first steps of the modelling chain,
the atmospheric conditions in the area around Al-
pha Ventus determined using the met mast were
reconstructed in a so-called LES (Large Eddy Sim-
ulation) model. With this model, the temporally and
spatially variable maritime wind field was simulated
with a resolution of fractions of a second and a few
metres, whereby the energy-rich larger turbulent
structures were resolved and the effect of the smaller
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ones on the larger turbulent structures was param-
eterised. This scale separation is possible in the LES
thanks to the Richardson-oriented energy cascade
model. In this model, a turbulent flow is supplied
with energy on a large scale, the large vortices break
up into smaller vortices in accordance with certain
physical laws and the energy is then finally trans-
formed into heat on the smallest scales. To achieve
as good a match as possible between the measured
wind fields and those simulated with the LES model,
boundary conditions for the LES model, such as the
heat influx in the atmosphere, were derived from
detailed analyses of the atmosphere, as are also used
to drive weather models.

In the next step of the modelling chain the wind
field measured with the LES model was fed into a
second numerical model that covers a smaller area.
It was thus possible to realise the high spatial and
temporal resolution needed for the precise calcula-
tion of the flow around the wind turbines. By com-
bining LES with the RANS (Reynolds-Averaged Na-
vier-Stokes) method it was now possible to resolve
turbulent structures of the inflow, which are relevant
for the aerodynamics and the load fluctuations at
the rotor. So as well as the precise calculation of
the variable load ranges above the rotor radius it is
also possible to make a detailed calculation of the
turbine wake and its interaction with the maritime

O Fig. 14.4 CFD flow
simulation of an offshore
wind turbine subjected to
turbulent, maritime flow using
a hybrid RANS-LES procedure.
© Konrad Meister

boundary layer (B Fig. 14.4). The sophisticated
numerical model also takes into account the tran-
sient, aero-elastic deformations of the rotor blades.
The application of this calculation chain helped the
researchers to better understand the development
of the turbine wake under offshore conditions as
it reaches the neighbouring wind turbines. It was
thus possible to investigate the influence of the
turbulence intensity and the inflow angle on wake
development to a degree of detail that measuring
methods such as lidar cannot resolve to date. It must
however be pointed out that this kind of simulation
of one or two wind turbines is extremely CPU-in-
tensive and requires the use of the fastest high per-
formance computing clusters currently available.

14.7 When Super Computers Begin
to Fume - Part ll: From Inflow to
Distant Wake and to the Wake
of the Whole Wind Farm

Unfortunately, even on the most powerful high
performance computing clusters available today it
is still not possible to calculate the airflow in the
whole wind farm with the aid of the RANS-LES ap-
proach described above. So instead of this, research
in general, and therefore also the OWEA project,



14.7 - When Super Computers Begin to Fume - Part I

125

14

B Table 14.1 Electrical power output at AV2 and AV3 in % of the power at AV1 or at AV5 and AV6 in % of the power at
AV4 derived from the results of the LES simulations for various wind directions. © ForWind - Universitat Oldenburg

Wind direction (°) AV2 (%) AV3 (%)
255 97.2-102.2 101.6-105.4
260 100.5-108.9 98.6-111.7
265 87.8-93.6 91.9-95.1
267.5 65.7-70.7 70.0-72.0
270 47.4-50.3 53.8-58.4
272.5 40.7-47.4 41.7-48.2
275 48.6-51.0 50.3-53.0
280 88.2-91.4 87.7-82.1
285 97.5-102.6 99.5-102.5

uses LES models for which a variety of approaches
have been developed in recent years for the con-
sideration of wind turbines. In the OWEA project,
the LES model “PALM” was further developed by
including parameterisations for wind turbines. The
further developed model was then used for simu-
lating the flow conditions in the Alpha Ventus wind
farm for different wind directions.

The study showed once again how the wind di-
rection influences the wind farm output. When the
inflow to the wind farm came from 280 degrees, the
power deficit on turbines AV2 and AV3 was only
about 10 %, whereas when the inflow was only
5 degrees less - i. e. from 275 degrees - the deficit
was five times as much (8 Table 14.1). On the other
hand, with an inflow from 260 degrees the wind tur-
bines in the second and third row achieved in part
a higher output than the turbines in the front row.
One reason for this could be increased wind speeds
on the edges of the wake area due to the conserva-
tion of mass flow, because when the wind direction
is 260 degrees to Alpha Ventus the turbines in the
second and third rows of the wind farm are directly
lateral to this wake area.

Summary: The wake begins to fluctuate signifi-
cantly directly behind the wind turbine. The re-
searchers have developed a computer-based model-
ling chain for wind turbine simulations with special
inflow conditions that other RAVE projects can also
draw on. This means that improved modelling of
offshore conditions in complex three-dimensional

AV5 (%) AV6 (%)
94.9-103.5 100.5-106.3
97.4-100.1 99.6-104.3
92.0-94.0 92.8-96.9
69.8-71.5 68.3-71.1
49.1-51.1 53.7-56.5
43.7-44.7 46.1-47.9
51.2-53.8 49.2-54.6
91.0-95.9 88.5-96.5
95.1-102.0 94.1-99.5

wind field models is already available for further re-
search, both in the small-scale segment and also as a
one-dimensional wind field model. The CFD models
that have been developed are fundamentally suitable
for the investigation of the near wake, far wake, wind
farm flows and the wakes of whole wind farms. They
are therefore being further developed in the fol-
low-up project “OWEA Loads” (» Chap. 15 “Load,
load monitoring, and load reduction”).

Peripheral Anecdote (I): Under false omens
Wherever people are involved, mistakes are
made. And when the data sometimes seems
very strange the reason is occasionally the
human factor. To be able to measure the turbine
dynamics, in the “Measurement Service Project”
(» Chap. 3,“A thousand sensors, from the blade
tip to the bottom of the sea”) hundreds of

strain gauges were attached to the foundation
structures and wind turbine components under
tremendous time pressure. The challenge was
that the installation of the sensors, which were
stuck directly onto the metal and then protected
using a complex multilayer process, had to

be seamlessly integrated into the production
process at the shipyard and production shed.

It was only possible to do this during pauses in
production so that it did not cause any delays in
the very tightly organised production process.
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All'in all this went very well thanks to the support
and understanding of those on site. Final checks
could not always be carried out as they normally
would be under laboratory conditions. Luckily
such inadvertent mistakes, such as “reversed po-
larity”, could be quickly detected and remedied
thanks to subsequent plausibility checks and the
close collaboration between the “Measurement
Service Project”and other research projects. One
such example is where four strain gauges each
were stuck onto the tower or tower tripod at dif-
ferent heights. It was logically expected that the
measuring results for each signal would show a
phase displacement of 90 degrees in each case,
but this did not happen at all measuring points.
The reason for this was simple “sign errors” on
these sensors, because the alignment of the
strain gauges was reversed when the measuring
channels were being installed. By investigat-

ing a constant bending moment from various
directions with a“nacelle rotation” it was possible
to explain these deviating values and mathemat-
ically compensate for them.

Bjorn Johnsen

14.8 Verification of the Turbine
Dynamics: First Steps

In order to better understand the behaviour of wind
turbines, simulation models were set up for the 5-MW
Adwen and Senvion turbines in different simulation
environments. The aim was to validate the dynamics
of these offshore wind turbine models with the mea-
surement data from Alpha Ventus. Before this could
be done it was necessary to calibrate the measuring
signals. This was done by analysing nacelle and rotor
rotations at very low wind speeds. Load conditions
of the turbines under measured site conditions were
subsequently replicated with the simulation models.
This showed that it was possible to replicate the sta-
tistics of the stochastic loads with the simulations.
This did not apply to the chronological sequence of
the loads measured, because of missing information
about the spatial and temporal sequence of the wind
and wave field. The validation of the turbine loads

was carried out by undisturbed inflow onto the wind
turbine in order to rule out the influence of the wake
on the turbine loads. Future projects will attempt to
achieve a better spatial resolution of the wind field
with the aid of lidar measurements, thus enabling a
load validation in the time range.

14.9 Integration and Identification

The great majority of all simulation programmes
have been developed for onshore wind turbines. But
for offshore turbines it is necessary to also consider
the hydrodynamic loads on the supporting struc-
ture — the impact of waves, tides, marine growth and
current on the stress and strain on the foundations,
tower and the wind turbine itself. The complexity of
the excitations and the flexibility of the wind turbine
results in a vibration-friendly structure. It is there-
fore necessary that the turbine design always takes
the complete offshore dynamics into account. It is
also necessary to record interactions with the com-
plex foundation structures (e. g. jacket framework
or tripod) at great water depths.

» We're still learning
After every research project, the question is
always “What did it achieve?” In this case the
great project network achieved a great deal: a
better understanding of the atmosphere, the
airflow conditions in a wind farm, the offshore
influences on the power curves and the turbine
loads. New computer programmes and methods
for plant monitoring were developed and the
first verified model calculations could be made
available. And yet we still can and must say:
we're still learning — with our faces in the wind.
Prof. Martin Kiihn
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To this end, Flex5 - a specialised, tried and tested
programme for turbine simulation — was combined
with one of two corresponding special programmes
for offshore support structures, either Ansys Asas
or Poseidon, as desired, to create an integrated
simulation tool. Flex5, developed at the Techni-
cal University of Denmark, is a very sophisticated
programme for the aero-elastic simulation of wind
turbines, which up to now was only able to deal with
simple monopile offshore foundations. The Ansys
Asas package widely used in the industry and the
Poseidon software developed at the Leibniz Univer-
sitdt in Hannover was specially developed for sim-
ulations of complex offshore foundation structures.
Both programmes draw on the offshore experience
of the oil and gas industry and use the finite element
method (FEM).

The new combination made integrated load
calculations possible, including special effects like
aerodynamic and hydrodynamic damping. The
example of the jacket foundation showed that ad-
ditional interactions take place between the ro-
tor-nacelle unit and the slim, vibration-susceptible,
braced framework. This can significantly influence
the loads (8 Fig. 14.5). This made it possible to re-
duce the uncertainties in the calculation of design
loads for offshore wind turbines and thus indirectly
reduce the cost of energy generation.

The computer models were compared with
the real test field measurement data. Verifications
were carried out on the basis of tower top dis-
placements in longitudinal and lateral direction or
tripod stresses in an extreme wave load scenario
without turbine operation, i. e. when the turbine
was switched off or not running. The expansions
measured on the tower and foundation were and
are especially suitable to get an initial overview of
the plausibility of models and measurement data.

For validating the methods and models, this inte-
grated approach takes the complete model chain into
account (B Fig. 14.6), in order to roughly classify the
influencing factors and possible uncertainties in the
simulation. These include the turbulent wind field and
the wave field along with its characteristic parameters
such as wind shear, turbulence intensity, wave height
and period as well as hydrodynamic force coefficients
including marine growth on the substructure, which
influence the loads from waves and current.

17 14

O Fig. 14.5 Example of the interaction of vibration modes
between the rotor-nacelle unit and the slim, vibration-sus-
ceptible braced framework of a jacket foundation. © ForWind
- Universitat Hannover

The new combined tool for “integrated simula-
tions” is now being used by manufacturer Senvion
and the Universities of Stuttgart and Hannover for
load calculations for wind turbines and foundation
structures.

The extensive evaluations of the multitude of
measurement data for the different wind turbines
in the test field also made it possible to develop
new software tools. The treatment of the exten-
sive measurement data, split by turbine type from
Adwen and Senvion, has resulted in a modularly
organised, system-neutral toolbox for evaluating
operating data. Extensive parameterisation and im-
plemented allocation of rights means that in future
different manufacturers will be able to use this for
“virtually any measurement campaign”. The open
interfaces also enable the further development of
components.
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14.10 Despite All the Effort: Still Only
Little “Strain Wear”

So much for the use of simulation programmes -
but do their results actually match the measured
stresses? Strain gauges affixed to the tripod both
above and below the water level were made available
to researchers for the analysis of the structural loads
(8 Fig. 14.7). The installation conditions offshore
meant there was unfortunately an unusually high
level of sensor malfunctioning right at the start of
the measurements. The built-in redundancy meant
it was still possible to carry out the investigations
with the remaining sensors. In the following two-
and-a-half-year measuring period from December
2009 until June 2012 only two more strain gauges
had to be abandoned due to wear. The central tripod
main tube in particular provided a good match of
the measurement data with the simulation data. So
for most of the measuring points it was possible to
determine the real impacting forces.

Conclusion in this part of the project: The ex-
tensive measurement data available regarding ex-
pansion, bending, torsion and acceleration on the
tower, the foundation structures and the rotor were
validated, meaning that extensive data sets are avail-
able for further research. Above all it was possible
to develop and validate calculation tools for design-
ing offshore wind turbines with branched support

Turbulence

Wind shear

O Fig. 14.6 The relevant
environmental and simulation
parameters of the integrated
approach. © ForWind - Uni-
versitat Hannover

Wind field

| Wave theory
Hydrodynamics| Particle kinematics
-+ ~—\Wave field

structures like tripod and jacket foundations. These
are now being used in industrial practice. Integrated
load calculations are possible using standard and in-
dustry-specific software. The computer models were
compared with the measurement data from the test
field and successfully verified.

Peripheral Anecdote (Il): Why fatigue

is seldom measured

In practice, fatigue from the tower base bend-
ing moment, the drive train torsion etc. are only
measured on a very few prototypes, but not on
many of the hundreds or thousands of wind tur-
bines of a particular type. While the cost of the
installation and maintenance of such a measur-
ing system is far too high, it is primarily because
the 20-year operational life of a wind turbine is
far longer than that of the simple strain gauge
that is meant to monitor the turbine. Despite
this, for the future there is still great interest in
increased monitoring of fatigue loads, as long
as the cost is reduced and the usage of the
results becomes easier and more attractive for
operations management.

Bjorn Johnsen
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O Fig. 14.7 Overview of the
strain gauges installed on the
tripod. © SWE - University of
Stuttgart
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14.11 Load Monitoring from Only
Standard Data?

The researchers worked on methods of load moni-
toring for the 10 to 100-million load cycles during
the operational life of a wind turbine, with which
it is possible to estimate the actual loads on an oft-
shore wind turbine without the need for a complex
measuring system. One possibility that was success-
fully demonstrated is the use of neural networks that
work with the standard signals from the operating
system, the so-called SCADA (supervisory control
and data acquisition) data.

Load estimates with neural networks use the
data from the strain gauges affixed to the tower, na-
celle and foundation, as well as the turbine status
signals and the wind measurement data. The mea-
surement data is used as training data from the neu-
ronal networks and later used as comparison data
for judging how good the neural networks are for
estimating the loads. Later, the fatigue loads on the
main components such as blade root bending mo-

s 14

ments, drive train torsion and tower base bending
moments are not measured exactly, but estimated
with the neural networks. Transfer functions are
created on the basis of real operating data from a
measurement campaign or aero-elastic simulations,
and these in turn translate the available information,
almost “self-learning’, into loads. This method has
to be specially tailored for each turbine and its lo-
cation and can then achieve a satisfactory accuracy
of estimation.

Hydrodynamic loads, and particularly waves,
are especially important for the fatigue condition
of the foundation structure (B Fig. 14.8). So for
an evaluation of the expansions on the legs of the
tripod using this evaluation system based on stan-
dard operating data the wave influences also have
to be added. Without them an overall evaluation
just using the operating data from the rotor-nacelle
unit is virtually impossible. The method has to be
further developed especially for the optimisation
of the maintenance cycles for an offshore wind tur-
bine and for the assessment of its “residual lifespan”
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B Fig. 14.8 Investigation of the influence of the significant wave height on hydrodynamically dominated loads. © SWE - Uni-

versity of Stuttgart

The follow-on project “OWEA Loads” (» Chap. 15,
“Load, load monitoring, and load reduction”) is in-
vestigating the influence of wave loads on the stress
on the foundation structure in detail.

14.12 Sources

Abschlussbericht Verifikation von Off-
shore-Windenergieanlagen (OWEA), Forder-
kennzeichen 0327696 A-D, Herausgeber:
Martin Kithn (ForWind - Carl-von-Ossietz-
ky-Universitit Oldenburg), Gerald Steinfeld
(ForWind - Carl von Ossietzky Universitat
Oldenburg), Po Wen Cheng (Universitdt Stutt-
gart), Peter Schaumann (ForWind - Leibniz
Universitdt Hannover), Thomas Neumann
(Deutsches Windenergie-Institut GmbH) 338
pp

Konrad Meister: Numerische Untersuchung
zum aerodynamischen und aeroelastischen
Verhalten einer Windenergieanlage bei turbu-

lenter atmosphiérischer Zustromung, Disserta-
tion, Institut fir Aerodynamik und Gasdyna-
mik, Universitit Stuttgart, Shaker-Verlag, ISBN
978-3-8440-3962-7, Oktober 2015
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Project information: Probabilistic load

description, monitoring and reduction

of loads of future offshore wind turbines

(OWEA Loads)

Project management:

University of Stuttgart, SWE - Stuttgart Wind

Energy

Prof. Po Wen Cheng

Project partners:

== Adwen GmbH

== DNV GL

== Eberhard Karls University of Tibingen,
Environmental Physics

== ForWind - Center for Wind Energy Research,
Leibniz Universitat Hannover, Institute of
Steel Construction

== ForWind - Center for Wind Energy Research,
University of Oldenburg, Institute of Physics

== Senvion GmbH

== University of Stuttgart, Institute of Aerody-
namics and Gas Dynamics

The research project “Verification of Offshore
Wind Turbines OWEA” (» Chap. 14) continues
as “OWEA Loads” This is more than just a con-
tinuation; the main objective is to understand how
offshore wind turbines actually behave in these
challenging environmental conditions. The mea-
surements taken in the Alpha Ventus wind farm
since 2009 provide comprehensive data that still
has to be evaluated - especially with regard to the
loads and stresses on offshore turbines. This will
provide new knowledge leading to improved off-
shore wind turbine design. Since the joint research
project, carried out in collaboration with manufac-
turers Adwen and Senvion, will be completed in
August 2016, instead of the presentation of specific
results there will be a short overview of the planned
research objectives of OWEA Loads (B Fig. 15.1).
The ten work sub-packages should help enable an
“optimised load, reliable design and operation of
offshore wind turbines” while taking into account
the special design requirements in the German Ex-
clusive Economic Zone (EEZ).

15.1 Corrections Welcome

The first foundation stones for the verification of
loads on offshore wind turbines were laid in the
previous project “OWEA”. These include the first
considerations and algorithms for carrying out
plausibility checks of measurement data. Due to
the large amount of measurement data continu-
ously gathered, this was really a Herculean task. In
OWEA Loads the processing of the measurement
data was further systematised and developed so
that it will be possible to create a consistent and
first-class data archive that can serve as a basis for
this and further research projects. This also means
that, where possible, inaccurate measurement data
has to be corrected or discarded. One example that
illustrates the difficulties in dealing with measure-
ment data is the correction of strain measurements
altered as a result of temperature effects. The in-
fluence of sunlight on the installed strain gauges
caused greater expansion of the materials, which
has to be taken into consideration when calculating
the loads. Alternatively it was also possible to only
evaluate the data gathered at night (i. e. without ex-
posure to sunlight), though this would massively
cut down the amount of data. In addition wind
conditions are also often very different by day and
by night.

It is therefore important to determine the degree
of influence of variables like temperature effects in
order to derive a recommended course of action in
dealing with the loads already recorded.

The researchers also want to develop a comput-
er-controlled, automated calibration algorithm for
the strain sensors installed on the rotor blades. This
should enable early detection of possible changes
in the accuracy of the sensors installed. Such an al-
gorithm would also be useful for systems that use
load measurements on rotor blades for operational
management and control. They also want to use the
strain gauges installed on the blades and the rotor
positions recorded for each individual blade where
possible in order to draw conclusions about the
wind shear, i. e. changes in wind speed or direction
with height. These evaluations should also provide
valuable knowledge for use in the design of future
wind turbines.
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15.2 - Interaction in a Different Way - the Tower Vibrates as well
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- the Tower Vibrates as well

The loads on wind turbines are characterised by
complex, dynamic interactions between a highly
turbulent atmospheric inflow and the airflow
around the turbine. This also includes the interac-
tion of the loaded vibrating tower and additional
aero-elastic effects. The air that flows in over the ro-
tor disc can be very different in different places and
can fluctuate greatly in time, so that this can result
in phase shifts between excitation and the resulting
loads on the blade. These complex effects can only
be represented very inadequately using simplified
calculation models - if at all. One sub-package aims
to analyse the dynamic loads along the rotor blade
subjected to turbulent inflow by further developing
a computer-based numerical modelling chain and
new structure measurements on the rotor blade.

It will also determine a “likelihood of occur-
rence” of characteristic extreme and fatigue loads.
In contrast to deterministic loads this approach will

tural components of the offshore wind turbines.
Thanks to their large volume, the data sets recorded
in the Alpha Ventus wind farm offer a unique op-
portunity to verify the assumptions of the design
guidelines, which have until now only been based
on simulations, with the aid of measurement data.

Peripheral Anecdote: No access to the sea
Lidar measurements taken from the nacelle of a
wind turbine in the Alpha Ventus wind farm offer
new possibilities. The OWEA project had planned
to get a worldwide unique data set from the
simultaneous nacelle-based lidar measurements
of the incoming wind in front of a turbine and
the wake behind it. Unfortunately the installation
and commissioning of these two lidar instru-
ments were delayed due to unforeseen problems
with both the hardware and the software, and
the difficulty of gaining access to the offshore
wind turbines before the end of the OWEA proj-
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ect in September 2012. This meant that it was no
longer possible to do any evaluations during the
project lifetime. These measurements will now
be performed during the OWEA Loads project so
that the inflow air and the wake in the offshore
environment can be better understood, and
wind flow models can be developed further.
Bjorn Johnsen

15.3 Load-Reducing Regulation
and Load Monitoring

Another OWEA Loads sub-project deals with the
development and validation of new operational
management concepts for offshore wind turbines in
order to reduce the aerodynamic and hydrodynamic
loads on the supporting structure and the rotor-na-
celle unit. This relies on selective use of the turbine
control system, active influencing of the turbine
operation and integrated design methods. During
these measurements the researchers are especially
looking for situations causing particular loads on
the supporting structures - and for possibilities of
reducing their effects on the overall structure. This
includes the application of control concepts for op-
erating states, which is dependent on concrete load
cases: for example sea conditions with a misalign-
ment between the direction of the wind and waves
and the associated strong lateral tower vibrations, os-
cillations caused by sea swell when the wind turbine
is not in operation as well as various situations in
which the turbine is situated in the wake of another
turbine. Control methods for foundation concepts
not used in Alpha Ventus, such as monopile founda-
tions, are another focus of the project to make their
use more economical in terms of material expendi-
ture, greater water depths and larger wind turbines.

Future load monitoring systems could be used
for evaluating the load reduction concepts and the
determination of the actual residual life, as wind tur-
bines are often subjected to significantly lower loads
at their individual locations in the wind farm than
originally assumed when they were designed for use
at the most unfavourable location within the wind
farm. Innovative load monitoring concepts offer the

possibility to estimate loads with standard operat-
ing data (SCADA) without the need for these to be
measured directly with such costly methods as strain
gauges. Load monitoring should mean it is possible
to make reliable statements about the residual life of
a turbine. Two different methods are being further
developed in the OWEA Loads project that are based
on neural networks and the stochastic transmission
behaviour of dynamic load fluctuations.

15.4 Loads Along the Rotor Blades

Previous knowledge of the detailed load distribution
along the rotor blades is also comparatively impre-
cise, and can lead to uncertainties in the calculation
of aerodynamic loads. Because of the complex com-
ponent and material behaviour of the rotor blades it
is necessary to develop special measuring and anal-
ysis procedures to monitor the loads and condition
of the blades. This is important for both the control
methods and individual blade pitch control.

15.5 Always Further, Always Higher?

Future wind turbine generations of higher capac-
ity classes will be operated at significantly greater
heights than the 5-MW turbines used in Alpha
Ventus. It is therefore important to expand previous
investigations and analyses to include higher layers
of the atmospheric boundary layer, the so-called
Ekman layer, and to make a more precise descrip-
tion of the dependency of the speed and turbulence
profiles on the atmospheric stability. This is well
above the measuring heights of the Fino 1 met mast,
reaching heights of up to 100 m. The OWEA Loads
project will use new measuring methods to investi-
gate a height range of up to 300 m.

15.6 Small Unmanned Aircraft:
To New Heights Without
Daedalus ...

Besides the wind conditions at great heights, the
plan is to also measure atmospheric quantities that
influence the wind profile, such as air temperature,
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humidity, turbulent flows etc. To achieve this, the
project uses a small unmanned aircraft (the trade
term for which is Unmanned Aerial Vehicle, UAV)
owned by the University of Tiibingen, which mea-
sures the condition of the marine atmospheric
boundary layer up to a height of 300 m. Although
technically possible in principle, it is not currently
possible to obtain a licence to use the UAV autono-
mously, and therefore the flights can only take place
within the view of a pilot. As a result, the explo-
ration of the boundary layer with such a “science
drone” can only take place horizontally for a max-
imum range of one kilometre. In order to still be
able to measure conditions out at sea, the flights are
launched from the island of Helgoland. The high
cost of personnel and maintenance means that the
UAV is not available for an unlimited time for the
whole of the project. Five intensive measuring cam-
paigns with a total of 200 measuring flights lasting
30 minutes each will be undertaken and evaluated.

... And with Ice on the Blade
Tips

15.7

This data will then be used to develop and verify
models for describing the wind speed and direction.
The risk of ice accretion on future wind turbine
generations in the North Sea is also an aspect being
focused on. This work should lead to improved fore-
casts of the expected energy yield and short-term
power output. Especially the depiction of the change
in wind direction with height should result in an
improved estimation of the loads to be expected on
the turbine.

15.8 Did the Storm Contravene
the Rule Book?

With the aid of the measurement data the research-
ers want to consider the question as to what extent
the loads depend on the combination of wind speed,
turbulence class, wave height and wave period. The
analysis will also include to what extent any storms
occurring within the observation period (such as
those in August 2010 and January 2012) match the
previous prognoses, and whether the progress of
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these storms - their maximum wind speeds, dura-
tion, wave directions and heights — match previous
theoretical depictions in the relevant guidelines.

Another work sub-package should draw up
recommendations for a simplified and more ef-
fective design process for offshore wind turbines
based on the measurement data for the mechanical
loads. From the engineer’s point of view, the design
requirements for wind turbines and supporting
structures in the German Exclusive Economic Zone
(EEZ) are based on the meteorological, climatic and
oceanographic conditions. From a legal point of
view the requirements are based on planning rules.
Operators or finance providers of wind farms fre-
quently demand certification of a particular wind
turbine type, which is usually based on the relevant
regulations, in particular the “Guideline for Certifi-
cation of Offshore Wind Turbines” of Germanischer
Lloyd (DNV GL). For a critical and practically ori-
ented interpretation of the results, this work package
will consult DNV GL, the publisher of the most used
book of rules for wind turbine design in the world.
At the end of the research project this could mean
the creation of adjusted “design requirements for
wind turbines in the German Exclusive Economic
Zone’.

15.9 Sources

Vorhabenbeschreibung zum geplanten
Forschungsprojekt: Probabilistische Last-
beschreibung, Monitoring und Reduktion

der Lasten zukiinftiger Offshore-Windener-
gieanlagen (OWEA Loads) vom 24.08.2012;
Kennzeichen -41V6451, 75 S., unpublished;
joint project coordinator: Universitdt Stuttgart,
Stiftungslehrstuhl Windenergie (SWE), joint
project partner: ForWind - Carl von Ossietzky
Universitit, AREVA Wind GmbH, REpower
Systems SE, subcontractor: ForWind - Leibniz
Universitit Hannover, Germanischer Lloyd
Ind. Services, Universitét Tiibingen

OWEA Loads Darstellung: OWEA Loads -
Probabilistische Lastbeschreibung, Monitoring
und Reduktion der Lasten zukiinftiger Off-
shore-Windenergieanlagen, deutsch-englisch,
8 S., vom 8.10.2014, unpublished, project
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coordinator: Stuttgarter Lehrstuhl fiir Wind-
energie (SWE) am Institut fiir Flugzeugbau,
Universitat Stuttgart

Standard Konstruktion. Mindestanforderun-
gen an die konstruktive Ausfithrung von
Offshore-Bauwerken in der ausschliefllichen
Wirtschaftszone (AWZ). Hrsg. Vom Bunde-
samt fiir Seeschifffahrt und Hydrographie
(BSH), 1. Fortschreibung vom 28. Juli 2015,
Hamburg 2015
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Project information: Verification of
turbulence parameterisation and
description of the vertical structure of
the marine atmospheric boundary layer
in numerical simulation models for wind
analysis and forecast (VERITAS)

Project management:

Institute of Meteorology and Climate Research
Karlsruhe Institute of Technology

Prof. Stefan Emeis

A great deal has been written about wind turbu-
lence, but something that has never been done, at
least not over the sea, is to measure and verify the
turbulence description in the marine atmospheric
boundary layer above the sea. Or more simply put,
“the air above the water”: This is because such sci-
entific turbulence descriptions to date have only
been on land - due to the lack of suitable measure-
ment data on the oceans. It is also questionable as to
whether the old “land turbulence descriptions” can
be directly applied to the North Sea. The conditions
on land and sea are obviously not comparable.

But there is a unique source of data for research-
ing the marine atmospheric boundary layer, out in
the North Sea, 45 kilometres off the island of Bor-
kum: the Fino 1 research platform with its 101-me-
tre-high met mast, directly adjacent to Alpha Ventus
(B Fig. 16.1). Equipped with cup anemometers at
eight different measuring heights and with fast ul-
trasound anemometers at three different heights, the
met mast has been delivering wind and turbulence
data for years. It also takes temperature, precipita-
tion and radiation measurements, as well as ocean-
ographic wave measurements, and has done for over
ten years. That warms the cockles of any scientist’s
heart if he is interested in collection and evaluation.

16.1 Nobody Is Perfect - Not Even

Fino

Even if the wind and turbulence measurements on
Fino 1 provide a unique opportunity to examine the
existing turbulence descriptions and adjust them
where necessary, there are two weaknesses. One is

that there are no measuring points on Fino 1 that
provide information for the area between the sea
surface and the lowest measuring height of 33 me-
tres, even though there are also turbulent currents
of moisture and heat in the atmosphere there. But
nothing can be done about this “weak point” - it
is not possible to take continuous measurements at
Fino 1 from directly above the sea surface up to a
maximum wave height of almost 20 metres without
the instruments being damaged or even completely
broken by high waves.

The other weak point is that up to now there
have not been any high-resolution moisture mea-
surements at various heights. Yet the vertical mois-
ture distribution plays a far more dominant role in
the marine boundary layer than on land. Because
the sea is a permanent moisture source for the air
and the temperature difference between near-sur-
face air and water is for the most part very small,
it is easier for a moisture flux to occur. And as it
turned out, this has a significant influence on the
stability of an atmospheric layer — and consequently
also on turbulences. In short, the detection of this
“research gap” led to high-resolution moisture
analysers finally being installed on Fino 1, and the
instigation of an additional, independent research
project that dealt exclusively with moisture flux in
the atmosphere (> Chap. 17).

16.2 Not “Just Air”: Boundary Layers
in the Atmosphere

The atmospheric “layer of air” above the sea, the so-
called marine boundary layer, can be divided into
roughly two layers: the lower layer, the up to 80-me-
tre-high “Prandtl layer”, and the “Ekman layer”
above it. The Prandtl layer can however also be
much flatter (10 to 20 m) if the water is much colder
than the air and the wind speed is not so high. This
layer, in which the wind increases with height but
without changing direction, can in turn be subdi-
vided into three sub-layers: the lowest layer, which
is directly influenced by the waves, then a transition
layer that is not always present, and then above that
the real Prandtl layer (B Figs. 16.2 and 16.3). In the
Ekman layer above 80 metres, the increase in wind
speed is less, but the wind direction changes. With
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B Fig. 16.1 Approaching the Fino 1 research platform. The wind turbines of the Alpha Ventus offshore wind farm can be seen
in the background. © Forschungs- und Entwicklungszentrum Fachhochschule Kiel GmbH

increasing height it turns 30 to 45 degrees right in
a clockwise direction. These are the values on land,
but over the sea this change in direction is only in
the order of ten degrees.

Anyone wanting to correctly describe and pre-
dict the wind speed at various heights — the vertical
profile and wind speed - needs accurate knowledge
of the corresponding vertical turbulent “momentum
flux”. This turbulent momentum flux above a hori-
zontal, almost homogeneous surface, as represented
by an ocean, is significantly different from those on
land.

16.3 Of Young and Old Waves

Turbulence over the sea displays a number of inter-
esting features. For example, the turbulence inten-
sity increases once again with greater wind speed
(over c. 12 m/s) due to the increasing wave height

M height
windspeed
Ekman sublayer profile
——————

constant-flux g
sublayer — o
turbulent

exchange
v —

B Tambke, S. Emeis,

-

O Fig. 16.2 Wind profile in the marine boundary layer and
the influencing processes. © ForWind - University of Olden-
burg



O Fig. 16.3 Vertical structure
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- which is not the case above land. Generally speak-
ing, the turbulence intensity out at sea is neverthe-
less significantly lower than over land.

At low wind speeds the so-called “wave age”
also plays a role. Only with “young waves’, where
the wind speed is greater than the wave speed, can
one expect that the description approaches for land
can also be applicable to the ocean. For “old” waves
however, with their so-called “groundswell” (where
the wave speed is greater than the wind speed), this
does not apply. Here the sea surface does not act as
a “brake” for the wind, but as a surface it actually
“powers” the air movement. The old description of
wind and turbulence profiles on land is thus no lon-
ger sufficient to explain these special characteristics
above the sea.

And the “thermal stratification” of the “air’,
sorry, I mean the atmospheric boundary layer,
which helps to decisively influence the turbulence
intensity and structure, is subject to very different
time histories out at sea than over the land. Domi-
nant at sea is the annual rhythm of the stratification,
which is influenced by the temperature difference
between water and air. Over land on the other hand,
the daily rhythm is dominant. In the case of offshore
wind it is necessary to reckon with the formation of
internal boundary layers and stronger wind shear
on the boundary surfaces. In other words, a sudden
change of wind direction or strength. Such vertical
wind shears could have a significant influence on
the verification of the power curves in Alpha Ventus

and other near-coast offshore wind farms. This is
because the wind speeds measured at hub height are
then possibly no longer even approximately valid for
the whole rotor area, where the wind can hit and
pass at different speeds. This is particularly so for
the foreseeable large rotor diameters of 130 metres
and more.

Peripheral Anecdote: NDR transmitter
mast is not in the way, but in fact helpful
For the turbulence investigations contact was
also established with the Danish Risg research
centre at the Danish Technical University (DTU)
in Roskilde and the Meteorological Institute

of the University of Hamburg. This provided
data not only from the Danish research mast
at Hovsere, but also from the NDR transmitter
mast in Hamburg-Billwerder, which had the
appropriate wind measuring instruments at-
tached to it long ago. The data made it possible
to examine if the improvements found in the
turbulence description would also make for
improvements for onshore application as well.
And yes, they do!

Bjorn Johnsen

At high wind speeds the spray can also influence the
impulse and especially the heat and moisture flux
from and to the sea surface.
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Numerical, computer-supported simulation
models for analysing and predicting the wind field
in offshore regions like the German Bight therefore
need suitably adjusted turbulence descriptions.
These must also be able to guarantee a steady tran-
sition to the conditions over the land. This is so that
the influence of the coast there and the position and
height of any wind shears can be calculated reliably.

16.4 Describing the Sea Without
Wave Data

Apart from the thermal stratification of the atmo-
sphere, the turbulence intensity in the marine bound-
ary layer also depends to a significant extent on the
roughness of the sea surface. When wave data such
as wave height or length is available, instead of using
the wind speeds to describe the roughness of the sea
surface it is of course better to directly use the wave
parameters. If however there is no available wave data
- and this was a significant finding of the research
project — there is another possibility to describe the
roughness of the sea surface. This is in turn very im-
portant, because it is the “lower” constraint for the
calculation of wind turbulence above the water. This
sea surface roughness can thus be described empir-
ically with a single resistance coeflicient. This is the
key finding and innovation of the research project.
The new formula states that the quotient of the root
of the turbulent kinetic energy and the mean wind
speed is proportional to the turbulence intensity, and
this has been empirically proven by the measure-
ments. The new description simulates the turbulent
kinetic energy of the wind and thus the near-surface
turbulence intensity significantly better than the
previous approaches. It has been investigated for
eleven different weather conditions up to now, and
has yielded similar results for all of them. Whereas
the earlier wind turbulence description yielded far
too low turbulence intensities, the new description
fits in with the data really well - as a comparison
between Fino 1 and on land (Hamburg) for the 2005
measuring period shows (B Fig. 16.4).

In order to check if this process is due to the spe-
cial properties of the sea surface or if it also applies
on land, a comparison was made of the data from
a met mast in Hamburg-Billwerder and a mast in
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Hovsoere on the Jutland coast of the Danish main-
land. The result was that the new model simulations
have been improved both for over the sea and over
land. They are however more pronounced over the
sea, meaning that one can expect a significant im-
provement of the predictions of the turbulent vari-
ables for the wind simulations over the sea with im-
mediate effect. On the other hand, the prediction of
the mean wind speed with the change in turbulence
description is insignificant.

» More than just any old square root quotient

The new description is more than just any old
root quotient that someone thought up just for
the sake of it. The new description shows that,
particularly in the lower atmospheric layers, the
turbulences are more intensive than previously
thought - and especially over the sea. It also
shows that they can differ quite significantly
from the turbulences measured at hub height
at the same time. The consequence is that the
long rotor blade of an offshore wind turbine
can be subjected to quite different loads than
previously assumed. It is therefore all the more
important that we learn more about the in-
coming wind fields in front of an offshore wind
turbine and about the atmospheric layers over
the sea in which they occur.
Stefan Emeis, Karlsruhe Institute of Tech-
nology, Institute of Meteorology and Cli-
mate Research, Garmisch-Partenkirchen
(Photo: © Brigitte Gronau)

The greatest improvements are to be found primar-
ily in the lower part of the atmospheric boundary
layer. In particular, the “near-surface” turbulence -
or to put it another way, the turbulence over the sea
surface - is calculated higher. On the upper edge of
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the boundary layer on the other hand the old and
the new approaches overlap. It then follows that the
“improvements in knowledge” achieved here with
regard to the turbulence description for wind power
usage are essentially relevant for thick boundary lay-
ers which can arise at high wind speeds and ther-
mally unstable conditions (B Fig. 16.5).

16.5 Outlook

The research project showed that the earlier de-
scription of the turbulence in extensive mesoscale
wind field models was inadequate. The description
of the resistance coeflicient of the sea surface should
be altered so that it does not continue to increase
indefinitely for high wind speeds. This means that
lower resistance coefficients apply for very high
wind speeds than were previously used. The turbu-

lence is now better described and simulated across
the whole vertical extension of the marine boundary
layer in the atmosphere. For the lower part of the
boundary layer this means a significant increase of
the turbulence values accepted up to now. For this
reason the loads that impinge on the supporting
structures and the rotor blades of the offshore wind
turbines are also greater in this range than previ-
ously accepted. The new research approach has in
the meantime received international attention and
been accepted by experts.
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16.6 Sources

Abschlussbericht zum Projekt Verifikation der
Turbulenzparametrisierung und der Beschrei-
bung der vertikalen Struktur der maritimen at-
mosphérischen Grenzschicht in numerischen
Simulationsmodellen zur Windanalyse und
-vorhersage (VERITAS), Forderkennzeichen
0325060, 21 S., 18.04.2012, unveréffentlicht;
Stefan Emeis, Karlsruher Institut fiir Tech-
nologie (KIT), Institut fiir Meteorologie und
Klimaforschung, Garmisch-Partenkirchen
Janjic, Z.1. (2001) Nonsingular implementation
of the Mellor-Yamba level 2.5 scheme in the
NCEP meso model. Technical Report, Na-
tional Centers for Environmental Prediction,
Office Note 437
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The air above the sea - like all air in the atmo-
sphere - always contains water vapour. And usu-
ally less than it can theoretically absorb, whereby
“evaporation” frequently occurs over the sea.
The moisture rises up out of the comparatively
“warm” North Sea water. The moist air directly
above the sea surface is lighter than the dry air
above it (when they both have the same tempera-
ture) and wants to rise upwards. So the moister
air pushes upwards, thereby forcing the heavier,
drier air downwards. This causes a rearrangement
of the air layers — thus creating turbulences. This is
a phenomenon that you can observe in a saucepan
of spaghetti. At the bottom, on the hub, the water
is hot, and the water above it is still cold. The hot
water wants to rise up and starts to bubble like a
witches’ cauldron.

Of course the “turbulent moisture flux” over
the North Sea doesn’t actually “boil”, but does re-
sult in the aforementioned vertical rearrangement
of the air layers. And when this very different ver-
tical moisture profile, with its strongly rearranged
layers of air, meets a 60 or 80-metre-long rotor
blade, the impact is also correspondingly different.
The extremely different loads thus also influence
the service and operating life of the wind turbines.
The investigation of the “turbulent moisture pro-
files above the sea” was one of the RAVE projects.
The meteorological data required was gathered in
the direct vicinity of Alpha Ventus, on the Fino 1
measurement platform.

Installation Takes Precedence
over Studying

17.1

First discover and describe what is there. What
goes for most research also goes for this. There have
never been any exact measurements of the moisture
flows in the atmosphere over the sea, and certainly
not any rapid high-resolution temporal data. The
only measurements to date have been at ten-minute
intervals — and that is not enough to capture the
rapid upheavals in the air.

In order to be able to achieve this goal, two fast
moisture analysers with high temporal resolution
were installed on the Fino 1 research platform west
of Alpha Ventus (B Fig. 17.1). These work with a
ten-Hertz scanning frequency and thus enable ten
measurements a second. The two moisture analy-
sers were attached in 2012 at two different measur-
ing heights, 41.5 and 81.5 m, in order to get data at
different heights. So to start with, installation takes
precedence over studying.

Peripheral Anecdote (I): Permanently

at least wind force 3

Fino 1, the first German offshore measuring
station in the North Sea, has now been sup-
plying data about turbulences, wind speeds,
wave heights and a good deal more for over a
decade. What is particularly encouraging is the
extraordinarily high “minimum wind speed”
out at sea. There are 8,760 hours in a year, and
according to the long-term measurements on
Fino 1, one can count on having more than
8,000 hours of at least Force 3 wind (a wind
speed of about four metres per second). The
rotors of the wind turbines in Alpha Ventus
already start to turn with a wind speed of about
3.5 m/s. Provided that there is a high level of
technical availability, the rotors of Alpha Ventus
are rarely likely to stand still.

Bjorn Johnsen
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B Fig. 17.1 Measuring arrangement for high-resolution
moisture measurement on Fino 1 at a height of 41.5 m.

The humidity was measured with the white device in the
foreground using optical absorption, and behind it is an ultra-
sonic anemometer for measuring wind speed fluctuations. ©
UL International GmbH (DEWI)

17.2 Over the Sea It’s Always
on the Up and Up

The moisture flux above the sea is basically always
there, because there is always evaporation on the sea
surface, even with stable air stratification. It has been
found that this evaporation - the upward moisture
flux in the air - has a significant influence on the
stability of the atmospheric boundary layer over the
sea. Depending on the prevailing ambient condi-
tions, the marine atmospheric boundary layer ranges
from 30 to 40 metres. When the air is very cold
above very warm water it rises up to several hundred
metres above the surface of the sea. The results of the
moisture measurements for both heights on Fino 1
prove that the moisture flux significantly influences
the vertical rearrangement of the air layers.

When the air stratification is unstable and be-
comes turbulent, the moisture flux at both mea-

suring heights contributes up to 30 % of this insta-
bility. If on the other hand the stratification in the
air remains relatively stable, because warmer air is
flowing over colder water, there is less moisture flux.
Over warmer water the evaporation is significantly
greater than over colder water. So the destabilising
influence of the moisture flux in summer and au-
tumn is much greater than in winter and spring,
when the water has not warmed up much. As a re-
sult, the moisture flow over the seas in the south is
far greater than over the seas up in the far north.

The moisture flux within the atmospheric strati-
fication always has an effect towards “destabilisation”
(B Fig. 17.2). At a measuring height of 81.5 metres
the moisture flux has an even greater effect than at
a height of 41.5 metres, and consequently different
turbulence loads occur in this range.

The measurements taken on Fino 1 confirm
a prior basic assumption. The turbulent moisture
fluxes over the sea that are always upward (“evapo-
rative effect”) alter the static stability of the marine
boundary layer towards instability.

17.3 Like in the Classroom: It Gets
More Turbulent Behind the First
Row

What influence does the turbulent moisture flux
have on the arising wind turbulence? Rather a lot in
fact. These exist in the atmosphere, especially when
the layers of air are unstable. The turbulence in the
incident flow of the “open sea’, in other words in
front of the wind farm, is always small. The wind
turbulences in the wake of Alpha Ventus, in other
words “behind” the wind farm, are on the other hand
significantly greater, as can be seen in B Fig. 17.3.
So like in a classical schoolroom with the desks ar-
ranged in rows, it's mostly calm in the front row,
and it gets more restless the further back you go ...
Although this image is not entirely true. The cause
of the increase in turbulence within a wind farm is
the wind turbines themselves (8 Fig. 17.4). When
their rotors turn “vortices” increase and thus also
turbulence.

Another phenomenon is that although the
shadowing caused by the wind turbines in front
should mean that the output of the turbines in
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B Fig. 17.3 Turbulent kinetic energy as a function of the static stability of the boundary layer (-1 very unstable, 0 neutral,

+1 very stable) at a height of 41.5 m on Fino 1 for winds from the western half space (a) and in the area of the wake of the Alpha
Ventus wind farm (b). Thick grey line measured turbulent kinetic energy, blue squares and line measurement data for momen-
tum flux, red triangles and line measurement data for momentum and heat flux, orange circles and line measurement data for
momentum flux, heat flux and moisture flux. © KIT, Richard Foreman

the fifth, sixth or even tenth row (as in the Dan-
ish Horns Rev wind farm) should decrease to zero.
But it doesn’t. The reason why even the back row
can still produce enough wind power is that the
atmosphere is able to “top up”. Turbulent motions
that run from top to bottom across the vertical
wind field also provide “wind replenishment from
above”. So the wind field “recovers”. This process
works even better on land to the extent that wind
turbines in the second and third rows can be sited

closer behind one another. Out at sea the “recov-
ery” of the wind field - the “topping up” by turbu-
lence — doesn’t work quite as well, which is why
the distance between the wind turbines should
be much greater. Nevertheless, the wind turbines
within an offshore wind farm can be arranged in up
to ten or more successive rows (as in Horns Rev 2),
because sufficient space is available. The moisture
contributes to a certain increase of this turbulence.
And where the stratification is unstable anyway, the

<
<

B Fig. 17.2 Analysis of the two contributions z/Ly (turbulent heat flux) and 7/l (turbulent moisture flux) to the overall static
stability (z/L total) at both heights, 81.5 m (a) and 41.5 m (b), on the Fino 1 mast. The stability measure has negative values
when the stratification is unstable, is zero at neutral stratification, and is positive when the stratification is stable. © KIT, Richard

Foreman
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17.5 - Sources

moisture is why the wind shadows behind the farm
are about 10 % shorter.

The improved recuperative for the wind field,
the “recharging” of the wind speed, especially in
larger wind farms, constitutes as it were the “re-
ward” for the wind turbine - for enduring the stron-
ger turbulence.

Peripheral Anecdote (lIl): Foreign moisture
analysers on Fino 1

Fino 1 is also of interest to its neighbours. And
that does not just mean seagulls and porpoises.
Even though it is hundreds of sea miles away,
the Norwegians are also using the unmanned
research platform for a year, until June 2016.
The Norwegian offshore centre Norcowe in
Bergen is installing two lidars and a microwave
radiometer on Fino. The latter will supply data
about temperature and moisture profiles up to
a height of a thousand metres. Next to Fino 1
the Norwegian offshore researchers are also
positioning an autonomous measuring buoy

in the sea, which will measure the waves and
the atmospheric layers, and their turbulences,
above them. Because of the predictably high
loads the buoy will be subjected to, the measur-
ing period will be significantly shorter.

Bjorn Johnsen

17.4 Outlook: Keep on Writing!

The research project might have reached the end,
but the evaluations are not yet complete. Results
about the parameterisation of the moisture flux in
numerical wind field models and the more detailed
influence of the moisture flux on the wakes of oft-
shore wind turbines are still awaited. When warm
air (which usually comes from land) flows over cold
water it reduces the “evaporative process” and re-
sults in the formation of internal boundary layers in
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the atmosphere - and thus to strong influences on
the vertical wind profile. Turbulence intensity and
vertical wind profiles have a strong influence on the
wind power production and the wear and tear of
oftshore wind turbines. This particularly affects the
strength and length of the “wind wake” behind the
front turbines on the wind turbines in the second
and third rows, and thus for the entire wind farm.
This is important for estimating the load on and ser-
vice life of the wind turbines and for calculating the
necessary distance between the turbines within the
wind farm and between the wind farms.

The task remains to accurately investigate and
describe the turbulence intensity, because without
this it will not be possible to develop mesoscale
models some day, which could then predict the in-
fluence of a whole wind farm on the wind field at
an early stage.

17.5 Sources

Erfassung und Bewertung des Einflusses
turbulenter Feuchtefliisse auf die Turbu-

lenz in Offshore Windparks (TUFFO),
RAVE-Buch-InfoScript. Okt. 2014; Forder-
kennzeichen 0325304; Prof. Dr. Stefan Emeis,
Institut fiir Meteorologie und Klimaforschung,
Karlsruher Institut fiir Technologie (KIT), Dr.
Thomas Neumann (DEWT); Sachbearbeiter:
Dr. Richard Foreman (KIT) und Dr. Beatriz
Canadillas (DEWT)

Foreman, R.J.,, S. Emeis, B. Canadillas (2015)
Half-Order Stable Boundary-Layer Parametri-
zation without the Eddy Viscosity Approach
for Use in Numerical Weather Prediction.
Boundary Layer Meteorology, vol. 154,
207-228

<
<

B Fig. 17.4 Turbulent kinetic energy at a height of approx. 90 m simulated with WRF without and with an idealised large wind
farm in the southern North Sea for a period with very stable stratification in May 2006. The exchange coefficient is shown in
subframe (a), the turbulent kinetic energy in subframe (b). © KIT, Richard Foreman
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Wind Farms Inaccessible
for Six Months?

18.1

Maintenance and repair out at sea is expensive
(B Fig. 18.1). The maintenance and replacement of
components can make up a good 25 % of the total
operating costs (including erection). A significant
factor thereby is repairing unexpected damage. Up
to now repair and maintenance of offshore wind tur-
bines was carried out in fixed time cycles — or when
damage occurred. This involves a high risk of loss of
production, because there is a risk of turbine down-
time if the components are not quickly available or
the wind farm cannot be reached by ship. Mainte-
nance work is only possible to a limited extent when
wave heights reach just one and a half metres or - as
is often the case — wind speeds exceed 20 m/s. Wind
farms in the North Sea are usually only accessible by
water on half the days of the year. While some work
can be done with the help of a helicopter, that is an
expensive and risky business. Rough calculations
suggest that “suboptimal” maintenance and repair
can cost a 60-megawatt offshore wind farm a good
600,000 euros a year in lost income. Over a service
life of 20 years that makes about 12 million euros. At
this stage the right maintenance strategy is now an
important subject at last, and it would appear that
there is great potential for optimisation offshore.
Whether “artificial intelligence” and “automatic
self-organisation” will in future be able to optimise
maintenance and repair operations out at sea was
investigated and further developed in the “Methods

and Tools for Proactive Maintenance of Offshore
Wind Turbines (preInO)” project. Previous main-
tenance and repair concepts have always differen-
tiated between breakdown-oriented, periodic and
condition-dependent maintenance.

18.2 Inspired by the Good OIld

Used Car

Everyone who has ever owned an “old banger” of
a car knows the principle of breakdown-oriented
maintenance; you completely do without preventa-
tive care and concentrate on getting it repaired (or
not ...) when something goes wrong. Type, time
and extent of the repairs required are unknown and
usually unscheduled.

With periodic maintenance the aim is to replace
ageing components at predefined intervals before
they break down. Staying with the car: the drive belt
is replaced every 60,000 kilometres regardless of the
actual load, in other words regardless of whether
the driver regularly drives around hairpin bends
at 180kilometres an hour or chugs along through
play streets at walking speed ... this principle ac-
cepts that the service life of a component is usually
not fully exploited.

Condition-oriented or condition-dependent
maintenance is a strategy that focuses on preven-
tion. Maintenance and repair measures are only
taken as required, but before the component breaks
down. The necessary knowledge about the condition
of the components is often determined via sensors
and on-site inspections. This strategy is of course
based on the idea that most failures are signalised
beforehand by measurable indicators.

18.3 It Takes a Breakdown to Trigger

the Maintenance Process

The most frequently used maintenance strategy
for wind turbines is still the periodic strategy -
the maintenance team comes out once a year, and
usually in the summer - or the strategy applied is
a strictly curative one. Condition monitoring sys-
tems (CMS) are now usually installed in the newer
wind turbines, where parts and components are
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18.5 - Gathering Data: From Gear Oil to “Concert Pitch” of the Blade Rotation

O Fig. 18.1 View from the
nacelle of a Senvion 5M in
Alpha Ventus. © Senvion

equipped with technological aids, such as sensors,
that are used to judge their condition. In the event
of previously defined deviations or when thresholds
are reached, they transmit an alarm message and
service management can then plan and initiate the
appropriate maintenance measures. To date how-
ever, these technical systems have not been able to
provide a complete basis for comprehensive plan-
ning and management of the operational mainte-
nance. They only serve to discover faults, so the
maintenance process is thus only triggered when a
fault occurs.

Is such condition-dependent maintenance then
really the “ultimate solution” for offshore wind tur-
bines? Their limited accessibility poses great chal-
lenges with regard to the availability of ships and
spare parts.

18.4 About the Peaceful Coexistence
of Systems

Most offshore wind farms use a mixture of the
aforementioned strategies. The scheduled annual
maintenance is usually for carrying out checks, ser-
vicing and making minor repairs. Such “standard
maintenance operations” can take several weeks out
at sea. Most of the particularly critical components
are monitored with a condition monitoring system
- but not all of them. And their sensors can also

be faulty or wrong, like strain gauges for example,
which can change as a result of environmental fac-
tors — without there actually being any impending
component damage. And even if there is - and this
is exactly where the problem lies - the error report
far from guarantees that spare parts and ships are
available to carry out the repairs, or that the weather
window is long enough to do the job.

The “preInO” research project was thus to ex-
tensively investigate methods and tools that could
be used for a proactive maintenance strategy, taking
into account a variety of data sources. To be able to
make the best possible prognosis about the condi-
tion of critical components, very different sources of
data like sensor values, statistical data, maintenance
data from the offshore wind turbine’s “life cycle file,
questioned and externalised” employee knowledge
and expertise, weather data, warehouse stocks and
personnel planning were analysed, automated and
combined to create, as software developers like to
say, a “relevant event” (@ Fig. 18.2).

18.5 Gathering Data: From Gear Oil
to “Concert Pitch” of the Blade
Rotation

This must include the setting of priorities for de-
tected faults, a loss of gear oil can be more important
than the “concert pitch” of the turning rotor. This
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B Fig. 18.2 PrelnO data concept: a wide range of data and information is passed to the system for filtering, analysis and recom-

mendation for action. © BIBA

also involves the dynamic and non-static planning
of the extent of the maintenance required is also
part of this, including the planning in of the work
processes, the associated logistics and the use of de-
centralised control systems. The “regular” offshore
maintenance processes are also factored in, with
data sources being identified for automated deci-
sion-making support (8 Fig. 18.3). All this knowl-
edge was to be used to develop a software module
and a demonstrator, which can examine the appli-
cability of the methods and tools developed on the
basis of real data.

18.6 The Process Machine Is Running

The project consists of several work packages and
runs until 2016. The first work package, “process
mapping’, depicts the offshore service processes
based on a Senvion offshore wind turbine. The sub-
sequent concept and algorithm development is to
be simplified with a database specially created for

this. The wind turbine’s hierarchical and functional
relationships are also to be integrated into the sys-
tem. Building on this, it was possible to develop a
concept for a proactive maintenance strategy for
determining the condition of the wind turbine and
for automated provision of recommended actions,
with four sub-items: data concept, framework with
algorithms, processing engine (as a pure execution
engine) and evaluation.

The concept foresees that data from various
sources is combined, either by way of defined in-
terfaces or by aggregating the data, in a “data ware-
house” for example. Then the so-called “processing
engine” comes into play, as a “pure execution ma-
chine”, which works through predefined processes
bit by bit. It ensures that evaluations are made us-
ing a range of calculation procedures from the pro-
gramme library with the corresponding algorithms
and data. The evaluations are then examined in
terms of such parameters as urgency, aggregation or
postponement with other repair work before being
sent as an automated recommended action.
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B Fig. 18.3 PrelnO data flow: from data migration to recommendations for action for maintenance and repair operations. © BIBA

18.7 A Different Selection for Once:
Please Present a Wide Range
of Faults

The components whose condition characteristics
were to be determined by “preInO” were defined in
collaboration with wind turbine manufacturer Sen-
vion: the rotor bearing, the main gear as a complete
system, the pitch batteries, the inverter, the genera-
tor and the yaw/rotor holding brake. These selected
components thus present a broad spectrum with
which it is possible to extend the principle to the
entire wind turbine.

Workshops were held together with the respon-
sible persons for each of the subsystems in order to
analyse any possible failure behaviour of the respec-
tive components and to talk to experts about pos-
sibilities of automated evaluation. The knowledge
gained from these is currently being implemented
so that in the end the “processing engine” will be
ready for use, the “data capture platform” is filled
with data, and the algorithm pool is also available. A
demonstrator is currently being developed based on

this, which will visually illustrate the corresponding
options for action like a simulation game and thus
enable trials with a greater number of turbines.

Peripheral Anecdote: On both sides of the
“Canal Grande”

The research project has a strong practical
orientation, which is why there was a regular
exchange of ideas and information between
researchers and the industry. The Senvion
on-site maintenance processes were therefore
incorporated at the base in Norden-Norddeich
in Lower Saxony and at the production plant
and test turbine in Bremerhaven as well as the
control centre in Osterronfeld and the base in
Budelsdorf in Schleswig-Holstein. These two
Senvion sites face each other on opposite sides
of the Kiel Canal, which might one day become
the “Canal Grande” of the Schleswig-Holstein
offshore wind energy industry.

Bjorn Johnsen
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18.8 When the Offshore Machines
Negotiate About Maintenance
with One Another

Proactive maintenance can also contribute to the
optimisation of the strategies and processes applied.
For example, it would be possible to readjust the fixed
preventative maintenance intervals based on the eval-
uations of the gathered data. It would also be possible
to better plan, or even avoid, corrective maintenance
measures, for example by providing statistical data
about the estimated time needed for the maintenance
work or the predicted residual life of the individual
components. There need be no necessity to alter the
strategies and measures applied at present. Each in-
dividual measure can however be organised more
efficiently in order to increase the overall efficiency.
In perspective it is quite conceivable that in fu-
ture, in the sense of self-guidance with an “agent-
based” approach in the machine, wind turbines will
be able to trigger maintenance measures themselves
with regard to resource allocation and available lo-
gistics. And then one step further into the future,
offshore wind turbines will be able to negotiate with
one another about which of them needs a service
visit more urgently and which can wait a bit ...

18.9 Sources

Methoden und Werkzeuge fiir die preagier-
ende Instandhaltung von Offshore-Windener-
gieanlagen preInO

Zwischenbericht im Verbundprojekt preInO
vom 6.12.2013, Forderkennzeichen 0325587A,
6 S., unpublished

Methoden und Werkzeuge fiir die preagier-
ende Instandhaltung von Offshore-Windener-
gieanlagen preInO

2. Zwischenbericht im Verbundprojekt
preInO vom 22.01.2014, Forderkennzeichen
0325587A, 6 S., unpublished

Methoden und Werkzeuge fiir die preagier-
ende Instandhaltung von Offshore-Windener-
gieanlagen preInO

3. Zwischenbericht im Verbundprojekt preInO
vom 8.8.2014, Forderkennzeichen 03255874, 7
S., unpublished

Instandhaltungsplanung und -steuerung basie-
rend auf Condition Monitoring und Zuver-
lassigkeit — Preagierende Instandhaltung am
Beispiel von Offshore-Windenergie. AKIDA.
Autoren Stephan Oelker, Marco Lewand-
owski, Ingo Schlalos, Vortrags-Script AKIDA
(Aachener Kolloquium fiir Instandhaltung,
Diagnose und Alageniiberwachung), Institut
fiir Maschinentechnik der Rohstoffindustrie,
RWTH Aachen November 2014; veroffen-
tlicht in: Nienhaus, K., Burgwinkel, P. (Hrsg.):
Tagungsband zum 10. Aachener Kolloquium
fir Instandhaltung, Diagnose und Anla-
geniiberwachung. Verlag. R. Zinkens, Stolberg
2014, S. 195-203
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19.1 Going from Land out to Sea

The inspiration here was on land: the Offshore
WMEP - Scientific Monitoring and Evaluation Pro-
gramme for Offshore Wind Energy Use - effectively
carries on where the Scientific Measuring and Eval-
uation Programme (WMEP) of the 1990s left off, a
programme that successfully accompanied the start
of wind energy use on land. The WMEP made it
possible to compare production and site conditions
of over 1,500 wind turbines on land. It was also pos-
sible to evaluate a total of over 60,000 maintenance
and repair reports for these, which came in over the
programme period (usually ten years per turbine).

The still young use of offshore wind energy faces
just as great a challenge as wind energy use back
then on land with regard to turbine technology, in-
vestment, production and insurance costs, logistics,
maintenance and repairs. Final evidence is still lack-
ing as to whether wind energy use in water up to 40 or
50 metres deep and over 50 kilometres from the coast
can realise the hopes placed in it in the long term.

With higher average wind speeds offshore, the
energy yield is significantly greater than on land.
The significantly higher, combined load created by
waves, wind and turbine operation creates much
greater demands for offshore turbine design and
maintenance planning, particularly because offshore
wind turbines are frequently inaccessible for main-
tenance work to be carried out.

The determination of reliability parameters and
their use in reducing the amount of maintenance
work required as well as in increasing availability

require several years of prior investigation. Failures
and breakdowns under particular operating condi-
tions first have to be systematically recorded over
longer periods of time before they can be subjected
to analysis.

With the Offshore WMEP as part of a lon-
ger-term effort, the Fraunhofer IWES will also con-
tribute to ensuring that operational experience is sys-
tematically recorded and evaluated, so that it can be
used by the wind industry in further developments.

19.2 More Than Just Counting
Kilowatt Hours

A systemic approach is always preferable to hasty
rush jobs. The earlier WMEP was a valuable source
of information about development on land. The
WMERP failure database provides valuable knowl-
edge about the reliability of wind turbines, for ex-
ample the annual failure rate and downtime for each
failure incident. B Fig. 19.1 shows these character-
istic values for the average of all the wind turbines
recorded in WMEP.

The operating and maintenance data for the new
offshore wind farms therefore needs to be system-
atically collected at component level and in a stan-
dardised form by operators and scientists working
together with other players, such as component
manufacturers and logistics providers. We want to
know more about the components: not just deter-
mine that the pitch control has broken down for
example, but to analyse where exactly the fault is -
in the motor, in the gears or on a particular circuit
board. It is only possible to recognise the relation-
ships between faults and the respective operating
conditions if detailed recordings have been made
so that it is possible to detect and even avoid similar
faults in the future.

19.3 A Word in Your Ear:
Confidentiality and Individual
Evaluations

The objective of the Offshore WMEP is to inves-
tigate the reliability of offshore wind turbines and
their components using a cross-company database,
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B Fig. 19.1 Number of annual failure cases of main components and the associated typical downtime from almost
30,000 maintenance reports. © Fraunhofer IWES, Wind Energy Report Germany

and specifically in the interests of the operators. It
should also give a - fully anonymised - higher-level,
fundamental look at the situation and allow the
general public to derive information about broad
technical development tendencies. This is not a con-
tradiction, but a sensible, mutual supplementation.

This requires a sophisticated confidentiality
concept (B Fig. 19.2) that has to be accepted and
strictly adhered to by all the partners. A pioneer
wind farm operator might not necessarily want to
see any difficulties they had with installation and
logistics made widely public. And a turbine manu-
facturer might not want the teething problems with
their new turbine type seen straight off as a typical
serial fault. The Offshore WMEDP is thus developing
a knowledge database that both the actors involved
and the interested public can profit from.

The confidentiality concept divides both the
data to be collected and the data resulting from the
analyses into different confidentiality levels and
different recipient groups. This makes it possible to
make general trends and wider results available to
the general public that are to a great extent derived
from non-confidential data. Detailed analyses based

on confidential data that makes up the greater part
of the data pool are shown as “group results” for a
restricted group of participants (B Fig. 19.3). These
group analyses can include such things as results
relating to turbine concept or site features like sea
depths, distances from the coast or wind speeds.
There is also the possibility to provide individual
results solely to the participant in question and no
other - such as the evaluation of his wind farm in-
dividually tailored to suit his requirements and pa-
rameters. This “bespoke suit” remains confidential.

19.4 Involving the Actors: Persuasive

Efforts

Wind farm operators are obviously very interested
in determining the fault behaviour of wind tur-
bines and their components because for them, a
reduction in maintenance work with constant or
even improved availability has a direct financial
effect. Several German offshore wind farm oper-
ators are currently involved in OWMEDP and the
Federation of German Windpower and other Re-



162 Chapter 19 - Well, How are They Running?

Common
data pool

Operators

Manufacturers

ek Core data
Concept of Eventdata suppliers
data Time series

acquisition

Service providers

Offshore wind industry

Investors

Palitics.

Highly aggregated
anonymous benchmarks

Participant

1

O Fig. 19.2 OWMEP
confidentiality concept: the
offshore wind farm opera-
tors maintain ownership of
the data they have fed in,
and they receive detailed,
confidential analysis results.
The general public gets pre-
viously agreed, anonymised
knowledge of a more general
nature. © Fraunhofer IWES

monitoring
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newable Energies (Fordergesellschaft Windenergie
und andere erneuerbare Energien - FGW) and
IZP Engineering Company for Reliability and Pro-
cess Modelling Dresden continue to support the
project.

Many actors are involved in the maintenance
processes and relevant information is being gener-

ated at all locations, and virtually all the companies
involved with maintenance must therefore be in-
cluded in the research.

The database should also generate valuable anal-
yses for manufacturers and component suppliers,
so that they can use them to improve the designs of
their wind turbines and components. Service pro-
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viders would use reliability analyses to improve their
maintenance activities, while insurers and banks can
back up their risk calculations with solid data. But
first and foremost the wind farm operators and the
service providers have to import reliability-relevant
data into the cross-company database in a stan-
dardised form (B Fig. 19.4).

19.5 Events, Results - and a Library!

The mandatory standardised data structure consists
of three parts: core data, operating data and result
data.

The data survey and structure was developed
in unison with the interested parties, including
in an early workshop in 2008 involving ten wind
farm operators, representing 15 of the 23 offshore
wind farms approved in Germany at that time.
The data catalogue that was developed consists of
the core data from the wind farm, current mea-
surement value time series and special event data.
This serves — taking operator expectations and the

confidentiality concept into consideration - as the
minimum requirement for the offshore operators
involved.

The core data contains general information
about the wind farm and turbine. In addition to
classification characteristics like a unique turbine
ID, it includes information about the type of turbine
and site information. The core data must contain all
the relevant parameters that identify the respective
wind turbine and allow a differentiation of the re-
sults according to site specifics and turbine technol-
ogy for use in later analyses.

The second information category is the operat-
ing and event data. Uniform and unique identifica-
tion is also indispensable here. First of all the cur-
rent operating data, especially wind and power data,
is recorded. This also includes technology-related
readings like gear temperature or grid parameters.
At the start of the project not all operators are in a
position to provide all the valuable measured quan-
tities, but as soon as the values started to come in
it is possible to make a pretty good estimate of the
current operating state of the wind turbine.
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Event data describes all operating conditions
that deviate from normal operation, especially
maintenance activities. This includes such things
as affected components, and their damage or mal-
function that triggered the change of the operating
condition from normal operation to standstill. And
this also includes information about the type and
extent of the damage and its cause, etc.

This event data later creates the basis for all re-
liability investigations. Together with the core and
operating data and further maintenance informa-
tion, such as time of damage and time required for
remedy, this data is analysed for every component.

The result data makes up the third part of the
extensive data acquisition and is comprised of core,
operating and event data. This means reliability pa-
rameters like the average time between two failures
of the same component or the repair time. As grue-
some as such categories might at first sound, they
are essential to be able to make sound statements
about the reliability or failure probability of specific

turbines or components under particular operating
conditions. Just as indispensable is a broad database.
The wealth of experience of each individual wind
farm operator or technical operations manager is
not enough to achieve this range. It is therefore quite
logical that many operators are coming together to
set up a joint “parameter library” (8 Fig. 19.5).

19.6 Zeus Makes It Possible

The data for this must however first be acquired,
transmitted and processed in a uniform manner,
because this is the only way to make a wind turbine
“readable”. Working groups of the Fordergesellschaft
Windenergie, the publisher of technical guidelines
(for wind energy generating units), and VGB Pow-
erTech (publisher of guidelines for the energy indus-
try) were also significantly supported in cooperation
with the joint project “Increasing the Availability of
Wind Turbines’, also funded by the Federal Minis-
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try of Economic Affairs and Energy. These work-
ing groups are dedicated to developing coding
systems for the designation of plant components,
the description of operating conditions, faults and
damage, and a transmission protocol. The resulting
new guidelines, RDS-PP® (Reference Designation
System for Power Plants), ZEUS (State-Event-Cause
Code) and GSP (Global Service Protocol), and here
the circle closes, have all been taken into account in
the Offshore WMEP database structure.

» Long-distance running with a magnifying
glass and a telescope
The Offshore WMEP is a long-distance run - and
a team sport where there are no losers. Because
with the data reporting and the feedback
received — some of it confidential, some only
for groups, and some of it as a comprehensive
trend analysis — every wind farm operator gains
knowledge which will make him able to avoid
some of the negative experiences that may
have been made by his peers. To put it simply,
he doesn't have to put his hand on the same
part of the hob to find that it can be painful.
The Offshore WMEP is a magnifying glass (and
not a burning lens) and telescope at the same
time. With the magnifying glass we reflect the
detailed results back to the wind industry and
with the telescope the public can recognise the
general trends and perspectives. The maritime
long-distance run in Germany may have started
late and be somewhat delayed, but it will con-
tinue for decades.
Berthold Hahn, head of wind farm planning and
operation, Fraunhofer IWES
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“lEA Wind Task” - More than
Just a Talk Show

19.7

It became clear in the concept phase that the cre-
ation of a suitable data structure cannot be com-
pletely solved at the national level. To this end,
Fraunhofer IWES organised a follow-up expert
workshop within the scope of the International
Energy Agency (IEA) “Wind Task 117 in which
23 experts from ten countries exchanged ideas and
experiences. The unanimous result of this workshop
was that an international guideline for standardised
acquisition of reliability and operating data that en-
abled comparability of the data could make a great
contribution in improving the operation and main-
tenance of offshore wind farms. Since then IWES
has been running Task 33 “Reliability Data” in the
IEA Wind Section. The Task is drawing up an in-
ternational guideline for the acquisition, process-
ing and analysis of reliability-relevant data. This
guideline is due to be published in autumn 2016.
The existing and future national guidelines should
be integrated as much as possible into the resulting
international guidelines with the support of the Oft-
shore WMEP.

19.8 Over 200 Offshore Turbines
Are Involved

Now that the preparatory work has been largely
completed, the participating operators are starting
to feed current and historical data dating back to the
commissioning of the wind farm into the Offshore
WMEDP database. The data from 237 offshore wind
turbines from five wind farms are currently being
evaluated according to various aspects.

The evaluations are currently focussing on the
so-called operator reports, which are only made
available to the respective operator. These reports
show the wind conditions in the location, the re-
spective power curve (based on the readings of
nacelle anemometers), time-based and energetic
availability, capacity factors and full load hours,
operating conditions and the number of switching
operations, standstill durations and frequencies,
both as a composite for entire wind farms and also
in detail for each wind turbine.
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The report also serves as a benchmark for com-
paring the individual results of the wind farm with
the average value of all the turbines held in the data-
base. Operators can thus compare the performance
of their offshore wind turbines with other operators’
results (B Fig. 19.6) and thus at an early stage use
any noticeable differences to other wind farms as
grounds for internal inspections and actions.

In addition to the analyses for the participant
wind farm operators, Fraunhofer IWES is also

© Fraunhofer IWES

providing support for the development of offshore
wind energy in the shape of technology monitor-
ing. This includes operating a database of all off-
shore projects worldwide that gathers all publicly
accessible information, making it possible to make
solid statements about the development of turbine
engineering, yields, availability (8 Fig. 19.7) or cost
development (B Fig. 19.8).

Experience gained from the first offshore wind
farms shows that the operating conditions offshore
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are manageable. But to guarantee long-term reli-
able and cost-efficient operation it is necessary to
detect and record offshore-specific problems inde-
pendently and at an early stage. The results so deter-
mined should create an independent basis and con-
tribute to the further development of the turbines
and concepts, so that offshore wind energy can play
the leading role it was intended for in the energy
mix. To this end the involvement of the players is
just as vital as public acceptance of the overall proj-
ect that is offshore wind energy use.

This is why PR work is also part of Offshore
WMEP. The target group is very widely defined, in-
cluding politicians and society, in particular energy,
business, structural and environmental bodies, the
interested general public, including school pupils,
students, apprentices and trainees, and of course the
wind industry’s professional audience in industry
and science. This is why Fraunhofer IWES publishes
its annual “Windenergie Report Deutschland”, which
comprehensively shows the development of wind en-
ergy in Germany and deals with key industry issues.

Other important PR instruments are the In-
ternet platform » www.windmonitor.de, which
provides up-to-date information about the devel-
opment of wind energy, and the website » www.
wind-pool.com. The Wind Energy Report can be
downloaded free of charge from the windmonitor
website. These online provisions are just as much

part of everyday project life as participation in con-
ferences, trade fairs and exhibitions.

19.9 Sources

Abschlussbericht Offshore-WMEP; Winden-
ergieforschung am Offshore-Testfeld (WIFO):
Monitoring der Offshore-Windenergienutzung
in Deutschland - Konzipierungsphase, Forder-
kennzeichen 0327695, Fraunhofer IWES, 0.D.,
254 S.

ISET: Windenergie in Deutschland - von der
Vision zur Realitit, Ausgewihlte Ergebnisse
aus dem wissenschaftlichen Begleitprogramm
zum Breitentest ,250 MW Wind, Kassel, Mirz
2006

Windenergiereport Deutschland 2014; Fraun-
hofer IWES, Kassel 2014


http://www.windmonitor.de
http://www.wind-pool.com
http://www.wind-pool.com
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20.1 The Grid and Nothingness

In 2015 renewable energy is expected to be the biggest
power provider in Germany for the first time — ahead
of coal, gas and nuclear power. Of all the renewable
energy sources, the lion’s share will be produced using
wind energy. How wind farms with different energy
supply can be reliably integrated into the German grid
is of primary concern - also for the research project
“Grid Integration of Offshore Wind Farms” The ex-
pansion of wind energy in Germany stands and falls
with its integration into the German grid, and all the
more so for the combined output of the offshore wind
farms with their own “offshore wind power grids”
For a long time the only variable, unpredictable
component in the traditional German power plant
fleet was the consumer. The energy consumption
of private German households and industry for the
following day was estimated on the basis of prior ex-
perience and consumption figures, and the required
amount of power was provided by conventional
coal, gas and nuclear power stations. This electric-
ity supply system must be kept stable at all times
as far as frequency and voltage are concerned. In
other words, only as much power can be taken out
of the grid as is being produced, otherwise it would
have undesired consequences for the grid frequency
and voltage. In extreme cases the grid would simply

break down causing a complete blackout. And then
there is nothing.

Peripheral Anecdote (I): The grid cannot
store anything

In Europe, energy is transferred to the grid with
alternating current; in other words, the current
constantly changes its polarity. The advantage
of this is that the generators produce alternat-
ing current, which is easier to transform into
another voltage. In the trans-European grid, the
frequency, in other words the change of voltage
from plus to minus, is at best 50.00 Hz. The good
thing about the frequency is that it is the same
across the whole grid, and reacts to imbalances
in it. The grid can store virtually no energy;
everything that is taken out must be fed back in
at the same moment. The grid must always be
in balance. If more is taken out than is fed in, the
grid frequency drops, and if the opposite is the
case, then the frequency increases. The balance
can be constantly monitored and power plants
can react quickly to deviations.

Bjorn Johnsen

20.2 Maintaining Voltage
and Frequency

The balance in the power grid is monitored with
the aid of the frequency. If the frequency in the grid
drops, too much electricity is being taken out. If the
frequency increases, the power plants are feeding
too much into the grid. A power plant has to com-
pensate for every deviation in order to keep the grid
frequency stable. This is achieved in two ways, viaa
fixed schedule for the power plants that is orientated
on the predicted consumer behaviour and now also
on the predicted wind and solar output, and also via
the operating reserve from conventional power sta-
tions which balances out the “unscheduled” short-
term fluctuations.

Every electric cable and every transformer in
the grid generates reactive power when it creates
and dismantles its electromagnetic fields. The reac-
tive power is expressed as a phase shift between the
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oscillating current and the oscillating voltage. This
shift means that the total amount of energy in the
alternating current cannot be converted into power
at the point of consumption, which results in voltage
drops at individual grid nodes. To keep the voltage
stable at the individual grid nodes and to minimise
the loss through reactive power, this reactive power
must be compensated for. Up to now this service
has been provided primarily by conventional power
stations. Unlike the operating reserve, which can be
made available to a large-scale network, voltage sta-
bility is managed locally.

Operating reserve and reactive power are system
services that the new wind turbines will have to pro-
vide, services that the grid operator must be able to
rely on absolutely.

20.3 Together We Are Strong - Let's
“Cluster”!

A wind farm produces significantly less energy than
a single conventional power plant, whereby the wind
farm also has fewer possibilities for intervening in
the grid. A “cluster” of wind farms could offer many
more opportunities to provide system services that
support grid stability, so the best option would be
to form a “cluster”.

But we will not get very far without suitable
control concepts for the wind farm and the newly
developed wind farm cluster.

The Wind Farm Cluster Management System
(WCMS) designed by Fraunhofer IWES was fur-
ther developed within the scope of the project for
managing Alpha Ventus and other offshore wind
farms. The aim was to combine the output of multi-
ple wind farms and develop management methods
that would enable the offshore wind farms to op-
erate almost like a conventional power plant, with
a generation “schedule’, including the provision of
operating reserve and reactive power.
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20.4 The Main Thing Is What Comes
out at the Other End

How does the WCMS know how much wind power
will be available in the next few minutes, hours
or days? How is it possible to forecast the future
amount of power fed in from wind farms so that it
is possible to control the wind farm cluster?

To this end the organisations involved in the
“Grid Integration” project have developed an im-
proved system for predicting the wind energy out-
put. This should not just reproduce the weather fore-
cast and wind speed as accurately as possible ahead
of the weather front, but also include an accurate
forecasting system for the power that will be fed in
from multiple offshore wind farms. “The main thing
is what comes out at the other end” - in this case the
wind power at the main grid feed-in point on land.

20.5 Most Frequently at Rated
Output: Energy Yields and
Power Fluctuation in Alpha
Ventus

But do the wind turbines in Alpha Ventus provide
the promised results? How much do the turbines
block one another, and how often is maximum out-
put achieved? One research package investigated
these questions, though it was only possible to start
with the turbine evaluations quite late on because
the data gathered over a long enough period needed
for reliable evaluations was only available at the end
0f 2011 and beginning of 2012.

Power curve
The power curve illustrates the relationship
between wind speed at the wind turbine and
the electric power produced. It already takes
into account the loss caused by the rotor, gears
and generator. The power curve can generally
be subdivided into four sections (B Fig. 20.1):
== Below the start-up speed (A) the wind speed
is too low to turn the rotor. This value is
usually 3-4 m/s. Above this wind speed the
turbine begins to produce energy.
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== The dependence between output and wind
speed in the partial load area (B) is almost
the square due to the losses until rated
capacity is achieved.

== At about 14 m/s (50.4 kph) the wind turbine
reaches rated speed (C), the generator now
runs at full speed and the wind turbine con-
troller pitches the blades so that the output
remains constant.

== |f the wind speed is too high it enters the
cut-off range (D), where the turbines switch
off for safety reasons. Older turbine types
are shut down straight away, whereas newer
turbines can be shut down gradually in
order to avoid sudden, large voltage drops
in the grid when there is a storm shutdown.
Depending on the turbine type, the shut-
down speed is around 30 m/s (108 kph).

Conclusion: every one of the twelve turbines in
Alpha Ventus achieved the rated output range, five
megawatts (MW) output, for over 30 % of its operat-
ing time during 2011, its first year of full operation.
The second most frequent area of the individual
evaluation of the turbines is the “low output” range
below one MW (c. 20 % of cases). The differences
are due to the shadowing effects, the respective pre-
vailing wind direction and the wind farm operator’s
intermittent experimental control phases.

Whole wind park

Mean: 0.53 Standarddeviation: 0.36

B Fig. 20.1 Power curve. © Fraunhofer IWES

In order to be able to consider the output values
of the entire wind farm, the output measurement
was standardised with the rated output of the indi-
vidual turbine to create the average value (arithme-
tic mean) for all 12 wind turbines. The same system
applies for the wind farm as for the individual wind
turbines, and by far the most frequent value for
the whole wind farm lies in the rated output range
with five megawatts (@ Fig. 20.2). Alpha Ventus
achieved full rated output (= 100 %) during almost
30 % of its operating time. The lower power ranges
of 0 to 1 MW and 1 to 2 MW occur second most
frequently with 15 to 18 % each, and the higher
power ranges with 40-60 % of the standardised
output (2 to 3 MW), 60-80 % (3 to 4 MW) and
80 < 100 % only occur 10 % of the operating time.

@ Fig. 20.2 Histogram of the
mean output of the entire

0.35 T T T T

count [*100 %]

0-20% 20-40% 40-60% 60-80%

percent of norm. power

80-100%

Alpha Ventus wind farm.
© Fraunhofer IWES
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On average the whole wind farm achieves 53 % of
the rated output, in other words, around 2.65 MW
per turbine.

20.5.1 Fluctuations: The Wind Farm
Compensates for Individual
Turbines

The physicists broke the output data for the individ-
ual wind turbines and the entire wind farm down
into small time intervals of 10, 30, 60 and 120 min-
utes and then investigated it. Fluctuations in this
sense mean the difference to the measurements
standardised to the rated output. The fluctuation is
to be seen as the measure of change in feed-in from
one measuring interval to the next.

In addition to the data from the twelve tur-
bines in Alpha Ventus, combined data from twelve
wind farms in Lower Saxony, Mecklenburg-West-
ern Pomerania, Thuringia and Saxony was used
for comparison. At the 60-minute interval (see
O Fig. 20.3) in the range of slight fluctuations of
up to 10 % of the rated capacity, the onshore wind
farms are higher than Alpha Ventus. On the other
hand, the maximum fluctuations in the upper rated
capacity range differ widely. Individual wind tur-
bines displayed maximum values of over 90 % of
the rated output, and offshore more frequently than
onshore. For the entire Alpha Ventus wind farm
the maximum fluctuations were at 70 to 80 % of the
rated output, compared to 50 to 60 % of the rated
output at the onshore wind farms used for compar-
ison. Compared with the individual wind turbines,
with up to 90 % power fluctuation at sea, the Alpha
Ventus wind farm thus has a balancing effect on its
individual turbines.

20.5.2 It Gets Shady Starting
with the Second Row

Wake effects is the term used to describe the drop in
output of wind turbines in the “back rows” caused
by the turbines standing upwind of them. The tur-
bines in the first row are faced with a more or less
undisturbed wind field. The turbines behind them,
in the second, third or even fourth row of the wind
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farm, experience lower wind speeds because the
turbines in front of them have already taken energy
out of the wind, thus reducing the wind speed. On
top of this, the resulting airflow is more turbulent
and unequal.

This phenomenon occurs below the rated out-
put range of the turbines that is achieved in Alpha
Ventus at a wind speed of 12.5 m/s. The distance
between the wind turbines in Alpha Ventus is 800
metres, which corresponds to around six times their
rotor diameter. The wake effect caused by a wind
turbine is still noticeable up to ten times the rotor
diameter windward, and turbulence as much as
twelve times the rotor diameter.

Above the rated output range the wake effects
are less distinct, because as of a certain wind speed
all the turbines are running in rated output range.
In easterly wind direction there are wake losses of
approximately 25 % in the range below 12.5 m/s.
In westerly wind direction the wake losses due to
the “front turbines” are with 15 to 25 % not so great
across the board as with an east wind.

20.5.3 Never Quiet on the Western
Front

A prerequisite for many calculations is a good
knowledge of the wind conditions at the location
in question, be they yield forecasts or profitability
or load calculations. At Alpha Ventus it is possible
to draw on data from the Fino 1 met mast for such
analyses. Fino 1 is situated at a distance of 400 m
and thus in direct proximity. The measurement
data acquired here provides valuable additional in-
formation for a lot of research work for the RAVE
initiative.

For their analysis, the researchers used the data
from the met mast to determine the wind condi-
tions on site. The wind measurements at a height
of 80 metres were evaluated. In 2011, the first full
year of operation, the prevailing wind direction was
southwest as expected. The layout of the wind farm
means that in this direction the distances between
the wind turbines are the greatest and thus the shad-
owing effects are the smallest.

The data from the easterly direction could not
be considered because it is impaired by the Alpha
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Ventus wind farm in front of it. What is noticeable
is the frequent wind speeds of over 12.5 metres per
second - when the wind turbines run at highest per-
formance (rated output) and deliver the maximum
yield (B Fig.20.4).

A rose for the wind farm planners

A fundamental prerequisite for the planning
of a wind farm is the recording of the possible
wind potential at the site. To this end wind
measurements are taken at the location and
then evaluated. Two representations are used
to interpret the results, the distribution of the
wind direction frequency and the wind speed
frequency distribution. In both cases this is
simply a case of counting how often an event
occurs. In other words, how frequently there is
a change of wind direction, usually in 10° steps,
or in the case of wind speed, usually in steps
of 1 m/s. The results are then either shown as a
compass rose for the wind direction or as a bar
chart for the wind speed. In this book they are
even combined so that you can see the wind
speed frequency for every wind direction.

Meteorological measuring tower on Fino 1
The Fino 1 measuring platform is situated to the
west of the Alpha Ventus wind farm and was
erected before the wind farm to measure the

177 2 O

actual wind conditions far out into the North
Sea. This meant it was undisturbed by any wind
turbines in front of it or any other disturbing
influences.

The first measurement data was available in
August 2003. After the construction of Alpha
Ventus in 2009 it was still always exposed to free
wind flow from the west, the main wind direc-
tion. The mast has an overall height of 102.5 m,
whereby cup anemometers are installed at
10-metre intervals on one side. There are also
wind vanes and ultrasonic anemometers on
the other side, attached alternately at height
intervals of 10 metres (B Fig. 20.5). This enables
the gathering of vertical high-resolution wind
profiles as well as temporally high-resolution
measurements with the ultrasonic anemom-
eters. The mast is also equipped with other
meteorological sensors such as temperature or
air pressure measuring instruments in order to
measure all the relevant meteorological values.
For example, two hygrometers are attached at
two different heights, which take ten readings
per second. These supply important data for
the RAVE research project “Turbulent Humidity
Fluxes” (see » Chap. 17).

20.5.4 Calm Is when It Still Blows:
16 Hours Bad, 20 Sad

In these parts “calm” means a condition of virtually
completely still air. That is not the case for the Alpha
Ventus research project, because for the research-
ers on Alpha Ventus the term “calm” encompasses
considerably more. Even if the wind is blowing with
a speed of 3.5 m/s (12.6kph) and more, it is still a
calm. This is because wind turbines only slowly start
to turn at a wind speed of 3.5 m/s. Because at that
speed little or no power is fed into the grid, wind
speeds of up to 5.5 m/s (19.8 kph) count as calm. For
the “Grid Integration” research project even a light
breeze at wind force 3 with a speed of about 20kph
still counts as “calm’.

For the grid integration, in other words the
integration of the offshore wind energy produced
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B Fig. 20.5 Wind measuring devices on the Fino 1 met mast:
Cup cup anemometer, USA ultrasonic anemometer, Vane wind
direction. © Forschungs- und Entwicklungszentrum Fach-
hochschule Kiel GmbH, edited by Fraunhofer IWES

into the existing energy supply structures, it is all
the more important to be able to predict the max-
imum amount of time the calm will continue for.
This is so that when there is the threat of a calm,
it is possible to predict how long the shortfall of
offshore wind power will have to be made up for
in some other way. In 2011, the first year of opera-
tion, wind speeds under 3.5 m/s lasted a maximum
of 16 hours, and wind speeds under 5.5 m/s lasted
a maximum of 21 hours (8 Fig. 20.6). Relating to
Alpha Ventus this means that the planned wind
power deliveries had to be otherwise made up for
a maximum of 16 hours in the event of a calm, and
that low energy supply could last a maximum of
20 hours in the worst case.

20.6 Everything Flowing? From the
Beginning of all Wind Power
Forecasts to “Total Fluc”

How important an accurate and early wind power
forecast is, is best demonstrated in practice. An
area of low pressure detected a couple of hours too
late means that in an extreme case the scheduled
wind turbines might have to be switched off within
a matter of seconds of a storm arising - so instead
of full capacity they deliver nothing at all. The result
is that expensive replacement and balancing power
is needed in a hurry, which in turn means that less
environmentally friendly conventional power sta-
tions remain connected to the grid longer or have
to be expensively “booted up” to generate the power
needed.

The accurate wind power forecast is drawn up
based on weather forecasts and - for short forecast
periods - the wind farm’s measured performance
values. The typical forecast period often begins
with less than an hour and ranges up to several days
ahead, whereby the values are updated every fifteen
minutes. The offshore application, with higher wind
speeds than on land, poses a great challenge for the
scientific weathermen; the forecast models have to
work in a significantly higher performance range -
with twice as many full load hours and more - and
have to be correspondingly optimised anew. There
are also many more high wind speed cut-offs out at
sea. On land the wind turbines are spread out over
a vast area across the whole of Germany - offshore
they are relatively close together in the exclusive
economic zone in the North Sea. Every inaccurate
prediction — whether it be a weather forecast or
that of the available wind cluster output - has a far
greater impact offshore than it does on land.

In their initial work phase, the researchers first
had to process the recent past and investigated
massive forecasting errors with the weather model
used. Why were the strong winds in 2009, the year
of construction, (as on 16-18 March 2009) not pre-
dicted? Why did the storm winds forecast (as on
24 to 27 April 2009) not materialise? The answer
sounds typically scientific: “it all depends on ...”

After simulations with a variety of models it
became clear that the horizontal model resolution
has a major influence on the wind flow in com-
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B Fig. 20.6 Frequency of the FIN01 wind speed < 3.5m/s (Sum: 268h | Max: 16h )
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plex areas - as in the Norwegian mountain chain mountain ranges, had been inadequately parame-
on 16-18 March 2009, when apparently the wind terised.

suddenly blew south from the Scandinavian Moun- Here we see that the implementation of the
tains towards Germany. In another incorrect fore- weather models requires a compromise between
cast the topographical data, the information about  accuracy and terrain modelling, the computer time
the terrain surface, especially that of mountainsand  needed and precision of the forecast results. The
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forecast models have to provide as accurate results
as possible for grid integration, almost in real time.
The best forecasts in this application are useless if
they need weeks of computer time using high-per-
formance computers.

Nevertheless, in a one-year, improved simula-
tion for the Alpha Ventus location it was possible
to achieve an improvement of the absolute error of
the wind speed forecast of approximately 0.5 % for
all forecast horizons. Every little bit helps, and with
an annual production of 267 million kilowatt hours
— as it was in 2011, the first full operating year, at
Alpha Ventus - half a percentage point is quite a
lot. In another research sub-project the sea tempera-
ture was combined with the weather forecast model.
Does the inclusion of the sea surface temperature in
the model impact on the atmospheric forces and the
wind forecast? This is a question that could not be
answered with a definitive yes - although that might
have something to do with the fact that the three-
month investigation period was somewhat short.

20.6.1 More Accurate by the Dozen?
A Weather Forecast Ensemble

In another Alpha Ventus research study, eleven dif-
ferent weather prediction models were evaluated us-
ing a comparison with the actual wind measurements
taken on the Fino 1 offshore platform. The declared
objective was to generate a better wind performance
forecast with the aid of an ensemble of weather
forecasts, because every member of the ensemble
or weather model describes the weather slightly dif-
ferently and makes different errors. When multiple
models are combined, the errors can in the best case
compensate for each other and the forecast is better.

In such a case one speaks of a “poor man’s en-
semble’, in that the individual members come from
different weather models as opposed to other models
where all members come from one weather model
that runs with different configurations and input
data. In reality, the “poor man’s model” is in fact the
more expensive of the two, because the data has to be
purchased from different weather providers.

This allows the conclusion that in partial
ranges the results fluctuate greatly, and by using
the mean value of the entire “ensemble” there is an

improvement of approximately 7 % of the forecast
error. For longer-range forecasts — up to 48 hours
— this value even increases up to 18 %. But despite
this, the actual measured wind speeds often de-
viate significantly from their forecasts - in both
directions.

With wind energy forecasts a differentiation is
made between point forecasting, which expresses
a value for the expected power, and probabilistic
forecasts, which also assign a probability to the ex-
pected power value. With the aid of ensembles it is
possible to generate a probabilistic forecast; if the in-
dividual forecasts from the various models are close
together then it is more likely that the forecast mean
value is right. If they are spread well apart then the
forecast is less safe. In order to be able to generate
real probabilities from these values, in other words
statements like “the forecast lies between the values
A and B with a probability of 90 %, the results from
the ensemble still have to be calibrated.

To this end methods were developed that en-
sure that probabilistic forecasts can deliver reliable
results even under offshore conditions in order to
minimise the risk involved in the grid and mar-
ket integration of the wind power. For every time
increment the forecasts (for example wind speed
3.1/8.3/2.2m/s) of the individual ensemble mem-
bers are sorted by size (2.2 / 3.1 / 8.3 m/s). The mea-
sured value (for example 2.9 m/s) is subsequently
assigned to the most suitable ensemble member. The
position is filed as the result (here Position 2). This
is carried out for all the forecasts (the result for ten
measurements would for example then be 4x Pos. 1,
3x Pos. 2, 3x Pos. 3). The result is shown in the form
of a histogram (8 Fig. 20.7). If the measured value is
less than all the ensemble members it is given Posi-
tion 1, and when higher than all of them, it takes the
last position. An ensemble should cover all results
as evenly as possible. In other words, the measured
value should be well distributed and cover all the
positions in the ranking from time to time, but it
would however be best if it was around the “mean”
If for example the first or last value in the histogram
is too high, then the measured value is frequently
outside the forecast value range of the ensemble,
which means that the ensemble does not cover all
possible events and a probabilistic forecast would
be inaccurate. It would not for example be possible
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B Fig. 20.7 Ranking histogram for checking the quality of ensembles. © Fraunhofer IWES

to state that “the forecast value has a probability of
99 % between 4 and 7 m/s”, if 4 and 7 represented
the minimum and maximum values of the ensem-
ble, and these have been set too high or too low.
Here there are possibilities of recalibrating the en-
semble in a further processing operation.

» Only forecasts can guarantee system
reliability
The integration of offshore wind energy into
the electric grid poses new challenges for the
existing infrastructure. We will be getting a
large number of wind farms in a small area.
This means a great dependency on the local
weather. Effects like calms, switching off in
storms or strong power fluctuations always
affect several wind farms at the same time.
Specially adapted wind power forecasts, as were
developed in the project, will in future help to
reduce these effects on the grid and thus guar-
antee system reliability.
Dr. Arne Wessel, project leader for RAVE Grid
Integration and physicist at Fraunhofer IWES

20.6.2 Fluctuations Especially with
North-Westerly Currents

Not every second-long wind calm is important.
Power fluctuations that are relevant for the grid in-
tegration of wind energy are those lasting from five
minutes to two or three hours. The grid operator
has to maintain a permanent operating reserve for
abrupt fluctuations in wind power during this time.
Up to now this value was fixed in advance for three
months, but with the further expansion of oftfshore
wind energy it is likely that there will be stronger
fluctuations, even over a period of hours, which
could exceed the amount of operating reserve avail-
able. If the size of the fluctuations could be predicted
several hours in advance, in times of strong fluctua-
tions it would be possible to notify power stations to
provide more operating reserve in good time, thus
avoiding a supply bottleneck that could endanger
the stability of the grid.

It has become evident that the greatest wind
power fluctuations in the North Sea occur when
there are north-westerly currents, especially com-
bined with rain and/or cold air masses. Weather
predictions must therefore also attempt to take so-
called convection cells into account, cloud parts and
formations that are created when there are currents
and which are an indicator of cold air above warmer
surfaces, such as ocean currents. It appears however
that power fluctuations in the rated output range of
the turbines hardly ever occur, no more than they
do at low wind speeds - so here the flat power curve
mutes the power fluctuation in this range.
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Classical weather models have only ever been
able to represent the “power fluctuations within an
hour” to a limited degree. An alternative could be
the power fluctuation quantity developed during
the research project, the “totalfluc”, which should
be able to be predicted from the existing parameters
of the weather models (wind, temperature, turbu-
lence). In the project this performance measure “to-
talfluc” was developed using synthetic performance
data and the first analyses of the dependency on the
weather model parameters were undertaken. Future
projects will deal with the verification of the fluc-
tuation measure using actual measured data from
Alpha Ventus and carry out more investigations of
the relationship between weather model parameters
and the fluctuation measure.

In addition to the weather forecast, the short-
term forecast of “totalfluc” also includes the current
output of the wind farm measured over the last few
hours as an additional quantity, and this signifi-
cantly improves the quality of the forecast.

The forecasting of wind power fluctuations is
still in its infancy, and its quality is not yet good
enough for reliable operation. There is still a great
deal to do. With a government target for the expan-
sion of offshore wind energy to 15 GW by 2030, the
10 % power fluctuations within an hour would be
1.5 GW. With a current operating reserve capacity
of around +5 GW that is quite a relevant propor-
tion. In such cases, forecasting wind power fluctua-
tions can help to keep the grid stable.

20.7 From “Wild Bunch” to Power
Plant Network

In previous projects, Fraunhofer IWES developed a
concept for the combination, or so-called “cluster-
ing”, of wind turbines, and tested it on large-scale
wind farms in Portugal. These wind farms were
directly connected to the grid and the subordinate
grid level was not intermeshed, in other words not
connected with one another by means of one or
more nodes. With this direct connection it was pos-
sible to realise system-conducive operating modes
using the Wind Farm Cluster Management System.

None of this is valid for offshore wind farms
because it has to take a different power grid into

consideration. An important factor here is the con-
nection of the offshore wind farms via a very long
cable, of 70 kilometres and more, with the corre-
sponding compensation units. This strongly influ-
ences the reactive power control range, which is an
important factor for the control operation of the
wind farm to the grid node point. In addition to
the electrotechnical changes for the “offshore power
plant network’, special forecasting systems were de-
veloped for offshore wind farms that had to be inte-
grated into the WCMS. The developers also had to
take care to design this cluster management system
modularly right from the start in order to provide
a necessary series connection and linking of cluster
systems across multiple voltage levels, because with
this cascading it is possible to achieve a far greater
effect than with just one module.

The Fraunhofer IWES Wind Farm Cluster Man-
agement System was adapted to offshore conditions
and developed further so that it could work for the
Alpha Ventus wind farm and its special electrical
properties — and to create an interface for the in-
tegration of additional wind farms. This was how-
ever initially just as a simulation model because real
management of the Alpha Ventus wind farm was
not possible during the course of the project.

20.7.1 Trans Europe Express:
What a Future Offshore Grid
Might Look Like

The Fraunhofer IWES concept for the connection
of future wind farms in the North Sea assumes
two main connection points on land, by Norden in
Lower Saxony and between Biisum and Brunsbiit-
tel in Schleswig-Holstein. There is an additional
connection to a trans-European “supergrid”. This
approach combines the wind farms planned in the
German North Sea - about 20 gigawatts have been
approved - into individual but interconnected clus-
ters. This can result in a more flexible distribution of
the wind power feed-in to the main points of con-
nection, which also have different intake capacities
(B Fig. 20.8). In the event of grid faults it will not
be necessary to switch off the affected wind farms,
just redirect the power to be fed in at other main
connection points.
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The integration into a trans-European super-
grid, a Europe-wide network of high-voltage grids
in the countries bordering on the North Sea, pro-
vides additional operational flexibility of the oft-
shore network. This can also serve to reduce the
need for the expansion of the national grids. With
its larger main connection points the supergrid
can intercept power peaks of individual offshore
wind farms and this European grid network — with
connections to Norway, Denmark, the United
Kingdom and the Netherlands - can increase the
reliability of the offshore transmission grid in the
North Sea.

20.7.2 Orderly Cluster Formation

Most of the wind power in Germany to date is in-
stalled at medium-voltage level (MV) to high-volt-
age level (HV). The challenge in integrating wind
energy into the grid is to take on tasks, with many
units and in partly different voltage levels, which
have up to now been the domain of the conventional
power stations. In detail it is about voltage and fre-
quency stability within low tolerance limits.

A~

Boexlund
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The voltage in the energy system will initially be
dictated by the big generation units. Voltage drops,
active and reactive power flows, transformers and
their tap changers alter these values, so that different
voltage quantities occur locally. The consequence is
that voltage is a local quantity that follows a central
directive. The aim of wind farm clustering is ini-
tially to minimise the local changes in voltage that
can result from load change or power fluctuation.
Multiple wind farms in single grid regions should
behave neutrally with regard to the voltage or in best
case also be available for maintaining the voltage.

The second important grid quantity is the grid
frequency. Unlike voltage, it is a global quantity be-
cause the frequency in the grid is the same every-
where. It is regulated (by means of power-frequency
control or transfer-power-frequency control) by the
synchronous generators in the main power stations
that are directly coupled with the grid. This requires
primary control, secondary control and tertiary
power control. The grid operators in Germany ten-
der the requirement and award it by auction. If as
a result of a power station breakdown there is sud-
denly a shortfall of a large amount of power, this
staggered system for switching power in will be
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activated in order to compensate for the resulting
deficit. A single wind turbine with a rated capacity
of five megawatts cannot compensate for this deficit,
nor can an entire wind farm - but a cluster of several
wind farms with several hundred megawatts can. All
this would theoretically be the case for offshore and
onshore wind farms.

Peripheral Anecdote (Il): That was a close
call!

Originally thought up for the construction

of motorways, bridges, airports, railway lines
and canals, the new “Infrastrukturplanungs-
beschleunigungsgesetz” (Acceleration of
Infrastructure Planning Act) has a name as long
as a tapeworm and was finally passed by the
German Bundestag in October 2006. But just
before the final reading a short passage was
quickly included that was crucial for offshore
wind farms. It obliged grid operators to provide
grid connection for offshore wind farms in their
control zone. It was this last-minute obligation
that first enabled Alpha Ventus’ grid connection
to be completed in time. Otherwise they would
probably still be negotiating, suing, and then
negotiating again about responsibility and cost
distribution ...

Bjorn Johnsen

20.7.3 Offshore Clustering Is Both
Easier and More Difficult

The clustering of several offshore wind farms to cre-
ate an “aggregate” is very different from wind farm
clustering on land. The offshore wind farms create
large-scale grid networks that only contain wind tur-
bines - pure “wind grids”. Their distances to the grid
connection points or transformer substations are very
great, up to as much as 70 kilometres, and therefore
have a great reactive power requirement. Because of
these great distances it can be assumed that high-volt-
age direct current (HVDC) power transmission will
be used as connection technology for offshore wind
farms, where the power is transmitted using direct
voltage that is converted back into alternating volt-

age at both ends of the cable using inverters. Unlike
with alternating current, the HVDC cable suffers
only minimal losses and has the advantage that the
grids can be uncoupled from the grid frequency at
both ends. This way future offshore grids can directly
connect several countries and control zones with one
another as shown in a trans-European supergrid. One
such example is the connection between the Scan-
dinavian “Nordel” grid and the European integrated
grid UTCE, where although both work with a grid
frequency of 50 Hertz, their phase positions are so dif-
ferent that they can only be connected with HVDC.

20.7.4 Over 70 Grid Calculations
for a Four-Hour Forecast

With a further developed WCMS for Alpha Ventus,
the whole network area - from the individual wind
turbines to the grid connection points on land (in
the case of Alpha Ventus the Hagermarsch substa-
tion near Norden) — will be considered with the ap-
propriate forethought. As input data the WCMS uses
power forecasts with a ten-minute output preview
of the wind farm. A confidence interval is defined
for each forecast value, which gives the precision of
a parameter, for example a mean value. The limits of
this range of values - the maximum and minimum
values - and the probable mean value are factored
in for the network calculation. So for each point in
time three calculations are made in addition to an
alignment calculation. A forecast horizon of four
hours is also implemented in the further developed
WCMS. The WCMS carries out 73 grid calculations
for just the relatively short period of time - plus ad-
ditional grid calculations in case any grid problems
are detected that need to be fixed. The Alpha Ventus
wind farm is treated as a cluster element - the inter-
faces to other wind turbines and wind farms already
exist for cluster expansion.

20.7.5 Operational Management
Strategies

The operational management of offshore wind farms
is influenced by a variety of factors, especially by the
wind turbine characteristics. There are therefore dif-
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B Fig. 20.9 Coupling concept between WCMS and wind farm model. © Fraunhofer IWES

ferent operating strategies for the different turbines
available on the market. Wind turbines with dual
feed asynchronous generators (like the Senvion 5M)
and with permanent-magnet synchronous genera-
tors (like the Adwen AD 5-116) have different con-
trol characteristics. Both models can be connected
with one another in the WCMS.

20.7.6 Not the End, but a New
Beginning: The Wind Farm
Simulator

In the scope of the project, the University of Magde-
burg modelled the Alpha Ventus wind farm in their
software. The wind farm model used - the wind
farm simulator - is especially suitable for investigat-
ing the operating characteristics and strategies, and
as main components includes the individual wind
turbines, the wind farm cabling plus grid connec-
tion, the equivalent simulation of the onshore grid
and the compensation systems for maintaining the
frequency.

The grid calculations of both programmes -
WCMS and the wind farm simulator (8 Fig. 20.9)
- produced very similar, if not identical, calculation
results. This is due to the simulation of individual
grid components used in the programmes, such as
cables, transformers, etc. The few differences are
thus determined by the system and are also inten-
tional in order to assume a more realistic operation
of the WCMS. Different operational modes of the
wind farm were run through in the model, whereby

different farm feed-in behaviours were implemented
in its onshore grid connection, the Hagermarsch
substation. The online forecasts for grid monitor-
ing and set point calculation used high-resolution
power predictions in order to be able to model the
future grid condition, and to use this information
to detect and prevent problems at an early stage.
But the current WCMS does not operate alone at
model level. Future research and development will
include a feasibility analysis for the expansion of the
superordinate external grid area, whereby it will be
possible to investigate and reproduce possible ret-
roactive effects on the functional capability of the
WCMS from the external grid.

20.8 Outlook: Control System
and Last Instance

Uniting wind farms via voltage levels, and if nec-
essary even via transmission borders like direct
current and alternating current, is one of the core
functions of the wind farm cluster management
system. The inclusion of other wind farms in the
WCMS and their simulation is indispensable for the
reliability test of such a system and should be a com-
ponent of future research assignments. At this stage
the WCMS must not only include the wind farms in
the calculations, but all the components in its area,
including conventional energy generation and grid
loads. The new knowledge is then incorporated into
the overview of possible operating points and their
resolution with regard to the performance charac-
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teristics of the aggregated grid areas. The WCMS
then works as a kind of superior authority that en-
ables access to such clusters. Algorithms should also
be developed in such research areas that consider a
cluster as a complete system and must constantly
create optimal set points in order to achieve im-
proved grid integration. At the end of such a de-
velopment process the WCMS would not be just an
aggregator, but even more. It would be a superior
control authority in which the wind farms are both
“positioning elements” and “control elements” at the
same time, and which actively contribute to stable
grid operation with voltage quality, reactive power
management between the voltage levels and “bottle-
neck management”. The individual “wild wind farm
boys” will then - controlled and conjointly - be a
key component of our grid system of the future.

20.9 Sources

Netzintegration von Offshore-Windparks
Abschlussbericht zum Forschungsvorhaben
Nr. 0325002; Laufzeit 01.07.2008-30.06.2012
Fraunhofer-Institut fiir Windenergie und
Energiesystemtechnik, IWES in Kassel
RAVE - Research on the offshore test field
(2012), BINE Themeninfo 1/2012, Publisher
FIZ Karlsruhe, ISSN 1610-8302
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Project information: Accompanying

Ecological Research on the Offshore Test

Field Alpha Ventus for the Evaluation

of the BSH Standard for Environmental

Impact Assessments (StUKplus)

Project management:

BSH - Federal Maritime and Hydrographic

Agency

Christian Dahlke (until 2013), Nico Nolte

Kristin Blasche (until 2012), Anika Beiersdorf

Project partners:

== Alfred Wegener Institute Helmholtz Centre
for Polar and Marine Research

== Avitec Research GbR

== DHI/DHI-Wasy GmbH

== |fAQ Institute of Applied Ecology

== jtap GmbH Institut flir technische und ange-
wandte Physik GmbH

== Miiller BBM GmbH

== Research and Technology Centre, West Coast
(Kiel University)

== University of Veterinary Medicine Hannover

21.1 How It all Began

When the first planning applications for offshore
wind farms were submitted to the Federal Maritime
and Hydrographic Agency (BSH) in 1999, there was
very little existing knowledge about the environ-
mental impact of offshore wind turbines. Only two
countries — the United Kingdom and Denmark -
had erected wind farms or individual turbines at
sea by the turn of the millennium. But their practi-
cal experiences were only slightly comparable with
the German projects that were planned, because in
Germany the planners had planned and applied to
build offshore wind farms far out at sea at distances
up to 150 kilometres from the coast of the main-
land. And instead of near-shore wind turbines in
a water depth of just two metres as in the Danish
Baltic, the planners of wind farms in the German
North Sea were talking about water depths of 25 to
50 metres.

In addition to the technological challenges,
with the increasing number of oftshore wind farms

being applied for there was an increasing demand
for a cumulative consideration of the environmen-
tal impact of these farms. The BSH is the approval
authority for wind farms planned in the German
Exclusive Economic Zone (B Fig. 21.1). The aim
of the ecological research in the Alpha Ventus test
field was to get a deeper understanding of the en-
vironmental impacts of offshore wind farms. With
its six-year investigation period it was the most
significant German research project in terms of
scope, duration and results to investigate the envi-
ronmental impacts of offshore wind farms. It also
complemented the environmental monitoring that
the operator was obliged to carry out at Alpha Ven-
tus in accordance with the Federal Maritime and
Hydrographic Agency standard investigation con-
cept (“Standard Investigation of the Impacts of Oft-
shore Wind Turbines on the Marine Environment,
StUK”). Based on the findings of the accompanying
ecological research it was possible to evaluate and
update the StUK for the first time. The Alpha Ven-
tus test field is the first offshore wind farm where
the StUK methods were applied in a construction
and operating phase.

The “StUKplus” research project attempted to
find answers to questions that go beyond the pure
research framework. During their extensive field
investigations in Alpha Ventus the researchers
have also tried out new methods and techniques
for collecting data, such as the digital flight data
for resting birds or new radar devices for recording
and measuring bird migration. With the ever-ad-
vancing knowledge it was also possible to further
develop the prescribed standard investigation con-
cept for offshore wind farms during the project pe-
riod. Whereas with Alpha Ventus StUK3 was ap-
plicable for a German wind farm for the first time,
since October 2013 the third revision of the stan-
dard investigation concept, StUK4, is prescribed
and valid.

There are naturally conflicts between the eco-
nomic interests of the wind farm operators on the
one hand and the environmental protection of the
sea on the other hand, and these different interests
pose a great challenge. An environmentally com-
patible expansion of offshore wind power therefore
requires an understanding of the expected impacts
on the marine environment from the very start. To-
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B Fig. 21.1 Planning chart of offshore wind farms in the North Sea (Status: 08.01.2016). © BSH

day there are still significant gaps in our knowledge,
particularly with regard to the cumulative effects of
offshore wind farms.

21.2 The Go-Ahead for Knowledge ...

The Alpha Ventus test field gave the go-ahead for
the development of such an understanding. With
an extensive accompanying construction and oper-
ational research and monitoring programme it was
possible to investigate for the first time which pos-
sible forecasted impacts on the marine environment
actually existed. In short, whether what was forecast
actually happened.

The StUKplus project at Alpha Ventus had at-
tempted to gain fundamental answers to questions
with regard to the many other offshore wind farms
that were planned; how does the habitat of fish
and organisms that live on the seabed change in
the area around the foundations of the wind tur-
bines? How far does the influence of the artificial
hard substrates reach? That is, not the natural ma-
terial that an organism can live on, like rocks and

seashells, but artificial hard substrate like bridge
pillars, metal sheet piling or even the foundations
and supporting structures for an offshore wind tur-
bine. And how does the habitat change in the area
of the wind farm as a result of the ban on fishing
in the wind farm?

How do seabirds react to the illuminated, ro-
tating wind turbines? Will resting birds avoid the
area of the wind farm or get used to the turbines?
How great is the risk of migratory birds colliding
with the wind turbines? What impact does the loud
construction work and the ongoing operating noise
have on the noise-sensitive marine mammals and
fishes? Will porpoises and seals continue to use the
wind farm area as habitat and how can they be pro-
tected against underwater noise?

If You Don’t Know What to Do
Next, Organise a Workshop

21.3

Questions upon questions for new projects that
one institution cannot handle alone - at least not at
this early stage. As preparation and concept devel-
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opment for the accompanying ecological research
during construction and operation the BSH organ-
ised a workshop in November 2007 in which repre-
sentatives of renowned institutions, authorities and
independent experts took part. The workshop drew
up the following key focuses for the future ecologi-
cal investigations:
Monitoring of the benthic communities, i. e.
the totality of all living creatures in the sea
and on the seabed, and especially the fish
stocks around the offshore foundations in the
construction area of Alpha Ventus and in the
reference area during the construction and
operational phases.
The behaviour of migratory birds and the
recording of bird impacts, intensity of bird
migration and the range of species.
The behaviour of resting birds towards the
wind farm or individual wind turbines.
Monitoring of the population density and
distribution of porpoises and seabirds during
the construction and operational phases in the
immediate and wider surroundings of the test
field.
Temporary measurements of the construction
and operating noise on the wind turbines and
further afield.
Establishment of quality-tested databases for
benthos, fish, resting birds and marine mam-
mals using data from environmental impact
studies of offshore wind farms and research
data.

The Federal Maritime and Hydrographic Agency
outsourced the proposed work to outside experts
(enterprises, institutes) (B Table 21.1) before the
start of construction on Alpha Ventus and managed
the implementation of these accompanying ecolog-
ical investigations. The evaluation of the data was
done on several bases; one was the new data gained
directly from the StUKplus project and the data se-
ries from wind farm projects already available to the
BSH and data that came from other institutions. To
this end “protected interest cooperations” were en-
tered into with the Research and Technology Centre
West Coast, the University of Veterinary Medicine
Hannover, DHI Wasy GmbH and the Alfred Wege-

ner Institute, and the Helmholtz Centre for Polar
and Marine Research, and quality-tested databases
were established. All these institutions were in
possession of research findings and historical data
series from other research projects in the offshore
sector that only they had.

21.4 The Results of the
Environmental Research

21.4.1 Impacts on Pelagic Fish

So-called pelagic fish, like mackerel, herrings or
salmon, live in the water columns of the sea and
therefore differ from fish species that live near the
seabed like plaice or cod. The investigations of the
pelagic fish at Alpha Ventus and in the reference
area were undertaken using hydroacoustic measure-
ments, net sampling and by analysing the stomach
contents of these fish. A stationary hydroacoustic
measuring system, known as fish sonar, was devel-
oped for this project and used for long-term mea-
surements of fish distribution and abundance. The
device carrier has a movable unit head and sonar
for measuring the number of fish and their distri-
bution around the foundations of offshore wind
turbines. The investigation period was divided into
three parts: before the construction phase, during
the construction phase of Alpha Ventus in 2009,
and the immediately subsequent two-year operat-
ing phase 2010-2011.

The findings of the investigations show low fish
stocks during the year of the construction phase,
which suggests they were scared away by ship move-
ment, piledriving and other construction activities.
In the subsequent operating phase on the other
hand, the ship-based, hydroacoustic investigations
and counts show neither a scaring-oft effect nor an
attraction effect on these species of fish.

21.4.2 Impacts on Demersal Fish
and Crustaceans

So-called demersal fish such as cod, sole or had-
dock, which live on or near the seabed, were inves-
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B Table 21.1 Overview of the R&D contracts granted by BSH in the project period 2008-2014. © BSH

Contractor

Alfred Wegener Institute

(AWI), Helmholtz Centre for
Polar and marine Research

Avitec Research GbR

IfAQ Institute for Applied

Ecosystem Research GmbH

West Coast Research
and Technology Centre,
University of Kiel

University of Veterinary

Medicine Hannover

DHI/DHI-Wasy GmbH

itap GmbH

Mdaller BBM GmbH

Meeresmedien

Project title

AWI1: Investigation of the impact of wind turbines on
fish (A) and vagile megafauna (B) in the Alpha Ventus test
field

AWI2: Joint evaluation of data about benthos and fish for
ecological impact monitoring in the Alpha Ventus test
field

AWI3: Completion of the time series during the operating
phase and determination of changes to the benthos by
expanding the turbine-related impact monitoring

Avitec Research1: Test field research into bird migration at
the Alpha Ventus pilot offshore farm

Avitec Research2: Analysis of the continuously obtained
data on Fino 1 about bird migration (FinoAVIDATA)

IfAO1: Recording of bird collisions with the aid of the
VARS system

IfAO2: Recording of avoidance behaviour of migratory
birds using pencil beam radar

FTZ2: Joint evaluation of data about sea birds for the
ecological effect monitoring at the Alpha Ventus test field

FTZ3: Investigation of possible habitat loss and be-
havioural change of sea birds in the offshore wind energy
test field (Testbird)

TiHo1: Complementary investigations into the impact
of the constructional and operational phases on marine
mammals at the Alpha Ventus offshore test field

TiHo2: Joint evaluation of data about marine mammals
for the ecological effect monitoring at the Alpha Ventus
test field

Analysis of long-term data and modelling of the distribu-
tion of porpoises in the Alpha Ventus test field as the ba-
sis of decision-making aids for maritime spatial planning

Measurement of the piling and operating noise at dif-
ferent distances from the Alpha Ventus test field and its
model-based processing

Underwater noise from offshore wind turbines, harmoni-
sation of conceptualisation, procedures and evaluation of
dependent variables

Editorial support for the production of an English-lan-
guage book about the StUKplus project

Project period

01.07.2008-30.08.2012

01.09.2008-30.04.2012

01.10.2008-30.08.2012

01.07.2008-31.08.2013

01.08.2009-31.08.2013

01.10.2008-31.08.2013

01.10.2008-31.08.2013

01.06.2008-30.09.2013

01.10.2009-30.09.2013

01.06.2008-30.11.2013

01.06.2008-30.08.2012

01.01.2013-30.09.2013

01.07.2008-30.08.2011

01.10.2010-30.11.2011

01.12.2012-28.02.2014
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tigated separately, as was the megazoobenthos, i. e.
the entirety of living creatures in the bottom zone
of the sea or which live on the seabed.

The research project thus collected data on crus-
taceans and fish that settled on the foundations and in
their immediate vicinity. The investigations showed
that species that like hard substrates, such as crus-
taceans, increased on the foundations (B Fig. 21.2).
There were up to one hundred times more than on
the undeveloped soft floor in the reference area.
On individual foundations up to 2,300 crabs were
counted. There were also large accumulations of her-
mit crabs on the foundations, and also horse mack-
erel and pouting. The offshore supporting structures
led to a great increase in crabs and shellfish, which
in turn provided an attractive food source for fish
species that live near the seabed — which accounts
for their increased numbers in the area.

21.4.3 Result: Merged
and Standardised
Environmental Database

Substantial data from environmental impact stud-
ies, from the monitoring that accompanied the con-
struction and operation of other wind farm projects
and from research projects carried out by the Alfred
Wegener Institute about benthos and demersal fish

@ Fig. 21.2 Colonisation of
the foundations of an offshore
wind turbine. © Roland Krone

were evaluated, harmonised and analysed for this
project. The result was the first standardised and
quality-tested extensive database of information
about the marine environment in the German Ex-
clusive Economic Zone. The key results of this data
analysis are available to the public free of charge on
the BSH GeoSeaPortal at » www.bsh.de.

21.4.4 The Claw, the Trawl Net
and the Seabed

The investigations also included collecting exten-
sive, area-wide samples from the seabed. The in-
fauna sampling - of animals living in the sediment
- was done with ship-mounted claw samplers. The
epifauna sampling was done using a beam trawl,
a pouch-like bottom trawl net. Divers also docu-
mented the epifauna on the underwater foundation
structures of the offshore wind turbines with scratch
tests and digital photography (8 Fig. 21.3).

No long-term negative changes of the benthos
on the seabed, the entirety of all living creatures,
caused by the construction of Alpha Ventus were
discovered. The biomass and number of species on
the foundation structures increased continuously
after the turbines were erected.

Furthermore, not only was the benthos at a sin-
gle turbine investigated, but in a second sub-project
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B Fig. 21.3 Schematic repre-
sentation of methods for the
quantitative investigation of
the benthos in Alpha Ventus:
1 Trawl net (beam trawl) for
investigating the epifauna in
the sediment, 2 The demersal
megafauna on the seabed
can be observed using video
recordings, 3 The van Veen
claw sampler takes small
samples of the seabed and
the organisms living within
it, 4 Divers collect samples of
organisms that have colonised
the foundations of the wind
turbines. © lllustration from
BSH & BMU (2014): Ecological
research at the Alpha Ventus
offshore wind farm (drawing
by Britta Kussin)

the benthic communities on the seabed were also in-
vestigated over the full distance between two neigh-
bouring wind turbines, a stretch of 800 metres. The
conclusion of this evaluation of the stretch between
two wind turbines and the surface surveys was that
no impact on the benthos and the seabed could be
ascertained here either.

21.4.5 Gannets and Friends:
The Impacts on Sea
and Migratory Birds

During the 2010-2011 construction phase, explor-
atory trips were made by ship and aircraft sighting
flights were undertaken to investigate the incidence
of seabirds near Alpha Ventus. The behaviour of the
seabirds and their reactions to the wind turbines
were comprehensively documented. The flight al-
titudes of the seabirds were also measured visually

s 21

and with a rangefinder, a laser-based distance mea-
suring instrument, and it was ascertained as to what
extent these coincide with the rotors of the wind
turbines.

Six out of eight types or species groups of birds
investigated there after the construction of Alpha
Ventus exhibited a lower abundance than before-
hand, for example in the cases of the lesser black-
backed gull, the kittiwake and the northern gannet.
The abundance of lesser black-backed gulls up to a
distance of 1.5 kilometres from Alpha Ventus re-
mained significantly lower than the average previ-
ously calculated for them. However, investigations
in the following years showed that the decline mod-
elled here could simply be related to the annual
population fluctuations of the lesser black-backed
gulls in the German Bight. The model showed a sig-
nificant increase of auk and loon abundances as of
approximately 2.5 kilometres from Alpha Ventus.
This means that these types of bird avoid the wind
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O Fig. 21.4 a Diagram of the data collection about bird migration inside and outside the Alpha Ventus wind farm using fixed
beam radar, b Variation of the vertical angle of tilt of the radar beam for surveying birds at various altitudes, green radar beams.
From Ecological Research at the Offshore Windfarm alpha ventus, p. 115; © IfAO GmbH

farm area and only settle down on the water surface
at a distance of 2.5 km from the wind farm.

The flight altitudes of seven different kinds of
seabird were surveyed with laser devices on the off-
shore wind turbines and then analysed. The large
gull species herring gulls, lesser black-backed gulls
and great black-backed gulls were often found at the
altitude of the rotor blades and it was also observed
that these species passed by the wind turbines at
rotor height or even flew through them. The smaller
species - little gull, kittiwake and common gull - as
well as the fairly large northern gannet mainly flew
less than 30 metres under the rotor blades.

The StUKplus research project developed new
methods and approaches of finding evidence of
the endangerment of migratory birds (B Fig. 21.4
and 21.5) using measuring devices it developed
itself for the operational monitoring of offshore
wind farms. The aim of these investigations was to
determine to what extent the 150-metre-high wind
turbines with a rotor diameter of around 120 me-
tres represented an obstacle for birds migrating
over the German Bight in spring and autumn. The
bird migration is extremely variable and strongly
dependent on the weather. A minority (around a
third) of the migrating birds fly during the day, the
majority by night, whereby mass migration activity
is concentrated on a few nights a year. Under good
conditions most migratory birds fly by night at such
great altitudes so that it is unlikely that wind tur-

bines pose any danger. If the birds encounter poor
weather, usually in conjunction with rain and unfa-
vourable winds, they tend to fly much lower, usually
at less than 200 metres above sea level. If the birds
are attracted by the lights on the wind turbine it can
lead to an increased risk of collision.

During the investigations at the Alpha Ventus
test field it was proven that most of the bird species
(groups) observed avoided the wind farm during the
day. There were occasional flights through the test
field, though no collisions were observed. On the
other hand, before and after comparisons showed
that during the night-time autumn migrations in
the vicinity of the wind farm more birds flew in the
lower altitude levels than beforehand. The greatest
number of birds registered at night were songbirds.
Projections showed that some species (e. g. sand-
wich terns, Brent geese, lesser black-backed gulls)
passed over the sea area around Alpha Ventus every
year in such great numbers that they constitute over
1 % of their respective populations. The compari-
sons of the flight movements in the rotor area when
the wind turbines are in operation and when at rest
exhibit significant differences between the operating
mode: both during the day and at night fewer birds
were observed when the rotor was turning.
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O Fig. 21.5 Camera on the
Fino 1 research platform for
observing sea birds. © Marine
Monitoring Networks/BSH

21.4.6 Viewing and Evaluating Data
on Seabirds

Distribution maps were drawn up for the follow-
ing types of seabird in the North Sea based on the
database developed during the project, taking into
consideration the specific species and the seasons:
loons, fulmars, northern gannets, little gulls, kitti-
wakes and sandwich terns using airborne geospa-
tial data acquisition, and for the following species
sighted during observations from ships: common
gulls, lesser black-backed gulls, common terns, arc-
tic terns, common guillemots and razorbills.

Special attention was paid to the species listed in
Appendix I of the EU Birds Directive. The new da-
tabase mentioned above makes it possible to deter-
mine the density and distribution pattern that helps
to designate sensitive areas for seabirds — especially
with regard to any possible loss of habitat, such as
the loss of a (partial) area of a biotope, posed by
new offshore wind farms. For the first time, it was
possible to describe the direct impacts on resting
birds before and after the construction of a German
offshore wind farm. These vary from species to spe-
cies and are described in the sections below.

197

» A unique opportunity
The Alpha Ventus test field provided the
first-ever opportunity to systematically and
scientifically investigate the environmental
impacts of an offshore wind farm in Germany,
before, during and even after its erection. This
particularly applied to its impacts on porpoises
and migrating and resting birds. The results of
the research work were included in the revision
of the BSH Standard Investigation Concept and
help to answer questions of practical relevance.
Dr. Nico Nolte, head of department Manage-
ment of the Oceans at the Federal Maritime and
Hydrographic Agency
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21.4.7 Porpoise and Friends: Impacts
on Marine Mammals

Another project investigated the impacts of the con-
struction and operating phases of Alpha Ventus on
marine mammals - porpoises, grey seals and com-
mon seals. Supplementary to the StUK3 monitoring,
additional airborne monitoring was carried out on a
large-scale survey area with additional C-pod mea-
suring positions. These C-pods (Cetacean Porpoise
Detector) are measuring instruments installed un-
derwater for detecting porpoises, and which work
as stand-alone data loggers, recording, processing
and storing the clicking sounds of the porpoises.
The measurements taken by the porpoise detectors
are supplemented by visual observations from ships
and by acoustic detections using drag hydrophones
(underwater microphones) in the vicinity of Alpha
Ventus.

This showed that porpoises (B Fig. 21.6) kept
well away from the area during the noisy piledriv-
ing. The erection work had a negative impact up to
a distance of 10.8 kilometres from the construction
site; in other words, there were fewer porpoises
counted. At a distance of 25 to 50 km there was on
the other hand a positive impact - increased num-
bers of porpoises were found at this distance. The
duration of the absence of porpoises was relative to
the piling activity at the wind farm. The longer the
piledriving activity lasted, the longer it took until
the porpoises returned to the area under investiga-

@ Fig. 21.6 Porpoise.
© Klaus Lucke/Fjord & Beelt

tion. During the piledriving activity and aversive
conditioning, which sometimes took a very long
time, these marine mammals were absent for an
average of 16.5 hours in a radius of 25 kilometres.

The airborne observations confirmed the signif-
icant impact that the piledriving had. This was how-
ever mostly not very marked because the overflying
and the piling activity were often not concurrent.
Between 2008 and 2012 the researchers flew over
and investigated a distance of 23,338 kilometres.
Porpoises were sighted 1,999 times, with a total of
2,392 creatures, 107 of which were calves. Find-
ings showed that the lowest density of porpoises
recorded was in 2009 - the construction phase -
whereas the greatest number was recorded in 2011
- the second year of the operating phase. Statistical
analyses that incorporate an enlarged data set cov-
ering 2002 to 2012 showed that there has been a
positive trend with regard to the overall abundance
of porpoises in the German Bight since 2005. And
this is even though the German Bight is one of the
busiest shipping lanes in the world. The investiga-
tion of the subsequent operational phase of Alpha
Ventus showed no negative impact on the number
of porpoises.
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21.4.8 Joint Evaluation of Data About
Marine Mammals

The results of the visual, aircraft-based survey of
marine mammals from the StUKplus projects and
the environmental impact studies were combined
with those from the monitoring accompanying the
construction and operation of other wind farm proj-
ects. Here the aim was to create a standardised da-
tabase from all (!) available data, i. e. from research
projects, monitoring data, environmental impact
studies, etc. This quality-tested database serves to
determine large-scale distribution patterns of por-
poises in the German Exclusive Economic Zone
(EEZ) in the North Sea and to verify earlier impact
forecasts.

21.4.9 Marine Mammals and
Ecological Habitat Modelling

This new database made it possible to produce the
first ever large-scale charting of porpoises in the vi-
cinity of Alpha Ventus and in the German Bight as
a whole. It included the logging of their potentially
sensitive concentration areas with regard to prevail-
ing environmental conditions, such as sea currents,
waterfronts and tides, as well as “man-made” noise
input from shipping, for example.

The scientists have drawn up distribution maps
for the probability of presence of porpoises in the
German Bight for both summer and winter. This
shows three regions with greater abundance in the
summer, the largest area of concentration stretching
from Helgoland along the 30-metre isobath (depth
contour) that goes off to the northwest. The second
region is on the southwestern edge of the Exclusive
Economic Zone, also on the 30-metre isobath. The
smallest region is in the area of Dogger Bank - the
largest sandbank in the North Sea - on the extreme
northwestern edge of the EEZ. There are similar
distribution patterns in winter, though with signifi-
cantly fewer numbers of individuals.
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21.4.10 Piling and Operating Noise

The measurement of the underwater noise during
the construction and operation of Alpha Ventus
complemented the noise monitoring in accordance
with the Standard Investigation Concept (StUK3)
in the shape of additional measuring points and
extensive evaluation. The results are dealt with in
greater detail in the chapter on underwater noise (»
Chap. 22, “Much hubble-bubble about nothing?”)
and in the chapter on operating noise (» Chap. 23,
“Like the din in a university canteen”).

21.4.11 Underwater Noise:
New Measuring Specifications

The scope of this sub-project included investigating
the measuring and evaluation method of carrying
out underwater noise investigations for offshore
procedures in more detail. The aim was to create
clearer definitions and determine criteria for pos-
sible evaluation procedures in order to enable a
comparison of technical specifications and progno-
ses with regard to the evaluation of the impact of
underwater noise on the marine environment, and
especially the impact on porpoises. The measuring
method used up to now in accordance with StUK3
was revised and is now summarised in a detailed
measuring specification (Specification for Under-
water Noise Measurements, BSH 2011). This is also
a component of StUK4. The metrological investiga-
tions prescribed and described therein cover all four
phases of the approval and implementation proce-
dures for offshore wind farms in the German Exclu-
sive Economic Zone: baseline survey, construction
phase, operating phase, decommissioning phase.

21.4.12 International Publication

The results of the accompanying ecological research
have been summarised in an English-language book
so that it can be accessed throughout Europe and
internationally. “Ecological Research at the Offshore
Windfarm alpha ventus — Challenges, Results and
Perspectives” was published by Springer Spektrum
in 2014.



200

21.4.13 Standard Investigation
Concept: Where It Goes from
Here

The Standard Investigation Concept (StUK) was first
applied in the construction and operating phases of
a wind farm for the construction of the first Ger-
man offshore wind farm, Alpha Ventus, in 2009, the
second update (StUK3) having been published in
February 2007. The evaluation of StUK3 took place
between November 2011 and July 2013 by several
thematic working groups made up of experts from
StUKplus Research, StUK Monitoring, the official
bodies involved, such as the Federal Agency for
Nature Conservation, the German Environment
Agency, the BSH and various scientific institutions.
The final version of StUK4 also included knowledge
gained from the consultation process with the en-
vironmental associations NABU (Nature And Bio-
diversity Conservation Union), WWE, Greenpeace
and BUND (Friends of the Earth Germany), the
Offshore Wind Energy Foundation and the German
Wind Power Plant Association (Wirtschaftsverband
Windkraftwerke). Since its launch at the StUKplus
Conference in October 2013 the Standard Investiga-
tion Concept StUK4 has been the binding standard
for investigations for environmental impact studies
prior to construction begin as well as the accom-
panying construction and operation monitoring of
offshore wind farms in Germany.

21.5 The Most Relevant New
Features in StUK

If the time between the end of the baseline sur-
vey and the start of construction of an offshore
wind farm is more than five years there must be a
new, complete two-year baseline survey. If the in-
vestigation findings show that there has been no
significant change of the site conditions, after six
months - subject to the submission of an interim
report — the investigation period can be reduced
to one year. Several projects can jointly carry out
so-called cluster studies, although for benthos and
fish the investigations in the respective project areas
have to be carried out individually. The investiga-
tion of benthos, biotope structures and types is also
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prescribed for the laying of cable runs for offshore
wind farms.

As far as fish are concerned, in the North Sea
the investigations are to be carried out using a beam
trawl, and in the Baltic Sea with an otter trawl. The
surveys have to include representative information
about the weather, temperature, salinity and oxy-
gen content. Turbine-related investigations are to be
carried out using state-of-the-art technology, such
as fish sonar.

With regard to migratory birds, the reactions of
flying birds to wind turbines, such as evasive move-
ments or possible incidents of attraction, have to
be considered. Here also, in coordination with the
BSH, the monitoring of birds in the rotor area must
be done with state-of-the-art equipment such as ra-
dars and modern optical systems. For resting birds
and marine mammals, eight to ten digital aerial
counts are prescribed, depending on the project, re-
gion and seasonal presence of the species, including
photographic or video documentation. All the year
round counts of shipping must be carried out, once
a month and wherever possible at equally spaced
intervals. Depending on the site or any project-spe-
cific characteristics, the investigation must include
at least six further counts.

Acoustic investigations have to be carried out
with regard to the marine mammals using at least
one C-pod station per project, but at least two of
these porpoise detectors if the planned wind farm
is close to an important conservation area for por-
poises — with a distance of at least 20 kilometres
from the wind farm. In order to determine possible
scaring-off effects during the noisy construction
work, four to five individual stationary C-pods
are to be positioned at suitable distances from the
wind turbines. During the noise-intensive piling
work, two mobile individual C-pods have to be
installed 750 and 1500 metres from the pile site.
During the operating phase, depending on how big
the wind farm is, at least three stationary porpoise
detectors have to be deployed in the wind farm.
The relevant BSH guidelines are to be applied for
underwater noise measurements, forecasts and the
definition of noise protection measures. For wind
farms planned in the German Baltic Sea it is also
necessary to record the migratory behaviour of bats
over the Baltic Sea, especially on nights without
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any wind and wherever possible in parallel with the
nocturnal recording of the calls of migratory birds.

The conclusion of the environmental surveys for
Alpha Ventus is that initial fears that it could result
in mass bird strikes or the loss of marine mammal
habitats have not been borne out, although it must
be said that the Alpha Ventus test field investigated
consists of only twelve turbines. Only future studies
will show if the results and knowledge gained from
Alpha Ventus can be valid for large wind farms with
up to 80 turbines or for the cumulative impact of
several wind farms.

21.6 Sources

StUKplus Koordination: Schlussbericht zum
Projekt Okologische Begleitforschung am Off-
shore-Testfeldvorhaben alpha ventus zur Eval-
uierung des Standarduntersuchungskonzeptes
des BSH (StUKplus); Férderkennzeichen:
0327689 A; Bundesamt fiir Seeschifffahrt und
Hydrographie (BSH), Hamburg, Februar 2014;
Anika Beiersdorf, Dr. Maria Boethling, Axel
Binder, Kristin Blasche, Dr. Nico Nolte, Chris-
tian Dahlke

Zwischenbericht StUKplus vom 31.01.2013:
Gemeinsame Auswertung von Daten zu
Seevogeln fir das dkologische Effektmonitor-
ing am Testfeld alpha ventus; Forschungs- und
Technologiezentrum Westkiiste, AufSenstelle
der Universitit Kiel; Projektbeteiligte: Dr. Jana
Kotzerka, Dr. Nele Markones, PD Dr. Stefan
Garthe

Messvorschrift fiir Unterwasserschallmessun-
gen bei Offshore-Windparks. Aktuelle
Vorgehensweise mit Anmerkungen. Bericht im
Rahmen des Forschungsvorhabens ,,Okolo-
gische Begleitforschung am Offshore-Testfeld-
vorhaben alpha ventus zur Evaluierung des
Standarduntersuchungskonzeptes des BSH,
35 Seiten, Bundesamt fiir Seeschiftfahrt und
Hydrographie, Hamburg, 2011

Federal Maritime and Hydrographic Agency
(BSH), Federal Ministry for the Environment,
Nature Conversation and Nuclear Safety
(BMU), Editors: Ecological Research at the
Offshore Windfarm alpha ventus. Challenges,
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Results and Perspectives. Springer Spektrum,
201 pp., 2014

Testfeldforschung zum Vogelzug am Off-
shore-Pilotprojekt alpha ventus und Auswer-
tung der kontinuierlich auf Fino 1 erhobenen
Daten zum Vogelzug der Jahre 2008 bis 2012.
Schlussbericht (Autoren: Reinhold Hill, Katrin
Hill, Ralf Aumiiller, Dr. Katrin Boos, Sabine
Freienstein). Osterholz-Scharmbeck, Juli 2014,
254 8.
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Project information: Research on the
mitigation measure “Little Bubble Curtain”
in the test field Alpha Ventus

Project management:

Leibniz Universitat Hannover, Institute of Struc-
tural Analysis

Prof. Raimund Rolfes

Project partners:

== Bode und Wrede GmbH

== Hydrotechnik Libeck GmbH

== Karl Wrede Stahl- und Maschinenbau GmbH
== Menck GmbH

== Prokon Nord Energiesysteme GmbH

== Prokon Nord Offshore Installations GmbH
== UL International GmbH (DEWI)

Just imagine giant steel piles of up to 40 metres in
length being rammed into the seabed with full force
to pin down the foundation of an offshore wind tur-
bine. With equally gigantic, fully automatic hydrau-
lic piledrivers (B Fig. 22.1). And all this going on
at one-second intervals, time and time again, with
construction noise that can be heard over 50 kilo-
metres away. With up to 20,000 strokes of the pile-
driver all day long this is enough of a problem for
the construction workers involved, but all the more
of a problem for noise-sensitive marine mammals
like porpoises and seals. They use their sensitive
hearing in communicating with each other, for
noticing prey or danger or for finding the nearest
stretch of coast or dry land. The ramming noise that
occurs during the erection of offshore wind turbines
can permanently damage the hearing of these ma-
rine mammals. But what can you do if there is no
way of avoiding building a secure, pinned founda-
tion without ramming piles?

The fundamental idea is to introduce millions of
air bubbles around the pile to reduce the ramming
noise, like with an “aquarium stone” used to intro-
duce air bubbles into the fish tank. Here however
the “bubble curtain” should extend all around the
driven pile to reduce the construction noise and the
stress for the marine mammals.

In the beginning there was pressure; the “Little
Bubble Curtain” research project was under mas-
sive time pressure right from the very start, because

the decision was made at short notice and the var-
ious constructions had to be planned and built at
equally short notice. The time pressure started with
the commissioned supplier, who realised the design,
including operating concept, design, manufacture
and assembly on a tripod construction, within just
two months. On 17 April 2009 the two construction
modules of the “little bubble curtain” stood, fully
assembled, on the quay wall in Eemshaven, Holland,
ready to be shipped out into the North Sea. Some-
times plans proceed on schedule ...

And in the beginning there was also construc-
tion noise. Previous measurements of ramming
during the erection of earlier offshore wind turbines
in the North and Baltic Seas had shown that the lo-
cal underwater noise levels significantly exceeded
the prescribed limits set by the Federal Maritime
and Hydrographic Agency (BSH), the Federal En-
vironment Agency (UBA) and the Federal Agency
for Nature Conservation (BfN), in other words
massively above the permitted “single-event sound
pressure level” of 160 decibels (dB) and “peak sound
level” of 190 dB.

Shortly before Christmas 2008 a work meeting
of the Offshore Wind Energy Foundation there-
fore decided to try out a prototype noise reduction
method in the Alpha Ventus test field - the “little
bubble curtain” directly on the foundation construc-
tion of an Adwen AD 5-116 offshore wind turbine.
The time involved between the “pre-Christmas res-
olution” in 2008 and the aforementioned delivery
of the construction to the Dutch quay wall was less
than four months.

22.1 Scaring off Porpoises

and Soft Starts

At the site of the wind turbine chosen for the pro-
totype trial the water depth was around 29 metres
and the average diameter of the driven piles was
about 2.50 metres. The maximum ramming en-
ergy required to bring both the piles (northeast and
southeast piles) equipped with bubble curtains to
their final depth was 375 KkJ.

In order to rule out any injury to marine mam-
mals like seals and porpoises, acoustic signal gen-
erators were used to scare them off before ramming
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B Fig. 22.1 The Menck MHU
800S hydraulic ram used at
the Alpha Ventus offshore
wind farm. © Menck GmbH

started. The first devices to be used were so-called
“pingers” — also used in Norway for example to pro-
tect salmon farms from seals. These pingers only
have a small range of 200 to 300 metres and while
they are rather loud, they do not injure the animals.
They are a kind of advance warning for porpoises
and seals, telling them they have to leave the area.
The real scarer-offer is what is activated underwater
about ten minutes later. This transmits a high-fre-
quency signal of around 12 to 16 kHz - a frequency
range in which porpoises can hear very well. At
190 decibels, the sound is pretty loud, almost like
a fire alarm for humans. Studies have shown that
marine mammals feel most uncomfortable as a re-
sult of these eviction signals in an area of up to two
kilometres away, and that they therefore leave the
area immediately.

The ramming work at Alpha Ventus also started
with reduced ramming energy - a so-called “soft
start”. With a soft start, the piledriver is not allowed
to start driving the pile in with full force straight
away, but initially runs with lower energy for several
minutes or it takes longer breaks between impacts.

22.2 Small Bubbles, Big Impact

The term Little Bubble Curtain or LBC primarily
describes the overall sound reduction concept. The
system consists of nozzle pipe rings arranged all
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around the pile that is to pin the foundation struc-
ture of the offshore wind turbine to the seabed. The
actual bubble curtain first comes into effect when
these horizontal pipe systems are filled with com-
pressed air and air bubbles escape through the noz-
zles and rise to the surface like a curtain or veil.

These air or gas bubbles can significantly alter
the hydroacoustic properties of the water. A sub-
stantial impedance leap takes place due to the great
difference in density between water and air. The
noise excitation of air bubbles near their natural
frequency causes a large reduction of the sound
amplitudes, whereby both scatter and absorption
effects occur. Close to the resonance frequency,
the acoustic surfaces of the individual air bubbles
account for a multiple of their geometrical sur-
face — which explains the particular effectiveness
of bubble curtains. In other words, little bubbles
- big impact. The arrangement of a bubble cur-
tain close to the offshore foundation structure in
direct proximity to the piledriver, pile and founda-
tion however also poses a special technical chal-
lenge. To minimise piledriver malfunctions as
much as possible, the engineers broke the bubble
curtain down into two part systems, a preassem-
bled lower section consisting of four nozzle pipes
around a tripod pile and one mobile, upper section
(B Fig. 22.2). Two of the tripod’s piles (NE and SE
piles) were equipped with bubble curtains in this
manner.
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B Fig. 22.2 Lower, preassembled, section on the tripod (a) and the mobile upper section of the little bubble curtain (b). Source:
Hydrotechnik Liilbeck GmbH, © Cay Grunau

On 31 May 2009, the day of the foundation con-
struction for Turbine AV9, the lower, preassembled
system could be put into operation as planned. The
mobile upper system was ready to go on the trans-
port ship before ramming began, but was not used
after all. Because of the small weather window and
the danger that the uncertainty about how long it
would take to assemble offshore could delay the erec-
tion of the foundations for too long, in the morning
the construction supervisors decided to forgo the as-
sembly of the upper mobile system at short notice.
The original plan was that a crane would lower the
upper bubble curtain over the pile and slowly lower
it into the sea. The flotation bodies would fill with
water and divers would connect the bubble curtain
to the tripod’s cantilever arms with eight grommets.
After this the divers would connect the air supply
for filling the flotation bodies and the air pipes for
the upper bubble curtain. This was not without risk;
filling the flotation bodies (8 Fig. 22.2b) only takes
a few minutes, but because of the strong wave loads
it represents a critical phase of the construction
process. And the safety of the divers also has to be
guaranteed, and they are only allowed to work when
there is minimum current. Considering the weather
conditions at the time — poor weather was forecast
for the next few days - and the advanced installation
time, it was necessary to forgo the practical trials for
the second subsystem. This was a decision agreed by
all parties involved.

The underwater sound measurements were
taken during the operation of the lower subsystem

as planned. They recorded the effect of the bubble
curtain and its dependency on the relevant influ-
encing parameters such as current and sea state. The
scientists measured the sound level in and against
the direction of the current at a distance of approxi-
mately 500 metres from the sound source. Measure-
ment buoys at distances of 2.4 and 17.5 kilometres
also recorded the acoustic pressure level.

22.3 Three Levels and One Curtain

Sound is a rapid, often periodic, fluctuation of
pressure that is additively superimposed on the
ambient pressure — in water the hydrostatic pres-
sure. In sound technology, sounds are mostly not
directly described in terms of sound pressure co-
efficient (or sound particle velocity), but in terms
of the level used in communication engineering
in decibels (dB). For the “Little Bubble Curtain”
research project it was primarily the equivalent
continuous sound level (average level), the sin-
gle-event sound level and the peak level that were
significant.

The measurement of the effect of the bubble
curtain was made by simply directly comparing the
ramming periods with and without bubble curtain
operation. To do this, the bubble curtain was twice
switched off and on again. Due to the omission of
the mobile upper system and the subsequent re-
duced amount of air pressure it was not possible to
carry out any variations of this.



22.4 . It's the Current that Does It

22.4 It's the Current that Does It

A main finding of the trial was that the effect of the
bubble curtain is strongly dependent on the current
in the surrounding water. This is because the current
pushes the generated air bubbles way in such a man-
ner that the pile is no longer completely enveloped
in air bubbles around its whole circumference and
full depth. This is due to the immediate proximity of
the bubble curtain to the pile, resulting in a strong
direction-dependent and temporally changing re-
duction effect in the surrounding area. Only in the
vicinity of the slack water point — where there is
minimal current at the turning point of ebb and flow
- does the bubble curtain display a sound absorbing
effect that is equally good in all directions.

Only late in the evening of the erection day,
31 May, at 9.21 and 10.13 p.m. was it possible to
determine the effect of the bubble curtain with the
most accuracy - namely when the bubble curtain
was switched on. In contrast, when the air compres-
sors were switched off it took quite a while until the
little air bubbles rose to the surface. During this
time the sound pressure level still scattered relatively
strongly. It is thus safest to determine the sound-re-
ducing effect of the bubble curtain as soon as it is
switched on. At Switch On Point | the ramming en-
ergy on this evening remained constant at 375 kJ.
The waves were almost a metre high. The Fino 1 re-
search platform measured a current between 0.5 and
0.6 m/s with slight increasing tendency, and flowing
in a westerly direction. The depth of penetration of
the pile and the movement and the rocking of the
research vessel with the hydrophones anchored 500
metres away also affected the underwater noise
level. In order to eliminate these influences, addi-
tional collateral times for measurements were eval-
uated, with the bubble curtain switched on and also
with it switched off.

At9.21 p.m. the pile had been driven about half-
way into the seabed, and the sound reduction was
found to be around 13 decibels (dB) on average or
14 dB at peak level in current direction, and 2 or
0 dB against the direction of the current. At the sec-
ond time of measuring, just about an hour later, at
10.13 p.m., the pile had almost reached its final pen-
etration depth. Here the sound reduction was about
10 dB (average value) and 12 dB (maximum value)
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in westerly current direction and 4 dB (average) and
5 dB (maximum) in the opposite direction to the
current. The researchers observed that the reduction
in sound level was far greater in the west than in the
east — which was down to the westerly current. The
air bubbles of the bubble curtain drifted off to the
west, where they created a complete bubble curtain
across the whole water depth, and this reduced the
underwater noise radiated in this direction.

In the easterly direction, the opposite direction,
on the other hand, between the pile and the easterly
measuring point there were only the air bubbles that
were generated in the bottom third of the water col-
umn. Shortly after leaving the nozzles the air bub-
bles drifted past the pile and so could not reduce the
sound radiated against the direction of the current.
In the easterly direction the bubble curtain only
provided protection in the lower level of the water
column. While sound reduction in the easterly di-
rection was hardly noticeable when the bubble cur-
tain was switched back on at 9.21 p.m., it was once
again clearly noticeable with the second attempt at
10.13 p.m. This is due to the pile penetration depth
- at this later point in time it had almost reached its
final depth. The length of pile not protected by the
bubble curtain was by this time also significantly
shorter than before. This is why when you take
the reduced pile length into account it is possible
to detect a reduction in sound when the bubble
curtain is switched on again. It should however be
noted that in this test the erection limit value set
by the Federal Maritime and Hydrographic Agency
(BSH) of 160 decibels at a distance of 750 metres
(B Fig. 22.3, @ Table 22.1) can only be kept to in
the direction of the current.

Peripheral Anecdote: The last man leaves
at2a.m.

How massive the time pressure is when you are
erecting a turbine can be seen from the day
log in the logbook for 31 May 2009: the third
pile for the tripod only arrived at the wind farm
at five in the morning. It was meant to arrive
the previous evening but the tug had to fight
against some very strong currents. The result
was that because the tug only arrived at five
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22.5 Therels Need for Improvement
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B Fig. 22.3 Operating condition of the bubble curtain (violet) and evaluated sound level at two measuring points (red and
black lines: 500 m, green and blue lines: 750 m distance). © LUH

B Table 22.1 Averages from 80 pile drives both before and after switching the bubble curtain back on. © LUH

Time hh:mm Operating Lpeak (West) in SEL (west) in dB Lpeak (€ast)indB  SEL (east) in dB
state of bubble dBre 1 pPa re 1 pPa re 1 pPa re 1 pPa
curtain

21:19 Off 194.8 172.4 195.8 1734

21:24 On 180.7 159.4 195.5 171.8

22:11 Off 191.3 169.1 194.7 170.6

22:15 On 179.2 158.7 189.6 166.9

Another important project finding is that the dif-
ference in the sound pressure level measured in
and against the direction of the current is very sig-
nificantly dependent on the strength of the current
(8 Fig. 22.4). The difference between the sound

bubble curtain
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B Fig. 22.4 Representation of the chronological sequence of the ramming energy in kilojoules (top), the measured sound
pressure level (middle) and current direction and speed of the tidal current (bottom). © LUH

pressure level measured in current direction and
that measured against the direction of the current
increases with increasing current speed.

It was not possible to further investigate the rela-
tionship between the amount of compressed air and
the reduction effect during this project because this
variation was no longer possible due to the mobile
system not being used. Precise knowledge about the
absorbing characteristics of the mobile section are
however vital in order to optimise the impact of the
“Little Bubble Curtain” concept as a whole.

For future offshore applications it will also be
necessary to remedy the weaknesses in the direc-
tionally dependent and temporally altered reduction
potential discovered during this trial. This could be
possible if the bubbles can be guided in such a way
that the lateral drift is reduced to a minimum and
the noise absorption is achieved all around the pile.
The preassembly of the underwater sound reduc-

tion measures on the foundation structures on land
proved to be very advantageous and should be taken
into consideration for future noise control concepts.

The first trials with the bubble curtain for off-
shore wind farms have begun in Alpha Ventus. At
first glance you might be inclined to think that be-
cause it is only used for one or two days that this is
not a major activity, especially when you consider
that the “Little Bubble Curtain” (8 Fig. 22.5) was
only used for one foundation. But the knowledge
gained from this project was pioneering for noise
reduction measures that can be used during the
erection of the next offshore wind farm, a case of
learning by doing. With constructive alterations
the bubble curtain will not drift so far with strong
currents and offers great opportunities. This system
will make it possible to undertake the noise-inten-
sive installation work on future offshore wind farms
considerably quieter.
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Abschlussbericht zum Forschungsvorha-

ben ,,Erforschung der Schallminderungs-
mafinahme ,Gestufter Blasenschleier (Little
Bubble Curtain)‘ im Testfeld Alpha Ventus
(,Schall alpha ventus®), Institut fiir Statik und
Dynamik, Gottfried Wilhelm Leibniz Univer-
sitit Hannover (LUH), Juli 2012

Dihne M, Peschko V et al (2014) Marine
mammals and wind farms: Effects of alpha
ventus on harbour porpoises. In: Federal
Maritime and Hydrographic Agency, Federal
Ministry for the Environment, Nature Con-
servation and Nuclear Safety (ed.), Ecological
Research at the Offshore Wind Farm alpha
ventus — Challenges, Results and Perspectives,
Springer Spektrum, Wiesbaden, pp. 133-149

@ Fig. 22.5 The“bubble
curtain” method of reducing
noise surrounds the pile with
fine air bubbles while the hy-
draulic piledriver hammers the
pile into the seabed. © LUH
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Project information: Measurement of the
operational underwater noise emission of
wind turbines at the Alpha Ventus offshore
wind farm (Operational noise)

Project management:

Flensburg University of Applied Sciences

Dr. Hermann van Radecke

What noise do wind turbines make when they are in
continuous operation? And how far does the noise
carry? What effects does it have on noise-sensitive
marine mammals like porpoises and seals? And to
what extent might other sound sources be perceived
under water, such as shipping or other, distant off-
shore wind farms?

These are questions that need to be answered
if the continuous operational impact of an offshore
wind farm is to be judged. The Flensburg Univer-
sity of Applied Science investigated the underwater
operating noise at the Alpha Ventus offshore wind
farm. Their objective was to measure the underwa-
ter noise and identify the sound sources and sound
paths in the water. Particular attention was paid to
assessing the significance of the measured noise
level for marine mammals in the North Sea.

23.1 Measurements Virtually Only in

the Baltic Sea to Date

It’s hard to believe, but it’s true: previous underwater
sound measurements of offshore wind turbines in
operation made before Alpha Ventus was erected
were done almost exclusively in just a few wind
farms in the Baltic Sea. And these were far closer
to the coast and in significantly shallower depths
ranging from just two and a half metres (Vindeby
Wind Farm) to a maximum of ten metres (Utgrun-
den Wind Farm). Even on the first wind farm mea-
sured to date in the Danish North Sea - Horns Rev
— the water is significantly shallower and nearer to
the coast than Alpha Ventus. The measuring results
are therefore not comparable. The highest measured
sound level in any of these projects was 124 dB
(decibels under water). The underwater noise was
frequently measured in just a few operating con-

ditions or even in only one operating condition
of the offshore wind turbine. This is not enough,
however, since even a minor change in wind speed
can fundamentally alter the sound radiation. Mea-
surements made at Alpha Ventus showed that the
greatest noise impact does not occur at full rated
output but especially during partial-load operation
of a wind turbine.

23.2 Divers at Work

To determine and evaluate the noise during con-
stant wind turbine operation, an Adwen AD 5-116
and a Senvion 5M wind turbine were equipped with
special measuring instruments: divers fixed under-
water microphones, known as hydrophones, on the
two turbines (B Fig.23.1). They were also fitted with
acceleration sensors above and below the water to
measure the vibration, and with measuring comput-
ers. The Fino 1 research platform, located just 400
metres away, was also fitted with a hydrophone and
measuring computer. Divers anchored two hydro-
phones to the seabed at a distance of approximately
75 and 140 metres from the Senvion turbine, at a
water depth of about 30 metres. The hydrophones
themselves were fixed to the stands around three
metres above the seabed. The hydrophone on Fino 1
was unfortunately only available for a period of al-
most two months. For contractual reasons it was
also not possible to carry out some of the originally
planned measuring cycles, but despite this the ex-
tensive amount of data gathered made it possible
to draw well-founded conclusions about the sound
impact.

The sound measurements were made on the
edge of the wind farm and the measuring computers
were time synchronised with GPS signals, so that a
cross-correlation could be made. The data was re-
corded at high resolution, with 50 kHz for measur-
ing the time series. Measurements were made three
times a day, each for a period of 300 seconds, and
the data was then transferred to land via the farm’s
internal RAVE network. With three functioning
hydrophones (two on one of the turbines and one
on Fino 1) it was possible to measure the noise on
27 days in 2010 and on 138 days in 2011. This gave a
total of 165 days, almost half an operating year. The
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O Fig. 23.1 Measurement set-up on the Adwen turbine. © Flensburg University of Applied Sciences

average of all measurements under water, the so-
called “equivalent continuous noise level”, was 118
decibels (dB under water). To make a comparison
with the airborne sound on land it is necessary to
subtract 62 dB. The continuous noise level of 118 dB
under water thus corresponds to 56 dB in the air -
and is thus as loud as the noise level in a university
canteen.

The occasional temporary peak value in the wa-
ter was around 15 dB higher than the average.

Peripheral Anecdote (l): Calibration
impossible

Originally it was planned to exactly calibrate
the measuring distance from the underwater
microphone along the cable to the measuring
computer, but this could no longer be done out
at the wind farm. So all that remained was the
lab calibration. But the researchers placed great

value on being able to show the signals of all
three hydrophones simultaneously. This showed
that they very frequently exhibited the same
curve, which shows the measured signals are
also reliable without exact calibration.

Bjorn Johnsen

23.3 Wind and Waves Make It
Possible: The Greater the
Output, the Less the Noise

It was apparent that the noise level is heavily depen-
dent on the respective output of the wind farm and
on the environmental parameters wind and waves.
It was discovered that the wind farm in general be-
came increasingly quieter as the output increased,
especially with increasing wave height. This is due
to the fact that the measured and identified back-
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ground noises caused by ships etc. were initially of
similar volume to the wind turbine noises — and that
despite the distance. This means that ships in op-
eration, which like offshore wind turbines generate
low-frequency range noise, are significantly louder
than the offshore wind turbines. These background
noises in the wind farm decrease with increasing
wind, and the sound level in the wind farm also
decreases with the damping effect of air bubbles
created in the water by wind and waves. In the end,
the loud shipping, wind and wave noises were even
louder than the turbine noise.

23.4 Distant Shipping
in the Background

The background noises were very probably gener-
ated by ships, and in part from the shipping lanes
14 kilometres away. The measurements made on
the turbines equipped with acceleration sensors
identified individual, distinctive tonal noises on
the two turbine types. One very distinct tonal noise
with 90 Hz could be clearly attributed to one tur-
bine type, which dominated the noise in the wind
farm, especially at full load. The harmonics of the
tone were also detectable in the spectrum up to
1 kHz. The manufacturer undertook construction
measures to avoid individual projecting tones in the
sound spectrum.

0O Fig. 23.2 Results of hearing
thresholds of porpoises (and
dolphins) blue line, seals

red line, and in between
measurements in the Alpha
Ventus wind farm (coloured
lines). Graphic © Flensburg
University of Applied Sciences,
Photos: seal Luna, J. Steffen
GEOMAR; porpoise Wikimedia
AVampireTear licence: CC-BY-
SA-3.0 P http://creativecom-
mons.org/licenses/bysa/3.0/,
accessed 5/2013

1000

23.5 Offshore Piledriving Carries
over here from 50 Kilometres

The hearing threshold of porpoises and seals, and
the results of the measurements from Alpha Ven-
tus, are illustrated in @ Fig. 23.2. The seven coloured
measurement lines show the aforementioned “rogue
tonal peak measurement” at 90 Hz, the harmonic
lines and the overall spectral behaviour. No auditory
thresholds were available for this tone with 90 hertz,
so it was not possible to make any statements about
the audibility of the most distinct tonal sounds mea-
sured. The source strength of this turbine type with
the tonal noise was determined to have an equiva-
lent continuous noise level of 129 dB.

The noise made by the two turbine types is so
weak compared with the background noise that it
is almost unmeasurable, even though the hydro-
phones are situated comparatively close to the tur-
bines. There were also times when the sound of the
piledriving from the seven- to fourteen-kilometre
distant construction site of Borkum West II wind
farm (construction start 2011) and the 50-kilo-
metre distant offshore wind farm Bard Offshore 1
(construction start 2010) carried over and was mea-
sured.
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23.7 - Sources

Peripheral Anecdote (Il): Serious setback
in the autumn

Both of the hydrophones on one of the turbines
were retrieved on 6 October 2010 because of
work on the wind farm’s internal cabling, and
because of poor weather the cable work was
only finished in March 2011. An alternative
location for the two recovered hydrophones
was not to be found and during the subsequent
standstill time the hydrophone cable was dam-
aged on the turbine in de-installed condition.
This meant new procurement, exchange and
refit using divers. It was thus only possible to
start with measurements again in July 2011.
The log of the research report reads: “Extreme
setback ... the missing measuring period up

to now was the biggest blow to the measuring
programme”.

Bjorn Johnsen

23.6 Hearing Damage Improbable

Although porpoises are very noise-sensitive, the
sound level caused by continuous operation - not
to be confused with the sound of the piledriving
during construction - is not dangerous for marine
mammals like porpoises and seals. The research
findings were that the sound level measured during
turbine operation is partially below the auditory
threshold of these animals, and when it is slightly
above the hearing threshold then it is highly un-
likely to be damaging.

Especially because of the expected accumulation
of many offshore wind farms and the continuous
sound impact of background noises (waves and
ships) and turbine noise, further investigations by
marine biologists and bioacoustics scientists will be
necessary in the future. Another consideration is
the legal requirements regarding noise avoidance.
As with sound measurements for wind turbines on
land, underwater sound measurements should be
carried out by independent institutes as a require-
ment of the planning approval procedures, so that
anomalies in the sounds, such as single tonalities,
can be detected and eliminated. The prescribed on-
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site measurements will mean that when offshore
wind turbines are being designed, they will be built
and erected as quietly as the advancing state of the
art permits.

» The noise accumulation from many wind farms
alone means that investigations by marine
biologists and bioacoustics scientists remain
necessary.

Dr. Hermann van Radecke, Flensburg University
of Applied Sciences

23.7 Sources

Messung der Betriebsgerausche von Off-
shore-WEA zur Bestimmung des Schallein-
trags durch die Schalliibertragungsfunktion
zwischen Turm und Wasser an Anlagen im
Testfeld Offshore. Anhang Schlussbericht,
Forderkennzeichen 0327687, Dr. Hermann
van Radecke, Dr. Michael Benesch, Fachhoch-
schule Flensburg, Flensburg, Juni 2012

Van Radecke H, Benesch M (2012) Oper-
ational underwater noise at alpha ventus.
Presented at RAVE International Conference
2012, Bremerhaven, 8-10 May 2012
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24.1 Introduction

Offshore wind farms have existed in Europe for over
two decades, but until recently there had not been
any long-term scientific study of the acceptance of
offshore wind farms: about the impacts of offshore
wind farms on residents and tourists - prior to their
erection, during construction and later, during their
operation - that at the same time includes compari-
son regions without offshore wind farms.

The research project “Acceptance of Offshore
Wind Energy Use” carried out by the Working
Group on Health and Environmental Psychology
(Psychology Department, Martin Luther Univer-
sity Halle-Wittenberg; Medical School Hamburg)
entered new territory here, both with regard to ex-
tent and approach. To measure the impacts of the
construction of offshore wind farms on residents
and the region, the scientists chose a long-term
approach: residents, tourists and local experts were
surveyed three times at intervals of one to two years
(2009, 2011, 2012; @ Table 24.1). The first survey
wave began before or, in the case of Alpha Ventus,
during construction of the offshore wind farms in-
vestigated.

The complex issues called for collaboration
between several specialist disciplines: planning
sciences, tourism science and environmental and
social psychology. As their project input, the plan-
ning sciences carried out an analysis of the conflict

lines at approval, planning and local level of the off-
shore wind energy, and investigated the impact of
offshore wind farm design on the acceptance by the
local population. The tourism scientists dedicated
themselves to the impact of offshore wind farms on
tourism and the local economy. The environmental
and social psychologists analysed the local accep-
tance of offshore wind farms and drew up concepts
for achieving improved acceptance and information
provision.

24.2 Intensive Surveys

The survey of residents was long and intensive, the
standardised questionnaire for all those interviewed
consisted of between 210 and 260 questions. It was
therefore not surprising that it took over an hour for
each person. To avoid selectively choosing the peo-
ple to be surveyed - such as only using those with a
particular interest who had made contact - the in-
terviewers telephoned randomly selected residents.
The source used for this was simply the publicly
accessible telephone directories, so no confidential
data was accessed.

The questionnaires for the second and third
waves of the survey were only altered slightly,
so that the results from all three points in time
could be compared with each other. A new topic
introduced into the second survey wave in 2011
was the current one about the nuclear disaster in
Fukushima and its impact on people’s opinions
about electricity generation from such sources as
onshore and offshore wind turbines, solar plants,
coal and nuclear power plants etc. Residents were
also explicitly asked what conditions would have
to be met for them to feel fairly treated with regard
to the planning and construction of future offshore
wind farms.

Only residents who lived on the chosen islands
and sections of coast for at least four months of the
year were allowed to take part in the survey. It was
found that the residents surveyed had lived there
on average for 22 years. Almost half the residents
who took part (49 %) worked in tourism, whereas
the proportion of the sample working in the fish
industry (2 %) and wind industry (1 %) was insig-
nificantly small.
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B Table 24.1 Survey regions and number of participants in the survey waves. © Martin Luther University Halle-Witten-

berg 2015

OWP region 15t wave 2009
Borkum/Norderney Residents: 109
(Riffgat and Alpha Tourists: 100
Ventus) Experts: 12
Darss Residents: 103

Tourists: 100
Experts: 12

(Baltic 1 and Baltic 2)

Comparison region

Fohr Residents: 97
Tourists: 85
Experts: 12

Usedom Residents: 114

Tourists: 100
Experts: 12

Some 423 residents took part in the first wave
of the survey (women 41 %, men 59 %). Their aver-
age age was 55. The dropout rate between the first
and second waves of the survey was around 29 %. A
further 87 people dropped out between the second
and third waves, which still left 213 residents to take
part in the final part of the survey - corresponding
to a total dropout rate between the first and third
waves of around 50 %. Among those who dropped
out there was no selective shrinkage of “extreme
opinions”.

24.3 242 Comparisons
in the North and Baltic Seas

The surveys were carried out in two regions on the
German North Sea coast and two regions on the
German Baltic coast. To ensure that any changes
that might occur were actually due to the construc-
tion of offshore wind farms or were independent of
this, the researchers always compared two regions:
one region with a planned or installed offshore wind
farm compared with a region without any plans at
all for offshore wind farms.

In the North Sea examples chosen for planned/
built wind farms were those off the islands of Bor-
kum and Norderney. The oftshore wind farms Alpha
Ventus (outside the 12-nautical-mile zone, within

znd

wave 2011 3" wave 2012

Residents: 79
Tourists: 110
Experts: 6

Residents: 55
Tourists: 104
Experts: 7

Residents: 78
Tourists: 85
Experts: 7

Residents: 55
Tourists: 103
Experts: 6

Residents: 72
Tourists: 102
Experts: 8

Residents: 53
Tourists: 100
Experts: 7

Residents: 50
Tourists: 100
Experts: 9

Residents: 71
Tourists: 100
Experts: 5

Germany’s Exclusive Economic Zone) and Riffgat
(within the 12-nautical-mile zone, northwest of
Borkum) are close to these islands. The cable route
runs via Norderney, connecting Alpha Ventus with
the mainland. At the time of the first survey Alpha
Ventus was already under construction, Riffgat
not yet. The island of Féhr in Schleswig-Holstein
was chosen as the comparison region in the North
Sea where there were no plans for offshore wind
farm development. In the Baltic Sea, the Fisch-
land-Darss-Zingst peninsula with the Baltic 1 and
Baltic 2 wind farms was selected as the offshore re-
gion and the island of Usedom was chosen as the
region in the Baltic Sea where there were no plans
for any offshore wind farms.

24.4 Therels Support, if ...

The most important result first off: there is a prevail-
ing acceptance of offshore wind energy, by coastal
residents as well as by tourists and regional experts.
The continuous results of the surveys in all regions
over a period of three years (2009 to 2012) were on
average positive attitudes, though with differences.
Acceptance is the greatest when the turbines are
erected far from the coast, at a distance of at least
40 kilometres. There is also support as long as the
safety of shipping is afforded priority. All in all, tour-
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ists had a more positive attitude towards near-shore
wind farms than the residents.

In the chosen wind farm regions there was a
close relation between the general attitude towards
offshore wind energy and towards near-shore and
far-shore wind farms. The most frequently ex-
pressed accusation, that people are only in favour
of wind energy as long as it is not in their back yard,
does not apply here.

In general tourists see wind farms in a more
positive light than the residents, though with two
exceptions: tourists view the impacts on the marine
environment and the safety of shipping far more
critically.

Offshore wind farms are associated with both
positive and negative feelings, but which were
hardly pronounced at any points in time during the
survey — with the exception of curiosity. On Bor-
kum/Norderney those surveyed were far more cu-
rious than those in the Baltic Sea regions. This may
be because it is in the nature of things that there
is greater inquisitiveness in regions where wind
farms have been or are to be built than in regions
where there are no plans to build any offshore wind
farms. The most frequently given reason for curios-
ity was the “fascination with the technology”. Only
on Darss in 2009 were there more negative feelings
such as threat and mistrust, though in the following
years the positive experiences with Baltic 1 weak-
ened these feelings.

24.5 Safety of Shipping Desired

The possibility of a shipwreck is primarily asso-
ciated with a fear of oil pollution of the beaches,
which could ruin the livelihoods of many a tourist
region. As far as the safety of shipping is concerned,
in general those surveyed expected a slight impair-
ment due to offshore wind farms (B Fig. 24.1).
“Slight impairment” in this case means an average
value of —0.86 for near-shore wind farms on a given
scale of +3 to —3. On the neighbouring islands to
Alpha Ventus, Borkum and Norderney, the resi-
dents’ reservations with regard to shipwrecks were
less distinct than on Darss in 2009. They remained
stable over the whole survey period, meaning that
there was no substantial decrease after the erection

of Alpha Ventus. The residents particularly criti-
cised that the distances between the offshore wind
farms and the shipping lanes were too small, and
that there was not enough attention paid to the
“human risk factor” of the passing ships. In the fi-
nal part of the survey in 2012, almost half of those
surveyed (47 %) saw a risk to shipping safety as the
“biggest problem”.

24.6 Problem Animals: Marine
Mammals and Birds

Coastal residents feared that offshore wind turbines
would cause a moderate impairment to the living
conditions of birds and marine mammals. As far as
birds were concerned, near-shore wind farms were
seen more critically than those far from shore. Seen
over the long term, negative expectations regarding
damage to birds even increased on Borkum/Norder-
ney, whereas they decreased on Darss. The survey
showed that the residents had fewer concerns about
the impacts on fish and inhabitants of the seabed,
the so-called benthos. The survey also showed that
the presumed “negative environmental impact” of
sea cables was considerably less than expected - es-
pecially on Darss, where in 2011 it was considerably
lower than when surveyed in 2009.

24.7 Landscape, Sense of Home,
Quality of Life

Sea view and a view as far as the horizon are two
features of coastal life. The overall opinion was
that impairment of the coastal panorama and the
disturbing effect of light signals were only to be
expected from near-shore wind farms. Because of
the nearby Riffgat coastal wind farm, this concern
was greater on Borkum than on the neighbouring
island of Norderney. Taken all together, the fear of
“landscape impairment” was greater with regard
to near-shore wind farms that those far from the
coast. As far as a “sense of home” or the “image of
the community” is concerned, the residents consid-
ered wind farms far from shore to be almost neutral.
On Borkum/Norderney and on Darss there was in-
terestingly even a slight shift in the assessment over
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the course of the years of the survey: from a “foreign
body” to a “characteristic feature of the region”. This
trend was not to be found in the comparison re-
gions, although on Borkum/Norderney there was a
slight shift of opinion in the last phase of the survey
in 2012 towards “foreign body”.

On Borkum the offshore wind farm was asso-
ciated with more negative impacts on the sense of
home than on the neighbouring island of Norder-
ney. As far as the effects of offshore wind farms on
sense of home and community image is concerned,
there was only a considerable shift of opinion on
Darss: those surveyed in 2011 associated the off-
shore wind farm with a negligible “image enhance-
ment” and a marginal positive sense of home.

With regard to the impact on the marine land-
scape — the Wattenmeer (North Sea shallows) or

the Boddenlandschaft National Park (Baltic Sea)
— the evaluation was slightly critical: oftshore wind
farms were assessed to be “somewhat unsuitable”
(average rating —0.76 on a scale of +3 to -3),
whereas near-shore wind farms were then again
seen slightly more negatively than those far out at
sea.

In the beginning the residents rated the im-
pacts of offshore wind farms on their quality of life
as marginally negative (average rating —0.39); see
O Fig. 24.2. Two years later, in 2011, the rating was
nearly neutral. Residents’ opinion of offshore wind
farms far out at sea even became marginally positive
and stable over time. The Norderney residents as-
sessed the impact of both near-shore and far-shore
wind farms as “marginally positive”, whereas the at-
titudes of the Borkum residents were neutral.
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24.8 Reassuring Experiences After
Start of Operation

The surveyed residents feared negative impacts of
near-shore wind farms on tourism across the board
(B Fig. 24.3), though this decreased with time. This
was however not the case with wind farms far from
shore. There was no decrease in holiday bookings
on Borkum/Norderney (Alpha Ventus) or on Darss
(Baltic 1) during the survey period. On the other
hand, hopes that the “offshore wind farm on the
doorstep” could become a tourist attraction were
not fulfilled: only 15 % of those surveyed were
interested in a boat trip to see the offshore wind
farm, although 32 % of those surveyed (in 2011)
wanted to visit a wind farm information centre on
the island.

The construction of offshore wind farms in the
regions was often associated with the hope that they
would create jobs, slightly more so with regard to
far-shore wind farms than those near the coast. Af-
ter the start of operation of Alpha Ventus and Bal-
tic 1 these positive expectations increased slightly
on Borkum/Norderney as well as on Darss.

)» Acceptance requires a common process
Wind energy has a good reputation as an
environmentally friendly source of energy
generation, on the coast and also inland. But
when there are some changes to the landscape,
the planning process and the construction work
need acceptance. Acceptance results from a
process that has to be designed in unison.
Professor Gundula Hiibner, Psychology Depart-
ment, Martin Luther University Halle-Witten-
berg and MSH Medical School Hamburg

The initial slight concerns that property prices
would decline as a result of the offshore wind farms
continued to decrease. There was greater concern
about fears of a negative impact on fishing. These
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concerns remained more or less stable after the tur-
bines started operation - only on Darss did they
decrease. On the whole, the assessment of the local
experts surveyed reflected that there had been “re-
assuring experiences” after the start of operation of
the offshore wind farms.

24.9 Lack of Opportunities
for Participation

Both on Borkum/Norderney and Darss the resi-
dents and local experts were dissatisfied about the
lack of opportunities for participation (B Fig.24.4).
The vast majority (81 %) said that there had not
been any chance of civic participation. The pre-
dominant opinion was also that the wind farm
planning did not deal with the concerns of the lo-
cal community and the residents particularly fairly.

On Norderney those interviewed considered the
planning processes for Alpha Ventus and Riffgat
to be quite fair.

There were three residents’ workshops in total
on Norderney, Borkum and Darss. Everyone who
took part in the study was invited. The results of the
1% and 2™ waves of the survey (2009 and 2011) were
discussed with them. On several occasions during
these residents’ workshops and in the survey the
citizens made it clear that there was a lack of “more
balanced information” from the authorities and the
operators, and also a lack of effective participation
opportunities in the planning and approval phases.

They especially criticised that the local au-
thorities had no right of action or objection, even
though they would be most affected by a shipwreck,
by contaminated beaches and a decline in tourism.
The desire for direct financial participation in the
wind farm by the residents was on the other hand
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B Fig. 24.4 The planning of offshore wind farms has taken the concerns of the local community and the residents into account

fairly (M £ SEM). © Martin Luther University Halle-Wittenberg

comparably less distinct. The greatest desires were
for local jobs and business tax income for the coastal
municipalities.

The workshop participants on Darss in partic-
ular had the feeling that the participation oppor-
tunities offered were just sham offers (B Fig. 24.5).
On Borkum the “unconsidered petitions” in the
planning process reinforced the mistrust of the au-
thorities. At the same time there were however also
positive experiences with the planning process: ac-
cording to workshop participants the neighbouring
community on Norderney was able to achieve some
concessions in the planning process for Alpha Ven-
tus and the laying of the cable route.

24.10 World and Values After
Fukushima ...

The 2011 Fukushima reactor disaster in Japan
created a significant moment for thought world-
wide, and in Germany it even led to the immediate
shutdown of several old nuclear power plants and
the reinforcement of the energy transition (Ener-
giewende). Prior to Fukushima, the first survey in
2009 showed that the preferred method of gen-
erating electricity was solar panels on individual
buildings (average rating of 3.26 on a scale of 0 to
4), wind energy use in general (average value 3.24)
and offshore wind farms far out at sea (3.05). Those

surveyed were least in favour of nuclear power
plants (0.82) and coal power plants (0.70). Nothing
changed in this order after Fukushima, although the
approval ratings for all renewable energy types in-
creased, the strongest increase for wind energy use
in general, solar panels on individual buildings, off-
shore wind farms far and not visible from the coast,
and large-scale solar plants.

In the final survey in 2012 there was just a slight
decrease in favour of offshore wind farms far from
the coast in the offshore wind farm regions - in con-
trast to the comparison regions. In the comparison
regions without offshore wind farms the favourable
opinion remained stable. Those surveyed strongly
supported the energy transition in Germany in
2012 (average rating 3.14), in the North Sea regions
slightly more than in the Baltic Sea regions.

24.11 Conflict Avoidance
and an Increase in Acceptance

In the second wave of the survey in 2011 the resi-
dents stated which measures would give them the
feeling that they were being treated fairly with re-
gard to the planning, construction and operation of
future offshore wind farms. Here there were no clear
differences between the regions. The most distinct
wish the residents had was that they should get “bal-
anced information” for the planning process (for ex-
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ample having events with experts who provide in-
formation about the advantages and disadvantages),
“active information at the start of planning” from
the operators and the authorities, “comprehensible
disclosure” of the planning content and the proce-
dural processes through the authorities and also
“pointing out planning alternatives’.

A continuously updated Internet platform about
the wind farm would also contribute to winning ac-
ceptance. This wish received somewhat weaker en-
dorsement, but was still rated “medium strength”
The content of this permanent Internet presence
should provide “continuous information” about the
current state of the project, “background informa-
tion” and “access to view expert opinions and plan-
ning documents”. But they don’t only want passive
information; residents and tourists want this Inter-
net platform to give them the possibility of asking
the operators and authorities questions — and get-
ting answers from them.

Those surveyed also want that the opinion of
“local experts” is taken into account during the
preliminary stages of offshore wind farm planning.
There was also a distinct desire for “public recogni-
tion and appreciation of the residents’ willingness
to innovate”. They also want to have discussions,

before and after start of approval and construction,
with residents where there are already offshore wind
farms, and be able to visit such a wind farm.

24.12 Money Is Not Everything

Here what people wanted most of all was that local
businesses would be involved in the construction
of the offshore wind farms, and in the maintenance
tasks. Part of the business tax from the operation
should end up in the coffers of the local munici-
pality. There was hardly any interest in individual
shares in the wind farm - as co-owner, so to speak.

24.13 What Do We Do During the
Construction and Operational
Phases?

During construction residents and tourists particu-
larly want any restrictions of the construction hours
for the protection of the marine environment to be
adhered to and that mitigation measures are taken
to protect against construction noise and loads
caused by pollutants. The demand for noise miti-
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gation measures for piledriving and the use of a vi-
bration plough for laying the sea cable were medium
strong. Far less pronounced was the wish of those
surveyed to be able to take trips out to the offshore
wind farm during the construction phase.

24.14 Summary: Participation
Processes in Large-Scale
Infrastructure Projects

Alpha Ventus is new territory. Also as far as the
manner and intensity in which residents, local ex-
perts and tourists were surveyed about “their” oft-
shore wind farm in their back yard (8 Fig. 24.6).
Experiences from and in other large-scale infra-
structure projects provide reference points for how
and with which measures it is possible to success-
fully design informal participation processes, for
example with local information events at an early
stage, by including local experts, showing planning
alternatives and setting up a continuously updated
Internet information platform. At the same time,
experiences also show that participation and inten-
sive efforts to obtain a transparent process do not
automatically lead to a problem-free procedure or
even to consent. Nevertheless, conflicts and public
quarrels can be managed far better with participa-

tion than without it. This also goes for wind farms
supposedly “far oft” out at sea.
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25.1 Finding Solutions for Two

Totally Contradictory Goals

We all know the scenario from classic submarine
movies: the skipper and his crew are swimming
along submerged, periscope down, virtually no vis-
ibility, just the “ping-ping” of the sonar to provide
some sort of acoustic orientation. Can you imagine
a disabled submarine between all the foundations of
a wind farm, or several neighbouring wind farms?
Probably not a good idea.

It would be better in this case if the wind turbine
transmitted a sound signal into the deep to avoid a
floundering submarine colliding with the turbine.
And it might not be a submarine - it could also be
a UUV (unmanned underwater vehicle), a diving
robot or mine detector ...

The focus of one Alpha Ventus research proj-
ect was to develop just such a sonar transponder,
which when mounted on wind turbines could be
located by an “underwater vessel in difficulty” and
then transmit acoustic warning signals. The use of
sonar transponders is however restricted to emer-
gency situations. Only when a submarine is unable
to manoeuvre or surface in the vicinity of a wind
farm and transmits signals can the sonar transpon-
der answer with acoustic signals — but not transmit
continuously.

It must however be possible to receive these
signals clearly even when there are high swells and
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loud waves - and at the same time not be able to in-
jure noise-sensitive porpoises and seals. These may
be two thoroughly contradictory objectives, but the
aim was and is to find one solution.

25.2 A Transponder Rarely Comes
Alone

The sonar transponder that was developed consists
of a control device in a PC housing on land, up to
four power amplifiers and up to four sound trans-
ducers that are affixed below water to the supporting
structure of an offshore wind turbine. Here the de-
velopment also continued in stages; the first proto-
type was constructed for just one sound transducer
that, under water, covered a maximum angle range
of 90 degrees. For Alpha Ventus what was needed
was a 180-degree range with a sound level of 200
decibels (dB) at the “source” on the foundation.
By altering the geometry of the robust converter
housing on the second prototype it was possible to
achieve a maximum angle of 120 degrees. At the
same time the control device was adapted to allow
the connection of up to four sound transducers.
This means it could significantly exceed the required
“beam area” or angle of 180 degrees. The up to four
sound transducers could be employed next to one
another with software specially designed for this ap-
plication. They change the received acoustic signals
into electrical signals and vice versa.

The sound transducers can be attached to
the foundation pointing in different directions
(B Fig. 25.1), whereby it is therefore also possible
to cover the “round corners” in the wind farm or
special turbine installation arrangements.

The sonar transponder automatically monitors
its function, in particular its operating voltage, the
plug connectors to the sound transducers, the soft-
ware activity and the receiving level.

Thats done and dusted. While the first labora-
tory prototype was attached to the prepared foun-
dations of a turbine (AV10) on land, divers subse-
quently attached the performance-extended sonar
transponder Wisi TH 1 onto the foundations of an
offshore wind turbine. So both are workable; they
can either be fitted on land or subsequently attached
in deep water. Total preparation on land carries the
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B Fig. 25.1 Example of the arrangement of the sonar transponder on the straight edge of a wind farm; transponder distance

1.5 sea miles (a) and 2.0 sea miles (b). © LUH

risk that the sonar transponder could be damaged
during piledriving operations out at sea. A sub-
sequent full installation of the sonar transponder
under water however also involves a great deal of
work. So it turned out that the best solution was a
compromise - extensive preparation on land, such
as the attachment of mountings for the sound trans-
ducers and the connecting cables, and the finishing
work taking place underwater after the piledriving
has been completed - using divers to protect the
sensitive sensors.

Peripheral Anecdote (l): The final decision
is with Fleet Command

The rules are not made for the “defence of the
realm”. The functional specifications for the
“acoustic identification of artificial underwater
hazards” are the responsibility of the Federal
Armed Forces’ Underwater Acoustics and Geo-
physics Research Institute (FWG) as a matter of
principle. Consultation with the German Navy,
or with the Military District Administration
North to be exact, resulted in slight alterations
to the functional specifications for sonar
transponders. Whether a sonar transponder has
to be installed every four sea miles along the

fringes of an offshore wind farm is a decision
that is made on a case-by-case assessment by
Fleet Command. Unlike the specifications of
the FWG, there is no automatic activation of the
special transponder via radio — which was origi-
nally prescribed for sailing at periscope depth.
Bjorn Johnsen

25.3 Between Sea and PC: Sound
Absorbers and Simulations

Here again a simulation model was designed and
compared with measurements taken on site. The
calculation model describes the underwater sound
propagation close by and far away from the source
- on the foundation of a wind turbine - with all
their particularities. So in the direct proximity to
the “sound source’, i. e. the sonar transponder, the
sound is rather reflected or bent, for example due
to the neighbouring foundation struts. At greater
distances, on the other hand, refraction and absorp-
tion effects occur. The sound is then “swallowed”. To
reproduce the sound transducer on the foundation
construction the simulation used a two-metre sec-
tion of the foundation.
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B Fig. 25.2 Comparison of simulated transmission losses for different wind speeds. © LUH

The simulation results for the use in Alpha Ven-
tus demonstrate a high level of consistency with
earlier work and the specifications from the FWG.
The distribution of transponder signals is heavily
dependent on wind speed (B Fig. 25.2) and wave
height. The stronger they are, the more difficult it
is to locate the signal. In other words, the stronger
and louder the wind and waves are, the poorer the
signal transmission and consequently the weaker
the signal received.

For a secure identification of the transponder
signal at a distance of two sea miles (almost four ki-
lometres) in such unfavourable weather conditions
a level of 200 decibels (dB) at the “start source” is
indispensable.

25.4 Good Weather Is Something
Else - Measurements at Sea
State 4

In order to examine all the theories, two measuring
campaigns were carried out at sea, in good weather
in October 2010 with wind force 3-4 BFT and sea
state 2, and in bad weather in February 2011, with
wind force 5-6 BFT and sea state 4, where the wave
height can reach 2 metres and the wave length 28
metres.

The sonar transponder signals were measured
with two hydrophones each at depths of 5, 10, 15
and 20 metres, as well as a measuring buoy at a dis-

R & = m |

: “‘ Generator Oscilloscope

B Fig. 25.3 Offshore measuring campaign: measuring instru-
ments on board MS Emswind. © LUH

tance of 450 metres from the wind turbine. Here it
was possible to measure the sound transducer with
regard to direction, distribution loss and receiving
sensitivity (B Figs. 25.3 and 25.4).

The two measuring campaigns exhibited clear
conformity with the simulation results. They con-
firm that there is a significantly stronger attenuation
of the signal as of a distance of more than two ki-
lometres, thus limiting its range, even though the
researchers were no longer able to carry out the mea-
surements at the required “critical” conditions, with
a wind speed of 15 metres per second. For this the
validated values based on the measurements were
then projected. The conclusion is that there is no al-
ternative to a source level of 200 dB on the founda-
tion if the signal is still to be heard at a considerable
distance with a heavy sea state. The measurements
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O Fig. 25.4 An emitter
transducer with ballast weight
is lowered into the water from
the ship. With this device

the sonar transponders can
be activated from different
distances. © LUH

also showed that sonar transponders transmitting si-
multaneously do not overlap or negatively influence
one another - the temporal and geometrical differ-
ences between the sound waves are still too great.
At other wind farm locations, different water depths
and seabed quality can of course result in a different
sound distribution than that at Alpha Ventus.

Peripheral Anecdote (ll): Sonar Latinum in
Mare Germanicum

Before the invention was the language. In
antiquity the Romans did not of course know
anything about transponders. And yet the term
is made up of two Latin words, transmittere

(= transmit) and respondere (= respond). So in
the offshore wind farms sonar transponders are
being employed in the Mare Germanicum, as the
North Sea was known in Roman times. Which,
historically speaking, is however not completely
accurate. The oldest name for the North Sea
actually comes from the Greek, from Ptolemy’s
map of the world in the second century AD,
Germanikos Okeanos. The ancient Greek term for
a sonar transponder is not known.

Bjorn Johnsen
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25.5 The Fundamental Question
on Alpha Ventus: What Do You
Think About the Eco
Assessment?

How do the sonar transponder’s warning signals af-
fect sea mammals, in particular porpoises and seals?
In addition to the noise of the piledriving when the
turbines are erected and the operating noise this is
one of the three important noise issues for Alpha
Ventus - and possibly one of the most crucial ques-
tions regarding the wind farm.

The porpoise is the only type of whale that is na-
tive to German waters. Grey seals and their breeding
and nursing grounds are only to be found on a few
islands and sandbanks in the Wadden Sea and not
near Alpha Ventus. Germany’s most common seal
type is the common seal, though in the vicinity of
Alpha Ventus you are more likely to see porpoises
than common seals.

Sound is absolutely vital for porpoises and seals.
It is necessary for orientation and communication,
for discovering information about the immediate vi-
cinity, such as the wave movements, distance to the
coast or the proximity of predators and prey. Sound
is distributed about four and a half times as fast un-
derwater as in the air, so noise reaches porpoises
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and their friends considerably faster. The sense of
hearing of many marine mammals is very well de-
veloped, because good visibility is limited at sea and
in deeper layers of water the lack of light incidence
means there is no visibility at all.

So how does this fit in with the sonar transpon-
ders on offshore turbines? The chosen types of sonar
transponder only produce signals once they have
been activated, and in a very tight frequency range
between 7 and 8 kHz. Multiple short sine tones are
played, each of which lasts about one second. In-
cluding pauses the signal lasts about five minutes.
The duration and repetition rate of the signals can
be changed by reprogramming. The sonar tran-
sponders have - like the devices used for scaring
off marine mammals - a relatively narrow range in
the medium frequency, can be plainly heard, and
are clearly different from many other low-frequency
sound sources such as ships’ engines or offshore
wind turbines in operation.

25.6 The“Seal Bell” Rings for Dinner
at the Fishing Net

In the fishing industry, pulsed sound signals have
long been used for the protection of seals and por-
poises, with “pingers” to warn small whales of the
nets. The animals are not able to recognise nets at
more than a few metres. “Seal scarers” work simi-
larly, and are designed to protect aquacultures and
fish farms from seals using regionally increasing
sound volumes. The effect is controversial. Some
scientific findings report a habituation and dinner
bell effect; instead of being scared out of the area,
some seals, which have become used to the seal
scarer, feel they are literally being invited to a fish
dinner at the net ...

25.7 Short-Term Danger at the
Foundation

Unlike this fish industry warning system, the so-
nar transponder is only to be used for a short time,
and as an emergency system for disabled subma-
rine vessels. But even short sound events can cause
temporary or permanent hearing threshold shifts in
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porpoises and seals. The scientists see the limit as
179 dB (decibels) - which is under the maximum
transponder value of 200 dB directly at the foun-
dation. Hearing damage cannot be excluded in the
event that porpoises swim right next to the foun-
dation and the sonar transponder starts to sound
- and the porpoises stay right next to the offshore
foundation for some time. The device does however
have a four-stage soft start, so it does not start to
transmit with the full 200 dB. Researchers there-
fore conclude that the marine mammals will leave
the area as soon as they hear the slow start, so that
there will be no hearing threshold injury to seals or
porpoises.

25.8 Perfectly Normal Behaviour:
Scarper, Stress, Avoid

Since the signals for the porpoises and seals will be
audible over a wide radius they will not cause any
hearing damage, but they could lead to a change in
the animals’ behaviour. Studies on how porpoises
react to seal scarers suggest that they leave the trans-
mission area up to a radius of around seven kilome-
tres, the so-called deterrent area. They expect signif-
icant changes such as faster swimming behaviour in
aradius of up to 10 km from the signal source. With
two and four kilometres, for seals these ranges are
significantly smaller (B Table 25.1). Once the signal
tone has been switched off - programmed standard
is after five minutes - it is possible that they will
return.

25.9 Recommendations, for Others
Also

Whenever there is a “submarine emergency’, the
sonar transponder must work. Pure function tests
should only be carried out when porpoises are not
normally giving birth or nursing their young. And
the sonar transponders must of course be switched
off when divers are carrying out maintenance work
on the supporting structures of a wind turbine.
Because it is possible to connect up to four
sound transducers it is possible to also cover the
very rounded corners of an offshore wind farm.
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25.10 - Sources

B Table 25.1 Estimation of the distances at which porpoises and seals are expected to be affected by sonar transpon-
ders, based on measurements. © LUH

TTS* Deterrent zone Noticeable changesin  Slight changes in
Good weather con- Good weather con- behaviour behaviour
ditions ditions Good weather con- Good weather con-
ditions ditions

Porpoise A few metres Up to 7 km Up to 10 km Up to 12 km
Unlikely, but not ruled (130 dB re 1pPa) (124 dB re 1pPa) (<119 dB re 1uPa)
out

Seal A few metres Up to 2 km Up to 4 km Up to 6 km
Unlikely, but not ruled (142 dB re 1uPa) (136 dB re 1uPa) (133 dB re 1uPa)
out

TTS Temporary Threshold Shift (from absolute threshold of hearing)

Source: Final report on the research project “Investigation of Sonar Transponders for Offshore Wind Farms and Techni-
cal Integration to an Overall Concept”

Because the sonar transponders are only rarely ac-
tivated and because of their four-stage soft starts,
no significant impact on marine mammals is to be
expected. If however sonar transponders, other than
planned, are permanently or regularly in use, that
would be a very different matter, and would require
a biological reassessment.

25.10 Sources
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Offshore-Windparks und technische Integra-
tion in ein Gesamtkonzept, 141 S., September
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A) und Projektleitung: Institut fir Statik

und Dynamik (ISD) der Leibniz Universitit
Hannover; Verbundpartner (Teil B): THALES
Instruments GmbH, Oldenburg

Nissen, I. (2004). Akustische Kenntlichma-
chung von kiinstlichen Unterwassergefahren-
quellen - Modellierung und Leistungsdaten.
KB 2004-1 der Forschungsanstalt der Bundes-
wehr fir Wasserschall und Geophysik
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Salty, sparkling spume, increased humidity, a tre-
mendous amount of salt in the air, and always
these gusts of wind from changing directions, high
wind speeds and heavy swells - the environmental
conditions the high-technology wind turbines are
subjected to in the North Sea are anything but soft.
These rough environmental conditions - especially
the ever-present salt that can cause rust and degra-
dation in the turbines - but also microorganisms
that can act on turbine components such as nacelle,
hub and rotor blade are also a topic on Alpha Ven-
tus.

This is why two sub-projects in one section
of research were dedicated to determining and
analysing the environmental influences on the
wind turbines. To this end, the project concen-
trated not only on a turbine in Alpha Ventus but
also included the Fino 1 research platform and a
near-shore wind turbine just four kilometres from
the coast. As well as the actual measurements, the
plan was to invent a detection system that could
detect salt deposits earlier and better, and also at
least think about improvements to offshore wind
turbines in this area.

26.1 Look, Don’t Touch

This research project also encompassed the triad
of field test, laboratory trial and modelling. First
of all the scientific curiosity was focused on small
rectangular plates. Finely trimmed and thoroughly
cleaned, they each consisted of different metals and
composite materials - materials used in and on
offshore wind turbines. These small plate material
samples were attached to a turbine in Alpha Ventus,
on the Fino 1 research platform, and on the afore-
mentioned near-shore wind turbine off the coast of
Lower Saxony by Wilhelmshaven - and then left in
peace. The aim was to then observe how the grass
grows - or in this case, the increase in salt deposits.
The material samples on the Alpha Ventus turbine
Adwen AD 5-116 (in the wind farm, turbine AV7)
were attached to a supporting beam in the nacelle
and inside the tower at various heights on all nine
platforms in order to detect and measure salt and
microbe attacks. So that the results of the long-term
state of being left undisturbed in the wind turbine
were not influenced by human touch or intervention
there were signs near the material samples warning
technicians and engineers to keep their HANDS
OFF! (B Fig. 26.1)

26.2 Metal Plates Hung up Like
Towels - to Rust

Various material samples were attached to the
Fino 1 research platform near Alpha Ventus in 2013.
In order to investigate the real offshore environmen-
tal influence on different materials the metal and
composite samples were hung out on the railing and
at different heights on the met mast (B Fig. 26.2).
They were hung out like towels to dry - only in this
case, to rust.

26.3 The Bremerhaven Salt Chamber

Watching is good, measuring is better. With most
material samples it is probably possible to detect
any surface changes with the naked eye after they
have been hanging on a railing out at sea or in the
inside of a wind turbine for a year. But how much
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O Fig. 26.1 Attachment of
the material samples on a sup-
porting beam in the nacelle of
AV7. © fk-wind:

O Fig. 26.2a-d Ensemble of material samples (metal plates and fibre composite) on the Fino 1 research platform. © fk-wind:



O Fig. 26.3 Comparison

of salt deposits on material
surfaces at different locations.
© fk-wind:
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have they changed? Ion chromatography was used
to accurately determine the amount of salt on the
material samples at the Bremerhaven University of
Applied Sciences. Each metal plate was rinsed in
10 ml of ionised water, and the liquid samples were
then filtered and tested for sodium chloride - a salt
that is abundant in seawater.

The result was that the location comparison
between Fino 1, the near-shore wind turbine, and
“neutral” on land clearly shows that the quantities
of salt deposited on the samples from Fino 1 are
many times greater than on land and near-shore
(B Fig. 26.3): depending on the sample up to 25 or
40 times as much. It was also clear that the amount
of salt deposited on rough and porous surfaces is
greater than that on smoother surfaces. On Fino 1
the aluminium samples changed the least (only
42.3 mg sodium chloride per m?), in total contrast
to stainless steel, steel and iron with values between
141 and 200 mg/m?. Salt had already begun to be
deposited on the fibre composite samples, which
have slightly roughened surfaces.

The Fino 1 samples were however subjected to
extreme events, the plates hung outside on the rail-
ing and exposed to rain, storms and wind without
any protection. This can also cause some of the salt
deposits to be washed off, so that the actual amount
of salt on the surfaces of the plates can at times be
greater than is measured at the end.

Corrosion was also detected on the material
samples inside the wind turbine in Alpha Ventus, on

its platforms next to the air conditioning air-treat-
ment system in the tower (B Fig. 26.4). Despite the
air conditioning air-treatment system it is still pos-
sible for a certain amount of moisture to get into
the tower.

26.4 Swab Samples: Please Don't
Wipe the Microbes off

The Fino 1 platform, offshore wind turbine AV7 in
Alpha Ventus and the near-shore turbine off Wil-
helmshaven were swabbed to find signs of microbes.
Each of the samples taken were plated onto three dif-
ferent culture media for fungi and bacteria, ‘hatched’
in an incubator at 25 degrees Celsius and then ex-
amined. The near-shore samples showed both fungi
and bacteria. As found in previous investigations,
this examination once again showed heavy fungal
attack of the inside walls of the tower, from the foot
of the tower up to heights above 40 metres. The only
place where no traces of fungus were found on the
tower wall was immediately below the nacelle.

The swab samples from the offshore wind turbine
in October 2011 and August 2014 showed no active
microbe infestation. Of the intermediate swab sam-
ples taken in November 2012, four samples showed
some small to moderate microbe attack, whereas all
the other swab samples were virtually sterile.

Of the samples taken on Fino 1 only one sam-
ple showed any signs of microbes, one fungus and
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one bacterium. Here all the other samples were also
virtually sterile in this regard. The isolated case of
a bacterium was found on a stainless-steel cable
duct at a height of 20 metres. Nothing was found
on any of the other levels, and especially nothing at
great heights. This suggests that there is only a small
number of microorganisms at greater heights in the
atmosphere, and when they do exist they could pos-
sibly be “newly settled” microorganisms that do not
stay on the smooth surfaces of the mast structures
because of the harsh environmental conditions, the
wind, rain and wave action.

26.5 Temperature and Humidity
in the Rotor Blade

A temperature and humidity data collection sensor
was attached inside the rotor blade of the near-shore
turbine near Achtermeer. Two additional data log-
gers were also mounted in the nacelle and the hub of
turbine AV7 in Alpha Ventus to measure tempera-
ture and humidity.

The values from the near-shore wind turbine
showed that there is a strong link between tempera-
ture and moisture content in the rotor blade. If the
temperature drops the moisture content frequently
rises. The humidity inside the blade varies between
35 and as much as 97 %. This marked tempera-
ture-humidity ratio offers ideal living conditions
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for microorganisms. These are not just harmful for
foodstuffs or humans, but can also damage coatings
and metals. The phenomenon of corrosion caused
by microorganisms is already known from oil plat-
forms and could also be important for offshore and
near-shore wind turbines. The inside of the rotor
blade is not protected against moisture penetration
and consequently not against microorganisms, so
increased damp permeation can also lead to greater
material fatigue.

Peripheral Anecdote (I): A mechanical life
of its own

It is a well-known fact that man and machine
each has a life of its own. The original idea was
to install a measuring sensor for the tempera-
ture and humidity logger directly in the rotor
blade of an offshore wind turbine. This was un-
fortunately not possible due to time constraints;
the blade had already been finished. So the data
logger was placed in the hub, in blade proximity
as it were. Said, done and checked. Although it
was checked once again before it was fitted, the
data logger in the hub was not able to switch
into measuring mode during the runtime of

the experiment. This was due to a spontaneous
physical instrument defect.

Bjorn Johnsen
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O Fig. 26.5 Temperature and humidity curve in the nacelle of the Adwen AD 5-116. © fk-wind:

26.6 Temperature and Humidity
in the Nacelle

26.7 On the Trail of the Salt:
The Detective that Never Slept

A similar tendency - increase of humidity as tem-
perature drops — was also observed in the nacelle
examined in the offshore wind turbine (AV7) on
Alpha Ventus (B Fig. 26.5). Here the humidity
fluctuated over the whole year between 16.5 and
86.5 %. These pronounced fluctuations are depen-
dent on the seasons and the daytime and night-
time rhythms. The temperature fluctuations in the
nacelle are also influenced by the waste heat from
the drive train and other components. The interre-
lationships require further research, especially in
the nacelle.

A mobile, self-sufficient “detective system” was de-
veloped for the project for detecting and measur-
ing salt deposits on material surfaces. A laser beam
lights up the surface and a camera photographs the
reflection of the laser beam. The laser light is scat-
tered back along different paths due to the rough
surface, creating what is known as a speckled effect.
The photograph of this different pattern makes it
possible to recognise changes and deposits on the
surface in sub-micrometre range, even under one p
- in other words in an order of magnitude of under
a thousandth of a millimetre.

The change in the surface was compared with the
previous image with the aid of the cross-correlation
coeflicients. For lab tests and “salt rearing”, for exam-
ple, a surface was vaporised with salt water (with a
salt content of 35 g/l - equal to that of the North Sea)
from an ultrasonic nebuliser to simulate the situation
in the wind turbines. After successful lab tests the de-
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B Fig. 26.6 Camera casing with LED ring light (a), Technical drawing of the LED arrangement (b). © Fraunhofer IWES
(Photos: Monika Mazur)

tective system was able to stand the test of taking the
first measurements in an operational wind turbine.

Peripheral Anecdote (Il): Gearbox damage
was faster than the oil sample

Oh, what joy to have not one but two near-
shore wind turbines for your comparative tests.
Oh, yes? The researchers could only install one
temperature-humidity data logger in the rotor
blade of a turbine near Achtermeer, because for
technical reasons it was not possible to do the
same in the foreseen neighbouring machine off
Wilhelmshaven. And oil samples were also to be
taken from both turbines to check them for salt
content. Since the newer of the two turbines
had a special moisture separation system the oil
sample from a “conventional” turbine without
such a system would be more interesting. The
scientists had already procured an oil pump for
taking their sample, but the wind turbine beat
them to it - by breaking down. Gear damage and
its subsequent repair meant that it was no longer
possible to take an oil sample in 2013.

Bjorn Johnsen

26.8 Automatic Measurement of Salt
Deposits

In the second sub-project the aim was to measure the
salt deposits that occurred using a specially designed,

special-purpose camera model that used white light -
as a sort of “on-site measuring system”. You'll not find
this model in a camera shop, and certainly not “off
the shelf” - this automatic camera detection system
for salt and other deposits in the offshore environ-
ment, which also had an optimised lens for day and
night photography, still had to be invented.

The engineers used a model that can photo-
graph the motif or model from a distance of 13 cen-
timetres with a focal length of 16 mm. With a max-
imum focal length of 50 mm the lens is relatively
short — which of course allows great flexibility of
installation in various locations within an oftshore
wind turbine. The camera housing that was to be
constructed should have enough space for all the
components, and also be compact and protected
against environmental influences. It should have
anti-reflection and filter features, a power supply
connection and heating, all in the casing. One thing
was obvious from the outset: the camera would be
no beauty, but it would be highly individual.

To provide good lighting for the images a light
ring of white LEDs was constructed around the
lens (B Fig. 26.6). The parallel connection of all the
LEDs should guarantee a good light source for all
the photos even if individual LED lamps failed.

As far as hardware connection is concerned,
the camera has a connection to a multifunction
data logger which has four digital temperature sen-
sors and one humidity and temperature sensor for
measuring and monitoring the temperature and
humidity at the recording location in the offshore
wind turbine.
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26.9 Rearing Salt Crystals in the Lab

In further laboratory experiments an attempt was
made to artificially create salt deposits using an air
compressor and porous aeration stones that had
been dipped in saltwater. The air forced in under
pressure and air bubbles bursting on the surface of
the water generated the desired cloud of salt spray,
which was thus sprayed onto the specimen material.
The height and diameter of the crystals so generated
were recorded accurately under the microscope. The
plan was to continuously expand and enlarge the
salt deposits through subsequent additional spray-
ing in saline mist. But despite increased salt spray-
ing there was no constant growth of the salt crystals
(B Fig. 26.7, designated “A1-A5” in the bar chart).
This initially appears to speak for the protective
coating used offshore. In other test series the salt
crystals only grew indiscriminately and sporadically,
not constantly.

26.10 Rendezvous at the Old Oil Pier

In addition to the lab salt rearing there was also a
field test using material specimens on site, in this
case in the salty harbour water by a loading dock
near Wilhelmshaven. This pier foundation was
very suitable for attaching material specimens
and for alternative, supplementary experiments to
those carried out on the Fino 1 research platform,
because being on land it was easy and cheap to ac-
cess while still being near the sea. The foundation of

this loading pier was covered with marine growth
and was covered in salt deposits in the spray water
zone. There were also plenty of external influences
resulting from shipping and other environmental
influences in the shape of weathering and wear of
the existing work material by structures, lifeboats
and cranes.

» We are seeking the weak points
The evaluation of the salt deposits on nacelle,
hub and rotor blade has not yet been com-
pleted. It will make important statements about
where the weak points of an offshore wind
turbine are to be found. And it will be just as
important, taking into account the tempera-
ture and moisture measurements, especially
in the nacelle and the rotor blade, to develop
a monitoring system that makes it possible to
manage these environmental influences and
their consequences.
Uta Klihne, fk-wind: Bremerhaven University of
Applied Sciences © fk-wind:
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B Fig. 26.9 Platform on the test location (a), Close-up of flash rust on the crane boom (b). © Fraunhofer IWES
(Photos: Peter Rohde)

Material samples were, like on Fino 1, more or
less hung out on the railing of the loading pier
(B Fig. 26.8) and examined for salt deposits at
regular intervals using a digital USB microscope.
Changes were visible under the microscope, but
were uneven and superficial. Fields of salt crystal
developed on some surfaces, but they were not
found on subsequent inspection. The reason for this
was the storms in November and December 2013.
The salt deposits were simply washed off the sample
material by the heavy rain.

The difficult of accessing offshore platforms on
the high seas proved to be an obstacle for some of
the project work, as well as posing a risk in realising
the project work. The scientists therefore suggested
that this industrial location, which had been in

use for over 25 years, be included in the field trial
measurement programme (8 Fig. 26.9). This could
enable a “near-sea” comparison of “young” and “ma-
ture” material samples.

26.11 Outlook

The evaluation of salt deposits on the important
connection points — tower—nacelle, blade-hub and
hub-nacelle - still has not been completed - nor
has the full evaluation of other material samples
from important component material like glass-fi-
bre-reinforced plastic, stainless steel and galvanised
steel.
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With the exception of one measurement at
a height of 30 metres on the Fino 1 platform, the
measured salt content increased. It can be assumed
that these crystalline salt deposits on the surfaces
have something to do with “oversaturation” through
moist air, and being a growing, compact layer it can-
not then be so easily washed off by the rain. With in-
creasing wind speed, and with the wind as “carrier”
of the moist, salty air, the salt grows on the turbines
faster and becomes more compact and more firmly
bonded. And their surface structure also plays a role
- more salt is to be found on iron and steel than on
smooth aluminium. There must not be any miscon-
ception that heavy rain will easily wash the salt away
- quite the opposite. The veritable bombardment
with rain containing solid salt crystals in the moist
air can lead to devastating corrosion damage, even
to corrosion-resistant steel and non-ferrous metals.

It is also a fact that salt grows faster than one
might think, even in the “protected” inside of an
offshore turbine. Even when it cannot be seen with
the naked eye, it is already causing rust and cor-
rosion on the exposed materials. Salt depositing
could also be important for near-shore turbines. The
development of two different salt deposit detector
systems — laser based and white light based - were
successfully tested, and there is still a basic need to
better understand and characterise the dynamics of
salt formation from sea spray. Image analysis can
contribute to detecting salt precipitation and the be-
haviour of materials and component samples under
the influence of offshore climatic conditions. The
data from the temperature-humidity curves in the
rotor blades and those determined by the salt de-
tection system were passed on to the wind turbine
control and monitoring facilities, where they can
help in offshore wind turbine monitoring. Fibre-re-
inforced composites are also damaged by erosion
in that absorption of moisture reduced the fatigue
resistance of the material. In short, the salt of the sea
and the microbial attacks show that there is great
potential for research here — and potential for pos-
sible solutions.

26.12 Sources

Umgebungseinfliisse auf Offshore-Windener-
gieanlagen, 3. Zwischenbericht, Hochschule
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31.12.2013, Fkz 0325255A, Juni 2014, Uta
Kiihne, Prof. Henry Seifert

imare Institut fiir marine Ressourcen GmbH,
35 8., 3. Zwischenbericht 1.1.2013-31.12.2013,
vom 30.04.2014, Forderkennzeichen
0325255B, Dr. Hanno Schnars, Dr. Christof
Baum
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In an emergency the installation and maintenance
teams in an offshore wind farm are left to their own
devices. Who can help them out on the high seas,
when no ship can dock in a storm and no helicopter
can land? And even when the sea is flat and calm,
how long will it take the doctor on call to get there
by ship from the nearest port?

What can help quickly here is “telemedical
emergency care’, an initial diagnosis and instruc-
tions from the specialist or emergency doctor on the
mainland for the wind farm personnel on site, trans-
mitted by radio or by audio or video line. This is of
course assuming that the personnel are “trained am-
ateurs” with sufficient competence and training to
be able to provide medical assistance with the doc-
tor’s guidance. What this initial telemedical emer-
gency care until the rescue services and a doctor
arrive could look like was the subject of a research
project, Sea and Offshore Safety - SOS.

27.1 What Has Happened up to Now

Of course there were emergency medical kits before
offshore wind farms were built. There were also ones
equipped for audio or video transmission, techni-
cally reliable and with a defibrillator, a shock pro-
ducer for cardiopulmonary resuscitation. Only an
emergency medical kit with audiovisual equipment
and a defibrillator weighs over 12 kilogrammes.
They are therefore far too heavy and very difficult
to handle. Not exactly the equipment that a trained

layperson can use in a hurry when their colleague
has difficulty breathing, has been suddenly taken ill
or is seriously injured somewhere in the turbine and
needs urgent medical assistance.

27.2 In an Emergency: Nothing
Works Without

Communication ...

As well as first aid one thing in particular is needed:
communication, and that on a variety of channels.
The emergency response officer or the “trained lay-
man with training for emergencies” who is looking
after the injured person in the offshore wind turbine
speaks with the tele-doctor. He in return assesses
the medical condition, pronounces a recommended
procedure, and directs and monitors the first aid
emergency care from afar (8 Fig. 27.1). If the injury
is very serious, the tele-doctor may have to transfer
the case to an emergency physician in a hospital.
The personnel in the wind turbine must of course
also be able to report the “incident” to the wind
farm control centre and request transport. So plenty
of communication is required between the players.

Not only existing audiovisual systems for medi-
cal emergencies were tested in the conception phase;
in collaboration with utility company EWE, one of
the Alpha Ventus operators, the Telemedicine Cen-
tre of the Berlin Charité hospital (TMCC) has con-
tinued to develop a concept for a telemedical emer-
gency care specially for offshore wind turbines. The
Clinic for Anaesthesiology at the Charité contrib-
uted the emergency medical expertise to the project
and studied the associated medical parameters. The
SOS research project also included the setting up of
an SOS demonstration room for the technology to
be used, which was very similar to the real condi-
tions in a wind turbine (8 Fig. 27.2).

27.3 ... And Nothing Works Without

Wi-Fi!

The good news is that good patient care is possi-
ble on almost all levels of a wind turbine. The bad
news is that nothing works without Wi-Fi. Wi-Fi is
a prerequisite, and it must have several access points
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O Fig. 27.1 Telemedical
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© Telemedicine Center Charité
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within the turbine. Better lighting for camera shots
must also be guaranteed, because the lighting con-
ditions inside the tower are not always good enough
and the autofocus of conventional telemedical de-
vices still work quite slowly when transmitting im-
ages from a dark wind turbine tower.

It is possible to transmit live data, and of course
especially medical data like ECG, pulse and blood
oxygen levels, from inside the tower. The existing
networks are well suited for telemedical use. Direc-
tional radio and fibre-optic lines in a wind turbine
are also suitable for the transmission of video calls.
Project research showed that conventional vital data

monitors have proven to be suboptimal; they are too
cumbersome for handling in an offshore turbine,
too big and not intuitive enough to operate easily.
The ergonomics are not good, but instead there are
a lot of data fields that are not absolutely necessary.
Too many sounds, too many fields - everything is
too complicated if one is under time pressure or in

shock. These conventional devices also require users
to have regular, intensive training. You can forget
plug and play.
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27.4 Audiovisual System: The Injured
Person Feels Safer

Audiovisual systems (B Fig. 27.3) for emergency use
have advantages and disadvantages. It is certainly
advantageous when the headset is comfortable,
the images and speech are of high quality and the
injured person feels better when a doctor is avail-
able. And the doctor also keeps the situation better
under control with comparatively little hassle. The
communication is more effective because it is not
necessary to have to explain everything, and with
live streaming it is much quicker to show what to do.
But these systems do have disadvantages: the cam-
era angle is too small, and the main thing is that a
handheld camera means there is one hand less for
looking after the patient. And that has to be more
important than operating the camera. In an accident
situation this can ultimately lead to concentrating
more on the camera monitor and less on treating the
injured parts of the body. The “field trials” showed
that such a system is too unwieldy, not ergonomic
and far too big.

The requirements for the tele-support were
therefore: reduce the size of the equipment, reduce
the weight, and increase carrying comfort. Oper-
ation should be made simpler and more intuitive
by reducing the number of functions. Listening and
speaking to the emergency doctor (TNA) must of
course be possible, also for two paramedics.

There are of course also requirements as far as
the emergency tele-doctor is concerned, and for the
telemedical centre on shore (B Fig.27.4): it must be
possible to have an adapted case file for use in the
telemedical centre, and also a live vital data view,
including progression chart for the duration of the
operation, and a display of the quiescent ECG of the
heart functions, as well as having a print function.

Peripheral Anecdote: Project delayed,
technical experts gone

The focus of the SOS project was on drawing
up a telemedical emergency care concept for
offshore wind turbines, developing and techni-
cally testing the demonstrator, the “telemedical
emergency kit” that was designed. Another

O Fig. 27.3 Patient monitoring system for collecting vital
data (corpuls®) with integrated defibrillator. © GS Elektro-
medizinische Gerate G. Stemple GmbH

thing that was needed was an installed wind
farm and scientific personnel suitably qualified
for offshore operations. But because the con-
struction of the wind farm was delayed and it
was not possible to carry out any offshore trials
in autumn and winter because of the weather,
the SOS research project was extended until Au-
gust 2014. The result of this postponement was
that back at the Charité hospital in Berlin, the
scientific personnel qualified to work offshore
had left the SOS project before the last test was
carried out. Another problem was that only two
years were approved instead of the planned
three years. The shortening of the project dura-
tion and the delay meant that the content and
concept of the SOS project had to be adapted
to suit the new circumstances.

Bjorn Johnsen

27.5 Prototype to Go: The TMBox

The SOS project developed the TMBox as a proto-
type for use in emergencies on offshore wind tur-
bines, one that could be easily handled in an emer-
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O Fig. 27.4 Telemedical
workplace. © Telemedicine
Center Charité

@ Fig. 27.5 TMBox prototype
(yellow case in the centre)

and alternative and auxiliary
equipment. © Telemedicine
Center Charité

gency and that was able to send the casualty’s vital
data direct from the wind turbine to a telemedical
centre via standard IP. It initially encompasses only
relevant status information but not any on-screen
vital data monitoring. And one very important
thing: the one-button operation leaves nine fingers
for the injured person. It is possible to integrate au-
diovisual systems into this TMBox (8 Fig. 27.5). In
the opinion of the Charité, the straightforward op-
eration of the TMBox surpasses currently available
emergency systems when it comes to it being han-
dled by laypersons. The system was demonstrated
during the closing event.
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27.6

In Future an App Instead
of an Applicator?

Two field tests of the realisation concept were car-
ried out in Oldenburg and Berlin. These demon-
strated that it is quite possible to use a telemedical
system on an offshore wind turbine that can also be
operated by a layman (8 Fig. 27.6). This can provide
valuable services for someone injured or acutely ill
offshore until an emergency doctor or specialist can
arrive from the mainland or until a patient transfer
is possible by ship or helicopter. The medical issues
for both field trials were designed and evaluated by
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O Fig. 27.6 Emergency:
carrying out a simulator study.
© Telemedicine Center Charité

the Clinic for Anaesthesiology and Intensive Care
at the Charité.

Maybe in the future it will be possible to find
other applications for such a system and/or such a
TMBox on land, such as in difficult to access regions
in the mountains or sparsely populated stretches of
land where the nearest qualified doctor is several
hours’ drive away.

Sensor technology for telemedicine is also
constantly evolving, and there will be an increase
of communication units such as smartphones.
And who knows, maybe one day the function
implemented in the prototype TMBox will be
available as a smartphone app, assuming better
camera lighting and angles and the appropriate
supporting software. This will require develop-
ments, certifications and process changes by all
those involved.

27.7 Sources
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0325532 1.9.2012-31.0.8.2014, unverofien-
tlicht, 19 S., 20.01.2015

Lawatschek R (2012) SOS - Sea and Offshore
Safety. Telemed Offshore: Telemedical Emer-
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