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1. Summary

The industrial use of the oceans has increased rapidly in the last decade, especially through
the use of renewable energy sources at sea in the form of offshore wind farms (OWFs). This
trend will continue over the next years and decades. The operationVdF©not only intro-
duces noise into the water from the operating offshore wind turbines (OWTGSs), but also op-
erational shipping traffic for maintenaneeand repair purposesQW#elated service traffic)
representsanothersource ofunderwatemoise. The lifetime of wind farms is about 25 years,

so it can be assumedhat this will further introduce noise (continuous noise) into the water

in the coming yearswhich could potentially cause avoidancand disturbance effects for
marine fauna. For the lonrterm environmentally compatible use of renewable energy sources
at sea, this noise input into the water must therefore also be measured, evaluated and as-

sessd in terms of its ecological impact.

At the European level, the basic concept for threshold valweish regard to impulsive and
continuous underwater noise (impulse and continuous noise; criterion D11C1/2) has been
defined by the EU working groupGNOISEhowever, the development and coordination of
threshold values at the national and regional level has not yet been completed. Thus, there
are currently no binding guidelineor limit values for the ecological assessment of operational

noise.

In the period from 2011 to 2022, 22 offshore wind farms were built and put into operation
in the German Exclusive Economic Zone (EEZ) of the NamthBaltic Sea as well abree
windfarms witlin the 12-nauticatmileszone. Thus, more than 1,500 offshore wind turbines
(OWTGSs) with a total capacity of more thars8is in operation in 2023. Over the next few
years, however, this number will increase significantly due to the expansion targets for re-
newable energy sources (expansion target for 2030 i€380). In accordance with the precau-
tionary principle and based on thdirst measurement experiences from wind farms in
operation (e.g. Betke, 2003; 2004), the Federal Maritime and Hydrographic Agency (BSH),
the licensing and approval authoritygnabledextensive underwater noise measurements to
evaluatethis noise input into the water. Underwater noise measurements were carried out in

a standardizegrocedureboth before construction (background noise) and during operation

! The threshold value refers to a LOBE (Level of Onset of Biologically adverse Effectd)eibeginning of a
harmful, biological effect on a corresponding indicator species. Further information: https://fenviron-
ment.ec.europa.eu/news/zenoollution-and-biodiversityfirst-evereuwide limits-underwatemoise 2022 11-
29 _en.
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(operational noise) of the wind farms in accordance with the measuremgeidelinefor un-
derwater noise (BSH, 2011), evaluated and integrated into the national noise register
MarinEARSincluding extensive accompanying information from the wind farms, such as tur-

bine type, power and weather data, etc.

Within the scope of the R&Project OWF Noise, all available operatiorahd background
noise measurement data of all German offshore wind farms fannEARS were summarized
for the first time in a crossproject study.Until now, it is neither comprehensively known,
what causes the backgroundnd operational noise, nor what ecological impacts result from
these continuous noise inputs in the short, medium and letegm. Thus, neither the current
status of the wind farms in operation can be assessed,emrironmentally compatible plan-

ning for the future expansion of renewable energy sources at sea can be guaranteed.

Hosting a total of 27 operational and 12 background noise measurements in 24 wind farms
with 16 different OWT-@&/pes from seven different manufacturers and nomp@aerbetween

2.3 and 8.0MW, founded on five different foundation structures, three measurement positions
per wind farm each withthree defined operating states of the turbines, the measurement

database fronMarinEARS currently represents the largest datab&ge kind worldwide.

Based on thecrossproject evaluation of the backgroundand operational noise measure-

ments, the following result@nd findingswere obtained:

General

1 Based on the standardizesbund measurementgvaluation and documentation in
MarinEARS, a direct, systematic comparison between different wind &amise car-
ried out, in order to identify and quantify possible projecand site specificparame-
ters influencing operational noise. A comparison afoise conditions before the
construction of wind farms witmoise conditions during operatiois also possible due

to the standardized measuremenévaluation and documentation concept.

1 The evaluation ohoise conditions during the opeti@an of offshore wind farms inside
and outsidewind farmsis extremely complex, asoise input fromwind turbinesin

operation and fromOWHelated service traffic do not differ significantly in time or

2 MarinEARS Marine Explorer and Registry of Sound; specialist information system for underwater noise and
national noise registry for noise events (continuous and impulse noise) in the German EEZ of the étatth
Baltic Sea to the EU in accordance withet MSFDhttps://marinears.bsh.dg



https://marinears.bsh.de/
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space fronbackground noisalready present in the surrounding& cumulativeexam-

ination of all continuous noise inputs is therefore necessary.

1 This crosgproject study was able to summarize the current state of knowledge regard-
ing operational and background noise and identify existing knowledge gajib re-

spect toa cumulative evaluation of the ecological effects of operational noise.

Project- and site-specific factorsinfluencing operational noise

1 Noise input from operating offshore wind turbines is basicatlyaracterized by low
frequenciesin most cases, tonal components resulting from the characteristic ratios
of the gearbox, the generator and the rotational speed of the rotarat(iral oreigen-
frequencyof the rotor-drive system are emitted into the water with frequences in
the rangeof 25 and 160Hz. In some cases, a few harmonicsei.integer multiples
of the natural frequency rfatural harmonicg can also be measured in the spectrum

up to a few hundredHertz

1 These lowfrequency noise inputs into the watere onlydominating the broadbad
Sound Pressure Levialthe immediate vicinity of the turbines (<100 m) and when
the turbines are operating close to their nominal power. The mean (broadband) total
Sound Pressurelevel (SPL, or Lsg) at nominal power of the turbines varies between
112 and 131dB (median and mean value 12B). The mearfound PressurelLevel
(Lso) from the 1/3-octaveband with the dominant component of theatural frequency

of the system varies between 102 and 1@B (median and mean value 11/B).

1 Level statisticof the Sound Pressure Le\{Bdo, 50 05 are mandatory for an assessment
of the noise inputs caused by the turbine in operation witlominalpower in the wind
class "high", since the prevailing weather conditions also change the surrounding
background noise caused by vessel noise and weatlated noise inputs, and there

is a partial mixing of these noise inputs.

1 Thenatural frequencies of the turbines tend to be lowern a mq a80 Hzyi for $liel
rect-drive resp. gearless turbines and are also "quieter" than turbines with gearboxes,
although the gearless turbines had on average MW largenominaloutputs (median

value 2.3dB and mean value 1.8B).
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1 Asignificant correlationbetween the noise inputs into the water by the turbines and
their foundation structure (monopile, tripod, trpile, jacket with different pile diam-
eters up to 8.1m) could not be determined.arge monopilesend to be a bit "quieter”
than the other foundation structures, such as jackets, with several ghiles with
smaller pile diameters (on average ai8). A further detailed evaluation according to
the different nonmonopile foundation structurewas not followeddue to the small

samplesize

1 A strong correlation between the noise inputs and the nominal power of the turbines
(between 2.3 and 8.0MW) could not be found either. There is a tendency for turbines
with a high nominal power to be slightly "quieter" than turbines with a low nominal
ponan $kj PbMuAiZ2aB, >5MW 120.@B). However, this may also be
due to the change from gearbox to direct drive, which has mostly taken place. More-
over, the latest generation of turbines also seems to be tendentially "quieter” than

older turbines.

1 No evaluatiorrelevant differences of the operational noise based on different water

depths (20 to 40m) or North resp.Baltic Seacanbe identified either.

1 The broadband difference in the me&ound Pressure LeVek,) between turbines in
operation withnominalpower (wind class "high") and at standstill (wind class "low")
varies between @B and 13dB (mean value 3.8B, median value B dB). In four
cases, the broadbanBound Pressure Level the wind class "low" (turbines at stand-
still) is up to 7 dB louder than in the wind class "high" (turbines withominalpower).

These four cases are wind farms with smaller and older wind turbines. The reason could
possibly be caused by higher shipping traffic inside and outside the wind farms. Meas-
urement data under the same weather conditions (wind class "high") betvwaen
operating states "turbine in operation withominalpower" and "turbine at standstill"

are not available.

1 The tonal, lowfrequency components of the turbines in operation can usually still be
measured outside the wind farms up to distances of a few kil@emsetut with in-
creasing distancethey mix with the general backgrountwiselevel, so that the emit-
ted noiseis no longerdominating the broadband Sound Pressure Lésgnakto-
noiseratio < 6 dB). The backgroundoise level outside OWks mostly dominated by
non-OV¥-related shipping traffic outside the wind farms and varisronglyin differ-

ent directions to a wind farm respoetween different sea areas.
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1 The permanenSound Pressure b (Lso) in the wind farm with turbines at standstill
(wind class "low") varies between 107 and 18B (mediar and mean value 11@B).
Such level differences in good weather witlo or weakwind is most likely caused

primarily by vessel noise.

1 It can be seen that theras a high correlation between vessel density incl. distance
to the measuring position and the permanently present noise level: the more vessels,
the larger and faster the vessels and the closer they pass the measuring positions, the
louder the backgroundoise level. This fundamental relationship between vessel den-
sity and continuous noise has also been clearly demonstrated by modelling and meas-
urements in the Northand Baltic Sea by the BIAS and JOMOPANS resgianelets.

Operational shipping traffic (OWFrelated service traffic)

1 The operational shipping traffic within theestrictedwind farmareasis initially neg-
ligible in terms of energy, compared to the permanent, RONWHelatedshipping traf-
fic outside the wind farms and the emitted operational noise of the turbines in
operation. This is due to the fadhat usually only one service vessel plus occasional
small crew transfer vessels and otlgrpportvessels move in and around the wind
farm during the day. In the wind farms themselves, service vessels mostly only travel
at reduced speed (8 knots). The majority of the time, the service vessels are at
anchor in or around the wind farm. During the nighhere is usually no vessel move-
ment. This shows that the service vessels for wind fasmsated close to the coast
enter the harbour in the evening and thatccommodatioracilities have beeravail-
able offshore forwind farmssituated far from the coastThis is consistent with the

environmental reporto the site development plangDB (BSH, 2023).

1 The noise input of service traffic outside the wind farms is limited to only a few arrivals
and departures per day for wind farms close to the coast resp. per week for more
distant wind farms. For an evaluation of these noise inputs into the water, thissmu
be put in relation to the additional shipping traffic. Furthermore, the OVé¢katedand
non-OWHelated shipping traffic is completely mixed on the fixed routes. Based on
the environmental report tahe SDP2023 (BSH,2023), ne®@WHelatedshipping traf-
fic accounts for 70% in summer and 80% in winter, so that the share oF@dted
service traffic on the totalSound Pressure Lewaltside wind farms can be classified

as low to negligible.



Experience report on operational noise: R@ject OWF Noise pagellof 101 " |}tawp

Possibleecological effects of operational noise

1 The broadband total noise level does not exceeSaand Pressure Lewadl 130dB at any
time in any of the 27 wind farms considered due to the wind turbines in operatinalud-

ing all background noise caused by wind and waves as well as vessel noise.

1 Based on existing audiogram studies for marine mammals, in particular fdrehspecies
harbour porpoisea physical damage in the form of a tempbrar permanent threshold
shift (TTS or PT$®pan beexcluded(e. g. Kastelein et al., 2017). Due to the tonal and very
low-frequencynoisee j | qp bnki [AGDHZ), i canderejally be a$sdmedat
these noise components cannot be perceived by harbour porpoises even at distances of
100 m from the turbine. Other animal species, such as harbour seals, are certainly able to

perceive these lovirequencynoiseinputs.

1 Temporally and spatially limited, increased noise inputs from service vessels cannot be
excluded within the wind farms. However, the operational traffic moves at speeds of up to

8 knots at only a fraction of the time.

1 Existing modelling approaches (g. Tougaard et al., 2020; Stober & Thomsen, 2021) for
operationalnoiseare mostly based on only a few and partly smaller turbine types (often
with gearbox), so that predictions of theoiseconditions of existing German @%\of the
latest generation (eg. Holme et al., 2023) lead to considerable overestimations of the
actually measured operationabiseof turbines of up to 8dB. Also, the interference radii
calculated in Stober & Thomsen (2021) for a MOV turbine of 6.&m with gearbox and
1.4 km for gearless turbines could not be validated with this crpssject study. Thus, the
tonal componentsrfatural harmonicscould partiallybe detected by measurement up to
distances of Skmbut werenot domnating the broadband Sound Pressure LeVereover
the lowfrequencynoiseinput from the wind turbine is no longer audible to individual

marine mammals, such as harbour porpoises, at distances ofriLfildém the turbine.

1 Theimpactassessment of operational noise must always be carried out cumulatively in the
context of all continuous noise components, consisting of noise inputs from the wind
turbines, OWirelatedand norOWHelatedshipping traffic, as well as abiotic noise inputs
from e.g. wind and wave action. Only by considering the entire continuous noise in and
around the wind farms, a spatially and temporally cumulative evaluation of the possible,
ecological impacts of operaig wind farms caie scientifically backed=rom aphysiolog-
ical point of view,a speciesspecific and audibly suitablprocessing of thenoiseinputs is

recommended for a further evaluation of operatiomaiseresp.continuousnoise
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2. Introduction and aim of this study

The use of offshore renewable energy sources is growing rapidly in Europe, also in Germany,
pushed by the renewable energy process after 2011 (Fukushima). However, the demand for
renewable energy must go hand in hand with an awareness of sustainabilitgssespecially

the protection of nature and marine esgstems. The construction and subsequent operation

of offshore wind farms leads to very different inputssdundenergy into the sea. The Marine
Strategy Framework Directive (MSFD, 2008) basically distinguishes noise inputs into the water
into two descriptors: 11.1 impulsive noise, such as impulse-pitering or detonation noise,

and 11.2 continuous noise, such agssel noise or operating noise from offshore wind tur-
bines (OWTGS).

Within the scope of the threshold value development for impulsed continuous noise for

all European waters by the EU working grau@NOISEthe basic concept for the threshold

values with regard to continuous underwater noise (continuous noise; criterion D11C2) was
"abeja’ ]J]o bkhhkso6 eEj jk ikjpd R®)gtea ] ooa
habitat of the selected species have derwater noise inputs, that exceed the threshold

value". The development and coordination of these threshold \sahre important determin-

ing processes and will take place both nationally and regionally, in order to be able to use

them in a targetoriented manner. However, this means, that currently, there are neither
nationally, nor internationally binding guidelineor limit values for an ecological assessment

of operational noise (continuous noise).

Forunderwater orientation, search for food and communication, the harbour porpoise uses
an echdocation system and therefore reacts sensitively to noise in the seas. For these rea-
sons, this species is considered a key species in @e&man Northand Baltic Sea in the

context of the assessment of anthropogenic noise inputs into the water.

In the first years of these observations, the main focus was increasingly on construction
noise, as in most cases theonstructionwork of the foundation structuress carried out by
means ofimpact pile-driving. This weHestablished installation method causes particularly
loud, impulsive underwater noise, which can cause physical damage to the auditory system
of harbour porpoises in the form of tempdrar permanent threshold shifts (. Lucke et

al., 2009; Kastelein et al., 2015; Southall et al., 2019). Furthermaepidancebehaviorhas

beenobservedo occur temporally and spatially over sevekdbmeterswith this installation
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method (Brandt et al., 2016; Rose et al., 2019). Through the intensive efforts of the industry
and public funding, a standard of technology fapise mitigationmeasures has been devel-
oped within a few yearswhich led to a considerable reduction and thus to compliance with

the German noise mitigation valuefr impulsive noise input (Bellmann et al., 2020).

In contrast, the ecological impacts of underwater noise input from the operation of offshore
wind turbines (OWTGSs) have béesssystematically studiedip to now Several studies indi-
cate that the mechanical vibrations of components, caused by the conversion of the rotation
of the turbine via the gearbox to the generator, are radiated into the water via the foundation
structure (tower incl. foundation). Through rasurements imoffshore wind farmsn other
countries the approximate nature of this noise was already known earlyg(eBetke et al.,
2003, 2004). Itwasassumegthat this noise input can dominate the ambient noise measured

in the immediate vicinity resp. permanently present background noiseg(eBetke, et al.,
2005; Madsen et al., 2006; Norro & Degraer, 2016; Yang, et al., 2018). According to the
environmentalreport on the site development plan 0B 2023 (BSH, 2023), however, no
injury of marine mammals (thkey species inGerman watens the harbour porpoise) within

the scopeof the Federal Nature Conservation Act (BNatSchG) is to be assumed as a result of

operational noise.

In the first German offshore wind far@pha ventussimilar noise inputs into the water were
measured in 2011 (Betke, 2014). However, at that time the operatiar@be was only su-
perficially investigated.Thus, it was not known whether and to what extent the operating
noise depends on the size or theominal power of a wind turbine as well as its type of
construction (direct drive or gearboxAnother influencing parameter on theoiseradiation
could be the type of foundation; thus, a difference betwemonopileand jacket foundations
should also beonsideredFurthermorgsite-specificparameters, such as bathymetry or wind

speed,may alschave an effect orthe soundscape

Driven by the demand for renewable energy and the available experience, turbine size and
thus their (nomina) power have increased considerably over the last decade. Currently, OWTGs

in the 8 to 9 MW class are being erected; upcoming offshore projects will have nominal out-

3 German dual noise mitigation (value) criterion for the avoidance of temporary hearing threshold shifts in
harbour porpoises due to impulsive noise input into the water: 5% exceedance level of the Sound Exposure Level
(SEks% 160dB and zereto-peak Peak Level (&% 180dB to be observed at a distance of 760 from the

source.
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puts of well over 10MW. A first prototype of a 1MW OWTG has already gone into test oper-
ation onshore (renewable energies, 20238 MW OWTGs are also being planned. In addition,

the trend is increasingly towards gearless turbines (direct drive).

In contrast to the monitoring and efficiency control of foundationset-ups (construction
phase) by means ahe impact pile-driving method it was not possible to systematically
investigate thepossibleproject and sitespecificfactors of ONTGs in operation, either in
Germany or internationally, using a large, empirical data badgs might have ben due to

lack of existing and freely accessible operatiomaise measurement datavioreoverin most
cases no standardzed measurement and evaluation concepts were applied for operational
noise measurements, so that a comparison of the existing measurement data of different,
international wind farms turned out to be difficult or only possible to a limitedtert. Some
studies have summaed the freely available, empirical data sets of operationaise meas-
urements and generated models for theiseradiation and-propagation of turbines in oper-
ation based on these (eg. Tougaard et al., 2020; Stober & Thompson, 2021). However, no
study is knownthat has consideredhe cumulative effects of all permanemioise inputs in

the water, as in and around wind farmthere arenoiseinputs from the turbines themselves,
OW-relatedservice traffic, nonROV¥-related shipping traffic and abiotic effectssuch as wind

and wave action.

The aim of the OWF Noise RgDject is, firstly, to identify and quantify the main parameters
influencing the noise input into the water fron©DWTGs# operation. On the other hand, the
cumulative effect of the operating noise of the turbines, the operatio@alVielatedshipping
traffic and the permanent background noise in and around the wind farms will be systemati-
cally investigated. For this purpose, the operating noise measurements of 27 wind turbines

selected out 024 wind farms weranalyzedor the first time in the present study.

Theoperational noise measuremeniised in the present studyvere carried oufor single
wind farmswith at least three measurement positions at distances between rmOffom a
selected turbine, in thecenter of thewind farm centeland up to 5 km outside the wind farm
in three defined operating states of the turbines (turbine standstill, turbines runninghatm-
inal power and turbines are between the previously mentioned operating states) in parallel
over several weeks. Moreover, for the assessment of operational noissy talledback-

ground noise measurements were also carried out in and around selected wind farms, mostly

4 https://www.erneuerbareenergien.de/technologie/offsherénd/offshorewindturbinenv236-co-vestasnimmt-rekord

windenergieanlag®etrieb
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at the same measurement positions as the operational noise measurements before construc-

tion of the wind farms.

All data sets for operationaland background noise measurements available in thena-

tional noise register MarinEARS for continuous noise and include wind farms froGetinean

EEZ of the Northand Baltic Sea. Comparable to the noise register impulse noise in MarinEARS,
all so calledcontinuous noise measurements were recordedcuality evaluated in a stand-
ardized form andvell documented. Thus, the database for continuous noise contains not only
the raw data and processed measurement datasets, but also essential accompanying infor-
mation for operational and background noise, such as wind conditions, OWTG type including
performage data, measurement reports, efeollowing the precautionary principkxtensive
measurementwere orderedluring the Preconstructionconstructionand operationaphase

in the approval procedussn Germanylin that way one of the largestdatabass for opera-
tional- and background noise worldwith@as been established’he BSH, in cooperation with
acousticians fromMullerBBM Gmbkind itap GmbHdeveloped the "Measurement Guidelines
for Underwater Noise Measurements" (BSH, 2011), which contains specifications for this type
of continuous noise measurement and its subsequent evaluation according to the state of
knowledge at that time. The main fas of the measurement specification was and is on the
recording of the noise input of OWTGs in operation and not on the recording of the operational

service traffic.

The standardized data sets in MarinEARS for backgrcamdl operational noise make the
measurement data and their accompanying documents manageable for gpoogss analy-
sis. Based on this database, the goal of this RRidject is to conduct a crosproect analysis
to identify the site- and operatiorrelated influence parameters of the noise input into the

water by operating wind turbines; see chaptd and6.2.

Vessel noise, which can be attributed to the operation of the wind fa@W¥Helatedservice
traffic) and is therefore actually part of the operational noise of a wind farm, has hardly been
investigated nationally or internationally so far. Only in the years from 2019 onwards, isolated
measurements of operational shipping traffic have bearried out in and around wind farms

in Germarwaters A further question of this research project ikereforewhether and which
influencecan be attributed tothe additional service traffic obffshorewind farms. With the
available, empirical measurement data and analyses of already completed operational noise

measurements, a first estimation of the operational vessel noise is presented; see cBapter
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The recording of the background noise prior to the construction of the wind farm is also
mandatory, since operational noise must be considered in the context of permanent back-
ground noisein order to analyze and evaluate the cumulative effects of all permanent noise
inputs into the water;seechapter6.3 and 7.2. In the two funded research projects BIAfr

the Baltic Sea and JOMOPAIF® the North Sea, largscale underwater noise measurements

of the permanently present background noise were recorded from the years 2014. Basically,
it turned out, that the permanent background noise is significantly dependent on the type
and number ofvessels and vessel speed; the larger, faster and the more vessels (vessel den-
sity) are in operation, the greater the noise input into the water. But abiotic noise inputs,
such as wind and waves, can also influence the background noise, at least in cedquency
ranges. Noise maps from the two research projects show a high correlation between the meas-
ured underwater noise and the existing vessel routes (traffic separation ar@&A) in the

North and Baltic Sea.

The measuredoise from offshore wind turbines is also compared in this report with the
hearingability of harbourporpoises, which in Germany are considerediktegspecies for the
ecologicalimpactassessment of noise inputs into the water. With this, a further contribution
to the more extensiveimpactassessment of the possible disturbance and avoidance effects
of operational noise shall be provided; chap#®B. Finally, chaptei7.4 discusses the possible,

cumulative effects of operational noise.

5 Baltic Sea Information on the Acoustic Soundscaf@BIAS:EU life plus projecthttps:/biasproject.word-
press.com/

& Joint Monitoring Program for Ambient Noise North 830MOPANEU intereg projecthttps://northseare-
gion.eu/jomopans/
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3. Underwater noise: metrics and definitions

Basically,naturalnoise inputs into the water can bdue to abiotic sources, such as wind and
waves,but also biotic sources, such as animal sounds for echolocation or communication
among themselves. Besides these natural sounds, there are anthropogenic sound sources,
such as ship traffic, or construction activities, such as pdeving and operational activities

to be consideredThe Marine Strategy Framework Directive (2008) divides all noise inputs
(descriptor 11: energy input into the water / underwater noise) into impulsive noise input
and continuous noisenput. Operating noise from wind turbines and background noise are
classified as continuous noise. In the following, the most important, acoustic parameters for
continuous noise are briefly described. The terminology used in this report for underwater
noise isbased on ISO 18405 (2017) as well as the measurement specifidatiainderwater
noise (BSH, 2011).

3.1 Sound pressure andound Pressure LevgISPL)

Sound in general consists of pressure fluctuations in a medium, such as water or air. Typically,
sound is described by two physical quantities, teeund pressur@ (in PascalPa, which
characterizes the pressure variation, and fheticle velocity v (in mm/s), which characterizes

the speed at which the medium is deflected. Thearticle velocity should not be confused
with the sound velocityCuaer 1. €. the speed of propagation of sound in a medium, which in
the case of water is usually in the range aof&: = 1.480m/s. Theparticlevelocityvis signif-

icantly lower than the soundrelocity c.

Sound pressur@ and particle velocityy are related in the acoustic characteristic impedance
@ (in Ns/m? resp. kg/nts; outdated: Rayl)which characterizes the wave impedance of the

medium, in the following way:

W - A Equationl
with
Mm©density of the mediungin kg/m?),

w©sound velocity(in m/s).

Sound can basically be understood as a rapid fluctuation of the ambienstatic pressure;

Figurel. The physical quantityound pressutus adds to the constant ambient pressure.
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Figurel: Schematic representation of sound pressure and static water pressure siamgie
of a single tone with a frequency of 1B. The static pressure of 2&Pa in this ex-
ample corresponds to a water depth of abounl10
Definition

As in other areas of the communication engineering, when the values to be represented span
a wide range of values, sound is not characterized by the physically measurable sound pres-
sure, but by the sound level or more precis@gund Pressure Lev&leasuring instruments
resp. sensors for underwater noise (hydrophones) initially provide linear values of the sound
pressure, but not alogarithmic level (in dB). This must therefore be converted into the desired

level quantity. Generally, this is doneith

L" = 10 logio(<p2>/po?) (Equation?)
with
<p?> - squared and timaveraged sound pressys€in Pa),

po - internationally standardized reference sound pressupda(1SO18405,2017).

7 Sound Pressure Level = SPL in the ISO 18405 (201&gimanynostly L will be used.



Experience report on operational noise: R@ject OWF Noise pagel9of 101 »i»tawp
The averaging time, which does not explicitly occur in Equation 2, can be freely selected
according to the task. In this investigation, it is 5, which corresponds to the BSH measure-
ment regulation (BSH, 2011), section 6. The leteln Equation 1 can also be written as

"energyequivalent continuous sound levelglas follows:

0 CTEOE Q—— (EquatiorB)
with
p(t) ©pressure varying over timgn Pa),
T - averaging timg(in s); in this study5 s.

The resulp is the sound pressure in Pa (mostly the average sound pressure, since the level L

is practically always an average level).

Statistics - Exceedance level

Statistical representations can be formed on the basis of 8®ind Pressure Leyaleraged
over time intervals of Sseconds. These are occasionally also incorrectly referred to as "per-
centile levels" (e.g. in DIN1320,2009). When analyzing operational sound, thg, Ls, and

Loo are preferably used as meaningful quantities.

The I, for example, is exceeded in 90% of the measurement time and thus by 90% of the
measured values and acts as a measure for quiet periods resp. mostly characterizes the per-
manent background noise level. Thgis mostly influenced by noise from distant vessels and
wind- and wave noise, but also includes the OWTG operating noise rfexgboringwind

farms, if present.

The lis is exceeded by 5% of all measured values of the analysis period and serves as a measure
for the "loudest” levels of the averaging periods. It is statistically more robust than the
absolute maximum value, which can attain a very high value due to a siogle disturbance

or noise input. However, with strong winds, thgslcan also be disturbingly affected by am-

bient noise, e.g. single wave action or chain clanking of the measuring device anchorage.

The ko, also known as the median, is a mean valimat is robust against outliers in both

directions and is suitable as a data basis for qualitative statements in comparisons.
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For the evaluation of stationary plant noise, it is therefore necessary to take a close look at
Los, Lso @and Lgo instead of the Ly averaged over the entire measurement period. In the follow-

ing, the Lso is also used for the identification of possible influencing parameters on operating
noise.

The calculation of the statistical level quantitiess,-Lso and Ly is based on 4 ss(Equation3),

i. e. the equivalent continuous sound level determined isé&condsteps.

ExampleAssumed, that within a wind class, a total of 3,000 evalualded®ndntervals were
recorded, ie. about 4.2hours. These 3,000 discrete values of the &re sorted by
size in ascending order. Theg ik now the level value no. 1,500, the; is the level
no. 2,850 and the & is the level no300.

Frequency spectra

Levels can be specified both broadbandei.in the form of a single number for the entire
frequency range under consideration,g.from 10Hz to 20,000Hz, and for individual fre-
guency bands; seéigure2. In the standardized 1/3octavespectrum (also called third octave
band spectrum), the frequency resolution is always three values per frequency doubling resp.
octave;Figure2 (left). For the narrowbandpectrum Figure2, right), the frequency resolu-

tion and other parameters, such as windowing and time averaging, can be freely selected
according to the analysis.
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3.2 Typical sound sources in the sea

Generally, sound sources in the sea, that affect the underwater acoustic environment, are
divided into two categories natural (biotic or abiotic) and anthropogenic (mamade) sound

sources.

Natural sound sources in the sea are primarily weatietatedeffects These can generally be
caused by wind, waves, rainfall and storms/bad weather. Depending on the strength and type
of weathereffects the characteristic frequency rangwill vary. Additionally, sounds from
marine life, as well as seismically evoked sounds, are also considered natural sound sources.

In the following, some known sound sources are summarized:

Wind and waves Windinduced underwater noise has a very flat maximum in the spectrum

at 500 Hz and is detectable up to above MHz. The sound level increases by abowtSfor

each doubling of the wind speed in the range In%'s to 20 m/s (Carey & Evans, 2011)

Rainfall: Rain, hail and also snow cause noise in the range of several kHz up to sevekid4.0

Small raindrops aroundrhm produce a pronounced maximum at 13 tokH(Bjgrng, 1994)

Other abiotic sound sources Other abiotic sounds are thunderstorms, ice movements and

seismic sounds. Massive rainfall, such as hail or heavy rain, usually produces relatively high
frequency noise input into the water and @ominating the broadband Sound Pressure Level

depending on the water depth.

Biotic sounds Animals can also transmit sound into the water for echolocation, hunting or

communication; among others, the click sounds of tkey speciesharbourporpoise in the
North- and Baltic Sea. These are in the frequency range aroundkHz) at such high fre-
guencies, the absorption of the water is quite strong, which is why the clicks only have a

range of up to one kilometefClauseret al., 2010).

Technical note Basically, the operational noise measurements in the period from March
to October showed, that neither heavy rain, hail, nor natural sounds of
harboumporpoises were lexdttermining factors in the operational noise

measurements in and around wind farms.
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3.3 Anthropogeric underwater noise input from the operation of off-
shorewind farms

Basically, noise emissions resulting from the operation of a wind farm can be classified into

operational vessel noise (service traffic) and noise emissions from operating offshore wind

turbines (OWTGdBoth noise inputs are briefly described in the following.

3.3.1 Noise emissions from offshore wind turbines

Noise inputs into the watethat can be observed during the operation of an offshore wind
turbine, largely originate from rotating machine parts, such as the rotor blade, the gearbox
and the generator. These cause structural vibrations of the gondola and the tower and prop-

agate to kelow the waterline, where they are radiated as underwater n¢isgure3).

Generator,

Gear box \

uoneliqIA [einjonig

<

Air

Figures: Schematic representation of the inpunedichine noise into the water.

If, for example, 100cogsper second come into mechanical contact in a gear stage, a sound
with a basicfrequency of 10(Hz is to be expected, possibly alsoteger multiples of the

basicfrequencycallednaturalharmonicsThe frequencies of this narretaand noise produced
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by the system (rotodrive systemnatural frequency are predominantly well below 1,008z

(e. g. Betkeand Matuschek 2012, Betke 2014).the frequency spectrum, th noise appeas

as narrowband level peaks. Figure4, the noise inputs of operating wind turbines with
nominaloutputs between 1.5 and MW are summarized as narrowband spectra from published
measurements (Betke and Matuschek, 2012). Such typical narrowband spectra can also be

found in other recent publications (eg., Tougaard et al., 2020; Stéber and Thompsd2D).
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Figured: Underwater noise from three different OWTGs, each at a distance of albouQWWT1:
5 MW turbine installed on a tripéalundation, OWT2 and OWT3 eagV\2turbingin-
stalled on monopiles with different diameters (Betke and Matuschek, 2012).

For gearlesturbines in which the rotor directly drives the generator (direct drive), the mech-
anism of noise generation described in the previous section does not apply. The generator is
usuallydrivenby permanent magnets. The number of slots of the generator in relation to the
rotor speed determines itsatural frequencyand natural harmonics respectivel.basic fre-
qguency of 20 to 5Hz is often assumed, depending on the type of direct drive and the number
of permanent magnets. Thus, noticeable tonal noise components have also been detected in

such wind turbines in some cases.
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Aerodynamic noise from the rotor blades, which dominates the airborne noise of wind turbines
in the immediate vicinity, does not play any role in underwater noise, since the airborne
noise practically does nagnterthe water due to the significantly different noise impedances

of air and water. Moreover, vibrations from the rotor blades are generally not transmitted via

the generators, so that this type of noise input into the water is also not significant.

3.3.2 Noise emissions due to shipping traffic

The noise input from vessels depends on the size resp. length of the vessels, the sailing speed
and the propulsion method. In the MSFD and in the recommendations of HELCOM and OSPAR,
the 1/3-octavebands around 63 and 129z are indicators for conventional vessel noise of
larger vessel units. This could also be clearly demonstrated in part by nesaeuts within

the projects BIASBIAS, 2016)and JOMOPANS and by several other-terrg measurements

(NRC, 2003)

In the case of the usually smalilessels resp. boats, which are often used for recreational
activities, the spectrum of noise radiation is mostly much higliszquency and has a maxi-
mum in the range of 1 to 1&Hz(Kipple & Gabriele, 2003)-or other types of drive, such as

the electric drive on some of the ferries of the Fehmarn Belt crossing, there are sometimes

maxima in the spectrum between 400 and 389 (jtap GmbK own measurements).

It should be noted at this point, that an environmentally compatible conversion is also grad-
ually making its way into shipbuilding. This smlled Blue Technology is currently increasingly
relying on liquid natural gas (LNG) drive. It is not yet possible éstimate the influence of
these new types of drive, some of which are supported by turbines, on the spectral distribution

and level of noise emissions into the water.

3.4 Hearingability of harbour porpoises

The (resting) hearing threshold is the most important audiological parameter for assessing
the hearing ability of animals. It indicates the noise level, that a tone of a certain frequency
(single tone resp. sinusoidal signal; sometimes a sinus sweep isuged) must have, in order

to be perceived by the animgFigure5). As in humans, the hearing thresholaf animalsis

also strongly frequencydependent, eg. Zwicker and Fastl (1999). Moreover, there aig-
nificant differencesamong individualsin about half of the individuals, the hearing threshold

lies within a range of #5 dB around the median value. At the edges of the hearing range,
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i. e. at particularly low and high frequencies, the dispersion is greater, as expected. (e.
Betke, 1991). These frequency dependencies iaddszidual capabilitiesare also known for
land mammals and birds (Hefner & Hefner, 1992; Beason, 2004).

The narrow maxima (tonal components of the retiive-systemeigenfrequency in the un-
derwater noise spectrum caused by the OWTGSgure4 can be compared directly with
measured hearing thresholds; the comparabilitfagored by the fact, that the critical band-
width, which is important in the auditory system for loudness perception, has roughly the
same width as the measured H&tavebands in many cetacean specissich as the harbour

porpoise (Au and Hastings, 2008).

Forfrequency range below 508z, however, there are only few reliablabsolute) hearing
threshold data from different harbour porpoise individualus little is known about the
significance of variabilityamong individualsi. e. the differences in auditory perception be-
tween different animals of the same species. As in other animals (and in humans), another
difficulty in the assessment jsthat the mere audibility of a sound (= level is above the
hearing threshold) does not necessarily mean a disturbancavoidance effect (eg. Zwicker

and Fastl, 1999).

Generally, the hearing range in harbour porpoises extends from approximatelii2 25
140kHz (Kastelein et al., 2015). The range of "good" hearings determinedetween 13

and 140kHz and is defined with a level increase of up to dB above the lowest hearing
threshold at 125kHz. Clicking sounds emitted by harbour porpoises for echolocation and used

for orientation resp. hunting are in the range 100 to 14Hz.
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4. Measurement requirements and implementation

The requirements for the measurement systems and the measurement procedure are summa-
rizedin the "Standard: Investigation of the effects of offshore wind turbines on the marine
environment (StUK4)" (BSH, 2013) and the measurement regulation for underwater noise
measurements (BSH, 2011) and have been ordered in German wind farms in the regulatio

and implementation process since 2011.

4.1 Current implementation practice for the performance of operational
noise measurements in offshore wind farms
As part of the monitoring of the operational phase, underwater noise must be investigated in
a standardized manner in and around offshore wind farms in accordance with the measure-

mentguideline for underwatenoiseof offshore wind farmgBSH, 2011).

The aim of the investigation of underwater noise in the operational phase of the offshore
wind farms is to assess the potential impact on the marine environment, in particular on the
keyspecies harbour porpoise. The assessrakall be carried out for individual offshore wind
farms and at the same time create the basis for assessing cumulative effects of underwater
noise in the operational phase across all projects. This also requires a comparison with the
noisesituation before the construction of the wihfarm (so calledbackgroundoisesitua-

tion).

Based on the ongoing experience gained, additional requirements for operational noise meas-
urements have emerged, that are appliedtive approvalpractice in the form of specifica-

tions. These are summaed below:

In the case of offshore wind farms located in close proximity to each other, the investigations
of operational noise shall preferably be carried out in a uniform, temporal and spatial design

and shall be coordinatedh time with the BSH

Spatially, the measurements of underwater noise will be combined, as far as possible, with
the acoustic recording of the harbour porpoise. Considering the respective habitat use of the
area by harbour porpoises, the period of the-sieek surveys is selad, in order to be able

to assess possible impacts in connection with the biological surveys. In the immediate vicinity



Experience report on operational noise: R@ject OWF Noise page28of 101 " |Iawp

of nature conservation areas, the effects of underwater noise on this sensitive area must also

be ensured with a suitable survey concept.

On top of the requirements from the BSH measurengeiideline for underwater nois@011)
mentioned in chapte#d.2, increasing attention is being paid to ensuring, that, besides the
noise input from the turbines, the noise input from OWéfated service traffic is also rec-

orded, at least in outline, by means of a suitable survey concept.

Monitoring concept

A measurementand evaluation concept agreed with the authorities must be submitbyd
the offshore wind farm operator and the measuring institute before the measurements are

carried out.Thereby, he following aspects must beonsidered

® Descriptionof the number, marking and location of the measurement positions in

and around the investigation area.

® If possible, the duration of the measurements should not be less than six weeks, in

order to record different wind classes and operating conditions of the turbines.

® The measurements shall preferably be carried out in the months with the highest

porpoise appearance in the area of the investigation site.
® The data recording must be carried out bindingizcompresseth WAV format.

® The measurement devices shall be calibrated in advance and corresponding evi-
dence shall be submitted to the BSH.

® Qualified personnel shall be used for the deployment and recovery of the equip-

ment/devices.

® The offshore wind turbines must run in normal operation during the operational
noise measurements; no noig@ensive maintenanceor repair work is carried out

in the wind farm.

1 For a comparison of the noise situation before and during the operation of an off-
shore wind farm, background noise measurements must also be carried out at com-
parable measuring positiorgreferablyshortly before the start of construction of

the foundation installations.
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Evaluation and reporting

® The data must be evaluated for the entire measurement period. The following as-

pects mustbe considered in the evaluation.

® Information about all OWFelated vessel movements via Atfata recording in and

around the wind farms.

® Weather data (wind speed at hub height) from the monitoring of the nearest wind

turbines.

® Electrical power of the nearesurbines for the entire measurement period; the

temporal resolution shall not be less than 10 min.

® Characteristic (operating conditions must be defined and presented in the report

(wind classes, power of the turbines, thsice of the measuring station).

® If possible, a comparison of the noise situation from the backgrouadd opera-

tional noise measurements should be carried out.

® Sixmonths after completion of the measurements, the final report shall be submit-

ted to the responsible authority.

Data transmission

® The raw data from all measuring stations for the entire measurement period shall
be submitted to the approvaland monitoring authority BSH no later than six

months after completion of the measurements.

® The processed datadlss statistics, frequency analysis) for all measuring stations
and for the entire period shall also be uploaded to the national noise register

MarinEARS no later than six months after completion of the measurements.

Blocking of the raw data from underwater noise measurements

All underwater noise measurement data in Germany are generally subject to approval and must
be classified as sensitive information worth protectitigat is not intended for the public.

The passing on of the raw data to third parties is strictly prohibited.
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The following precautions also apply:

® During military exercises and manoeuvres, underwater noise measurements shall
not be carried out outside the safety zone. The spatial and temporal limitation is

the responsibility of the navy command.

® The raw data shall be handed over to the BSH for archiving immediately after eval-

uation.

® The operator of the offshore wind farm and the commissioned measuring facility
shall store exclusively processed, reduced data (processed data sets) for their own
purposes. The processing of the data shall be coordinated with the BSH and shall

ensure, thatvessel signatures are no longer identifiable.

® Online transmission of the raw data and data transfer via the internet must be

avoided.

® Any further use of the data must be agreed in advance with the BSH.

4.2 (Noise measurement) data to be recorded according to the BSH
measurementregulation

The underwater noiseneasurement shall randomly be collected from individual wind turbines

in the area of the wind farm, whereby the measurements shall be carried out at a distance of

approx. 100m fromone preselectedturbine and in the centre of the wind farm. Thereby,

turbines in the periphery of a wind farm should be selected, which are preloaded by as few

other disturbing noise inputs as possible, . other turbines or high vessel traffic densities,

in order to beable to measure only the noise enmetd by this turbine into the water. Thus,

these selectedurbinesshould not be located neag.g. the substation, a converter platform

or a traffic separation area (TSA). In addition, the operators must ensure, that tilvisine

and the immediatelyneighbouringturbines are in normal operation during the underwater

noisemeasurements, ., that no maintenance work or repairs are being carried out.

Additionally, measurements shall be carried out at a distance &friLto the wind farm and

in the nearestNATURA 2000 / special areaafnservation(SAC) provided that this is not
further than 5km from the wind farm (BSH, 2011). If there are f®ACnh the vicinity, a
representative noise measurement position at a distance of apprdon $rom the respective
wind farm shall be carried out as an alternative. All measurement positions must be coordi-

nated with the BSH, in order to &g. not affect the safety ofnavigation. When selecting the
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measuring positions, other practical aspects must also be considered; for example, measuring
positions in the immediate vicinity resp. in the safety zone of pipelines, cables, substations,
uncleared ammunition areas, known wrecks, etc. must be avoidesialdu applies to cabling

within wind farms.

All measurements shall be recorded in a losslesEompressediprmat (wave, 24bit) with

a sampling rate of at least 44.kHz (BSH, 2011). This also corresponds to the standard format

of the 1ISO18406(2017) for underwater noise measurements of impulsive noise such as pile
driving. A lossless recording format with 46t has also proven itself for continuous noise
measurements in the projects JOMOPANS and BIAS. The use of compressed data formats

should be excluded as far as possible, as this usually &ntaiality losses.

First, the L ssiS determined, i.e. the (energy) equivalent continuousSound Pressure Level
with an averaging time of Seconds and frequenagsolved in 1/3octavebands. From this,

the Losso Or Legss With an averaging time of Seconds (which is exceeded in 5, 50 or 90% of
the total 5 secondntervals) are calculated for each selected wind class. Moreover, the energy
equivalent continuous noise level is calculated over the entire measurement period of an
operating mode. Representative equivalent continuous noise levgls dhall also be pre-

sented frequencyesolved in at least 1/3octavebands.

Narrowband spectra with a resolution of 1 tdH can also be created for certain time periods.
However, it must be ensured, that no vessel signatures are recognizable from such high
resolution representations (especially from military vessels). It shal&b be noted that the
height of the maxima in narrowband spectra depends on several parameters, such as the
spectral resolution, the averaging time, etc., so that level values can only be inaccurately

taken from these spectra.

Technical note Time intervals, that are obviously influenced by disturbing noises, such
as heavy rain or vessels passing by the respective measuring positions at
a distance of approx. Bm or less, should be excluded from the above

mentioned evaluation, if possible.
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4.3 Operating data of the offshore wind turbines

The expectation is that the noise radiation of a wind turbine depends on its operating con-
dition; the generatedSoundPressurelLevel should generally increase as expected with the
wind speed or the power output. The wind data from the gondola anemometers and the power
data of the OWTGs were provided by the respective wind farm operators in the formtof 10
15-minute-averages foall available operatinginderwatenoise measurements. For each wind
farm, two sets of data were requested from the operatorsg éor pre-selected OWTGs, in
whose immediate vicinity a measurement position (If0distance) was located, and the
other from the measurement position "centrally in the wind farm"ei.from one of the di-

rectly neighbouringOWTGs.

To illustrate the wind conditions, Figure 6 exemplarily shows measured values from two se-
lected OWTGs in the North Sea for a period of six wdagsire7 shows examples of typical
wind- and power values of two different OWilyes as a function of the measured wind
speed. The turbines usually run at wind speeds of 3 tm/4 and normally supply electrical
energy from this wind speed. Th@minal power is usually reached at wind speeds of 11 to
12 m/s. The height of the turbine has only minor effect on the wind speedt sea. Due to

the logarithmic wind profile (Gasch, 1993), the wind increases by less than 0.5% with an
increase in height from 80 to 12éh. Fgure 6 and Figure7 are based on 1@ninute-values

over a period of Bveeks (approx. 6,000 values per OWTG).

According to the BSH measuremeguideline (BSH, 2011)three power ranges, operating
modes resp. wind classes must be recorded: "low", "medium” and "high". For each of the
three wind classes, the evaluable measurement time should be at least three hours. The wind
classes are not specified detail, nor was it possible to specify the form, in which the wind

data must be collected, when the BSH measugnigdelinewas created.

For the operational noise measurementstap GmbHthe following procedure was followed:
First of all, the wind classes were determined on the basis of representatsueh as those

in Figure7. In all the operating noise measurements carried out so far, it turned out, that
the measured OWTGs of different nominal power and different manufacturers for different
turbine types use very similar gradations for the achieved power of their turbinds negard

to wind strength; seelablel.
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Figureo: Measured wind speeds in two wind farms in the nattiern zone 1 of the North Sea
over a measurement period of appfoweeks during operationabise measurements
between March and September.

10 000
LO L OX 1D
8000 r )
I ORI
g
< 6000 |-
=}
g
>
(]
2 4000 F
g Vestas V164-8.4MW
2000 Siemens SWT-7.0-154
0 |
0 5 10 15 20
windspeed at rotor height / m/s
Figurer: Electrical power as a function of the wind speed for two different OWTGs from different

manufacturers with KIW (black, gearless) and 84N (blue, with gearboxjominal
power (Betke and Bellmann, 2022).
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Wind class Wind at hub height | OWT@&ondition, output/power
0to 3,5m/s standstill or almost standstill
medium 7 to 10 m/s 30%to 75%nominal power
from1llm/s over90%nominal power
Tablel: Definitionof the itap Gmbtdf the wind classes for the following evaluation according to

the measurement regulation of tB&H (2011).

Technical note

In order to meet the requirement of at leash8urs of measurement
data per wind measurement position and wind class, measurement du-
rations of 5 to 6weeks were mostly performed. Due to the choice of
location for offshore wind farms, the wind class "low's. OWTGs at
standstill, is usually the most critical wind class. Thus, there are usually
at least 600,000 Secondntervals per measuring position per wind farm

for the evaluation. Moreover, the measurement period from October to
Marchwith the traditional autumnand winter storms turned out not to

be optimal for recording all three wind classes, so that the operational
and background noise measurements were mainly carried out in spring

and summer.

4.4 Measuring devices and anchoring

The requirements on the underwater noise measuring systems are specified in cBagter

the measurementguideline of the BSH (BSH, 2011) and generally comply with the

1ISO18406(2017). Among other things, the hydrophones must be calibrated at least every

24 months. Since 2019tap GmbHhas been calibrating the hydrophones used itself by means

of a standardcompliant calibration process (1IST¥025) Figure8. A standardized calibration

via the manufacturer of the measuring instruments or the hydrophone is also possible. This

testis carried out at a frequency of 258z and with air as test medium. The reference element

is a GRA86AG condenser measuring micropd, which is regularly calibrated by a DAKKS

accredited DKD test centre (currently Norsehippkemper GmbH, 59302 Oeftteomberg).
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Figures: Calibration station for hydrophones. The white cuboid at the bottom left encloses the
test volume, in which different test sound pressures can be generated with a loudspeaker
(in the cylindrical top unit); a value around 1%Bre 1 pPa is used for operating noise
measurements. The actual sound pressure in the test volume is determined with the
reference microphone (right picture). Together with the output voltage of the hydro-
phone, it calibration factor is calculated from this.

The moorings should not generate any disturbing inherent noise, such as chain raftleig

noise) Furthermore, the moorings must not affect the safety and effortlessness of navigation
for shipsas defined by the Maritime Facilities Act (SeeAnlV) (BSH, 2017). Each mooring must
have a surface marking, the integrity of which must be determined at least evegay4 by

means of a visual inspection.

Figure9 shows a sketch of the standard measuring arrangement with two surface markers, a
spar buoy with flashing light (on the left) and a yellow marker ball about ri0away. The
marking with a spar at least & long is part of the BSH requirements for measupagnts in

the EEZ (BSH, 2017).

Figurel0 shows the components for sound recording. The hydrophone of g/pe Briel &
Kjeer 8106 is held by a net float at about above the seabed. The steel tube lying on the
seabedcontains the recording electronics, dry batteries for power supply and a timer control.
This is programmed to record sound everga2irs for a duration of 1Gninutes. This inter-
mittent recording procedure provides sufficient data for an observation period of several

weeks as defined by the BSH measurement regulations (at lelsti® per wind class).

During the last few years, in agreement with the BSH, continuous data recording has often
been used instead, as measurement technology including data storage has steadily improved

in recent years.
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Figure9: Sketch of the measuring arrangement used as standard.

FigurelO: Underwater noise measurement device of the itap GmbH; at the very back, the hydro-
phone with floatation body.
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Since 2022, measuring devices of the type Sound®&dpfrom the companyceans Instru-
mentshave also been used on a trial basis. These measuring devices have the advantage of a
very long runtime of several months in uncompresseebitGile format. The disadvantage of
these measuring devices are the limiting dynamic range and the rigid cormedietween
hydrophone and measuring device housing for the power supply and the data recording. How-
ever, these measuring systems were also applied for continuous measurements of the back-
ground noise level in the JOMOPANS research project and thus offsibiposs for

comparison with existing measurement data.

| Markerbuoy, 6m length Markerball

\ ; N

22mm Danline, approx. 50m

I 18mm Herkules, approx. 50m -
kS

-

Float Bkg

Hydrophone

14mm Herkules, device

groundlineextension
H approx. 30m
\

Measurementdevice
with 14mm Herkules, approx. 30m

nchor stone, mm Herkules, groundline, mall anchor
Anchor stone,600kg | 14 Ha mrclixﬁ%m dl \
Figurell: Schematic representation of the anchoring concept with additional measuring device

(e. g. Wildlife Acoustics SM2M or SoundTrap, yellow tube on the far right).

A third, very similar configuration resulted from the fact, that at some wind farms and meas-
uring positions, the noise measuring devices and the porpoise detectors (PODs) of the par-
ticipating, biological survey offices shared a common anchorage. The P®Rtiaahed to

the anchor rope of the marker ball and did not interfere with the noise measurement.

All measuring devices and moorings applied comply with the requirements of the measuring

regulation for underwater noise (BSH, 2011).
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4.5 Acoustic evaluation

For the evaluation of the recordings according to the criteria mentioned in chagt&; soft-
ware developed byap GmbHvas used (IONIS, version 0.6.5), a variant of which is also used
for the evaluation of impulsive noise inputs according to 138406(2017), e.g. offshore
construction noise, imact piling noise or detonation noiseuring UXO clearance activities
For the statistical quantities, in addition to theSound Pressure Lewugt, the Lso and Ly were
calculated in accordance with the measuremguidelinefor underwater noiseneasurements

(BSH, 2011), both broadband and frequetegolved in 1/3octavebands.

This evaluation software was also compared resp. evaluated by comparisons with the assess-
ments of the software for continuous noise measurements developed within the BIAS research

project.

4.6 Performance of the measurements

In the case of geographicallyeighbouringwind farms, the operational noise measurements
were usually carried out for all two or three wind farms of the "cluster" at the same time. This
procedure reduces the organizational effort and lowers the costs for the deployment and the
recovery of the mesuring instruments. In individual cases, one or two measuring stations

could be saved byeighbouringwind farms sharing the-km or 5km measuring position.

The main advantage, however, is, that the background noise level, which is approximately
given by the level in the wind clas3ow" (all OWTGs off), can directly be compared for several
wind farms. This makes it possible, for example, to narrow down, whether an unusually high
background level represents a local anomaly, caused [y service vessels in the wind farm

or is detemined by the constantly present noise from distant shipping traffic.

Another advantage of a cluster measurement is, that the operating conditiongighbouring
wind farms are also documented, so thatge.unusual, acoustic situations in wind farm A,
such as repairs at existing OWTGs, can be excluded, when evaluating the operating noise in

wind farm B.
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5. Offshore wind farms included in analyses

Table2 lists the combinations of installed wind turbines and foundation structures from off-
shore wind farms in the German EEZ, for which the underwater operating noise has been
measured so far according to the BSH specificatidreyle3 summarizes some projeand

site-specific parametergOverall, the data set for this study includes
1 27 operational noise measurements carried out in 24 wind farms,
1 16 different OWT@pes from seven different manufacturers,
1 nominalpowef capacitybetween 2.3 and 8.0MW,
1 founded on five different foundation structures,
1 water depths between 15 and 41,
1 in at least three measuring positions per wind farm and
71 inthree defined operating states of the plants.

Figurel3 shows examples of thieundations or foundation structures mentioned in Table 2.
The 'suction bucket jacket" used in two wind farms is not shown. It is al8gged jacket
structurethat was fixed to the seabed with "suction buckets" instead of piless@hematic
representation of a gction bucket can be found in the literature (Koschinski & Lidemann,

2019). The difference is not readily apparent above the waterline.

The OWF NOISE project does not include:
1 The newer wind farms or those still under construction with erection dates from 2022.

1 Only one of the two wind farms within the 18auticalmileszone of the German North
Sea has been included, since water depths of significantly less tham b@cur in one

of these wind farms.

1 OWralpha ventusAt the first German offshore wind farm, operational noise measure-
ments were carried out in 2011 as part of the RAVE (Research at Alpha Ventus) research
network (Betke and Matuschek, 2012). Experiences from this investigation have been

incorporated into theBSH measurement guideline (BSH, 2011).
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In the BSH North Sesite developmentplan (BSH,2020), the EEZ was divided into 5 zones,

within which areas for the potential use of offshore wind were defined. Due to the small areas

for the use of offshore wind in the German EEZ of the Baltic Sea, no zones, but only areas

were defined. The areas ararked with anf\+ for the North Sea and afOt for the Baltic

Sea; in addition, the areas are numbered consecutivElgurel2. In the following evalua-

tions, the respective zones, in which certain measurement data were collected for a defined

wind farm, are named.

Designated areas

Future areas in evaluation
pes Border corridor

Zones of O-NEP
Zone 1
Zone 2
Zone 3
Zone 4
Zone 5

Borders

—-— 6 mile zone

— AWZ

OWP estimated in operation 2025

/ Vithekrataven

Figurel2:

Determination of zones and areas for the use of offshore wind of the German EEZ of the
North Sea (sourcsite developmenplan of the BSH 2020).
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No. Foundation Locag(:,r\l,:gf the OWTGype WD [m] Nom;nMaUv;])ower Gearbox|

1 Monopile North Seazone 1 O | Siemens SW3.6-120 21 3.6 yes
2 Monopile Baltic Sea Siemens SWA.0-154 27 6 no
3 Tripile North Seaane 2 NW| Bard 5.0 39 5 yes

4 Monopile North Sea zoné NW 25
Siemens SWA.0-120 4 yes

5 SB Jacket 25

6 Monopile North Sea zoné& NW 28
Vestasv-164-8.0 8 yes

7 SB Jacket 28
8 Monopile North Sea zon& NO | Siemens SW3.6-120 18 3.6 yes
9 Monopile North Sea zon@ NO | Siemens SW3.6-120 30 3.6 yes
10 Monopile North Sea zon@ NW| MH}Vestas V168.4 38 8.4 yes
11 Monopile Baltic Sea Siemens SWZ.3-93 17 2.3 yes
12 Jacket Baltic Sea Siemens SW3.6-120 35 3.6 yes
13 Monopile North Sea zon@ NW| Siemens SWT 7154 40 7 no
14 Monopile North Sea zon@ NW | Siemens SWT 7154 39 7 no
15 Tripod North Sea zon@ NW| ArevaMultibrid M5000 39 5 yes
16 Monopile North Sea zon& NW| Siemens S\W&.0-154 30 6 no
17 Monopile North Sea zon& NW| Siemens SWE.0-154 33 6 no
18 Monopile North Sea zoné O | Siemens SW3.6-120 25 3.6 yes
19 Monopile North Sea zoné NW GEHaliade 1566 28 6 no
20 Monopile North Sea zoné NW Senvion 6.2M126 28 6.2 yes
21 Jacket North Sea zoné O Senvion 6.2M126 24 6.2 yes
22 Monopile North Sea zoné SW| Siemens SW3.6-120 20 3.6 yes
23 Monopile North Sea zon2 SO | SiemensSW74.0-130 27 4 no
24 Tripod North Sea zoné NW Adwen AD 816 28 5 yes
25 Monopile Senvion 6.3M126 28 6.3 yes
26 Monopile North Sea zong W | Siemens SWA.0-154 39 6 no
27 Jacket Baltic Sea Adwen AD 835 37 5.1 yes

Table2:

T

itap

Combinationsf wind energy turbinesral foundation structures fro@V¥s in the Ger-

man EE of the Noth- and Baltic Seaat which operational noise measurements were
carried out. For the North Sea, the zones and the location of the wind farms in the zones
from the FEP 2020 are also shown. Abbreviations used: SB = suction ckeat&y

depth, NOnorth, S©south, E©east, WoOwest.
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Paramete(s) Range or value OTUOT,\?FeGrS Comments
2.1 ©4 MW 10
nominal power 4.1 ©6 MW 9
6.1 ©8 MW
Monopile 19
foundation Jacket 5 Also include2 suction bucketjackets
Tripod 3 gelreé_e] htri-' eloa@®fL jbrki >]
yes 20
Gearbox Of these, six are from the manufacturer Siems
no 7 and one fromGEWind; other gearless OWTGs
not yet represented in the German EEZ.
>15t0 20 m 3
Water depth 21t0o30m 15
31to40m 9
Table3: Summary of some sitand projecspecific parameters of the surveyed plants.

Figurel3: Foundations 0OWGsFrom left Monopile, Jacke#-leggedTripod, Trpile (photo
far right Martina Nolte, CC £9A 3.0 deall others itap Gmb
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6. Results

In a first step, the resultsof the measurement position at a distance of approx. IfiGrom

the respective,pre-selected wind turbine are presented; chapt@rl. Thereby, both, the
broadband (chapte8.1.1) and the spectral characteristics (chaptérl.2) are presented. One

of the main objectives of this research project was to determine, whetherSbend Pressure
Levelgenerated or radiated by the wind turbines underwater correlate with certain character-
istics of the turbines or the site. From a physical point of view, above all, the electrical
(nominal) power and the type of drive (gearbox or direct drive or gearless)to be men-
tioned here. Moreover, the influence of the foundation design and the water depth were
investigated; see chapted. Site-specific influencing parameters were also investigated; see
chapter6.1.4.

The evaluation of the measurement data at the other measurement positions inside and out-
side the wind farms has turned out to beuch morecomplicated since there is often a

mixing with the permanently present background noise level; chapter

A comparison between the operation@nd background noise measurements carried out to
evaluate the noise situation before construction and during operation of the wind farm is the
subject of chaptei6.3. Initially, only the noise input from the wind turbines in operation is

considered.

Based on the few, specific measurements from the past three years, noise inputs from opera-

tional shipping traffic (service traffic) have been investigated in chap@er

6.1 Measurements in approx. 100 m distance to wind turbines

The evaluations of all operational noise measurements have shbatrthe identification of

possible influencing parameters on the radiated noise of turbines is possible bysthalue;

this is especially evident in the 1/3ctave spectra. Compared to therkalue, the Lsvalue

shows broadband level increadkat can hardly be assigned to a wind turbine in a technically
plausible way. Presumably, these are caused by close vessel passages or a noise input by wind
and wave impact. The tonal components, which can clearly be attributed to the-irige-
systemeigenfrequency are mostly not fully apparent, when using thestvalue or partly

overlap with the tonal components of other turbines. The-talue would thus overestimate
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the noise input from the turbines. Thedrepresents rather the permanent (background) noise
around theOWTQGNhen using this level value, a significant underestimation of the possible

radiated noise input of a OWT@Gan be assumed.

For these reasons, unless otherwise described, the following evaluations are based e the L
value per wind class, k. the median of all 5s evaluation intervals of this measurement series

over a measurement period of at least five weeks.

6.1.1 Frequerty-independent characteristics

The main measurement results of the noise input from the wind turbines operating at nominal
power (i.e. at wind class "high") at a distance of approx. 160 are summarized ifable4,
presented as broadbandsland 1/3-octave band with the highest levelefgenfrequency of

the rotor-drive-system ) and assk in this "dominant" 1/3-octave band.

Marked are the cases, in which, according to the measuremeiteline(BSH, 2011), it was
necessary to deviate significantly from the distanceed 00 m. The background wesafety
related concernsluring the deploymentand recovery ofneasurement devices the safety
zoneof the OWTG®Due to the known, geometritransmissionloss 15*logq(d/100 m) dB,
theoretically possible corrections for deviations in distance could be made. However, it turned
out, that this rough procedure for level distance corremtibetween 750n and 10km (e.g.
Bellmann et al., 2020), which has been proven from the fké&ving noise range, led to
extremely highSound Pressure Legelt a distance of 100n from the turbines, which must

be classified as partly unrealistic from an acoustic point of vié®ne possible reason could
be the very small distance between the measurement position and the source, which is located
in the acoustienearfield of the radiating source, and thus the acoustic energy resp. power

cannot adequately be measured by sound pressure measurements alone.

This would lead to a significant overestimation, when using the transmission loss for a level
distance correction. Therefore, level corrections were not applied in the following; all levels
shown are thus the§ound Pressure Leyghlues delivered by the hydrophones at the respec-

tive measurement position.

Tableb summarizes the level statistics of the broadband measurement data contairfieztbie
4,
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Tabled:

. Lso 1/3 -octave Highest Deviating
Nominal .
. broadband | bandwith | 1/3-octave- | measurement
No. | Foundation| power, | Gearbox . .
dBre 1 pPa highest level Lso, dB distance,
MW
level, Hz re 1 yPa m

1 | Monopile 3.6 yes 124 160 1237
2 | Monopile 6 no 115 25 108
3 Tripile 5 yes 121(127) 160 121 250
4 | Monopile 128 160 117

4 yes
5 | SBJacket 131 160 121
6 | Monopile 119 80 110

8 yes
7 | SBJacket 123 40 113
8 | Monopile 3.6 yes 115 50 102
9 | Monopile 3.6 yes 118 160 117
10 | Monopile 8.4 yes 120 125 113
11| Monopile 23 yes 123 63 115
12 Jacket 3.6 yes 122 160 120
13 | Monopile 7 no 120 80 116
14 | Monopile 7 no 122(129) 80 120 300
15 Tripod 5 yes 127(131) 80 127 180
16 | Monopile 6 no 117 25 110
17 | Monopile 6 no 117 80 112
18 | Monopile 3.6 yes 122 160 121
19 | Monopile 6 no 120 80 110
20 | Monopile 6.2 yes 118 125 109
21 Jacket 6.2 yes 117 160 115
22 | Monopile 3.6 yes 124 160 124
23| Monopile 4 no 114(120) 160 11 250
24 Tripod 5 yes 122 80 115
25| Monopile 6.3 yes 121 80 110
26 | Monopile 6 no 119(128) 80 109 400
27 Jacket 5.1 yes 112 80 102

Essential measurement results for the measurement positiom"a@@y from a se-

lected OWTG" in the wind class "high" incl. the foundation type and the nominal power
of the OWTG. For some OWTGS, it was necessary to deviate significantly franethe 100
ters see column on the far right. The distaiwoerected values by means of transmission
loss (15*logy(distance)) are shown in parentheses. The numbering corresponds to that
fromTable2.
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broadbandSound Pressure Levels, highest 1/3-odave level Lso
dB re 1pPa dBre 1 pyPa
Maximum 131 126
Average value 120 114
Median 120 114
Minimum 112 102
Table5: Broadbandound Pressure Le{eh, s9 and Sound Pressure Leirethe highestl/3-

odawve band (rotor-drivesystemeigenfrequency, measured at a distance of approx.
]i klan]pejc

100mbnki ]Jhh ialJoqgqna’

from Table4.

KSPCo

In the appendix in chapter®.1 to 9.3, all broacdband measurementatia (Sound Pressure

Levellsg) in approx 100 m distance are compared independently of all other projeand

sitee0 | a _

ebe_ | ] n]l]iapano bkn
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at standstill to belownominalpower, for the level quantitiets, Lso and Lo.
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In Figurel4, the measured broadbarg, svalues fronirable4, together with the names of

the OWS, are shown graphically and in the operating states OWTG at standstill and under

nominal power.
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6.1.2 Spectral characteristics

Figure1l5 summarizes the number and tleggenfrequencyof the rotor drive system (1/3
octave band) of the levetletermining, tonal components of the turbines in operation with
nominalpower (wind class "high") at a measurement distance of approx.m0dhe number

and theeigenfrequencyof the rotor-drive-system (1/3octave band) are shown in Table 4.
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1/3 octave band / Hz
Figurels: Distribution of the spectral maxima and percentage number of wind turbines, for which
a singlel/3-octave bandiominating the broadband Sound Pressure Wwasetietected
(Tabled).

It is shown, that more than 75% of all wind turbines investigated in this study introduce a
single1/3-octave bandetween 80 and 166izwhichdominating the broadband Sound Pres-

sure Leve(Tabled). In two cases, a tonal component is found in the 2& 1/3-octave band.

These two systems are gearless systems of recent construction. However, there were also five
other gearless turbines, that emitted leveleterminingnoise inputs into the water in the
1/3-octave band around 8Biz. Three turbines with gearboxes heigenfrequencies between

40 and 63Hz. Interestingly, in two wind farms in the northivestern zone 1 of the North Sea,
turbines of the same type were installed on a monopile and a suction bucket jacket. In one
wind farm, the turbines of the same type had the samigenfrequencies, in the other wind

farm, the natural frequencywas 80Hz for the monopile and 4®iz for the suction bucket

Jacket foundation. These differences may well result from different angular settings of the
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rotor blades, the number of rotations of the rotor blades and/or the averaged performance

data over several minutes.

Figurel6 shows an example of the 1/8ctave spectrum for a selected turbine with and with-
out gearbox from the same manufactureSiemens SW3.6-120 with gearbox and Siemens
SWiI6.0-154 gearless in operation withnominalpower in the wind class "high" (Matuschek
et al., 2018; Gerlach & Betke, 2021).

The 1/3octave spectra showhat thel60 Hz1/3-octave band(rotor-drive systemnatural
frequency incl. the 1* harmonic for the turbine with gearbox arttle 25 Hz1/3-octave band
for the gearless turbine at theneasurement position approx. 1@ awaywhich dominating
the broadband Sound Pressure Lewdien the wind turbine is operated at nominal power
(full load).

In order to prove whether the increased levels occurring in the {&tavespectrain a 1/3
octave band are stochastic or toh@inusoidal) noises, a narrdvand analysis using FFT (Fast
Fourier Transform) was carried out for the two OWFs as an exampleigesgel6. The nar-
rowband spectra for the wind class "high" (OWTG running below nominal power) and for the

wind class "low" (OWTG standing still or almost still) were compared.

These are sinusoidal components for the turbines in operation below nominal power. As soon
as the turbines are at standstill res@lmost at standstill (wind class "low'Figurel?), these

tonal components are no longer present. Thus, this Hoegquency, tonal component can
clearly be assigned to the wind turbines in operation. These tonal components can also be
calculated by specifying the rotor speed and the gearbox setting respio and the generator

configuration (rotordrive-systemeigenfrequency.
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Figurel6: Exemplary 1/®ctave spectra for turbines of the same manufacturer with gearbox (top;

Siemens SW16-120) and without gearbofbottom; OWEA Siemens SWHL54).
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Figurel7: Exemplary comparison of the narrowdafpectra for a selected wind turbine with

and without gearbox frofigurel6 in the wind class "low" (turbines at standstill) and
wind class "high" (turbines below nominal power).
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6.1.3 Project-specific variables

In a crossproject, multifactorial variance analysis, an attempt was made to identify possible
variableson the radiated, tonal components of the wind turbines in operation. The following

correlations were found:

Foundation structure: Figurel8 shows the L for the different foundation structures. On

average, the values for monopiles tend to be 38IB lower than those of the other (structurally
resolved) foundation types, such as jackets or tripods. Whether and to what extent the design
of the foundation stucture, the pile diameter, the foundation mass or other parameters have
an influence (frequency resp. amplitude) on tmeise input radiated into the water by tur-
bines in operation cannot be taken from this analysis. The number of measurements, espe-
cially of turbines with foundations other than monopiles, is too small to be able to prove

systematic and statistically valid levelifferences.

140

|
OWEA at rated power output OWEA at rest

130 ¢

120

110

broadband level L50 / dB re 1 pPa

100

30
s 5 9 J MMMMMMMMMMMMMMMMMMMS S TT T

M = Monopile J=Jacket S=Suction Bucket Jacket T =Tripod

Figurel8: Broadbandound Pressure Levigh in 100 m distance from theOWGgdepending on
the foundation types.

Gearbox type Figurel9 shows the levels @) sorted by gearbox and direct drive (gearless).
This shows a weak indication, that the average (median) level for gearless systems is about

2.5 dB lower than for systems with gearboxes.
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Table6 shows the statistics for the two possible, projespecificvariablesfoundation struc-

ture and gearbox type.
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Figurel9: Broadbandound Pressure Levk) at a distance of 100n from the OWTGs sorted by

drivesystem (G gearbox; D direct drive resp. gearless).

Sound Pressure Levdls, dB re 1pPa
from Figure 18 and Figure 19
Parameter
Average value Stap dg e Median
deviation

monopile 1213 4.4 1210

other foundation structure 1248 6.1 1230

with gearbox 1223 4.7 1222

without gearbox 1207 5.5 1200
Table6: Statisticalvalues (?)of the SoundPressure Levie,, measured on operatif@VTGs of

differenttypes and foundation structurasa measurement distance of approx. 20

Nominal power. Fgure 20 shows the measured broadbaSdund Pressure Lesdls, and

Figure21 the level of the dominant 1/3octave band level 4 as a function of the nominal

power of the turbines.
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Hgure 20 indicates, that the measured total broadband level at a distance of approx.rm00

from turbines operating at nominal power decreases with increasing nominal power. The total
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broadband level may be significantly influenced by other factors, such as the background
sound level; see below. If only th&/3-octave bandvhich isdominating the broadband Sound
Pressure Leve$ taken, however, there is also a decrease in level with increasing nominal

power; sed-igure21.

Thus, a constant to decreasirfpund Pressure Leven be assumed for more modern OWTGs

with higher nominal power.

Existing background noise level Figure22 shows the measured differences between the

broadbandSound Pressure Leugb with nominal power (wind class "high") and switchexdf
OWTGs (wind class "low").

Figure22 shows, that there is a large variance in theeasuredroadbandSound Pressure
Levelsbetween the operating states "units running at nominal power" and "units switched
off". In most cases, the broadban8ound Pressure Lesdk, are, as expected, greater for
units, that are in operation than for unitsthat are switched off. The level difference tends

to decrease with increasing nominal power resp. newer construction year. In most cases, the
Sound Pressure Levalthe wind class "medium” is between the levels of the wind classes
"high" and "low"; only in isolated cases, the level in the wdrclass "medium® is greater than

in the wind class "high".

Vice versa, it could also be concluded, that the "newer" the turbines, the B®snd Pressure
Levells, increases between the operating states "turbines in operation at nominal power"

and "turbines are off" at a distance of up to 10@ from the turbine.

However, four cases have also been measured, in which the broad@mandl Pressure Level
in the wind class "high" (turbines in operation with nominal powers) are quieter than in the

wind class "low" (turbines producing no output/power).
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Figure22: Difference level between the broadb@odnd Pressure Lelgglwith operating OWTGs

with nominalpower (wind class "high") and switchetf OWTGs (wind class "low")
as a function of the turbine size.

6.1.4 Ste-specific variables

Water depth In Figure23, the measured levels are plotted as a function of the water depth.
A statistically valid correlation does not seem to exist; the level tendentially seems to de-

crease slightly with increasing water depth.

Theoretically, the water depth cannot have a major influence on the available data sets, as it

only covers a range of about 1:2 for all measured OWTGs (aboutt@@0m).

Assuming, that the sound radiation from the water surface to the seabed is the same, this
would mean a difference of 8B under otherwise identical coitebns. However, measure-
ments ata monopile have showhat the vibration amplitude and thus the sound radiation
decreases towards the seabed (Betke et al., 2003). This is probably due to the increasing
bending stiffness of the "préensioned” pile in the seabed. In addition, if the same vibration

energy is ntroduced from thegondolainto the tower at both20 m and 40m water depth
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(i. e. the same turbine is installed in both cases), no higher souadel is to be expected

either or at most a slight change due to subtle changes in sound radiation.
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Figure23: Broadband levels, in 100 m distance from th©WGsn operation(nominal powér

asfunction of the water depth

Further sitespecific parameters were not carried out due to the low variance in the investi-
gated wind farmsMost wind farms in the German North Sea were installed in predominantly
sandy soils, while in contrast only a few wind farms were installed in the Baltic Sea, some

with very complex soil stratification.

6.2 Maeasurementsin and around dfshore windfarms

Figure24 shows arexampleof the narrowbane-FIspectra measured at a selected system in
the eastern Zone 1 of the North Sea@QWTG: Siemens S8&-120 with gearbox) for the
measurement positions approx. 1@80from the OWTG, compared at approkniland approx.

5 km outside the OWF for the wind classes "high" (nominal power) and "low".

The amplitude of the characteristic frequency (here 1B@) at nominal power decreases

steadily with increasing distance from the respective system or wind farm. Independently, all
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measurement positions outside the wind farm show, ttia¢ spectrum around the narrow-
band, tonal component around 188z slightly widens. It can be assumed, that this spectral
extension is caused by the presence of two or more wind turbines, which may have slightly
different eigenfrequencies due to the rotor speed or the pitch angle. A further possibility
can also be based on the fact, that only 4iinute mean values of the respective wind turbine
generator were available for all evaluations and therefore this said installationveldovari-

ations in the rotor speed or the like.

In the case of a representation in the spectral width of fsctaves, however, this slight
spectral extension is not relevant. It is also shown, that at a distance of approx. 400
harmonis of 160 Hz can still be measureaind detectedn the water, i. e. natural harmonics

of 160Hz; however, thesdigher narrovband components are no longelominating the
broadband Sound Pressure Lexelhey are also no longer present in the measured spectra

as the distance from the wind farm increases.

It can also be seen that the broadband level usually drops significantly between the wind
class "high" and "low".In the low-frequency range, this is primarily due to natural sound
sources (wind, waves, etc.)t is worth mentioning that partly in both wind classesyessel
noise can be measured and heard from a greater distancel&@A/which also contributes to

a broadband level increasm isolated cases, there are higher levels in tiand class’low”,
which usuallyare due to the noise input from smalleesselsthat no longer operate in or

around the wind farm in bad weather (wind class "high").

Table7 exemplarily summarizes all broadba®dund Pressure Leselt all measurement po-

sitions fromFigure24 inside and outside the OWF.



Experience report on operational noise: RgDject OWF Noise page60of 101

Figure24:

—— max output --- min output

level / dB re 1uPa

2 3
- frequency / Hz =
—— max output _ --- min output

120 1
110 1

©

% 100

-

e

B 90

o

T § }

> [

@

f e
i HY PR e

80 e ARV R .
(WART o1

60 -

50 T
102

frequency / Hz

——max output ---- min output

1201

1101

100

90

level / dB re 1uPa

‘oo
80w/ g

70 A

60

50

2 3
10 frequency / Hz 10

Typical narrowbarfeFIspectra at a selected turbine in the eastern zone 1 of the North
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and 5km (bottom), each at nominal power (wind class "higland standstill (wind
class "low").
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Sound Pressure évelin dB re 1y Pa
Measurement position Wind class
Loo Lso Leq Ls

high 120 122 123 127

100m from OWG medium 117 123 125 130
low 106 111 117 124

high 110 115 116 121

center of OWF medium 109 114 120 127

low 103 109 112 118

high 108 115 116 119

1 km from OWF medium 107 114 116 121
low 101 108 116 122

high 114 116 118 122

5 km from OWF medium 112 117 119 123
low 106 112 117 124

Table7: Measured, broadbafdund Pressure Levatcording to measurement positions and

wind class sorted for a selected wind farm in the eastern zone 1 of the North Sea

north of Helgoland.

Table7 shows, that theSound Pressure Leweithin the wind farm tends to increase with the

wind class or the increasing operation of the wind turbin€utside the wind farm, however,

there are usually no or no significant level increases with regard to the continusosnd

Pressureével L, and the percentilevaluelys. Only for the ko and Lso values at the measuring

positions ‘tentreof OWF" and "km from OWF", the level rises with increasing wind cldss.
K 3B BIW) is, that theSound Pressure

Levelfor the wind class "medium” is higher than for the wind class "high", at least within

special feature of this relatively "old" anfismalt

the wind farm.There can be many reasons for this, suchregulatory mechanisms of the

respectiveturbine, and cannot be furtheranalysedon the existing data basis of averaged

performance data.

It was also showrthat the level values %m away from the wind farm are higher than at a

distance of 1km. This indicateghat the Sound Pressure Lewaltside the wind farm is not

dominated by the operation of the turbines or the wind farm, but by the surrounding back-

ground noise leve{mainly shipping traffic)
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6.3 Comparison of backgroundand operating noise

As part of the approval process for a wind farm, a background nmisasurement before the
start of construction of a wind farm and an operating noise measurement in accordance with
the measurement regulations for underwater noise (BSH, 2011) are orderewh the com-
parison of these two measurements, it should be evaluated, whether and if so, which effects

the operation of this wind farm has on the overaimbientnoise in and around it.

A total of 12 background noise measurements were carried out in zones 1 and 2 of the North

Sea.

The direct comparison of backgrourmhd operational noise measurements has proved to be
more complicateth recent years. Theomparisoedo not showanyclear results; for example,
there could be an increasar decrease in background noise due to the constian of indi-
vidual wind farmgesp. clusters of wind farmsSomeexamples are presented in more detail

here.

As an examplemeasuremestfrom the western zone 2 of the North Sea near the Netherlands,

the determined backgroundnd operational noise is compared Trable8.

. Background noise Operational noise Operational noisg
Ule) GEEE 2018 2021 2021
low 116 119 119
high 116 121 120

TableB: Broadbandound Pressure Leugls(background noise) measured prior to the con-

struction of a planned wind farm in the western zone 2 of the North Sea in comparison
with values from two neighbouring measurement positions during the operational
noise measurement (all values in dB re 1 uPa).

Table8 shows, that nothat the Sound Pressure Level only increase by 1 dBdetween the
wind classes low and higHowever, thgresent evaluation of the operational traffic in and
around this wind farm also cannot fully explain an increase in background noised& for

the wind class "low" and up to 8B for the wind class "high" between the backgrourahd
operational noise mesairements. It could possibly be, that thambientnoise in the wind
classfhight; such as wave impact, has increased due to the now installed foundation struc-
tures. However, it also cannot be excluded, that the R@WHelated shipping traffic around

this wind farm has increased within the three years between the operaticerad background

noise measurements, at least for the wind cldssn+ However, the available data from the
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underwater noise measurements and the-A#$a are not sufficient to make a quantitative

statement on this.

Two further examples of neighbourinvgnd farms (OWTG: Siemens SWT134) gearless)

from background and operational noise measurements carried out in the navestern
zone?2 of the North Sea are shown ihable9 and Tablel0. There is an increase ofdB in

the wind classfhight between the backgroundand operational noise measurements. This
increase is clearly due to the operation of the turbines of both wind farms, as there are low
frequency noise inputs into the water. However, experience shows, that this tonal component
deceases significantly with distance from the respective turbine and increasingly mixes with
the background noise level. Moreover, another wind farm and a converter platform already

exist in this area, sadhere isOWHelatedservice traffic in varying densities around this area.

Wind class Backgrz%ulngd noise Operatzi(c))gil noise
low 117 117
high 116 120
Table9: Broadbandound Pressure Leuels(background noise) measured prior to the con-

struction of a planned wind farm in the western zone 2 of the North Sea compared to
values from an adjacent measurement position during the operational noise measure-
ment (all values in dB re 1 pPa).

. Backgroundnoise, Operational noise
Wind class 2018 2021
low 118 117
high 118 122

TablelO: Broadbandound Pressure Lelgl (background noise) measured prior to the con-

struction of another planned wind farm in the western zone 2 of the North Sea in
comparison with values of the operational noise measurement (all values in dB re 1
puPa).

The comparison of the measurements from 2018 and 2021 with regard to the wind class "low"
(turbines are at standstill) shows netatistically significant changedor both wind farmsor
measurement positiorrespectively Theeffect of the service traffic of these three examples

on the overall noise level is further investigated in Chapter
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6.4 Vessel noise in connection with wind farms in operation

6.4.1 Service traffic in and around a wind farm

The measured broadba&bund Pressure Lesdlso) over all wind farms listed here in the
wind class "low", i.e. with the wind turbine switched off, lie between 107 and
132dBre 1 pPa; this covers a level range20 dB, which is equivalent to a factor 20 of the
physicalmetric sound pressuréPa) The only possible reason for such a large level range is
vessel noise or possibly other anthropogenic noise, since the prevailing wind conditions
(Hows) exclude highSound Pressure Lesalaused by eg. wind and wave impact. It is not

yet clear, to what etent the service traffic associated with the operation of a wind farm plays

a role resp. whether these levels influence the ovedlund Pressure Leyambient noise)

Until 2020, the noise input of wind turbines in operation was the focus of any investigation

of operational noise measurements in Germany. The evaluations carried out up to that point
showed, that the noise input of the turbines could only be recorded asdessed properly, if

no vessels were present in the immediate vicinity of the turbine and the underwater noise
measuring device. As a pragmatic solution, the measurement periods, in which operational
traffic was present within a radius of & km from allmeasurement positions within the wind
farm, were excluded for the evaluation, if possible. It turned out, that a vessel passing close
by, regardless of size or speed, completely dominates the overall noise level at the measuring
device within the wind farnfor a short period of time. From 2020 onwards, the first attempts
were made to quantify and investigate the vessel noise caused by vessel movements in and
around the wind farm under investigation using Ail€cordings. AlIS stands for Automatic
Identification System; a system, with which vessels regularly communicate their position and
other information about their journey. So far, this open question has only been addressed at
isolated wind farmareasthrough a targeted selection of measurement positions and the use

of vessel movements.

A typical scenario for a wind farm at a greater distance from the coast is, that a service vessel
remains in the wind farm for two to four weeks,@. including overnight accommodation for

the maintenance personnel, before returning to the base port tamde personnel and pick

up operating supplies. In the wind farm, the service vessel moves between the turbines from
time to time to drop off service teams for maintenance work. Occasionally, smaller CTVs (Crew

Transfer Vessels) may also be active in theaafor transport trips. These trips are usually
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limited to daylight and "good weather", ie. the service intervals are usually longer in summer
than in winter. For the longest time, the service vessel is parked in the wind farm or in the
surrounding arealFurthermorgthere are maintenance trips bgther, smaller vessels for eco-
logical operational monitoring for eg. visual observations and P@maintenance trips; such
trips take place every few weeks (usually every six to eight weeks) for a few days in and

around the wind farm, also only in good weather.

In the case of wind farms near the coast, the service vessels and CTVs usually sail daily from
the base port to the wind farms and back. The maintenance work there is also mostly limited
to the daytime period (BSH 2023).

Figure25 shows the AlSrack of the offshore service vessel at a wind farm in the western
zone 2 over a period of 52 days. Another example of the-#d8k of a service vessel from
the western zone 2 of th€&erman EEZ in tidorth Sea is shown iRigure26. Both examples

are located in the central westempart of the German EEZ in tidorth Sea.

The points in the AlSracks have an interval of about 3@inutes. Shorter intervals were not
available from the commercial A{8ovider (Fleetmon; JAKOTA Cruise Systems GmbH, Ros-
tock). This is partly because the distance of the considered wind farms flencoast makes
normal reception of Al$lata transmitted on VHF (very high frequency) unreliable and it was

necessary to switch to relatively expensive satelis.

The movement of th©WHelated service vessel in the western zoBeof the German EEZ in
the North Sea fronfrigure 25was examined in more detail: During the mentioned period of
52 days, the companpwned service vessel left the wind farm three times for a few days to
enter the base port. In the wind farm, it travelled for a total of abouthburs, whereby a
speed of 2knots was selected as threshold value for the "travelling" condition. The highest
speed inside the considered wind farm wasktf) outside, up to 12kn were recordedHigure

27). For thesaid service vessel, a maximum speed ofktBis mentioned.
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Figure25: Movements of the company's own offshore service vessel in the west2rofzbeeNorth

Figure26:

Sea over a period of Bfays in the summer of 2021 during several weeks of operational
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Figure27: Using AlSlata, the speeds of the service vessels were determineBifomre26 and

Figure27. For the majority of the time, the vessels were not in motion.

In the following, for the purposes of the Marine Strategy Framework Directive (2008), the

energy shall be estimated, that is transmitted
(i) from the OWTGs of a wind farm and
(i) by the service vessels operating there
into the sea in the form of noise.

First of all, the source level of the service vessel is required. No empirical source level value
was available for the aboveentioned service vessels, but according to the measurement
archives oftap GmbHvessels similar in design have source levels arourdlZOdBre 1 pPa

@ 1 m, when in motion. For individual OWTGs, a constant value ofLl20dBre 1 pPa

@ 100 m is assumed, based on measurement data from this report. For the noise propagation,
aleve decrease of 15*l0g104fr,), based on the geontdc transmission loss in shallow water,

is assumed for simplification, if the distance to the sound source is increased fiam .

From these values, sound powand energy values can now roughly be calculaféabell).
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Sound energy radiated into the

Sound source Averageacoustical power sea within 50 days

Servicevessel during trips in

the OWFRrom 115(;—d(?8r?/\/1) MW 1(1—40d282r|$/| ;)J
Figure25:; in total 4 h. e -
1304 dBre 1 pW 137dBrel1J
87OWTG (=11 W) (= 47 MJ)
Tablell: Estimation of theacousticaknergy radiated by the company's own service vessel and the

OWTGs, using an example in the western2zohthe North Sea with 8OWTGs, each
with a nominal power of MW.

Thenoise levelsin Tablel1l mean, that the moving service vessel has introduced about
200times less (soung energy into the water during the observation period of 8ays than

all OWTGs of this wind farm together. A sound level at a specific location cannot easily be
determined fom this, as the sound source service vessel is constantly changing its position.
Only at a great distance from the wind farm, a vessel can be regarded as a stationary source,
but the noise input and transmission in the water can usually no longer be sépariom

the generalambientnoise over great distances due to the poor sigit@noiseratio.

It should be noted at this point, however, that noise can albe introducedfrom vesselsn
standbymodus Although there is no propeller noise, except when correcting the position,
the vessel's engines run continuously for the power supply and also emit noise via the vessel's
hull. However, based on our own measurements and literature data, this is usigigi-s
cantly less than the noise input of a moving vessel. Independently of this, it is known from
the literature, that vessel noise generally also increases with increasing speed (cH@)ptar
special feature are vessels in the dynamic positioning moderfid@e), which can hold them-
selves in position by means of varialtlerusters In this case, the noise input into the water
usually increases with the prevailing current, when the vesseahistandby Service vessels

for wind farms are mostly equipped wistucha DRdrive.

In a second step, altlearlyassignablevesseldor these 52days were searched for the said
wind farms and an attempt was made to determine the proportion of mooring timesramd|

operations;seeFigure28.
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Figure28: Vessels in the area of selected offshore wind farms in the wester® aotinee North
Sea (bottom left and top right) during the measurement period for operational noise
from July to September 202Hach OWElatedvessel is marked with a different colour.

Figure28 confirms the information provided by the OWperators, that different vessels were
in operation in and around the wind farms for different shagrm operations on a daily basis.
Moreover, it can be seen, that, depending on the wind farm and the adjagend farms,
some of the vessels also carried out their lay tinsstandbyoutside the wind farm bound-

aries.

For the selected wind farm in the western zo2®f the German EEZ in théorth Sea, other
wind farms border to the east, so that mooring places to the northwest or southwest outside
the wind farm were often visited. The cluster of vessels to the na#st of the selected wind

farm can be attributed to another wind farm in ogion and a converter platform.

It can therefore be assumed that, in a purely energetic consideration of the broadband noise
input (SPL) into the water, the roughly considered difference between the OWTG and the

vessel is less than 2dB.
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6.4.2 Servicetraffic outside the wind farms

The influence of{OWHelated operational service traffioutside the inaccessible OVdFeas

on the general (total)Sound Pressure Lewasually depends very strongly on furtheon
OWkelated shippingtraffic. For exampleFigure29 shows a map of the shipping density
generated from Alglata for the entire year 2017 (averaged) for the eastern North Sea north
of the offshorédeep-sea island of Heéjoland, consisting of three OWFs witlaone 1 at that

time (www.marinetraffic.cofn These three wind farms weagtivatedin 2013 and 2014.

Clearly visible inFigure29 is the shipping route from the Elbe (Hamburg, Cuxhaven) first
north-west and then north,in some distance westlong the cluster "Nordlich Hgbland".
This is thetravel route taken by all large shipghat cannot pass through th&lorth SeaBaltic
SeaCanal to get to the Baltic Sea through the Skagerrake red line directly west of the
southern wind farm is probably due to the operational shipping traffic of teighbouring
OWEF to the northBefore the three offshore wind farms were erected, this shipping route

probably ran east through the current wind farm area.

Bredst

Figure29: Coloicoded traffic density from Atfata for the East Central EEZ of the North [Sedh
of the offshore island of Heligoland, three wind farms were in operation in 2017, which
are marked in whitésource www.maringraffic.com 03.12.2017).



http://www.marinetraffic.com/
http://www.marine-traffic.com/
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Pda decd raooah "~ ajoepu aJop kb pda £Jan he_
ational shipping traffic of the three OWFs and the two converter platforms operated there.
However, there is also a high density of vessel traffic to the east and newdht of the north-

ern wind farm, which is clearly not due to the supply vessels of the wind farms and converter

platforms.

The apparent thinning out of shipping density west and north of the "Nordlidalgoland”
cluster is due to the limited range of the Aifadio telegrams.The nearest Algeceiving
station of the marinetraffic.com measuring network is near St. Peter Ording, approXkré4
away from the northwestern AltBansponder of the northern, marked wind farhe maxi-
mum coverage of the AlBceiver is approx. 78m, whereby the range is heavily dependent
on the weather.Thus vesselsvest of this wind farm are sometimes out of the range of the
AIS.The AlSreceiving station in Cuxhaven is alsoo far away to adequately registeessel

movements west and norWwest of the three OWFs.

Another AlSreceiving station is located on Sylt, the range of which does not cover the three
wind farms eitherThi gives the impression that vesdehffic density is significantly reduced
west of the three wind farms but increases significantly further north near Sitiiese appar-
ent fluctuations in traffic density are due to the factthat the AlSreception network does

not cover the entire area.

Merging the AlSlata from marindraffic.com with the Danish Maritime Authority
(www.dma.dk data sets available from Denmark is shownFigure30 and confirms this

assumption.

Figure30 also clearly shows the contours of further German wind farms in the eastern zones
1 and 2 of the North Sea west of the island of Sylthe reddistcolouringof the access roads

to the wind farms and the trips within the wind farms is deceptive, since the vessel density
is shown as an average over a complete y@adaily or weekly vessel movement to the areas

is also shown as a solid line.


http://www.dma.dk/
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Figure30: Overlay of the Atgharts fronwww.maringraffic.comwith the AlSdata available from
Denmark from thBanish Maritime Authoritywivw.dma.dk The shipping routes were
graphically interpolated to the west of the wind farms.
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7. Discussion

7.1

Variables that possibly affect operational noise

As part of this study, 27 available operating noise measurements froraf&hore wind farms

in the German EEZ of the the North- and Baltic Sea were combined in a crgssject study

for the first time. The dataused for analysis are storemh the national noise register

MarinEARS for continuous naigen overview:

T
T

16 different OWTGpes from seven different manufacturers,
nominal powes between 2.3 and 8.0MW,

five different foundation structures (monopiles, tripods, 4piles, jackets with driven

piles and suction bucket jackets) with pile diameters between 2.42 andn8.1

in two wind farms, turbines of the same type werestalled on two different founda-

tion structures,
water depths between 20 and 40,

simultaneousunderwater noise measurementswat less thanthree measurement po-
sitions per wind farm adistances between 100n from a selected turbine anl km
from the OWF and

three defined operating states of the systems (OWTG at a standstill, nominal power

] | ~ 90% power of the systems),
12 background noise measurements prior to the construction of selected wind farms,

al processed measurement data sets are available in a standardizeddaatity as-
suredand stored with essential accompanying information, such as the performance
data of the respective selected wind turbines, weather data and sometimes also vessel

movements inside and outside the wind farms.

Based on this large database, an attempt was made in chapteto identify and quantify

possible projectand site specificvariablesby means of a crosgroject analysis of the exist-

ing data. However, it turned out, that the variations of thabovementionedvariables such

asthe combination of aspecificfoundation structure with a selected wind turbine and the

given water depth, has turned out to be so large, that possible influencing parameters could
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be identified, but due to the small sample size of the most diverse parameter combinations,

a valid quantification of thesevariablesis not easily possible.

Moreover, it turned out, that only the underwater noise measurements at a distance of a few
hundred meters from @re-selected turbine within the wind farm can be used to identify
possiblevariables affectingoperational noise, since otherwise, there wagerlappingof the

underwater noise caused by the wind turbines with the permaragnbientnoise.

In the following chapters, the results of this study are compared and discussed with studies

already known from the literature.

7.1.1 Foundationtype and nominal power

The noise radiated into the water by offshore wind turbines in operation is characterized by
a tonal component faturalfrequency of theotor drive systemyhichdominating the broad-
band Sound Pressure Levélat is in the frequency range 460 Hz and whose amplitude can

vary greatly.

There arendications that the averagenoise radiationfrom monopile foundations can poten-
tially be a little quieter than from other foundation structures (chapted). This assumption

is supported bytwo wind farms,where an identicakurbine type wasinstalled on a driven
monopile anda suction bucket jacketis well The twoturbineson driven monopiles werg-

and 4dBquieter than the systems of the same type and nominal power on the suction bucket
jackets.When comparinghe operating states OWT@®&ith nominal power'with "OWTG@t a
standstill", the Sound Pressure Levekreases by 0 to 8B in three of the four measured

OWTG#n one case, theSound Pressure Lewehs 2dB louder with the systems switched off.

However, further comparative measurements are necessary to validate this fact due to the
partially limited data situation concerning turbine type and foundation structures that are
not monopiles Moreoverpile diameters and embedment depths of thkrt-piles differ sig-
nificantly, so that a statistically valid quantification of the different foundation structures

and pile diameterds not possible on theavailable databasis

A direct comparisomindersameconditions in terms of weather andmbientnoise between
a wind turbineoperatingat nominal power ané wind turbinestanding still in the same wind
class, ador onshore operational noise measurements according to the &&étive, has not

yet been carried outThe technical, administrative and financial effeffior a total or at least
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a partial wind farm shutdown during thewind class"high" (OWTGunning with nominal
power)are too high so far Therefore only the two wind classes "low" (O\W@mostly at a
standstill) and "high" (OWG& running with nominal power)can be comparedHowever, this
comparison is subject to somencertainties sincehe ambientnoise differs due to the sig-
nificantly different wind conditions in the selected wind classes "low" (up to 3s) and
"high" (from 11 m/s). Usually limited abiotic noiseis introducedby wind and waves in the
wind class "low;' simultaneouslya higher number o¥esseloperate inand around the wind
farms, so that the anthropogenic noise input fromessel®ften clearly dominates thambient
noise level.In the wind class "high"”, when larger cargo vessels dominate the traffic routes
with small vessels and operatiom@Wkelated service trafficbeingsuspended due to weather
conditions, increased abiotic noise input from wind and waves can be assuhinedeforeit

is not possible to quantifyif abiotic noisecaused by wavdsreaking ornthe foundation struc-

turesinfluences theoverall noise level measured in a wind farm.

No statistically validcorrelationbetweenprevailing water depth (20 to 4@n) resp.nominal
power of theturbinesand underwater noise emissiongerefound Sightly decreasing noise
emissionswith increasing nominal power, newer types of systems and gearless implementa-
tion of the systemswere observedit is assumedhat turbine type (geared or gearless),
turbine generation (new vs. old), and rated power result in decreasing sound pressure levels

during wind turbine operation.

Holme et al.(2023) useda collection ofmeasurementsomthis study {hree wind farms from

the northwestern zon@ of the German EEZ in tidorth Seapt distances between 661 from
specificwind turbines and 5,000n from the respective wind farm to determine the influence
of turbine size resp. nominal power (Siemens SWTF54 6.3 MW and Vestas V 1840 8.5
MW), wind speed and foundation type (driven monopile and suction bucket jacket) on oper-
ating noise.In underwater noise data, measured inside and outside of the vi@rch, Holme

et al. (2023) did not find any statistically significant relation betweenmeasured broadband

Sound Pressure Lewaid nominal powenor foundation type

Based on the few available underwater noise studiesmdratingwind turbines e. g. Tou-
gaard et al.(2020) and Stober & Thomsen (202tigd to expand the current knowledge and
to identify possiblevariablesin order to model an estimate fowind turbinesgrowingin size
Tougaard et al(2020) used a general linear model, whereas Stober & Thomsen (2ppli¢d
linear regressions to assess correlations between measswedd Pressure Leyeheasure-

ment distance, nominal power and wind spedbth studiesmainly concentrated omata
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from £smallet-and £oldet- OWTGs up toMW with gearboxes, collected at different distances
from the turbine and at different wind speed&.urthermore, the measurement data are based
on different measurementand evaluation concepts, so that a directata comparisonvas
limited. These studies assume, thabise emissions fronoperatingwind turbinesincrease
significantly with respective nominal powewhat contrasts withthis study. Broadband level

as well asleveldetermining, tonal and lowfrequency components of systemsafural fre-

quency of therotor-drive systen) resulted indecreasingsoundPressure Lewvgin this study.

This dscrepancyprobablyresults fromthe constructivedevelopmentsowards gearless and
more modern systen{generators)as well aghe increasing size and therefore weigbt the
systems including foundation structureso that fewer vibration amplitudes are transmitted
due to the larger massesMoreover,system developergained experience from at least a
decadethat led to development of larger, more efficient and lenvaintenance system3.o
keep wear and tear as low as possjlilee minimization of (structural) vibrations resp. load
changeson the plant andthe couplingof rotor-drive system andransmission to the towers

a main objective of every turbine anufacturer.There areontrol techniquesn development
in order to omit frequency excitatiorin the range of thenatural frequencyof the turbines

resp. the towerand foundationby means of speed windows.

In contrast to Figure22, Figure31 also shows the differences in th®ound Pressure Lesel
Los« 90 between the operating statestlrbinesin operation at nominal power" (wind class
"high™) and "systems at a standstill" (wind class "low") of all operational noise measurements.
The measurement data were sorted in ascending order according to the nominal power of the

systems.

A difference >0 dB shown inFigure31 relates toan increase in the levelith operation of
the turbine with nominal power (wind class "high") compared to standstill of the system
(wind class "low").The differences for all SPL valu@ss, so,o Shown that become smaller
with increasing nominal power of the systems are strikingigure31 alsoindicatesthat the
Sound Pressure Lesgeh the operating state turbinesare at a standstill" are higher than in
the "turbinesoperating at nominal power" state (negative differencdej some operational
noise measurement3hismay be relatedo significantly higher vessel activity in and around

the wind farm in the wind class "low".
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Figure31: differences in th&ound Pressure Levgbs 50, o0 between the operating statetitbines
in operation at nominal power" (wind class "high") and "systems at a standstill" (wind
class "low") for all operational noise measuremeRt® measurement data were sorted
in ascending order with increasing nominal power of the systems.

Holme et al.(2023)demonstratd that the noiseemissionsnodelled by Tougaard ek.§2020)

on interpolations of identified and quantified influencing parameters on operational noise
overestimate the measured noismissions othe three existing OWFs from the nontvestern
zonel of the North Sea withturbines of the newer generation and nominal powers up to
6 MW broadband by up tod@B.

A validation of the influencingfactors for a further modelling of existing and future wind
farmsderived from studies by Tougaard et 020) and Stober & Thomsen (2021) could not
be performedeither by this study or by the study by Holme et §2023).

In this report, only wind farms in the first years of operation weegaminedmetrologically
However, experience wittnshore wind farmshows that the noise emitted by a wind turbine
in operation can change over longeperationalperiods of time.The reason for this is prob-
ably signs of weaand tear especially in the translation of the gearbox from the rotor to the
generator Whether such signs of weand tearalso occur with direct drives (gearless systems)
and how this influenceemitted underwater noisecannot currently be stated quantitatively

or qualitativelyneither from the available dataor from literature studies.
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7.1.2 Noise outside the wind farm

This study shows thaas expected, the tonal and lodvequency noise emissions from the
OWTGHm operation decrease in amplitude with distance to the sourdéhile these tonal
components can still determine the level at a distance of approx. f0@&om the turbine,
already in thecentreof the wind farm and around the wind farm at distances of up té&m,

a complete mixing with the permanently presemtbient noise takes place, ie. the signat
to-noiseratio between the tonal components and the background noise 10 dB (usually
even <6 dB). At a measuring distance of bm, the tonal components can usually no longer

be clearly measured, depending on the prevailargbientnoise.

Holme et al.(2023) also found that the noise input from wind turbines at a distance dtrh
and more from the wind farm boundary has no significant impact on the broadismad
Pressure LevelheSound Pressure Leweside and outside of the three wind farms considered
in their study varied by up to %IB without the influence of the turbines (wind class "low",
i. e. turbines are at a standstill), whicindicatesthat the impactof vessel activitiessignifi-
cantly dominates the ambient noideoth inside and outside the wind farm#n the operation

of the wind turbines in these three wind farms, the broadbaBdund Pressure Levghrtly
showsan increasingfalling or constant broadband level depending distance.This result

is consistent with the results of this studthat the background noise outside the wind farms
is largely dominated by other sound sources, most likeippingnoise. Thus, depending on
the shipping traffic density around the wind farm, there can be an increasing, constant or

decreasing broadband level resp. background noise leeel-igure30.

7.1.3 Operational OWFrelated service traffic

Periods, in which vessels were near the measurement positiotik(s), were excluded from
the analysis for this study, in order to avoid unwanted effects from vessel ndike.study

by Holme et al(2023) reports the findinghat a cruising vessel near a measurement position
shows a rapid increase in the measured, broadbdodnd Pressure Leaid a rapid decrease
over several minutesThis has also been documented in several other studies on shipping
noise, especially in sea areas, where shipping traffic density is very low.(8ellmann et

al., 2017).
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In the environmental report of thesite development plan 2023 (BSH, 2023), vessel traffic in
and around existing and planned wind farms was examined on the basis of traffic densities
using AlSrecordings in 19 selected areas the German EEZ the German North Se&or

this purpose, AlSecordings from June and December 2019 were examined with regard to the
general vessel density and in particular the proportion of service traffic for wind fafins.
became apparerthat the average, norOWHelated vessel traffic makes up 70% in summer
and 80% in winter of the total vessel traffic in the considered areas of the North Sea (BSH,
2023). For individual sukareas, in some cases, there may be significant fluctuations with
regard to theabovementionedaveraged valuesBasically, the higher the noitOWkelated
vessel traffic, the less important th©W#Helated service traffic is.The proportion of OWF
relatedservice traffic in and around the existing wind farms is relevant in terms of the number
of vessel movements (traffic density), but in all other casesgein TSAthe non-OWkelated
vessel traffic predominatedt was also shown that the total number of service traffic per
wind farm or converter platform, in contrast to @. the construction of the wind farm, is
comparatively small and mostly smaller service vessels are used in and around the wind farms.
There is also a strong seasonal effesignificantly more movements of the service vessels
can be measured in summer than in wint&his coincides with the statements of this study
(chapter0), that the OWHelated service traffic is mostly focused on good weather and on
the daytime.The Environmental Report (BSH, 20280 documents the trend based on AIS
evaluations, that OWFs close to the coast are mostly designed for daily trips from the base
port to the OWF, while OW®&¥ the coast tend to rely on residential units in and around the
wind farms, so that theservice traffic to coasts can be assessed as very ewthermorgthe
servicevesseldake a fixed route between the OWFs and the base pdtiese statements are

confirmed by the detailed investigations of two wind farms listed in Chater

A quantification of the influence of the service traffic on the total noise in and around the
wind farms cannot benadeon the basis of (averaged) vessel densities. For this, the noise
input of each vessel type would have to be modelled, based on its size and travel speed, in
order to be able to separate the sound components of the -@WHelated and the OWF
related service traffic in asecond step. The OViélated service traffic consists of compara-
tively smaller vessels and travels at reduced speed® Krots) in the wind farms. Moreover,
these service vessedge anchoreét roadsteadn and around the wind farmfor the majority

of the time, as already described in chapt@r Thereforga rathersmallcontribution to the

total noise from the OWFelatedservice trafficis to be expected
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In chapter6.3, a first, rough attempt was made to quantify the theoretical influence of OWF
relatedservice traffic within the wind farms. It turned outhat the noise input of the service
traffic is considerably lower than that of the wind turbines in operation. Furthermore, the
OWFelatedservice traffic is distributed over a very large area. Thus, it is possible to identify
temporally and spatially limited areas, in which service traffic could dominate the background

noise level, but largescale and permanent noise pollution cannot be assd.

For the above reasons, it can be expecthdt the share of OWFelatedservice vessels in the
total noise is low to negligible, at least in the vicinity of traffic separation areas other

highly frequented shipping routes.

7.2 Background noise

Due to limited measurement experierswith the recording of permanent background noise,

in the early days, background noise measurements were carried out in the project area up to
two years before the start of constructiorBecause othanges in the externaframework
conditions, these measurements often show considerable differences to the later operational
noise measurements, so that a direct comparison is not possible resp. not trivial. For example,
in some cases, background noise measurements were carried outaiownd the planned
wind farm before the area was closed to R@OWHelated shipping traffic. A few years later

the background level (wind turbines are at stand3tilif the operational noise measurements
was significantly quieter in this arein isolated caseshan level values previously collected
from background noise measuremen#oreoverbackground and operational noise meas-
urements were partly carried out in the same sea area, but not at identical resp. comparable
measurement positionghis partly led to the factthat the impactof non-OWFHelatedvessel
noise from e.g. nearby traffic separation areas in the vicinity of the measurement position

showed a considerable difference.

Additionally, in past measurements, the focus was initially only on the direct noise input of
the wind turbines, so that the influence of 3. vessel noiseften wasnot consideredand

this sometimes leads to poor comparability of the different measurements.

Another difficulty with formerbackground noise measurementslige to the fact that other
wind farms in the immediate vicinity were already in operation and therefore the influence
of theseneighbouringturbines had to be evaluated as background noise for the new project.
By consideringeach individual construction projeat isolation, no information was available

whether and, if so, which unusual noise inputs from theighbouringwind farms were present
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during the measurements, g. due to repair work, shofterm campaigns with increased OWF

relatedvessel deployment or, if applicable, also partial shutdowns of individual wind turbines.

All these experiences led to the fathat backgroundambient) and operationahoise meas-
urements were often carried out as cluster investigations in the following years. This could,
for example, be a combination of simultaneous operatiomaisemeasurements in wind farm

A and backgroundoisemeasurements in wind farm B, but also a combination of operational
noise measurements in severakighbouringwind farms. The advantage of such clusier
vestigations is that the operating conditions during the measurements of mdighbouring

wind farms were available for the evaluation of the underwateise measurements.

Moreover, with the construction of a wind farm in the no+thestern zond of the German

EEZ irnthe North Sea in 2016, the performance of background noise measurements was opti-
mizedby conductingmeasurementsnly maximunm2 weeks before the start of construction
(impact piledriving) until approx. 4weeks after the start of construction. This approach has

two advantages:

() the project area is already closexn restrictedto non-OW¥Helated shipping traffic

and

(i) an additional evaluation of the noise input of the construction vessels used prior

to and directly at the start of construction can be carried out.

It emergedrom this analysighat the vessel density and also the measured backgrofanat
bient) noise within the wind farm increased considerably in some cases due to the construc-
tion activities within the construction area, as can also be seen in the environmental report
of the area development plan 2023 (BSH, 2023).

The measurement concept was also optimiagdisingidentical resp. comparable measure-
ment positionsbackground and operational noise measurements. Where possible, this is en-

sured by using fixed P@fations for longterm monitoring in and around the project areas.

A further aspect | that especially for sea areas in the vicinity of larger traffic separation
areas, the time intervals between the backgrour@hd operationalnoise measurements
should be as short as possible, since thesseldensity on these traffic routes can change
dynamically due to the economic situation, so that a reliable comparison may only be possible
to a limited extent. This often applies in particular to measurement position(s) outside the

(planned) wind farm.
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Modificationsin the implementation of the background noise measurements with a measure-
ment period shortly before the start of construction in the shaff wind farm, at comparable
measurement positions and over a period of at least six weeks have proven successful in

recent years.

7.3 Biological effe cts of operational noise

Based on the results of this study and alslata fromliterature (e. g. BSH, 2023; Tougaard et
al., 2020; Stober & Thomsen, 2021), the risk of killing or injuring marine mammals due to
tempoal or permanent threshold shifts (TTS and PTS) (Southall et al., 2019) caused by un-

derwater noise inputs from operating OWTGs can be excluded.

The BMU noise mitigation concept (2013) indicates a possible avoidamcdisturbance ef-
fect on harbourporpoisesstarting at a broadband total noise level of impulsive noise inputs,
such as piledriving noise of approx. 140dB. This value was determined bgderwatemnoise
measurement datkom impact piledriving in combinationwith measurements dfehavioural
reactions inharbourporpoise. Sightly highersoundlevel valueseliciting a behaviouralre-
sponseweredetermined by further studies in subsequent years (Brandt et al., 2016; Rose et
al., 2019). Even within theconsideredwind farms at a distance of 106 from individual
ONTGssoundpressurdeveb of only up to 130dB weremeasuredMoreoverthe noiseinputs
from operating wind turbines werm the very low frequencyrange (< 160 Hz). Threshold
values (evel of Onset of Biologically adverse Effectt OBE"for certain species and water
are still subject to discussion in the EC working group TG Nd@seanational and regional
level coordinationis still neededwith regard tospecific soundhreshold to be applied for
continuousnoise Therefore further comparison with thresholdor noise mitigation values

cannot yet be made at this point.

Figure32 shows exemplary measured 1d8tave spectra at a distance of three selected wind
turbines in operation (turbines with nominal power of 6.0 resp. 6.8V from two different
manufacturers with and without gearbox; from the northwestern zone of the NorthaSea
approx. 30m water depth) in comparison to measured (resting) hearing thresholds of various
harbourporpoise individuals (Kastelein et al., 2010 & 2017). The wind farms are located in
area N2 and N3 of the North Sea at water depths between 25 and.3%orth and south of

the wind farms are th& SA GBWA and Terschelling. Thus, the-exposure due to nciOWF

relatedvessel noise is relatively high.
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Figure32: Measured hearing thresholdshafbourporpoises (Kastelein et al., 2010 & 2017)
compared to operationabise,measured at 10t distance from three selected wind
turbines (turbines witmominalpower of 6.0esp.6.15 MW from two different man-
ufacturers with and without gearbox, wind cfdsght from the northwestern zone
of the North Sea with water depths arounch30

The hearing thresholds shown Figure32 are based on single individuals dfarbourpor-
poises and show an interindividual variance in hearing ability. It is also known that the choice
of measurement method and the type of stimuli can have an influence on the determination
of hearing thresholds (eg. Betke, 1991). A direct comparison afeasured operating noise

in 1/3-octave bands with the measured absolute thresholds of hearing (nalpevd sine
sweeps)is not possiblein terms of energy. HoweveFigure32 illustrates the frequency
dependent hearing ability oharbourporpoises in general. Accordingly, the tonal and low
frequency components (560 Hz) of modern wind turbines with and without gearboxes in
operation at a measurement distance of approx. I0@re in the range of or even signifi-

cantly below the hearing abiy of harbourporpoises.

From a psychoacoustic point of view, it can be assumed, that theseflequency and tonal
components probably cannot be perceivediayboumporpoises. In the present example, from
a frequency of approx. 5060z, the measuredsound Pressure Levisl above theabsolute

hearing threshold oharbourporpoises. In this frequency range, however, mgp.hardly any
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noiseis introduced into the water by operatinQWTGseechapter6.1.2. ThisSound Pressure
Levelis generally to be equated with the broadbaathbientnoisetypical for such weather
conditions (wind class "high"), which is mostly caused by abiatmiseinputs, such as wind

and wave action, and by anthropogenwesselnoise fromneighbouringtraffic separation

areas.

In contrast, other species, such as sealgrbourseals and various fish species, can partly
perceive lowfrequency sounds (Terhune, 1988, Popper et al., 2019). As an example, the rest-
ing hearing thresholds of harbour seals frohterature (Kastelein et al., 2009, Reichmuth &

Holt, 2013) are compared with the operational noise leveld-igure33.

Here, too, the hearing thresholds are based on only a few individuals and different measure-
ment methods resp. stimuli, which could explain the interindividual differen@senergetic
direct comparison with the operationahoise data is also not possiblehere however, the
noiseinputs of the wind turbines are clearly above the hearing thresholds shown, so that a

general audibility can be assumed.

130

120 |

[any

=

o
T

100 |

w
o
T

SPL 1/3 octave / dBre 1 pPa

60 |

------ Averaged Reichmuth 2013

Averaged Kastelein 2009

50 1 1 1 1 | I T | 1 1 1 1 I I | 1 1 1 1 I N |
10 100 1000 10000
frequency / Hz

Figure33: Measuredbsolute hearinthresholds of harbour seals and grey seals from the literature
in comparison to the operating noise, measured at a distance ohI6fm selected
wind turbines (turbines with nominal power of 6.0 resp. 8448 from two different
manufacturers with and wibut gearbox, wind class "high).
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Stober and Thomsen (2021) predict a disturbance effect on marine mammals up to a distance
of 6.3 km for a single 10MW OWTG not yet in operation. This distance is reduced t&r.4

if the wind turbine is designed as a gearless turbine. These disturbance radii were predicted
by interpolating existing measurement data from wind turbines up tM%/. To what extent

this benchmark can be confirmed by the present study base&igare32 and Figure33 as

well as the identified influenig parameters on operational noiseh@pter6.1) remains open

and requires further investigatioMoreoverthis study, Table6, shows that gearless turbines

of the latest generation currently tend to generate a lowBequency, tonal componennét-

uralb n a mqg a 80 H2® with lowler amplitudes tha@NTGs with gearboxes. Basedragure

32, the probability of audibility by harbour porpoises is thus further significantly reduced due

to the lower tonal component and the lower amplitude.

From a psychoacoustic point of view, a disturbance or avoidance effect by noise below the
hearing threshold can generally be excluded in humans and land mammals. For birds and
terrestrial mammals in particular, it has been scientifically investigathdt even audible or
noisewhich might cause TTd®es not necessarily lead to avoidance of an area, if this results

in an advantage, such as increased food intake or higher reproductive success (Reck, 2001).

Such cumulative effects have not yet been extensively studied for marine mammals.

7.4 Qumulative effects of operating noise

For a comprehensive evaluation of possible ecological impacts of operational noise (status
quo orevenfuture wind farm scenariosp modelling of the continuousoiseof operational
noise andalso ambient noise (mainly vesselnoise and abioticnoise input from wind and
waves) is indispensable. Based on the results of this study, the main parameters influencing
operational noise cathoughbe determined qualitatively, but a statistically valid quantifica-
tion is still subject to high uncertainties. From this crogzoject evaluation at leasta ten-
dency can be deducethat the noise emissions from operatinQNTGs are only of a lew
frequency nature (a maximum of a few hundieettz) and only determine the level in the
respective wind farm at very short distances from the respective wind turbir@ghermorge

an increase in noise emissions into the water due to higher nominal power ofAN@ Gs is

not to be expected.

Another influencing parameter in thenpactassessment of operational noise, which has re-
ceived little attention so far, is thealready existingambient background noise. Measurements

from offshore wind farms in the German EEZ of the North and BalticsBea that there is
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often an overlappingof low-frequency operating noise caused by wind turbines and the per-
manentambientnoise at a distance of 1 to &m from wind farms, depending on the density
of nonOWH¥elated shipping traffic. Through the existing research projects BIAS and JOMO-
PANS, at least thgesselbasedambientnoise can be estimated for the entire North Sea and
Baltic Sea on the basis of existingesseldensities includingtravel speeds andresselsizes

through modelling.

For theimpactassessment of operational noise, on the one hand, a cumulative consideration
of noise inputs fromwind turbines, OWFelatedservice traffic and norOW#Helated shipping
traffic, as well as noise inputs from abiotic effects, such as wind and wave action, at least at
high wind speeds, must be carried out. On the other hand, the hearing ability of the observed
species must also be considered geby determiningsensationlevel values suitable for hear-

ing by means of frequency weighting (g. Southall et al., 2019; Kastelein et al., 2015), since

disturbance and avoidance effects due to underwater noise are involved.

The rough energetic (broadband) estimation of noise inputs from -@aldfEed service traffic
and wind turbines presented in chapt8r3 is therefore not suitable for the ecological impact
of operational noise. Moreover, also other aspects, such as fmailability, reproductive

success, water quality, etc. may have to be considered for a comprehensive assessment.

It can be assumethat in areas with high, norROWHelated vessel densities, a complete

overlappingwith the permanentambientnoise will already take place at short distances from
the wind farms.Howeverin sea areas withvery low vessel densities, the noise input from
operating wind turbines can certainly be measured also outside wind farmsreydhavea

significant contribution to the broadban&ound Pressure Level

One example is a wind farm in the protectedecial area of conservatioit8ylter Aul3enriff"
(eastern zonel of the North Sep Measurements of background noise from 2012 indicate this
sea area as a "very quiet" one for the German EEZ of the North Sea. The av8cameb
Pressure Level, over several weeks is 1@B for the wind class "low" and 108B for the

other two wind classes. Thestvalue of all 5secondintervals vay between 114 and 12@B,
regardless of the wind class, and in most cases is due to one of the few vessel passes in the
immediate vicinity of the underwater noise measurempasition. Theambientnoise meas-
urements were carried out before the wind farm was closed tec @uvielatedshipping traf-

fic. The operational noise measurements from 2016 show an increase of;ibell0 to 13dB

in the wind class "high". However, this level increase is not clearly attributable to-foav

guency noise inputs from the OWTGs but shows a general increase in tfre¢m@ncy range
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below approx. 20MHz. Even at a distance of km, 5 to 7dB higherSound Pressure Lesel
were measured. However, thheasonfor these significant level increases could not yet be
clearly identified due to the lack of Algecordings during the backgroun@nd operational
noise measurements; thus, its increase due to @®dted service traffic in and around the
wind farm cannot be excluded. However, it also cannot be exclutiat the natural, low
frequency noise componentaused bywind and waves have increased due to the existing

foundation structures.

Thisexamplefrom the special area of conservatiolsylter AuRenriff showsthat a possible
increase inSound Pressure Lewannot beexcluded thougldue to the operation of a wind
farm in a very quiet sea area, but this level increase only takes place in thefleguency
range up to a few hundretlertz so that an audibility for some speciesannotbe assumed
Therefore an impactassessmentot only has to considerthe cumulativenoiseinputs, but

also the hearing ability of the species

One issue, that has not yet been considered, is the frequency range of the existing underwater
noise measurements$So far underwater noise measurements have been carried out up to
20 kHz. The noise input from wind turbines and also vessel movements generally decrease
significantly with increasing frequencfyom several kilohertz. However, existing underwater
sensors, such as sonar systems or sonars on vessels, also carry sound energy into the water
in the range of 40 to 12kHz, directed towards the seabed. Sound propagation in the hori-
zontal direction cannot be&eompletely excludeddarbour porpoises, for example, are particu-
larly sensitive in this frequency range and a part of their echolocation and communication
also takes place in this frequency range. Due to the lack of underwater noise measurements
in this high-frequency range, this very higlrequency noise input into the water by vessels

has not yet been considered with regard to this issue. It can be assuthatithe spectrally

very narrowband and pulsed inputs by these technical devices will not lead to an increase in
the (overall)Sound Pressure Leyblt due to the hearing ability of porpoises, among others,
these frequencies are particularly perceived by animals and could trigger a disturbance
avoidance effect. Thus, from a psychoacoustic point of view, it is recommendedrtg out
measurements up to the uppeut-off frequency of harbour porpoises pO0kHz) in and
around the wind farmsThus, n several studies on construction noise (impulsive gilieving

noise, an avoidance effect around the construction site was observed several hours before
the actual deterrence measure using acoustic devisash as pingers and seal scarersde.
Brandt et al., 2016; Rose et al., 2019). It is knowthat prior to the actual piledriving of

foundation structuresyesselmovementsaround the construction site increase considerably,
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e. g. in order to deploythe Big BubbleQurtain noise abatemensystem on the seabed, in-
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cluding measuringhe position of the nozzle hoses on theeabedusing sidescan sonars or

similar, and to deploy the measurement sensors requiredhferefficiency control.
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9. Annex Levels at the 100 m positions of all OWI'G

9.1 Sound Pressure Levdlys

Nominal Ls, swcioe - | Lswcnige * | Difference,| Measuring
No. | Foundation | power, | gearbox| broadband | broadband dBre distance,
MW dBre 1 pPa| dBre 1 pPa 1 pPa m

1 Monopile 3.6 yes 126 126 0

2 Monopile 6 no 121 121 0

3 Tripile 5 yes 142 129 -13 250
4 Monopile 132 137 5

4 yes
5 SB Jacket 135 133 -2
6 Monopile 125 124 -1
8 yes

7 SB Jacket 127 127 0

8 Monopile 3.6 yes 121 121 0

9 Monopile 36 yes 116 120 4

10 Monopile 8.4 yes 124 123 -1

11 Monopile 2.3 yes

12 Jacket 3.6 yes 122 128 6

13 Monopile 7 no 121 125 4

14 Monopile 7 no 123 125 2 200
15 Tripod 5 yes 123 130 7

16 Monopile 6 no 120 121 1

17 Monopile 6 no 120 122 2

18 Monopile 3.6 yes 124 127 3

19 Monopile 6 no 131 127 -4

20 Monopile 6.2 yes 122 122 0

21 Jacket 6.2 yes 121 122 1

i22 Monopile 3.6 yes 132 128 -4

23 Monopile 4 no 119 117 -2 250
24 Tripod 5 yes 130 129 -1

25 Monopile 6.3 yes 128 126 -2

26 Monopile 6 no 131 122 -9 400
27 Jacket 51 yes 124 118 -6

*1WC low/WC higBindicates the wind classes low (turbines in standstill) and high (turbines in operation at nominal power


















