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Figur 9.7.1 Stejbarometer der viser forskellige stejniveauer (www.windpower.org).

Stejgraensen for lavfrekvent, indendars stej fra vindmeller er 20 dB(A). Bor man mini-
mum 600 m fra en 3,6 MW vindmglle, vil denne stejgreense vaere overholdt indenders.

Metode

Der er gennemfert en vurdering af stajpavirkningen i anlaegs-, drift- og demonterings-
fasen ved udenders opholdsarealer i tilknytning til beboelser pa kyststreekninger om-
kring projektomradet. Endvidere er der foretaget en vurdering i driftsfasen af lavfrekvent
stej indenders i de omkringliggende beboelser ved at beregne stgjen i det punkt pa
kyststreekningerne, som er tzettest pé meallerne. Der er i alt udvalgt fire beregningspunk-
ter pa land, to pa Reersg i den sydlige del af Jammerland Bugt, et ved Ugerlese og et
ved @strup i den nordlige del af Jammerland Bugt. Placeringen af beregningspunkterne
er valgt som de punkter, der er i kortest afstand til projektomradet Jammerland Bugt.

Stejbelastningen i anleegsfasen vurderes ud fra de aktiviteter, der forventes at fore-
komme i projektomradet. Iszer vil typen af fundament til mellerne vaere afgarende, da
ramning i forbindelse med etablering af monopasle er seerligt stejende. Andre typer fun-
damenter vil til gengaeld ikke bidrage med potentielt generende stgj pa land. Stgj fra
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ramning er kategoriseret som industristej og beregnes jaavnfgr Miljgstyrelsens vejled-
ning om beregning af ekstern staj fra virksomheder (Miljgstyrelsen 1993). Beregnin-
gerne er udfert i SoundPLAN 7.3 i 2015.

For ramning af monopaele ved 3 MW maglier er der anvendt en kildestyrke, LWA, pa 125
dB(A). Ved ramning af 6 MW maller er der anvendt en kildestyrke, LWA, pa 135 dB(A)
(Energinet.dk 201 5). Kildestyrken for 6 MW scenariet svarer dog reelt til ramning af en
monopael til 8 MW mgller, da kildestyrken ved ramning af monopzele til 6 MW maller
ikke er tilgeengelig. Den vaerst teenkelige betragtningen for 6 MW maller er derfor lidt
overestimeret.

Stejberegningerne af ramningen er inklusiv et impulstillaeg pa +5 dB(A), da Ilyden fra
ramningen kan opleves som impulser med herbare toner.

Hajden, hvorfra Kildestyrken er beregnet, er sat til 5 m over havoverfladen, og driften er
sat til 100 %, nar ramningen foregar. Havoverfladen er modelleret som en hard akustisk
overflade uden lydabsorption 0g terreenet pa land som en blad overflade, hvilket medfg-
rer, at der vil veere en vis grad af lydabsorption pa land.

Geeldende stejgraense ved midlertidigt anleegsarbejde er almindeligvis sat til 70 dB(A) i

dagtimerne mellem kl. 7 ©0g 18, udenders ved boliger. Resten af degnet anses 40 dB(A)
som den acceptable stejgreense. Der er reelt set ikke fastsat stejgraenser for anleegsar-
bejde pa havet, hvorfor stejbelastningen i anlsegsfasen ifm. Jammerland Bugt projektet

sammenlignes med de fernaevnte graenseveaerdier for anlegsarbejde pa land.

Stojen fra anleegsarbejdet kan alternativt sammenlignes med Miljgstyrelsens vejledende
greenseveerdi for stejpavirkning fra permanent industristej, som er 55 dB(A) i dagti-
merne for et omrade med blandet bolig og erhverv, herunder enkeltliggende boliger
(Miljestyrelsen 1984).

Jeevnfer den sakaldte MiIjzaktivitetsbekendtgzrefse (bekendtgerelse om miljgregulering
af visse aktiviteter, nr. 639 af 13 juni 2012) har en kommune mulighed for at fastsaette
stejgreenser geeldende for stejende bygge- og anleegsarbejder. Kalundborg Kommune
har deraf vedtaget sin egen forskrift for udferelse af midlertidige bygge- 0g anlaegsakiti-
viteter, inkl. generelle regler for stej (Kalundborg Kommune 2014b). | forskriften fremgér
det, at der kun ma udfares stejende anlaegsaktiviteter j hverdage fra kl. 7 til 18 og pa
lerdage fra ki. 7 til 14. Samtidig skal stgjgener begraenses mest muligt ved f.eks. valg af
de mest stgjsvage maskiner. Fraviges disse forhold, skal der sa@ges om dispensation i
kommunen.

Stejbelastningen i driftsfasen er beregnet ud fra de i Miljgministeriets "Bekendtgerelse
om stej fra vindmaller" foreskrevne tilfzelde og holdt op imod de heri foreskrevne krav
(BEK. nr. 1284, 15. december 2011 og Miljgstyrelsen 1993). Beregninger er udfart i

SoundPLAN 7.3, og giver udtryk for stajbelastningen over et degn, bade dag og nat. |
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SoundPLAN er der anvendt den feelles nordiske beregningsmetode (Miljzstyrelsen
1984) med to veerst teenkelige scenarier for etableringen af Jammerland Bugt; En kyst-
neer havmellepark bestdende af 80 stk. 3 MW mgilier eller 35 stk. 6 MW mgller.

Stajgraenserne fastsat | bekendtgarelsen om stej fra vindmeller (Bek. nr. 1284 af 15.
december 2011) gzelder for alle vindmeiller inden for et givent omrade. Beregningerne
er udfert for projektomradet Jam-merland Bugt. Endeligt er de kumulative effekter vur-
deret ved inddragelse af omkringliggende vindmaller pa land.

Eksisterende forhold
Dst for projektomradet star der to vindmeiller p& land fra 1990 meg en kapacitet pa hver
150 kW, samlet 300 kW 0g navhgjder p& 30 m (Vindinfo.dk 2014).

Nord for projektomradet star der seks vindmeller pa land fra 2012 i et omrade ved Ler-
chenborg fra Kalundborg Kommunes lokalplan. De seks mglier er af typen Siemens
SWT-3.0-101 med en kapacitet pa hver 3 MW 0g navhejder pa 79,5 m. Med en rotordi-
ameter pa 101 m er vindmallerne 130 m. hgje (Vindinfo.dk 2014).

Miligpavirkninger
Anlegsfasen

Af samtlige aktiviteter i anleegsfasen er det vurderet, at ramning af monopaele vil med-
fere den starste stejbelastning i omgivelserne. Der er derfor udfart beregninger af stgj-
udbredelsen ved ramning af monopzele i 3 MW scenariet 0og i 6 MW scenariet.

Beregningerne er udfert ved at modellere ramning af udvalgte monopzele til mgller i pe-
riferien af den kystnaere havmellepark, da det er ramningen teettest pa de respektive ky-
ster, der vil give den hajeste stgjpavirkning. Det skal bemazerkes, at selvom stajkortene
rummer adskillige ramninger samtidig, sa vil der i praksis kun forega ramning af ét fun-
dament af gangen. Det forventes at et fundament rammes pr. dag, svarende til i alt 80
dage for 3 MW scenariet 0g 35 dage for 6 MW scenariet.

Nedenfor i Figur 9.7.2 og Figur 9.7.3 ses den beregnede stgjudbredelse.



Bilag no. Z
SoundPLAN Nord ApsS, Svalevej 18, DK-2900 Hellerup, Denmark S v, |
phane: +45 3946 1200, fax: +45 3946 1202 ADVOKATFIRMAET SYENBSER: ¢
wiww.soundplan.dk YE w1 K\
JKL@soundplan.dk E
C¥Rno.: 27 92 34 88 E )

SoundPLAN®

..... IN few words
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SoundPLAN® is developed by Braunstein + Bernds GmbH in Germany. It was first released in
1986 and with 3500 licenses working worldwide it has today reached a pasition as one of the
leading noise mapping saftware in the world. More than 25 local distributors spread over all
continents train and support the customers. SoundPLAN Nord ApS is distributor in the Nordic
and Baltic countries.




SoundPLAN ......... a short introduction

SoundPLAN is atool to predict the noise level. From radiated sound power and topography the sound
pressure level anywhere in the surroundings is calculated:
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Source data

Sound emission data for traffic sources are in general evaluated from existing measurements; these data
are an integrated part of the selected calculation standard and in-data to be loaded into SoundPLAN are
traffic volume, traveling speed, train types etc. When it comes to industry sources on site measurements
might give the most accurate in-data; alternatively emission levels can be based on catalogue values,
noise labeling, existing databases or the like

Topography and geometry

The 3D model of the area in question is normally created by importing digital maps. SoundPLAN
communicates with CAD and GIS files. Also terrain and surface models from laser-scanning and aerial
photo can be handled via Ascii-interface If additional data such as the number of inhabitants inside
certain areas or even in each building are available they too can be imported and later be used to sum up
how many citizens are exposed to a certain noise level.
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Calculation

Once all in-data are loaded into SoundPLAN it is time to set up calculations. A calculation standard
must be chosen. More than 40 international and national standards and guidelines are implemented in
SoundPLAN. To users in the Nordic and Baltic countries these standards are crucial:

Road traffic:
Statens planverk report no. 48; 1980
Road Traffic Noise — Nordic Prediction Method; 1996
NORD2000 Road
NMPB - Routes — 96
Railway traffic:
Nordic Rail Prediction Method (Kilde Reportl30)
Nordic Prediction Method for Train Noise (NMT); 1996
NORD2000 Rail
RMR 2002 (EU)
Aircraft traffic:
ECAC Doc 29
ECAC Doc 29 (EU interim)
Industry:
General Prediction Method
ISO 9613-2: 1996
NORD2000

Several different calculation types are available: in single points, in areas (grid point calculation, triangle
calculation) and along facades.

Results

The calculation result is documented in tables. Very detailed data are stated in case you need them.
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Graphics

Ancther outcome of a SoundPLAN mapping 1s the very well known contour map. These maps are easy
to read even for non-specialists.

SoundPLAN offers a variety oftools for
individual design of your maps.

Contour maps report the noise level in areas in between buildings whereas facade noise maps show the
exposure on facades:

-

In the example to the left a facade noise
map 15 dropped on top of an aerial photo.

Cross section maps (vertical contour maps)
can be very informative when you want to
depict the effect of a noise barrier To the
right a cross section map is shown in 3D.

Special modules

The basic version of SoundPLAN can be extended with special modules, e. g:

Wall Design for optimization of noise barriers along roads, railways and industry

Expert Industry for optimization of noise control measures on factories

Distiibuted Computing for connecting multiple PC’s to Join heavy calculations

Noise Mapping Toolbox to handle huge projects like mapping according to the EU directive on noise.
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DELTA
Venlighedsvej 4 17. marts 2016
2970 Hersholm J.onr. 31144-24

Att. CEO Juan Farré Sekretaer: Marianne Lund
Direkte tIf. 57 66 03 41

ml@advokatfirmaet-svendsen.dk

FERIELUKNING:

. 21.03.2016 - 28.03.2016
Jfa@delta'dk begge dage incl.

Noise level predictions for the planned near-coast windfarm in Jammerland Bay.

Dear Juan

I assume you are aware of plans to build a large near-coast windfarm in Jammerland Bay,
south for Kalundborg. If built, the windfarm will incorporate around 80 3MW turbines at a
distance of around 4km from a highly populated coastline.

I 'am writing to you in my capacity as lawyer for the pressure-group “Bevar Jammerland Bugt”
(“Protect Jammerland Bay™), and as legal counsel representing approximately 1.500 home
owners and businesses along this coastline.

We intend to challenge the validity of the Jammerland Bay Environmental Impact Assessment
(EIA) with the Danish authorities and potentially in the Danish Court.

One of the key focus points will be sound propagation, as this is an area in which there exists
absolute and binding limits regarding maximum permissible noise levels from wind turbines.

It 1s our firm belief that the predictions represented in the Environmental Impact Assessment
are purposefully mis-leading and incorrect, and that actual sound levels, if the windfarm is
built, will greatly exceed the maximum permitted by law. This belief is supported by a number
of international experts specialising in sound propagation over water.

Orbicon A/S have been responsible for the Jammerland Bay EIA, and have used SoundPlan
7.3 software for the purpose of predicting sound propagation and noise levels.

TORVET 6 4100 RINGSTED TELEFON 57 61 31 32
AFDELINGSKONTOR | HASLEV
DANSKE BANK A/S, KONTONR.4343-3524 093464 - NORDEA BANK DANMARK A/S, KONTONR. 2520-0520 180001
CVR-NR. DK 1477 3479 - E-MAIL: INFO@ADVOKATFIRMAET-SVENDSEN.DK



It is clearly stated on Delta’s own web-site that SoundPlan 7.3 is based on Delta’s Nord2000
model.

Therefore two direct questions to you as CEO for Delta:

1. Can Nord 2000 be used for as the basis for accurate modelling of sound propagation
and associated noise levels over distances of 4km or more over water?

2. Has Nord2000 been validated for this use? If so, can you please provide me with a
copy of this validation.

The second question is extremely important, as we will also be seeking to establish accounta-
bility for future compensation claims on behalf of the 1500 home owners and business that |
represent if, as we expect, actual noise levels from the planned near-coast windfarm exceed
those predicted.

I look forward to your prompt response.

Yours sincerely

Brian Hebel Andersen
bha@advokatfirmaet-svendsen.dk
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Noise level predictions for the planned near-coast windfarm in Jammerland

Bay
Dear Brian Hebel Andersen,

DELTA has received your letter of 17 March 2016 with your inquiries made on behalf
of the pressure-group “Bevar Jammer Bugt” and we have investigated into the matter
and the questions raised in vour letter.

In your letter, you state that Orbicon A/S has used SoundPlan 7.3 software for the pur-
pose of predicting sound propagation and noise levels and You emphasize that Sound-
Plan 7.3 is based on Nord2000 model.

The Nord2000 model is basically a set of mathematical formulas which may be used for
calculation of propagation of outdoor noise in general (not just noise from wind farms)
provided the method is applicable in the specific circumstances. The Nord2000 model
was developed during the period 1996 to 2001 in a research collaboration between SIN-
TEF (Norway), SP (Sweden) and DELTA (Denmark) financed by the Nordic Council of
Ministers.

The Nord2000 model and/or aspects of the method have been publicized in reports and a
number of other publications, including by DELTA and others who have dealt with the
method and its application. Among the publications, you will find the following;

B. Plovsing, J. Kragh, ‘Nord2000. Comprehensive Outdoor Sound Propagation
Model’. Part 1: ‘Propagation in an Atmosphere without Significant Refraction’, and
part 2: ‘Propagation in an Atmosphere with Refraction®, Reports AV 1849/00 and
AV 1851/00, DELTA Acoustics & Vibration, Lyngby 2000.
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H.G. Jonasson, S.A Storeheier: “Nord 2000. New Nordic Prediction Method for Road
Traffic Noise’, SP Swedish National Testing and Research Institute, SP Report
2001:10, Boras 2001

H.G. Jonasson, S.A Storeheier: “Nord 2000. New Nordic Prediction Method for Rail
Traffic Noise’, Swedish National Testing and Research Institute, SP Report 2001:1 1,
Boras 2001

The Nord2000 method is not a proprietary method but is available and can be imple-
mented in noise calculation software in whole or in part by any provider of noise calcu-

lating software desiring to do so.

In respect of your two specific questions raised in your letter concerning the accuracy of
the Nord2000 model when applied for modelling sound propagation and associated
noise levels over distances of 4 km or more over water please note the following:

The Nord2000 model has been validated for different applications. Various methods
have been used because a direct comparison between predicted and measured noise level
is sometimes not possible for practical reasons. In the case of offshore wind turbines the
validation performed is described in the report “Noise from offshore wind turbines” pre-
pared by DELTA for the Danish Ministry of the Environment, downloadable from:

http://mst.dk/service/publikationer/publikationsarkiv/2 005/aug/noise-from-offshore-

wind-turbines/

According to the report, and with respect of any reservations stated therein, the studies
show that the Nord2000 model is found valid for modelling sound propagation and as-
sociated noise levels over water for propagation distances up to 1 km while, to the best
of DELTA’s knowledge, no corresponding validation has so far been made at larger dis-
tances. Until such validation is performed, the accuracy of the model for such larger

distances will therefore remain uncertain.

DELTA has not had any operational or advisory role in connection with the preparation
of the Environmental Impact Assessment applied for project in Jammerland Bay. There-
fore, DELTA is only able to refer Yyou to the publicly available matters and information
regarding the Nord2000 model, part of which material we have made a reference to
above for you information. Further material may be found by a search of relevant litera-
ture as usual in the course of evaluation of a technical subject.
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DELTA suggests that you approach Orbicon A/S in respect to the matters which you in-

vestigate,

However, we can inform you that the provision of advice, analysis, evaluations and in-
vestigations on acoustical matters is a professional, technical service offered by DELTA
on commercial terms in line with services offered by professionals in other areas. This
as a matter of course includes answering questions concerning the application of
Nord2000 for specific purposes. If assistance from DELTA concerning the Jammerland
Bay Environmental Impact Assessment is desired, DELTA will be happy to provide you
with an offer for such assistance as paid service if the subject matter lies within DEL-

TA’s capabilities.

Yours sincerely

DELTA /
U
Juan Fa ?,/ -~

ITi
CEO DELTA
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David Adams

daad@newsolutions.dk
M: +45 22 91 13 45

Bilag no. (
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ApS ADVOKATFIRMAET SVENDSEN
Badsmandsstraede 6
1407 Copenhagen K

Hoﬁéebblat‘bavidsARK
Overgaden neden Vandet 47
1414 Copenhagen K

Den 05/05/2015 kl. 20.33 skrev John Klinkby <jkl@soundplan.dk>:

Hi again David

I had a talk with Birger Plovsing this afternoon. He told me that tunnelling is taken into account in
NORD2000 (just named ‘multiple reflections’ in the report), but he also emphasised that NORD2000
were never meant to return exact results over multiple kilometres propagation distances. It might
very well be that PE might show different results than NORD2000 if the distance as here is 5 km
(Birger guessed that the Canadian report refereed to calculations done with parabolic equations).

Birger is a very busy man, but he said that you were welcome to contact him in case you want
details.

Best regards/venlig hilsen,
John Klinkby

<image001.jpg>

From: New Solutions [mailto:daad@newsolutions.dk]
Sent: 5. maj 2015 17:16
To: <jkl@soundplan.dk>
Subject: Re: SoundPLAN

Hi John

That's fantastic.
Many thanks
David

Sent from my iPhone
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The Danish Environmental Protection Agency will, when opportunity
offers, publish reports and contributions relating to environmental

research and development projects financed via the Danish EPA.

Please note that publication does not signify that the contents of the

reports necessarily reflect the views of the Danish EPA.

The reports are, however, published because the Danish EPA finds that
the studies represent a valuable contribution to the debate on

environmental policy in Denmark.
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Forord

Formélet med det gennemforte projekt er at opna en metode til maling af ste-
Jjemission fra offshore vindmeller. Metoden skal give resultater, der er sam-
menlignelige med tilsvarende resultater opnaet i henhold til IEC 61400-
11:2002 for vindmeller placeret pa land.

Der er gennemfort en enkelt offshore maling for at preve metoden af i praksis.

Derudover er der lavet en gennemgang af modeller for stojudbredelse offsho-
re.






Foreword

The purpose of the project is to establish a method for nojse emission meas-
urements for wind turbines on offshore locations. The method shall give re-
sults that can be compared with similar results achieved according to IEC
61400-11:2002 for land based wind turbines.

A single offshore measurement has been made to test the method.

In addition a survey of models for noise propagation from offshore wind tur-
bines has been made.






Sammenfatning og konklusioner

Over hele verden fastlegges vindmellers stejbelastning af omgivelserne gen-
nem stejberegninger baseret pa lydeffektniveauer bestemt i henhold til f.eks.
[1]. For store vindmaeller 0g store beregningsafstande er der en tendens til at
nogle af beregningsmodellerne, der er udviklet til industri St@j og mindre af-
stande giver forkerte resultater.

Vindmellerne bliver stadig starre og flytter ud pa vandet. Nogle offshore pro-
Jekter vil blive placeret relativt teet pa kystlinjer med boligomrader eller rekrea-
tive omréader, og miljepavirkningen fra f.eks. staj kan vise sig at veaere af betyd-
ning. Afstanden fra offshore vindmelleparker kan variere fra nogle fa kilome-
ter som Middelgrunden udfor Kebenhavns Havn til mere end 10 kilometer
som Horns Rev vest for Blavandshuk i Jylland.

Stejudbredelse fra offshore vindmeller er forskellig fra lydudbredelsen for
landbaserede vindmeller. P4 grund af refleksioner i den akustisk harde hav-

lepark.

Derfor er det vigtigt at veere i stand til at fastlegge stejbelastningen fra offsho-

re vindmelleparker p4 en sikker 0og entydig made. Dette omfatter palidelige

ret pa et skib 3-5 m over havoverfladen, og har fundet den anvendelig. Det
storste problem med metoden er, at baggrundsstajen fra belgeslag mod skibs-
siderne kan maskere mollestojen og dermed umuliggere malingerne.

Fer metoden kan anbefales som en generel metode, ber der gennemferes
yderligere forsegsmalinger under forskellige omstaendigheder.

Prediktering af staj fra offshore vindmelleparker involverer store beregnings-
afstande. Dette medferer, at sely sma ungjagtigheder i praedikteringsmodeller-
ne kan fa betydning. Terrenvirkningen er af storst betydning, men ogsa
luftabsorption ved lave frekvenser har betydning.

grund af multiple refleksioner i havoverfladen. Refleksionerne summerer op
og forer til cylindrisk spredning af lydenergien.

NORD2000 inkluderer denne effekt. Det er dog nedvendigt at fa yderligere
afklaret, ved hvilke afstande og frekvenser effekten satter ind, dvs. hvornar
der skiftes mellem koherent og inkoherent summering af refleksionerne,
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Luftabsorptionskoefficienter ved lave frekvenser ber inkluderes i alle modeller.

For uskarmede forhold giver forskellige vindretninger og vindhastigheder kun
lille variation i stgjniveauet i medvindsretninger og kun lidt mere j tveervind.
Ved beregning af det arlige middelstajniveau bliver variationer i stejniveauet
for varierende meteorologiske situationer vigtige,



Summary and conclusions

Noise assessment of wind turbines through calculations based on sound
power levels measured according to e.g. [1] is used world wide. With larger
wind turbines and calculation distances some of the calculation models devel-
oped for industry noise tend to give erroneous results,

The wind turbines are getting larger and are going offshore. Some offshore
locations will be relatively close to coastlines with residential or recreational
areas, and the environmental impact from e.g. noise can prove to be a subject
to debate. The distances from offshore wind farms to the coastline can vary
from a few kilometres, e.g. Middelgrunden outside Copenhagen Harbour, to
more than 10 km, e.g. Horns Rev west of Blavandshuk in Jutland.

Noise propagation from offshore wind turbines is different from propagation
from land based wind turbines. Due to reflections from the acoustically hard
sea surface, the noise is reduced at a slower rate than sound propagating over
acoustically soft grassland, and what is supposed to be a safe distance for a
wind farm on land may not be so for offshore wind farms.

For that reason it is important to be able to make valid noise assessments for
offshore wind farms. This includes reliable noise calculations and the possi-
bility to check the specified noise data through measurements. Noise meas-
urements offshore are more difficult than on land, and it is necessary to
change the mounting of the microphone from a position on a plate on the
ground. DELTA has tested an alternative method where the microphone is
placed on board a vessel 3 to 5 m above sea level and has found it applicable.
‘The main problem with the method is that background noise from waves hit-
ting the vessel may mask the noise from the wind turbine and make measure-
ments impossible.

A few more tests in different situations should be made before the method is
recommended as a general method.

Prediction of noise from offshore wind turbines involves propagation of noise
over large distances. This means that small inaccuracies in the prediction
models can become significant. Most important is the ground effect, but also
air absorption at low frequencies has to be considered.

The Danish dB(A) model assuming a hard ground overestimates the levels of
noise propagating over ground, but gives reasonable results offshore for lim-
ited distances up to 500 m. In the octave band version the reliable distance
extends to 2 to 5 kilometers. The models fail at large distances because of
multiple reflections from the sea surface building up and leading to cylindrical
spreading of the sound energy.

NORD2000 includes this effect. It is, however, necessary to achieve a better
understanding of at which distances and frequencies the effect of multiple
reflections is active, that is when to change from coherent to incoherent sum-
mation of the reflections.

11



12

Air absorption coefficients at low frequencies should be included in all mod-
els.

For situations without screening different wind directions and wind speeds
give only small variations in downwind directions and only slightly more in
cross wind. When calculating the annual average noise level, variations in the
noise level during varying meteorological situations become important.



1 Noise emission measurements for
offshore wind turbines: Measure-
ment Procedure

Measurement of noise emission from offshore wind turbines cannot in general
be made with the standardized and generally accepted method in IEC 61400-
11:2002 [1]. Most often the waves are so high that it is not safe to leave a mi-
crophone on a reflecting plate floating on the surface of the sea, and the noise
produced by even small waves hitting the reflecting plate may exceed the
noise level produced by the wind turbine.

Instead an alternative method has been proposed where the microphone
moved from a position on a plate on the ground to a position 3 to 5 m above
the sea surface. The direct sound from the wind turbine and the reflected
sound from the surface of the sea are almost equal, and when the frequency
band considered is wide enough, the reflection causes a doubling of the en-
ergy of the direct sound and a 3 dB increase in sound pressure level. Actually,
this principle lies behind the standards for measurement of sound power level
in a free field above a reflecting plane, e.g. the ISO 3740-series. The principle
does not apply to determination of tone levels. Thus the proposed alternative
method cannot be expected to give conclusive results regarding the tonality of
the wind turbine noise.

‘The method follows the general line of action in Statutory order No. 304 of
14th May 1991 “Noise from Wind Turbines” from the Danish Environ-
mental Protection Agency [2] and in IEC 61400-11:2002 [1]. The main ex-
ceptions {rom the standard are described below. The measurements are made
with a microphone mounted onboard a vessel. The wind speed is determined
from the power produced by the wind turbine and a calibrated power curve
rather than a simple wind speed measurement. The sound power level as well
as other acoustic parameters are determined at integer wind speeds from 6 to
10 m/s and not only at 8 m/s. The tonality is not considered.

1.1 Microphone position

The microphone is placed 3 to 5 m above the surface of the sea, free of re-
flecting obstacles like ship cabin, hull, etc. A position 1 m to 2 m from the
vessel is preferred, but for practical reasons a position nearer the bulwark rail
of the vessel is acceptable. The microphone axis shall point towards the hub
of the wind turbine.

To obtain an adequate signal-to-noise ratio, the microphone shall be fitted
with extra wind noise reducing equipment, e.g. a standard spherical wind-
shield 10 cm in diameter supplied with a secondary wind shield as described
in [3]. In Figure 1 the mounting of the microphone with a secondary wind-
shield used for the wind turbine noise measurements is shown.
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Figure 1

Mounting of microphone on
board the vessel.,

The microphone is supplied with
an extra wind shield.

1.2 Anemometer position

An anemometer is placed onboard the same vessel as the microphone and at a
height of 10 m above sea level. The anemometer is only used for the back-
ground noise measurements. The anemometer is expected to give the correct
wind speed at 10 m height due to the small roughness length of the surface,
and hence the normalization suggested in [1] is not necessary.



2 Noise Measurements

2.1 Loudspeaker measurements

The proposed measurement setup with the microphone at a height of 3 to

5 m above the sea surface is expected to correspond to a measurement above
a fully reflecting ground surface. Above a certain frequency the result of this is
a +3 dB addition to the free field value.

To test if this works in practice, a pink noise signal from a calibrated loud-
speaker hanging from the nacelle was measured at the new reference position.
The source height was 60 m, the microphone height was 3.5 m and the hori-
zontal distance was 125 m.

In Figure 2 the measured noise levels are compared to the calculated noise
levels using the NORD2000 model and a simple model using spherical
spreading + 3dB. The input data for the NORD2000 calculation is shown in
Figure 4.
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Figure 2
Comparison of measured Noise and calculated noise
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Comparison of Excess attenuation (sound pressure levels in excess of spherical
spreading) for NORD2000 and + 3 dB
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Figure 4

Computation parameters applied in Nord 2000 to obtain the results shown
in Figure 2 and Figure 3

Generally there is a good agreement between measurement and calculation as
the overall A-weighted sound pressure levels are within 1 dB of each other.
Above 500 Hz Spherical spreading + 3 dB and NORD2000 are almost iden-
tical. Between 100 Hz and 500 Hz NORD2000 fits the general behaviour of
the measurements better than Spherical spreading + 3 dB. Figure 3 shows the
large variation in the ground effect with deviations from +3 dB of up to 4 dB.
Below 100 Hz the measurements are expected to be highly influenced by




background noise, giving too high values. The background noise at the fre-
quencies from 25 Hz to 80 Hz is estimated to be around 40 dB to 45 dB. The
deviation in ground effect from + 3 dB in this region is up to 10 dB.

The difference between NORD2000 and Spherical spreading + 3 dB is so
small that for simplicity it is recommended to use Spherical spreading + 3 dB,
when calculating the Apparent Sound Power Level from measurements. If
however the noise from the wind turbine has a significant content of noise
below 100 Hz, it would be more correct to use the NORD2000 correction for
the ground effect.

2.1.1 Loudspeaker calibration

The loudspeaker was calibrated through a measurement setup with a similar
geometry as for the noise measurements. The loudspeaker was hanging from
a ladder at a height of 4 m to the centre. Noise measurements were made with
the microphone on the hard asphalt paved ground at a distance of 8 m. Thus,
the directivity and the efficiency of the loudspeaker were included in the cali-
bration. The sound power level of the loud speaker in 1/3-octave bands is
shown in Figure 5.
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Figure 5
Sound power level of the loudspeaker in 1/3-octave bands

2.2 Wind Turbine Noise measurements

The noise measurements were made at a ZMW wind turbine situated in inte-
rior Danish waters. The wind speeds were from 7 m/s to 10 m/s, and the wave
height was app. 1 m. The microphone height was 3 m.

The results of the measurements are given in Figure 6.
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Wind Turbine 2 MW

LAeq(1 min) [dB re 20 uPa]

50 f ;
6 7 8 9 10
Windspeed [m/s] (from power measurements)
X Measuring results & Turbine parked

—— Regression analysis Poly. (Measuring results)

Figure 6
Measurement results

The average difference between the total noise measurements and the regres-
sion line through the background noise measurements is 4.3 dB. According to
[1] the difference shall be 6 dB or more. The background noise was generated
by waves hitting the vessel. As the measurements were made at a location,
where the wave height was rather small, this can prove to be a general prob-
lem with the method.

The background noise can be reduced by using a microphone placed at a
higher position or at a larger distance from the vessel.

The measurement distance was at the outer limit of the range given in [1] i.e.
R, + 20 % = 125 m. If the shortest distance, R, - 20% = 85 m, had been ap-
plied, the noise level from the turbine would be expected to be app. 2 dB
higher, and the 6 dB difference criteria would have been met. Increasing the
microphone height from 3 m to 5 m would give a smaller impact of the back-
ground noise. The background noise was dominated by wave noise, while
wind induced noise in this case was negligible.

In Figure 7 the background noise and the total noise at a wind speed of 8 m/s
is given as 1/3-octave band spectra.
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Figure 7
Comparison of Total Noise and Background Noise in 1/3-octave band spectra

The results given as the Apparent Sound Power level of the measurements
relative to the results from an accredited measurement for a land based wind
turbine of the same make and type are given in Table 1. The offshore meas-
urements are corrected for the background noise even though the 6 dB differ-
ence was violated. A second order regression is applied, as this was done in
the accredited report to make a direct comparison possible.

Wind speed 6 m/s 7 mfs 8 m/s 9 m/s
- L., ... [dB] 3.0 2.0 1.6 1.1

wa,offshore

ableT.

accredited measurement at a similar wind turbine on land. The value at 6 m/s has been
extrapolated from a second order regression through the data points.

The results of the offshore measurements are 1 dB to 3 dB above the results
from the land based wind turbine. This difference is within what could be
expected when comparing two different wind turbines of the same type on
land. A comparison of the frequency distribution in 1/3-octave bands is shown
in Figure 8.
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Comparison of sound power levels in 1/3-octave bands

2.3 Comments

The results of the measurements indicate that it is possible to make noise
measurements on offshore wind turbines according to the general principles
in IEC 61400-11:2002 with a few changes.

? The microphone is placed 3 m to 5 m above the surface of the sea free of
reflecting obstacles. A position 1 m to 2 m from the vessel is preferred, but
for practical reasons a position nearer the rail of the vessel is acceptable.

? The anemometer is placed onboard the same vessel as the microphone and

at a height of 10 m above sea level.
? The Apparent Sound Power Level can be calculated from the noise meas-

urements as:

Epi=Ly ~3410. Iog[

where

4-1r-R]2J

0

L,,.is the background corrected A-weighted sound pressure level

R, is the slant distance in meters from the rotor centre to the microphone
and
S, is the reference area, S, = 1 m’
The background noise from the waves hitting the vessel is the main problem.
To reduce the influence of this, it is recommended to use the shortest allow-

able measurement distance given in the standard, i.e. R, - 20 %, and use as
high a microphone position as possible.



3 Sound Propagation from Offshore
Wind Turbines

3.1 Introduction

The purpose of this section is to illustrate the differences to be expected be-
tween sound propagation from offshore wind turbines and land-based wind
turbines. The illustration is based on existing sound propagation models de-
scribed in the literature and calculations made with these models for typical
spectra of wind turbines as well as on other knowledge of sound propagation.

3.2 Literature on Sound Propagation Models

The sound propagation from offshore wind turbines is only described in the
literature to a limited extent.

In an earlier article of Hubbard and Shepherd [4] the basic aspects of sound
propagation from land-based wind turbines are described. The article con-
tains results from measurements of noise from wind turbines performed in a
desert area where the sand surface will be hard at least at the low frequencies
and thus correspond to a water surface. The article describes the effect of
meteorological refraction by the formation of shadow zones in upwind and
sound channelling at low frequencies in downwind. It is concluded that the
measurements in downwind at high frequencies (630 Hz) show good correla-
tion with spherical propagation (6 dB reduction per doubling of distance) plus
air absorption, where measurements at low frequencies (8-16 Hz) show better
correlation with cylindrical propagation (3 dB reduction per doubling of dis-
tance).

Almost at the same time as the publication of [4] the Danish Ministry of Envi-
ronment published “Bekendtgerelse om stej fra vindmeller” (”Government
Order on Noise from Wind Turbines”) [2] describing a method for determi-
nation of the sound pressure level at a height of 1.5 m above ground at the
nearest neighbour. The sound pressure level is calculated according to [2] by
Equation (1).

L, =Ly, —10log(l* +h*)-8§— AL, 5))

where L, is the sound power level of the turbine, /is the distance between
the turbine base and the receiver, h is the hub height, and AL, is the air ab-
sorption. The number 8 in the equation indicates that the ground increases
the sound pressure level by +3 dB relatively to free field corresponding to
hard ground. According to [2] AL, can be calculated with a simple attenuation
coefficient of 0.005 dB/m or with a little more advanced octave band method.
In case of large propagation distances the two methods can result in consider-
able differences.

In 1998 the EU Project JOR3-CT95-0065 on immission of noise from wind
turbines [5] was finalized. The project dealt among others with the elaboration
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of a prediction method for the sound propagation and validation of the model
with measurements of sound propagation from a number of wind turbines.
For one wind turbine the sound propagation was over water. The acoustical
principles used in the propagation model correspond by and large to the prin-
ciples applied in Nord2000 (9] and [10]), but the model is only valid for level
ground, whereas Nord2000 is a general propagation model. The model gave
good agreement with the measurements, but the measurements only cover
distances up to 600 m and in the case with propagation over water only up to
350 m.

In 2001 Naturvardsverket in Sweden published a report [6] with a proposal
for a Swedish prediction method for noise from wind turbines with sound
propagation both over ground and water. The proposal was based on a lit-
erature study [7]. For land-based wind turbines and a propagation distance
below 1000 m the A-weighted sound pressure level is calculated according to
Equation (2), which corresponds to the Danish method given in Equation (1).
The calculation of AL, also corresponds to the Danish method with a simple
attenuation coefficient of 0.005 dB/m. For land-based wind turbines and a
propagation distance above 1000 m the A-weighted sound pressure level is
calculated according to Equation (3), which corresponds to the Danish
method with a reduction of 2 dB (ground effect of +1 dB relatively to free
field instead of +3 dB). The calculation of AL, in Equation (3) has a resem-
blance to the Danish octave band method, but the attenuation coefficients in
the octave bands are not the same, and the method goes down to 63 Hz,
where the Danish method ignores air absorption below 250 Hz. For offshore
wind turbines and a propagation distance below 200 m the A-weighted sound
pressure level is calculated according to the same method as used for land-
based wind turbines in Equation (2). For propagation distances above 200 m
the A-weighted sound pressure level is calculated according to Equation (4),
where the calculation of AL, corresponds to the octave band method for land-
based wind turbines with propagation distances of above 1000 m. The term
10log(r/200) in the equation means that the propagation gives an attenuation
of 3 dB per doubling of distance instead of 6 dB (cylindrical instead of spheri-
cal propagation). In [6] it is stated that the prediction model is based on very
few measurement data and produces the upper limit of the noise. This com-
ment may suggest doubt as to whether cylindrical sound propagation already
begins at distances of 200 m. Although not quite clear from the report, the
Swedish method seems to be based on experiences from relatively low wind
turbines (hub height of 20 to 40 m).

Ground < 1000 m, water < 200 m:
LM = L;m,,-q- —20log(r)-8 - AL, )
Ground > 1000 m:

L, =Ly,,, -20log(r)-10- AL, 3)

Water > 200 m:

Lyt = Lis,er —20log(r) -8~ AL, +10log(r/200) @)



In 2003 sound propagation from offshore wind turbines was theoretically
treated in a PhD study (8]. The emphasis of the study is laid on advanced
mathematical methods for calculation of sound propagation in an atmosphere
with refraction. Calculations of the sound pressure level from a 65 m high
wind turbine as a function of propagation distance up to 8000 m have been
made for different meteorological conditions. The calculations were, however,
only made for low frequencies (about 50 Hz). The calculations demonstrate
that spherical propagation is a good approximation at distances below 3000 m
for a logarithmic wind profile and wind speeds of up to 8 m/s measured 10 m
above ground. At strong refraction (15 m/s) this distance decreases a little, but
is still larger than 2500 m. At special wind conditions with a low level jet (ap-
prox. 15 m/s at 200 m height) and a strong increase in wind speed from 100
to 200 m height, it has been demonstrated that sound channelling occur down
to below 2000 m. The decrease in sound pressure level with distance at 50
Hz, calculated in [8], is shown in Figure 9 for weak refraction (3 m/s), normal
refraction (8 m/s), and for the situation with a low level jet and compared with
the expected result assuming cylindrical propagation.
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Figure 9

The decrease with distance of the sound pressure level from a 65 m high wind turbine
at propagation over water under three different meteorological conditions and
comparison with expected values assuming cylindrical propagation.

The general prediction method, N ord2000, described in [9] and [10] is ex-
pected to be well suited for calculation of sound propagation from wind tur-
bines. The method is developed for prediction for all non-extreme types of
weather and for any kind of ground. For sources placed at low height as e.g.
roads and railways the method will have a limited accuracy at distances above
approx. 1000 m, but in cases with sources placed at high height a satisfactory
accuracy is expected considerably above 1000 m. The method includes the
effect of meteorologically determined shadow zones and the effect of multiple
reflections from the ground (which is called sound channelling or cylindrical
propagation in the studies referred to above). The method for multiple reflec-
tions in Nord2000 has, however, a weakness which was not solved in connec-
tion with the preparation of Nord2000. It was concluded in [10] that the con-
tribution from the many rays of multiple reflections shall be added incoher-
ently (on an energy basis) at high frequencies and coherently (on a pressure
basis) at low frequencies. It was, however, not possible to find a reliable prin-
ciple for the transition between coherent and incoherent summation, which
will depend on the geometrical and meteorological conditions. As the empha-
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sis in the Nord2000-work was laid on noise from sources at low height as e.g.
roads and railways where multiple reflections can occur at relatively short
distances (above 200-300 m) and where the A-weighted noise levels are de-
termined by the high frequencies, it was decided as a temporary solution to
use incoherent summation in the whole frequency range. As to wind turbines
the situation is, however, different as multiple reflections do not occur until at
considerably larger distances (above 2000-3000 m) where the immission
spectrum will be dominated by low frequencies due to air absorption, and
thus the low frequencies will determine the A-weighted sound pressure level,
Therefore, when applying Nord2000 at distances above approx. 1000 m, it
can be necessary to solve the problem with the transition from coherent to
incoherent summation, or to consider as a temporary solution to use coherent
summation in the whole frequency range.

3.3 Calculation of Ground Effect

To illustrate the differences to be expected between the sound propagation of
offshore wind turbines and land-based wind turbines, a number of calcula-
tions were made with the propagation models described in Section 3.2.

At first calculation of the ground effect of sound propagating from a wind
turbine with a hub height of 30 m at distances from 100 to 10,000 m was
made. A height of 30 m corresponds approximately to the heights which are
the basis of the Danish and Swedish method referred to in Section 3.2 (the
typical height of a wind turbine were 30 to 40 m at the time the methods were
developed). In the calculations with Nord2000 the source spectrum of a
Modern 2MW wind turbine measured at a wind speed of 8 m/s at 10 m
height has been used (Figure 10). The ground effect has been defined as the
difference between the A-weighted sound pressure level and the A-weighted
free-field sound pressure level. When calculating the sound pressure levels the
air absorption corresponding to an ISO-atmosphere (15° C and 70% RH) has
been used. At propagation over ground a flow resistivity of 200,000 Nsm™ is
assumed corresponding to grass-covered ground and at propagation over wa-
ter a flow resistivity of 20,000,000 Nsm* corresponding to a hard surface.
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Figure 10

Source spectrum for a modern 2MW wind turbine measured at a wind speed of 8 m/s at
10 m height.



In Figure 11 the following results from calculations or measurements are
shown:

* Propagation over ground, Nord2000

* Propagation over ground, Danish method

* Propagation over ground, Swedish method

* Propagation over water, Nord2000

* Propagation over water, Nord2000, but coherent addition for multiple
reflections

* Propagation over water, Swedish method

® Measurements from [4] for low frequencies (8-16 Hz, propagation dis-
tances above 300 m and up to 20 km in downwind and 3 km in upwind)
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Figure 1
Ground effect for a wind turbine with a hub height of 30 m predicted according to
different models at propagation both over ground and water.

Figure 11 shows that for propagation over ground both the Danish and
Swedish method predict a ground effect of +3 dB up to 1000 m while the
calculations with Nord2000 at a wind speed of 8 m/s are 1 or 2 dB lower. At
distances above 1000 m the Swedish method is 2 dB lower than the Danish
method and thus shows good agreement with Nord2000.
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Figure 11 shows for propagation over water good agreement between
Nord2000 and the Danish method, although Nord2000 has a slightly in-
creasing tendency above 1000 m, however without the differences becoming
pronounced. If coherent summation is used in Nord2000, a somewhat larger
increase of ground effect and therefore of the sound pressure level due to
multiple reflections is seen, and at large distances a good agreement is seen
with the measurements at low frequencies in [4]. Nord2000 shows, however,
that the distance must be larger than 1000 m even at coherent summation in
the whole frequency range before the multiple reflections become of any im-
portance. Viewed in the light of the calculations and the results in [8] it seems
unrealistic that this effect occurs below 1000 m as indicated in the Swedish
method.

In addition calculations have been made of the ground effect of the sound
propagating from a wind turbine with a hub height of 100 m, which corre-
sponds to the size of wind turbines relevant today (Modern MW-turbines is
approx. 80-90 m). Figure 12 shows the results of the calculations for this tur-
bine height.
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Figure 12

Ground effect for a wind turbine with a hub height of 100 m calculated according to
different models at propagation both over ground and water-

Figure 12 shows that the ground effect calculated with Nord2000 for a wind
speed of 8 m/s is slightly higher than for the 30 m wind turbine, by which the
difference between the Danish method and Nord2000 is correspondingly re-
duced. It should be particularly noted in the figure that the effect of multiple



reflections does not occur until at very large distances (above 4000 m). For
these high wind turbines it must be concluded that the Danish method re-
garding ground effect yields good results for a wind speed of 8 m/s, and that
multiple reflections are without importance in the area of distance which s of
practical importance.

The Danish and Swedish method is only valid for sound propagation in
downwind. To illustrate the effect of the meteorological conditions in cross-
wind and upwind, calculations were made with Nord2000 of the ground ef-
fect of sound propagating both over ground and water for a wind speed of

8 m/s for the three wind directions (downwind, crosswind, upwind). The re-
sults of the calculations are shown in Figure 13 to Figure 16.
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Figure 13
Ground effect for a wind turbine with a hub height of 30 m calculated with Nord2000
for different wind directions for propagation over ground,
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Figure 14
Ground effect for a wind turbine with a hub height of 30 m calculated with Nord2000
for different wind directions for propagation over water-
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Figure 15

Ground effect for a wind turbine with a hub height of 100 m calculated with
Nord2000 for different wind directions for propagation over ground.
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Figure 16

Ground effect for a wind turbine with a hub height of 100 m calculated with
Nord2000 for different wind directions for propagation over water.

Figure 13 to Figure 16 show that the crosswind ground effect does not deviate
much from the downwind ground effect. Actually, the figures show that the
ground effect may be slightly higher (higher noise levels) during crosswind

fracting atmosphere (meaning that the reflection from the ground is more
likely to approach a +6 dB effect in the former case at large distances). The
same effect can be seen during upwind conditions at distances Jjust below the
distance where a shadow zone appears. In upwind large attenuations can be



observed above a given distance due to a meteorological shadow zone. Below
this distance the ground effect will by and large correspond to the situation for
the other wind directions. As far as high wind turbines are concerned shadow
zones will only occur at considerable distances (above 1000 m) both for
propagation over ground and water.,

Meteorological effects may also arise due to temperature gradients, but as this
will only be of importance at low wind speeds, where the wind turbine noise is
of less importance, these effects may be neglected for wind turbines.

3.4 Air Absorption

In addition to the ground effect the air absorption will affect the calculated
A-weighted sound pressure level. In the calculation methods considered above
there is no disagreement that the effect of air absorption shall be included, but
there is a difference as to how this is done, as mentioned in Section 3.2,

The best method for calculating air absorption is ISO 9613-1 [11]. This
method is used in Nord2000 [9] and is here supplemented with a principle for
the difference between the air absorption in a 1/3-octave band and at the cen-
tre frequency, which may be of importance at propagation over very large
distances. Use of the method requires that the sound power level of the source
is known in 1/3-octave bands, which is normally the case.

The approximate methods of both the Danish and the Swedish model (the
dBA as well as the octave band methods) can be sufficiently accurate at small
distances, but can give considerable errors at large distances as shown in
Figure 17. The figure shows less than 1 dB difference between Nord2000 and
the Danish dB(A)-method up to 500 m, but at 2000 m the difference is ap-
prox. 5 dB and at 10 km more than 35 dB. The agreement between
Nord2000 and the Danish octave band method is considerably better as the
difference for the wind turbine investigated is less than 0,5 dB up to 1000 m,
less than 1 dB up to 3000 m, and approx. 3 dB at 10 km distance. The octave
band method may be brought in better agreement with Nord2000 by adjust-
ing the attenuation coefficients and introducing attenuation coefficients for
frequency bands below 250 Hz.
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Figure 17

Effect of air absorption for a wind turbine with a hub height of 100 m calculated with
Nord2000 for 15°C and 70% RH compared to calculation according to the Danish
dB(A)-method.
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As mentioned earlier the approximate methods for determining the air ab-
sorption will be sufficiently accurate at small distances. The ISO 9613-1
method as described in N ord2000 [9] is, however, so relatively simple that
from a technical point of view there is no reason for not taking advantage of
the extra accuracy of the method for a given source spectrum and possible
given temperature and air humidity.

3.5 Conclusion

Calculations with Nord2000 and a source spectrum of a modern 2MW wind
turbine show that for a downwind of 8 m/s and for distances up to 1000 m the

For propagation over water at a downwind of 8 m/s at distances above

1000 m effects of multiple reflections may occur (sometimes called sound
channelling or cylindrical propagation) which are not seen for sound propa-
gating over ground. This may result in sound pressure levels of 15-20 dB over
free field at large distances and low frequencies. The calculations of this re-

~ port as well as other results from the literature indicate that the effect of mul-

tiple reflections begin at distances of 1 or 2 km for low wind turbines (hub
height 30 m) and not until above approx. 5 km for high wind turbines (hub
height 100 m). A Swedish method stating a possible effect from multiple re-
flections already at distances from 200 m does not seem realistic.

distance the ground effect will on the whole be similar to the situation for
other wind directions. As to high wind turbines shadow zones will not occur
until at considerable distances (above 1000 m) regarding propagation over
ground as well as over water.

The approximate methods of the existing Danish model calculating the effect
of air absorption seem to give reasonable results at small distances, but may
give considerable errors at larger distances. Calculations show less than 1 dB

octave band method in better agreement with Nord2000 by adjusting the at-
tenuation coefficients and in particular introducing attenuation coefficients for
frequency bands below 250 Hz.
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