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Abstract

The European Directive 2015/996, of 19 May 2015, establishes common noise assessment methods
(typically referred as CNOSSOS methods) within the European space, pursuant to Directive 2002/49/EC, of
the European Parliament and of the Council. Thus, it is natural that the development of noise modelling of
wind farms will be carried out based on the CNOSSOS method for industrial noise sources. The CNOSSOS
method for industrial noise sources is based on the method of the standard ISO 9613-2: 1996. This article
presents the precautions that must be taken when using these methods (CNOSSOS or ISO 9613-2) for noise
modelling of wind farms, because, in some cases, an “unsafety” modelling may result in an underestimation
of the sound levels perceived in the Receivers. This article therefore presents, and justifies, some
recommendations on how to use the CNOSSOS or ISO 9613-2 methods, for safer predictions of sound levels
in Receivers, due to the noise of Wind Farms.
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1 Introduction

The noise from wind farms has been a topic of growing interest in the technical acoustics community, as
demonstrated by the creation, in 2005, by INCE-Europe [1], of an exclusive biennial conference on the
subject. In 2021, the conference had its 9" edition. Analyzing the Post-Conference Report [2] it appears that,
in the present moment, the main points of interest are:

e Propagation: There is still pressure from manufacturers and developers for more accuracy on
predictions, mainly across water and on meteorological conditions other than downwind (other than
favourable propagation conditions).

e Regulations: Modern turbine control systems make possible to control turbines in different wind
conditions so that the noise level at any point is as close to the maximum permitted as possible.

e Measurement and Assessment: New IEC TS 61400-11-2 (Measurement of wind turbine noise
characteristics in receptor position), to be publish on 2022 [3] and the fact that Lg.,, as used by WHO
in the 2018 European Guidelines [4] is not much liked by consultants.

e Tonality: Although tonality in turbines seems to be much less common than it used to be it still
comes up as a problem in some instances.

e Amplitude Modulation (AM): Sometimes it appears to be of particular importance and other times
not so. Unlike tonality where well-defined assessment techniques have been available for some time,
the assessment of AM is at an earlier stage.

o Infrasound: The issue of infrasound does not seem to go away, in spite of the fact there is clearly no
evidence that it has any direct impact either on the health of people near wind farms or on their
perception of the noise.
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Therefore, people working on the topic of noise from wind farms should be aware of:

e Possible future developments on propagation models, over water and for conditions other than
downwind (other than favourable propagation conditions). Special care using current methods over
water or for not downwind conditions. For offshore wind farms see [5,6].

e The future publication of the new IEC TS 61400-11-2, and the possible future disregard of the Lgen
parameter for Wind Turbine noise analysis.

o The possible non-consideration/penalty of the prediction analysis, due to the existence of tonal
characteristics — because it is unlikely for Wind Turbine noise — but the need for their control
through monitoring and appropriate methods, for example the method of ISO/PAS 20065:2016 [7].

e The possible non-consideration/penalty of the prediction analysis, due to the existence of Amplitude
Modulation (AM) — still not well established — but the need for its control through monitoring and
adequate methods, for example the methods of the references [8,9].

e The need to equating continuous monitoring and active control of the operation of wind turbines, to
ensure effective compliance with the noise limits established at points of interest.

In the following refences there are also important information on the “state of art” of Wind Turbine noise
subject: [10,11]

2 The use of ISO 9613-2

There are several papers warning about the need for care in using ISO 9613-2 [12] in wind farm noise
prediction, for example reference [13], in which it is stated that, in some cases, were measured values 15 dB
above of the predicted value.

As the references [14,15] correspond to institutional documents, directed to the precautions to be taken in the
use of ISO 9613-2 [12], in wind farm noise prediction, it seems to be appropriate to follow their
explanations, which are summarized below.

Guide for ISO 9613-2 [12] utilization in wind farm noise prediction (just for on-shore, because does not
cover long distance propagation over sea such as will be relevant to off-shore wind farms):

1. If there are spectral sound emission data, representative of the legal period of analysis in question,
for the following 1/1 octave bands (63Hz, 125Hz, 250Hz, 500Hz, 1000Hz, 2000Hz, 4000Hz,
8000Hz) they must be considered, and the regular attenuations of ISO 9613-2 [12] can be used. If
only broadband sound emission data are available, a conservative calculation should be carried out,
assuming a fully reflective ground and an attenuation, due to the atmospheric absorption, associated
with the 250Hz octave band.

2. In any case, a fully absorbent ground (« = 1) should not be used. For safety reasons — which can be
excessive in some cases — a fully reflective ground (a = 0) should be used. In most cases the use of
an intermediate ground absorption (a = 0.5) is adequate.

3. At least when using a ground sound absorption coefficient of = 0.5, an uncertainty factor of +2 dB
must be added to the sound power values tested by the manufacturer.

4. Even for receivers with only 1 floor, the height of the receiver, in the acoustic model, must never be
less than 4 m above the ground.

5. Temperature and relative humidity values that represent a low attenuation due to atmospheric
absorption must always be used. Recommended values: 10°C and 70%.

6. A further correction of +3 dB (or +1.5 dB if using « =0) should be added to the calculated overall A-
weighted noise level for propagation “across a valley”, i.e. a concave ground profile, or where the
ground falls away significantly, between the turbine and the receiver location. The following
criterion of application is recommended:

hw>1.5 x (abs (hs - hy) /2) (1)
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where /4, is the mean height above the ground of the direct line of sight from the receiver to the
source (as defined in ISO 9613-2 [12], Figure 3 (next Figure 1)), and %, and 4, are the heights above
local ground level of the source and receiver, respectively.

Receiver

Source
hyw = F/d (F is the Area)
Ground profile

Figure 1 — Mean height above the ground (Figure 3 of ISO 9613-2 [12]).

7. Topographic screening effects of the terrain (ISO 9613-2 [12], Equation 12) should be limited to a
reduction of no more than 2 dB, and then only if there is no direct line of sight between the highest
point on the turbine rotor and the receiver location. If significant screening from a landform barrier is
present near the receiver, higher barrier attenuation values of up to -10 dB(A) may be appropriate,
but any such cases are uncommon and should be fully justified in the assessment.

8. Forecasts must be made, for safety, considering the maximum value of Sound Emission (Sound
Power Level) and 100% probability of occurrence of favourable propagation conditions in all
directions and for all reference periods, which in the great majority of cases must be very excessive.

9. The consideration of non-maximum sound emission and/or non-favourable propagation conditions,
according with related statistics information, may be done with some care (see chapter
“4 Non-Maximum Sound Emission values”and chapter “5 Non-Favourable propagation conditions”).

3 The use of CNOSSOS (Industry)

With the publication of the European Directive 2015/996 [16] — in the Portuguese case, transposed by

Decree-Law 136-A/2019 — which establishes the use of the CNOSSOS [16] method in the European space,

there may be a “temptation” to use this method to predict the noise levels associated with Wind Farms in

Europe.

Thus, it is considered pertinent to compare the forecasts with the ISO 9613-2 [12] method and with the

CNOSSOS [16] method, to understand the necessary adaptations to the CNOSSOS [16] method — when

making noise forecasts in Wind Farms — having into account the necessary adaptations to the ISO 9613-2

[12] method, presented in the previous chapter “2 The use of ISO 9613-2.

The comparison was performed using the Cadna A software [17], for the 4 cross-sectional terrain profiles

shown in Figure 1 to Figure 4, for two different ground absorption coefficients (=0 and o=0.5) and for

favourable and unfavourable propagation conditions.

In Table 1 are shown the comparison results in a more complete way, showing the based forecast values for

ISO 9613-2 [12] and CNOSSOS [16] (Sound Power level of 100 dB(A)] and the differential, and the barrier

effect attenuation and the final results and differential. In Table 2 are shown the comparison results in a

simple way — just the final differential results — but for 63 Hz to 8000 Hz octave bands.

The comparison results, for favourable conditions (the unfavourable results are analysed in chapter

“5 Non-Favourable propagation conditions”) lead to the following main conclusions:

e The frequency values forecasts are different for ISO 9613-2 [12] and for CNOSSOS [16].

Sometimes the CNOSSOS [16] gives “final results” (after barrier effect correction) higher than ISO
9613-2 [12] (up to 2 dB difference, for 125Hz octave band, for 0.5 ground absorption and for Valley,
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Flat and Mount with line of sight ground profile), sometimes equal results (for example for all
frequencies, for 0 ground absorption and for Valley and Flat profile) and sometimes lower results
(up to -23dB, for 8000 Hz octave band, for 0 ground absorption and for Mount with line of sight
profile).

e The 250 Hz octave band values forecasts are also different for ISO 9613-2 [12] and for CNOSSOS
[16]. Sometimes the CNOSSOS [16] gives “final results” (after barrier effect correction) higher than
ISO 9613-2 [12] (up to 2dB difference, for 0.5 ground absorption and for Mount with line of sight
ground profile), sometimes equal results (for example for 0 ground absorption and for Valley and
Flat profile) and sometimes lower results (up to -3dB, for 0 ground absorption and for Mount with
line of sight profile, and for Favourable conditions, for 0 ground absorption and for Mount with no
line of sight profile).

o The use of CNOSSOS [16] method for wind farm noise forecasts must be done with some care and
the corrections to apply for more suitable results, based on ISO 9613-2 [12] corrections, are not
constant, and can be higher, equal or lower correction than ISO 9613-2 [12] corrections, depending
on the case.

e Given the lack of a known institutional form that establishes the necessary adaptations for the use of
the CNOSSOS [16] method, when modelling the noise of wind farms, it is considered more
appropriate to use — if possible — the ISO 9613-2 [12] method, with the adaptations explained in
chapter “2 The use of ISO 9613-2", instead of CNOSSOS [16] method.

Table 1 — Comparison results with ISO 9513-2 and CNOSSOS (250Hz octave band; more complete results)

Ground profile Ground Noise Level [dB(A)] Barrier effect Noise Level [dB(A)] corrected
Method (see Figure 2) absorption forecast (250Hz attenuation for 0|2 dB maximum barrier
coefficient octave band) effect attenuation
Favourable conditions
1SO 9613-2 Valley 0 30 0 30
CNOSSOS Valley 0 30 0 30
CNOSSOS -
ISO 9613-2 ) ] 0 0 0
Unfavourable/Homogeneous conditions
ISO 9613-2 Valley 0 30 0 30
CNOSSOS Valley 0 30 0 30
CNOSSOS -
ISO 9613-2 ) ] L L g
Favourable conditions
ISO 9613-2 Valley 0.5 28 0 28
CNOSSOS Valley 0.5 29 0 29
CNOSSOS - i ) | 0 |
1SO 9613-2
Unfavourable/Homogeneous conditions
ISO 9613-2 Valley 0.5 28 0 28
CNOSSOS Valley 0.5 29 0 29
CNOSSOS - ) ) 1 0 1
ISO 9613-2
Favourable conditions
ISO 9613-2 Flat 0 30 0 30
CNOSSOS Flat 0 30 0 30
CNOSSOS -
ISO 9613-2 ] - 0 0 0
Unfavourable/Homogeneous conditions
ISO 9613-2 Flat 0 28 0 28
CNOSSOS Flat 0 30 0 30
CNOSSOS -
1SO 9613-2 - - 2 0 2
Favourable conditions
1SO 96132 | Flat | 0.5 | 28 | 0 | 28
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Ground vrofile Ground Noise Level [dB(A)] Barrier effect Noise Level [dB(A)] corrected
Method (see Fi Ere 2) absorption forecast (250Hz attenuation for 0|2 dB maximum barrier
g coefficient octave band) effect attenuation
CNOSSOS Flat 0.5 29 0 29
CNOSSOS - i ) | 0 |
ISO 9613-2
Unfavourable/Homogeneous conditions
ISO 9613-2 Flat 0.5 25 0 25
CNOSSOS Flat 0.5 29 0 29
CNOSSOS -
ISO 9613-2 ) ) 4 5 4
Favourable conditions
Mount 17+13-0=
ISO 9613-2 (Line of sight) 0 17 13 30
Mount
CNOSSOS (Line of sight) 0 30 0 30
CNOSSOS -
ISO 9613-2 ) ] 13 13 0
Unfavourable/Homogeneous conditions
Mount 15+13-0=
ISO 9613-2 Lfis i) 0 15 13 28
Mount
CNOSSOS ek 0 25 0 25
CNOSSOS -
ISO 9613-2 ] ] s e _3
Favourable conditions
Mount 22+5-0=
ISO 9613-2 (Line of sight) 0.5 22 5 27
Mount
CNOSSOS (Line of sight) 0.5 29 0 29
CNOSSOS -
1SO 9613-2 - - 7 N 2
Unfavourable/Homogeneous conditions
Mount 20+5-0=
ISO 9613-2 b o ) 0.5 20 5 25
Mount
CNOSSOS L o i) 0.5 24 0 24
CNOSSOS -
1SO 9613-2 - - 4 N !
Favourable conditions
Mount 17+13-2=
1509613-2 (No line of sight) 0 17 13 28
Mount 11+16-2=
CNOSSOS (No line of sight) 0 1 16 25
CNOSSOS -
1SO 9613-2 i ) o 3 -3
Unfavourable/Homogeneous conditions
Mount 15+13-2=
RO (No line of sight) L = = 26
Mount 8+19-2=
OROSI0R (No line of sight) v . e 25
CNOSSOS -
1SO 9613-2 - - 5 6 !
Favourable conditions
Mount 17+10-2=
ISO 9613-2 (No line of sight) 0.5 17 10 25
Mount 8+19-2=
CNOSSOS No line of sight 0.5 8 19 25
g
CNOSSOS -
ISO 9613-2 ) ) - i 0

Unfavourable/Homogeneous conditions
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Ground vrofile Ground Noise Level [dB(A)] Barrier effect Noise Level [dB(A)] corrected
Method (see Fi Ere 2) absorption forecast (250Hz attenuation for 0|2 dB maximum barrier
g coefficient octave band) effect attenuation
Mount 15+10-2=
ISO 9613-2 (o e @) 0.5 15 10 23
Mount 6+21-2=
SO0 (No line of sight) e g 21 25
CNOSSOS -
ISO 9613-2 ) ) - 1 2

Table 2 — Comparison results with ISO 9513-2 and CNOSSOS (63Hz to 8000Hz octave bands; just
differential and final results)

Ground Ground Noise Level difference [dB(A)] forecast
Method profile absorption Hz
(see Figure 2) | coefficient 63 | 125 | 250 | 500 | 1000 | 2000 | 4000 | 8000
Favourable conditions
CNOSSOS -
1SO 9613-2 Valley 0 0 0 0 0 0 0 0 0
Unfavourable/Homogeneous conditions
CNOSSOS -
1SO 9613-2 Valley 0 0 0 0 0 0 0 0 0
Favourable conditions
CNOSSOS -
1SO 9613-2 Valley 0.5 -1 2 1 0 0 0 -1 0
Unfavourable/Homogeneous conditions
CNOSSOS -
1SO 9613-2 Valley 0.5 -1 2 1 0 0 0 -1 0
Favourable conditions
CNOSSOS -
1SO 9613-2 Flat 0 0 0 0 0 0 0 0 0
Unfavourable/Homogeneous conditions
CNOSSOS -
1SO 9613-2 Flat 0 2 3 2 2 2 3 2 0
Favourable conditions
CNOSSOS -
1SO 9613-2 Flat 0.5 -1 2 1 0 0 0 -1 0
Unfavourable/Homogeneous conditions
CNOSSOS -
1SO 9613-2 Flat 0.5 1 4 4 3 3 2 2 0
Favourable conditions
CNOSSOS - Mount
1SO 9613-2 | (Line of sight) 0 0 0 0 0 0 0 0 -23
Unfavourable/Homogeneous conditions
CNOSSOS - Mount
IS0 96132 | (Line of sight) v - = . = -3 . = -23
Favourable conditions
CNOSSOS - Mount
1SO 9613-2 | (Line of sight) 0.5 -l 2 2 0 0 0 -1 -3
Unfavourable/Homogeneous conditions
CNOSSOS - Mount
IS0 96132 | (Line of sight) s '4 v - N -7 -6 = -3
Favourable conditions
Mount
CNOSSOS - .
1SO 9613-2 (No' line of 0 -2 -4 -3 -3 -3 -3 -3 -4
sight)
Unfavourable/Homogeneous conditions
Mount
CNOSSOS - .
1SO 9613-2 (No.hne of 0 -1 0 -1 -1 -1 -2 -1 2
sight)
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Ground Ground Noise Level difference [dB(A)] forecast
Method profile absorption Hz
(see Figure 2) | coefficient 63 | 125 | 250 | 500 | 1000 | 2000 | 4000 | 8000
Favourable conditions
Mount
CNOSSOS - .
i (No line of 0.5 -2 -1 0 -2 -1 -2 -2 0
ISO 9613-2 sight)
Unfavourable/Homogeneous conditions
Mount
CNOSSOS - .
(No line of 0.5 -1 3 2 0 1 1 0 1
ISO 9613-2 sight)

g h=4m

ey
hs=80m F=26200m? W Y S
’ _ A A — ——
. l— — - h=4m

Figure 3 — Mount (line of sight) profile [4,=80m, A,=4m; F=26200m?; d=1103m; h,=24m;
1.5 x (abs (As - hy) /2)=5Tm].

/
/ e
F£15300m%/

Figure 4 — Mount (no line of sight) profile [A=80m, h,=4m; F=15300m?; d=1103m; h,=14m;
1.5 x (abs (ks - hy) /2)=57m].

4 Non-Maximum Sound Emission values

Since a great majority of requirements related with long term average values — for example in the Portuguese
case (Decree-Law 9/2007) annual average for the called Maximum Exposition Criterium (11.% Article) and
more critical month average for the called Discomfort Criterium (13.M Article) — the use of just maximum
sound emission values can be too much conservative.

Theoretically, if we have daily/hourly information of the actual wind turbine sound emission (Sound Power
Levels) we can calculate the annual average (energetic/logarithmic average of the daily/hourly sound power
levels) and the more critical month average (energetic/logarithmic average), for the day period (Portuguese
case 7am to 8pm), the evening period (Portuguese case 8pm to 11pm) and the night period (Portuguese case
11pm to 7am).




euronoise 2021
25th to 27th of October J/
m

Madeira, Portugal - onfine

Normally we don’t have the information of daily/hourly sound emission values during a year, but we can
have the information of the daily/hourly rotor speed, and have a relation of rotor speed with wind turbine
sound emission (sound power level). If it is the case, normally we can use this information to calculate the
annual or more critical month Wind Turbine Sound Power Level to use.

It is very usual to have the information of daily/hourly wind speed at 10 m high and the relation of this speed
values with wind turbine sound power levels for a neutral atmosphere (see [18]). If it is the case, we must be
very careful, because for a stable atmosphere — mainly at night — the Wind Turbine Sound Power levels can
be higher than the values given for a neutral atmosphere (see [18]).

In some way we want to relate the wind speed v,.r at a reference hight 4,.;, with the wind speed v, at other
hight. The reference [18] uses the following equation (equation (4) of [18]):

Vi = Vref (Wl hrep)” 2)

Some values of m (table 1 of [18]): very unstable: m = 0.09; neutral: m = 0.22; very stable: m = 0.41.

5 Non-Favourable propagation conditions

As explained above, a great majority of requirements related with long term average values. Therefore, to
use just favourable propagation conditions can be too much conservative.
We must be aware that the ISO 9613-2 [12] method and CNOSSOS [16] method tends to give much higher
values than reality, for non-favourable conditions. The CNOSSOS [16] method majorize the values for
unfavourable conditions (upwind) assuming homogenous conditions.
The point 4.4.3 of chapter “4.4 Propagation Directivity” of reference [14] gives the results summarized on
Table 3.

Table 3 — Result for favourable and non-favourable conditions (figure 6 of [14])

Landscape Distance between wind turbine and receiver
< 5,25xRotor hight 7,5xRotor hight 11xRotor hight 18xRotor hight

Flat landscape downwind 0dB 0dB 0dB 0dB
Flat landscape crosswind -2dB -2dB -2dB -2dB
Flat landscape upwind 0dB -4dB -9 dB -13dB
complex landscape downwind 0dB 0dB 0dB 0dB
complex landscape crosswind -2dB -2dB -2dB -2dB
complex landscape upwind 0dB -2dB -5dB -8dB

Comparing Table 3 results with Table 1 results — assuming that Table 1 results (¢ = 1103m) can be compared
with 11xRotor hight (11x80=880 m) Table 3 column — we can see that ISO 9613-2 [12] gives, at maximum,
a difference of 3 dB between downwind and upwind, and Table 3 gives a difference of 9dB, for flat
landscape, and 5 dB for complex landscape. CNOSSOS [16] gives, at maximum, a difference of 5 dB
between downwind (favourable conditions) and upwind (unfavourable conditions).

6 Monitoring

Nowadays, with greater ease of access to continuous monitoring systems (see for example [19]), the
possibility of continuous monitoring should be duly considered, at least for those wind farms with a greater
probability of noise problems. In the monitoring that is carried out — continuous, without the presence of a
technician, or by sampling with the presence of a technician — It should be possible to record the noise
emission data of the wind turbines, or associated information, to properly determine the most critical month
of noise emission (special interest for the Portuguese legislation). In the case of the presence of a technician
and the wind turbine being visible, the technician must count, for control, the speed of rotation of the blades
of the nearest wind turbines (similar to the need of traffic count when we do traffic noise measurements).

It should also seek to characterize, at least for information, the presence of tonality and Amplitude
Modulation, through the best available methods [7,8,9].
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7 AbOllt Lden

The equations to calculate L., for Portugal are the following (equation (3) for Continent and Madeira
Islands and equation (4) for Agores Islands):

Laen = 10¥Log((1/24)x(13x 10N (La/ 10)+3x 10°((Let+5)/10)+8x 10°((L,+10)/10))) 3)

Laen = 10¥Log((1/24)x(14x 10N Lo/ 10)+2x 10°((Let+5)/10)+8x 10°((L,+10)/10))) (4)

In some way, we are assuming that the human sensibility to noise is 5 dB higher at evening time and 10 dB
higher in night-time, comparing with daytime, what, typically, is adequate for residential kind of use. For
other kind of use, with typical higher sensibility on daytime, for example a school. L. is not adequate.
When WHO 2018 European Guidelines [4] recommends, for Wind Turbine noise, just L, < 45 dB(A), and
no specific limits for Lg, L. and L,, the requirements for L., can be achieved by the following different set of
values (in this demonstration we are using just equation (3)):
o [;4<45dB(A); L. <40 dB(A); L, <35 dB(A) (this set fulfils the typical relation of residential human
sensibility for day, evening and night time).
o [;<30dB(A); L. <35 dB(A); L, <40 dB(A) (this set fulfils the reverse of the typical relation of
residential human sensibility for day, evening and night time).
o [;<39dB(A); L.<39 dB(A); L. <39 dB(A).
Because of this, some consultants, and some countries, think that is advisable to establish requirements in
terms of L4, L. and L,, and not just in terms of L4, and L, and, even worst, not just in terms of Leen.
According with refence [20] Table 1, Belgium, Bulgaria, Spain and Sweden, in Europe, establish limits for
L4, L. and L,,.

8 Conclusions

As explained above, it is recommended, if possible, for winf farm noise calculation, to use the ISO 9613-2
[12] method, with the adaptations explained in chapter “2 The use of ISO 9613-2”, instead of the CNOSSOS
[16] method, because CNOSSOS [16] does not have a known official document with the necessary
adaptations. The results obtained, when comparing the results with the ISO 9613-2 [12] and CNOSSOS [16]
methods, demonstrate that the necessary adaptations for the CNOSSOS [16] method, in relation to the
ISO 9613-2 [12] method, are not constant (sometimes positive, sometimes null and sometimes negative)
depending on the case.
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