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ABSTRACT

The industrial noise calculation method, which includes
wind farm noise, is defined in Polish regulations and Di-
rective 2002/49/EC. According to these documents, the
method described in the ISO 9613-2 covering the frequ-
ency range from 63 Hz to 8 kHz should be used. Howe-
ver, wind turbines are also a source of the low-frequency
noise in the band from a few Hz and thus well below
the lower frequency of the existing models calculation
range. These sounds are a source of annoyance for pe-
ople living near wind turbines. Therefore, propagation of
the low-frequency component should be modelled at the
predicting acoustic impact stage of wind turbines on the
environment. The paper reviews modelling methods in the
low-frequency range and verifies the suitability of ISO
9613-2 and CNOSSOS-EU algorithms for modelling low-
frequency noise including frequencies below 63 Hz. The
results of the calculations were compared with the results
of measurements carried out around the wind farm.

Keywords: wind turbine, noise modelling, low-frequency
noise.

1. INTRODUCTION

One of the main disadvantages of wind turbines is the ge-
neration of infrasonic and low-frequency noise (ILFN),
which can cause annoyance and nuisance to nearby resi-
dents, as well as people at a considerable distance from
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the turbine [1-3]. Therefore, propagation of the ILFN sho-
uld be modelled at the predicting acoustic impact stage of
wind turbines on the environment. Infrasound noise is de-
fined as noise in the range from 1 Hz to 20 Hz [4,5], while
low-frequency noise has no standardised definition. Dif-
ferent frequency range limits for this noise can be found
in the literature. In the DIN 45680 standard [6], the low-
frequency noise band is specified from 8 Hz to 100 Hz.
According to Leventhall [7], low-frequency noise ranges
from 10 Hz to 200 Hz, while according to the ACGIH thre-
shold limits values [8] infrasound and low-frequency noise
is noise in the range of 1 Hz - 80 Hz, and according to other
researchers up to 100 or 250 Hz or even 500 Hz [9-12]. In
Poland, the Leventhall approach has been applied to low-
frequency noise.

Many methods for modelling wind turbine noise can
be found in the literature. The most common are complex
methods using different models. These include algorithms
based on the ’ray tracing’ method [13—16] and using para-
bolic equations [17-22], as well as the Viterna’s [23,24],
and Amiet’s [25] models. The Fast Field Program algori-
thm [20], and a numerical model developed in 2017 com-
bining the aeroelastic model HAWC?2 and the so-called
Formula 1A developed by Farassat [26] are also used for
this purpose. Nevertheless, research is still ongoing to im-
prove wind turbine noise prediction methods, as exempli-
fied by the PIBE project [27], which is being carried out
in France from 2019 to 2023.

All the models mentioned above are very complex
and require specialised knowledge, which makes them not
commonly used in the assessment of the environmental
impact of a planned investment. Therefore, there is a need
to implement commonly used computational methods for
the prediction of ILFN generated by wind turbines. This
group of methods can include the method referred to in
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Directive 2002/49/EC of the European Parliament and of
the Council of the European Union of 25 June 2002 on the
assessment and control of environmental noise [28]. This
is the method described in ISO 9613-2 [29]. The ISO 9613-
2 calculation method has been superseded by the method
presented in Commission Directive 2015/996, known as
CNOSSOS-EU [30], which is ultimately intended to be-
come a mandatory method for all European Union Mem-
ber States.

Therefore, this study verified the suitability of the
ISO 9613-2 and CNOSSOS-EU algorithms for modelling
ILFN covering frequencies below 63 Hz.

2. RESEARCH MATERIAL

A study of the usability and effectiveness of using ISO
9613-2 and CNOSSOS-EU algorithms to model ILFN in
frequency bands below 63 Hz was carried out using real
measurement data. The data were recorded at one onshore
wind farm operating in central Poland.
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Figure 1. Location of wind turbine, measurement and
calculation point.

The noise source was a 2 MW Vestas V90 turbine.
The hub height of this turbine was 105 m, while the ro-
tor diameter was 90 m. The sound power level of this
turbine was determined in accordance with EN 61400-
11:2013/A1:2018/AC:2019-11 [31] and was Lwa =
121.4 dB.

A SVAN 958 multi-channel sound level meter equip-
ped with 1/2 inch G.R.A.S. 40AZ microphones was used
for the measurements. The measurement point was located
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1000 m behind the turbine (Fig. 1). Measurements were
made simultaneously by placing the microphones at two
different heights above ground level. The first was mo-
unted on a measurement board and placed at 0 m above
ground level, while the second was placed at 4 m above
ground level.

The entire measurement session lasted 24 hours, while
a continuous time period of 5 minutes was selected for ana-
lysis. This time period was characterised by stable mete-
orological conditions (wind speed, temperature, humidity)
with no additional acoustic events recorded (road noise,
dog noise and others).

The meteorological conditions prevailing during the
measurements were recorded at various heights above gro-
und level. Meteorological stations were placed at heights
of 10 m, 4 m, 1.5 m and data was also acquired from the
turbine hub height (105 m). The data recorded at 10 m
above ground level was used for the calculations, which
are shown in Table 1.

Table 1. Meteorological conditions recorded during
measurements at 10 m above ground level used in the
calculations.

temperature 6.2°C

static pressure 1014.4 hPa
relative humidity | 43.7 %

wind speed 4.2-4.3 m/s
wind direction SE, 120°-150°

The geometric-acoustic model used for the calcula-
tions was built in SoundPlan software. The model repro-
duced the actual land cover around the turbine and inclu-
ded all relevant elements affecting the calculation of so-
und propagation in the environment. The calculation po-
ints were located at the same locations as the measurement
microphones.

3. RESULTS AND DISCUSSION

Calculations were performed using two commonly used
calculation models ISO 9613-2 and CNOSSOS-EU, ta-
king into account the atmospheric conditions prevailing
during the measurement session (Table 1). The calcula-
tions were performed for 1/1 octave frequency bands with
centre frequencies from 1 Hz to 250 Hz (9 bands). For
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Table 2. Sound pressure level at 0 m above ground level (on board).

sound pressure level [dB]
calculation indicator centre frequencies of the 1/1 octave bands [Hz]
model 1 2 4 8 16 31.5 63 125 250
Lpm 539 | 537 | 399 | 348 | 364 | 40.8 | 457 | 40.2 | 36.8
Lp.c 423 | 49.8 | 465 | 44.1 39.9 | 379 | 339 | 31.6 | 30.0
150 9613-2 AL, -11.6 | -39 6.7 9.3 3.5 -29 | -11.7 | -8.6 -6.7
Ly 39.3 | 46.8 | 435 | 41.1 369 | 349 | 309 | 285 | 27.0
CNOSSOS-EU AL, -146 | -6.9 3.7 6.3 0.5 -59 | -147 | -11.7 | 9.7
Table 3. Sound pressure level at 4 m above ground level.
sound pressure level [dB]
calculation indicator centre frequencies of the 1/1 octave bands [Hz]
model 1 2 4 8 16 31.5 63 125 250
Lpm 64.7 | 53.6 | 50.8 | 484 | 43.8 | 49.1 | 33.7 | 279 | 30.1
Lp.c 423 | 49.8 | 465 | 44.1 399 | 379 | 339 | 31.6 | 30.1
150.9613-2 AL, 224 | -38 -4.3 -4.3 -39 | -11.2 0.3 3.7 0.0
Lo 39.3 | 46.8 | 435 | 41.1 369 | 349 | 309 | 28.6 | 27.0
CNOSSOS-EU AL, -254 | -6.8 -1.3 =13 -6.9 | -142 | 27 0.7 -3.1

where in Tables 2 and 3: L, 1, - background noise corrected measured sound pressure level [dB], L, . - calculated
sound pressure level [dB], AL, - difference between calculated and measured sound pressure level (Lp c —Lp m)

[dB]

bands with centre frequencies below 63 Hz, the same pro-
pagation parameters were used for the calculations as for
the band with a centre frequency of 63 Hz. The calculation
results were then compared with the measurement results,
as shown in Tables 2 and 3. In Tables 2 and 3, the differen-
ces between the calculated and measured results within a
+3 dB interval are shown in bold.

For the measurements on board (see Table 2), the dif-
ferences between the calculated and measured values for
the ISO 9613-2 method range (in terms of absolute value)
from 2.9 dB to 11.7 dB, while for the CNOSSOS-EU cal-
culation method, they range from 0.5 dB to 14.7 dB. It can
be seen that the results obtained using the CNOSSOS-EU
method are 3 dB lower than those obtained using the ISO
9613-2 method.

For measurements made at 4 m above ground level
(see Table 3), the differences between the calculated and
measured values for the ISO 9613-2 method range (in
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terms of absolute value) from 0.0 dB to 22.4 dB, while
for the CNOSSOS-EU calculation method they range from
0.7 dB to 25.4 dB. In this case, the same relationship as for
the board measurements can be observed. The calculation
results obtained using the CNOSSOS-EU method are 3 dB
lower than those obtained using the ISO 9613-2 method.

In the case of calculations carried out for a point lo-
cated on a board (0 m above ground level) using the ISO
9613-2 and CNOSSOS-EU methods, it was noted that for
6 frequency bands for each method, the calculation results
were underestimated in relation to the measurement re-
sults. In contrast, for the calculation point located at 4 m
above ground level for the ISO 9613-2 method, an undere-
stimation of the calculation results was noted for 6 frequ-
ency bands, and for the CNOSSOS-EU method, this case
was noted for 8 frequency bands.
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4. CONCLUSIONS

In this study, the possibility of using ISO 9613-2 and
CNOSSOS-EU computational models to predict the ILFN
generated by wind turbines was analysed. For this purpose,
an accurate geometric-acoustic model of a wind farm ope-
rating in central Poland was built in SoundPlan software.
The results of the calculations were compared to the actual
measurement results recorded at the wind farm in question.

The calculations were carried out for calculation po-
ints located 1000 m downstream of the turbine and placed
at two different heights above ground level. The first was
located on a measuring board and located at ground level
(0 m above ground level), while the second was at 4 m
above ground level.

The results were analysed in 9-octave bands with cen-
tre frequencies from 1 Hz to 250 Hz. In general, it can be
concluded that the results obtained from the two calcula-
tion models analysed are underestimated in relation to the
measurement results. The differences between the calcu-
lation results and the measured results (in absolute terms)
for the point placed on the board range from 2.9 dBto 11.7
dB and from 0.5 dB to 14.7 dB, for the ISO 9613-2 and
CNOSSOS-EU calculation methods respectively. In con-
trast, for a point placed 4 m above ground level, these dif-
ferences range from 0.0 dB to 22.4 dB for the ISO 9613-2
method and from 0.7 dB to 25.4 dB for the CNOSSOS-EU
method.

These differences may be due to a number of factors.
The most important of these may include:

* location of the source at an altitude of 105 m above
ground level (according to calculation methods, the
maximum height is 30 m),

+ the value of the ground factor G used in the calcula-
tion, due to the incidence angle of the acoustic wave
on the ground,

+ the difference between the actual and used for cal-
culations values of the sound absorption coeffi-
cients by the ground and the atmosphere (mainly
for frequency bands below 63 Hz),

* inability to include wind speed and direction in the
model (taken into account indirectly through the va-
lue of the turbine sound power level determined at
a given wind speed).

It was also noted that the results obtained using the
CNOSSOS-EU method are 3 dB lower than those obtained
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using the ISO 9613-2 method for both analysed calculation
point locations.

It is planned to carry out similar analyses for the cal-
culation results obtained using the NORD 2000 model.
After these analyses, a calculation method will be indica-
ted, which will be recommended in the Polish legislation
for the prediction of ILFN generated by wind turbines at
the stage of preparing the report on the environmental im-
pact of the investment.
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