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ABSTRACT: This paper is mainly focused on noise pollution problems related to the use of wind turbines.
The ingtalled turbines are Vestas V52 and the farm map under study is a typica rura area in south Italy, in
which awind farm has been recently installed and made operative. Since the area is rural and the number of
vehicles per hour is negligible, noise emitted by roads does not affect the prediction on turbines effect. The
paper deals with a predictive software approach and the experimental analysis of frequency spectra and time
history of the acoustical noise produced by wind turbines. In the software framework, several simulations
have been performed, introducing different operating conditions and simulating more turbines in a symmetric
array, giving afirst description of the results that can be achieved in terms of noise mapping in more complex
configurations of wind farms. The possibility to obtain important information about the operating conditions
and maintenance status of the turbine from the frequency spectra and time history analysis is reported.

Key words: Noise control, Wind turbine, Noise propagation, Spectrum analysis, Time history

INTRODUCTION

It iswell known that the wind power was used in
agriculture through the ages: in the first millennium
Persia, China, and Rome used bladeson avertical axis
tomill grain; inthe 1800sAmericansinvented thefirst
self-directing, self-governing windmill for use in the
Plainsgtates, pumping water from wellsfor farmersand
railroad stopsto fill boilers; in the 1920s the farmers
used the same machineshooked to generatorsto create
electricity fromwind. Thislargdy ended by World War
I1 withtheRural Electrification Act bringing power lines
to rural areas. In the middle ages Europe devel oped
horizontal axismachinestomill grain and pump water.
In 2000 awhole new class of wind turbines—designed
specifically to generate electricity, and based on lift
rather than drag — allow farmersto make more money
harvesting thewind abovetheir land than from raising
crops. Thiscenturyis going to be characterized by the
timeof energy crisis Thelack of petrol, thestill ongoing
research on nuclear fisson plants and the global
warming are the main elements that lead to the
development of green and renewable energies. In this
framework, wind turbinesarearel evant component of
the complex scenario of the sustainable devel opment.
Wind turbines generate renewable energy and thus
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contribute to sustainable development. However,
disturbance from wind turbines may be an obstacle
for large-scale production (Rand and Clark, 1990,
Wagner et al., 1996, Wolsink et al ., 1993). Few studies
have so far been directed to the prevalence of
disturbance, and existing knowledge of annoyance
due to wind turbines is mainly based on studies of
smaller turbinesof lessthan 500 kW (Ackermann and
Stder, 2000, Pedersen et al ., 1994). Global wind power
installed at the end of 2003 reached 39 GW according
to American Wind Energy Association (2004), an
increase of 26%in just oneyear. United States (7 GW)
and Europe (29 GW) account for 90% of thecumulative
capacity. In Sweden, morethan 600 wind turbinesare
operating today with a total installed capacity of 0.4
GW, producing 600 GWh per year. They areplacedin
84 of Sweden’s 290 municipalities both along the
coastsandin rural inland areas, concerning anumber
of people. The goal set up by the Swedish government
for 2015is10 TWh, leading to an increase of 1600%
from today. Most of new turbines could be probably
Situated off shore, but asthe cost for building on land
is considerably lower, the development on land is
expected to continue. Already, turbines are being
erected near densely popul ated areas. Someinterviews
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conducted among 12 respondentsliving within 800 m
of awind turbine, and aregister study of the nature of
complaints to local health and environments
authorities, indicated that the main disturbancesfrom
wind turbineswere due to noise, shadows, reflections
from rotor blades, and spoil ed views (Pedersen, 2000).
In particular, among these environmental polluting
agents, acoustical noise must be considered. The
turbines generate unwanted sound, both mechanical
and aerodynamic. In the last years, with the
advancement of technology, wind turbines became
much quieter, but their noiseisstill animportant source,
to be considered in the site choice phase. In this
framework, new technol ogies need to be developedin
order to reducethe environmental impact of thewind
turbines. Together with the technol ogies, a sourceand
propagation modeling improvement could be helpful
in order to understand the correct behavior of thenoise
produced by the wind turbine. Such as for means of
transportation noise (see for instance Guarnaccia et
al., 2011b, Guarnaccia, 2010, Guarnaccia, 2013, lannone
et al., 2013, Quartieri et al., 2010, Quartieri et al., 2008,
Guarnacciaand Quartieri, 2012), itiscommon to merge
field measurements campaign with prediction tools
adoption. For instance, innovative models can be
adopted to estimate the surpassing of a certain
threshold of noise, based on bayesian or on Time
Series Analysis approaches, such as has been done
for road traffic noise (Guarnaccia et al., 2014a,
Guarnacciaet al., 2014b, Guarnacciaet al., 2014c) and
airport noise (Guarnacciaet al., 2015); in thiscase, the
adoption of field measurement is very important to
calibratethe model and to validateitsresult.

Of course, the measurementshaveto be carefully
planned, according to | SO standards (for instance, for
windturbinenoise, IEC 61400-11, 2002 and 1SO 9613-1,
1993) and taking into account uncertainty in
environmental noi se measurements (Ruggiero et al.

2010). Experimental data may be used to check the
robustness of the model and for its validation
(Guarnacciaet al., 2011a).

In Guarnaccia et al., 2011c, 2011d, 2011e, the
authors analyzed the properties of noise intensity
function fromawind turbine, from an analytical point
of view, focusing on its slope when considering
different dependences.

In this paper, a predictive software application is
presented, together with an experimental analysison
frequency spectra and time history of the noise
produced by the blade rotation and the wind turbine
mechanical operations.

MATERIALS& METHODS

In this section, the authors will present an
application of numerical methodsfor noise prediction,
in an operating wind farm located in arural area of
south Italy.

Thesoftware used for thesimulation isCadnaA®,
by DataKugtik. The“Angle Scanning” and theinverse
“ray-tracing” principlesareat thebasisof the software
algorithm. The calculation grid is obtained dividing
areaunder analysisin many small surfacesin which a
receiver is placed at avariable height (in our caseis?2
m). Each grid element releases many rays with afull
angle coverage (omni directive) and these rays,
eventually after many reflections, intercept the noise
source. The path length of thesingleray describesthe
attenuation of the sound wave coming from a certain
noise emitter. In addition, specific receivers can be
inserted in the map, with the possibility to export the
resultsin aworksheet.

The installed turbines are Vestas V52. The farm
map under study isshown in Fig. 1, in which the red
circles represent the turbines position. It is a typical

Table 1. Source power asafunction of wind speed

Turbine noise

Wind speed [m/g]

4 5

Lw 99,7 100,8 101,9

7 8 9 10
103,0 104,1 105,2 106,3

900 910 M9lH0  A9TE0  MSNO0 W20 Mmu0

Fig. 1. Map of thearea under study (Googlemap ©). Red cir clesrepr esent thetur bines
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Table2. Geometrical Smulation par ameters

Hub height 65m
Evaluation grid height 2m
Grid square eement 3mx3m

Table 3. Annual mean wind speed and cor responding

Sour ce power

. Wind speed Lw
Turbine (/s [dBA]
1 75 103,55
2 72 103,22
3 71 103,11
4 6,9 102,89
5 71 103,11
6 6,8 102,78
7 6,7 102,67

8 7 103
9 6,8 102,78
10 6,9 102,89
11 71 103,11

12 7 103
13 6,7 102,67

rural areain south Italy, in which awind farm hasbeen
recently installed and made operative. Sincethe area
is rural and the number of vehicles per hour is
negligible, noise emitted by roads does not affect the
prediction on turbines effect. In order to perform the
simulation, the source power isestimated asafunction

of wind speed, considering the certified measurement
report in Bust and Hviid, 2000. Emission data are
reportedin Table 1.

RESULTS& DISCUSSION

Inthefirst smulation, theannual mean wind speed
datareported in Trelettra, 2003, are used to estimate
the sound emissions of each turbine, resulting in a
realistic average noisemap of the environment.

The parameters of the simulation are reported in
Table 2, except for the source power that isreportedin
Table 3 per each turbine. The resulting noise map is
showninFig. 2.

Simulations results are useful to evaluate the
emission of the sources and the values obtained at the
receivers, in this case represented by the buildingsin
the area. Let us remind that the area under study is
rural and is mainly devoted to agriculture. Thus, in
order toestimate apotential danger on peopleworking
in the fields, a simulation of “high source power”
condition is performed.

Anincrease of the source power of each turbineis
simulated, mimicking awind speed of 10-11 m/s. The
resulting noise map of the areais reported in Fig. 3,
with azoom on thebuilding areain Fig. 4.

Fig. 3. High sour ce power condition noise map.
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Fig. 4. Particular of noisemap. Zoom on the buildingsar ea.

Table4. Main featuresof VestasV52 tur bine

Rotor diameter 52 m
Rated rotation speed 26 round/min
Blade number 3
Tower height 74 m
Cut-in wind speed 4 m/s
Rated wind speed 16 m/s
Cut-out wind speed 25 m/s
Nominal power 850 kW

Fig. 5. Timehistory of wind turbinenoisein one
minute.

In the end, the results of the various simulations
show that, in average wind speed conditions (see Fig.
2) the noise levels produced by turbines is under 60
dBA inal thearea. Onlywhen 10-11 m/sisset aswind
speed, the zones under the turbine can be affected by
levels around 60 dBA (red areas in Fig. 3 and 4).
Anyway, theselevelsoccur only in thevery proximity
of the turbine, where usualy no human activity is
performed.

Fig.s2, 3and 4 clearly show that the noi se peaks
are obtained in correspondence of the wind turbines,
as expected from the analytical model presented in
Guarnacciaet al., 2011c. In addition, the orography of
the terrain has a certain influence in the noise
propagation, producing aparticular pattern in each Fig.

In order to show some results regarding the
experimental spectrum andtimehigory analysiswerecall
themain features of the Viestas V52 turbine in Table4.
Thisistheturbineinstalled in thewind farm chosen for
the field measurements campaign. 14 measurements
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Fig. 6. Frequency spectrarelated tothree
subsequent transitsof asingle blade (A).

have been performed, in different positions and
operating conditions, in proximity of two separate
turbines. Data analysis, performed in dBTrait ©
framework, allowed to extract achosentimeinterval, in
order to study thetimehistory and frequency spectrum.
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Fig. 7. Frequency spectrarelated tothree
subsequent transitsof asingleblade (B)

According tothetimehistory shownin Fig. 5, related to
one minute, a periodic behaviour of the pressure level
signal is observed. Each peak isrelated to the transit of
abladein front of the sound level meter.

The number of peaks can be easily estimated and
related to therotation speed. In this example, 60 peaks
are counted, that results, considering that the turbine
is made of 3 blades, in arotation speed of 20 rounds
per minutes. Recalling the definition of tip speed ratio

and considering R the radius of the blade, &the
rotation speed, v, , the wind speed, f the frequency
and nthenumber of rounds of a single blade, one can
write:
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Fig. 8. Frequency spectrarelated tothree
subsequent transitsof asingle blade (C).

Thus, the wind speed may be estimated with the
following formula:

2R &n
60 O

wind

Choosing for tip speed ratio a value of about 7,
that is a suggested value for a three blades turbine,
we obtain:

Vg 0,007Dn

That is the wind speed (m/s) approximated
estimation formula, asa function of the blade diameter
(D, given in m) and the number of rounds of the blade
(n, given in rounds/min). In the example reported in
Fig. 5, the estimation of the wind speed gives aresult
of about 7 m/s, that is coherent with the observed
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Fig. 9. Yaw eventsin measur ement number 14.

Fig. 10. Timehistory and spectrum befor e (up) and
duringthefir & yaw event occurrence (down).

wind speed. An interesting analysis can be performed
on the spectrum of a blade transit. In the dBTrait
framework, by placing the cursor on the peak of the
time history, the instantaneous frequency spectrum
content of the measured noiselevel can be displayed.
In Fig. 6, the spectra of three subsequent transits of
the same blade are reported (note that the turbine has
threeblades, thusthe samebladetransit will recur each
three peaks). The same can be done for the other two
blades, asreportedin Fig.s7 and 8.

In order to optimizetheangleof attack of theblade,
a yaw drive is present on the nacelle. The yaw
operation, of course, represent a noisy event that can
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Fig. 11. Timehigtory and spectrum before (up),
duringthetranst of theblade(middle) and during
the second yaw event occur r ence (down).

be detected looking at the time history and frequency
spectrum of the pressure level emitted by a wind
turbine. Considering measurement number 14, three
yaw operations can be evidenced (Fig. 9). The first
event results in a higher level of noise. Zooming on
each event, the time history and spectrum show the
reason of this difference.

Themain differenceisin theinstant in which the
yaw event occurs. In the first event, the yaw occurs
quiteexactly in correspondence of thebladetransit in
front of thesound level meter (peak in thetimehistory).
Thisresultsin agrowth of the overall noise (about 56
dBA for the overall pressure level). The second yaw
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Fig. 12. Timehigtory and spectr um befor e (up),
duringthethird yaw event occur rence (middle)
and duringthetransdt of the blade (down).

event, instead, occursjust after thetransit of the blade,
resulting in about 51 dBA for the overal pressurelevd.
Finally, thethird yaw event occursin a separateinstant
with respect tothe bladetransit. Inthiscase, theoveral
pressure level is about 55 dBA in the yaw instant.

The proximity of thisvalue tothe first yaw event
one, even though thethird one is not enforced by the
blade transit, can be explained considering a general
growth of the noiselevel and, thus, considering awind
speed growth. According to subsection 3.1, an
estimation of wind speed variation can be donelooking
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Fig. 13. Tworange of data chosen to evaluatewind
peed variation.

Fig. 14. Fir & interval zoom.

Fig. 15. Second inter val zoom.

at the number of peaksin two different ranges, each of
them of 30 seconds (Fig. 13). Counting the number of
peaks, dividing by three (number of blades), the number
of transits of each blade is obtained. Thus, the wind
speed can be estimated according to formula:

Vg 0,007Dn

Theresults are about 6.9 m/sin thefirst interval
and 8.2 m/sin thesecond range. Thisvariationin the
wind speed is consistent with what observed and with
the growth in the measured sound level.
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In general, literature report many studies about
wind turbine annoyance, especially related to
acoustical noise effect to people and to local
environment. For instance, in Pedersen and Persson
Waye., 2007, a survey approach has been pursued in
order to evaluate the incidence of perception and
annoyance due to wind turbine noise among people
living in proximity of awind farm. The psychol ogical
effect, infact, isvery important.

The papersthat report about wind turbines noise
predictivemodelsareusually related to singleturbine
emissionsand modelling. For instance, in Oerlemans
et al., 2007, a detailed analysis of the emissions of a
three blades wind turbine is presented. The
measurementsare performed with a microphonearray,
able to measure the distribution of noise sources in
therotor plane and on theindividual blades. Of course,
such apreciseanaysiscan beimplemented in ageneral
predictive model but the complexity will be strongly
raised. In Oerlemans and Schepers, 2009, a semi-
empirical prediction method for trailing edge noiseis
applied to calcul ate the noise from two modern large
wind turbines. In this case, the prediction code needs
asinput the blade geometry and the turbine operating
conditions. Again, even though the results show a
good agreement between measured and predicted
levels and spectra, this model is quite more complex
than the one presented in previous sections.

Some specia effects of wind turbine noise have
been studied, such asin Makarenviczand * Ra BHZ\NL
2013, where theswish and thump amplitudemodul ation
effect in awind turbine operation is discussed, sinceit
enlarges the noise annoyance fegling.

In general, the authors can affirm that the
implementation of a model in a predictive software
framework, allows to perform predictions on alarge
scale and with several turbines operating at the same
time, such as has been done in Evans and Cooper,
2012. The approach adopted in this paper isableto mix
several aspects, both from the source point of view
(identification of single special event, such as yaws,
singleblade spectrum, etc.) and from the environmental
impact analysis (noise mapping with different source
conditions). It can be deduced that thiswork integrates
more than one approach, opening new ways to the
turbine noi seanalysisand to the environmental impact
assessment.

CONCLUSIONS

In this paper, a study on theimpact of wind tur-
binesin rural and agricultural areasis performed. In
particul ar, the acoustical noise problem isanalyzed by
means of a predictive software approach and an ex-
perimental spectrum and time history analysis. A wind
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farm located in South Italy has been simulated by
means of single sources placed per each turbine, with
given geometrical and acoustical properties. Several
simulations have been performed showing that the
noise levels, in average wind speed conditions, are
around 55 dBA in proximity of the turbines, and, of
course, lower in therest of thearea. A high wind speed
condition, about 10-11 m/s, hasbeen simulated interms
of high source acoustical power of the turbines. The
increasein the noise levelsisevident, but it seemsto
be compatiblewith daily human agricultural activity.
Theanalysis on thefrequency spectrum and timehis-
tory of the noise has been performed. In particular,
after having estimated the wind speed relation with
the rotor speed, the single blade frequency emission
has been analyzed in different transitsin front of the
sound level meters. Eventual differencesin the spec-
trum would have shown blade damages. Finally, the
yaw process has been studied, evidencing how the
noi se emission can vary according to the occurrence
instant of theyaw. A possibleevolution of thiswork is
the correlation with electrical power production, that
seemsto bean interesting field of research, in order to
optimizethedectricity and noiseoutput. In addition, a
further study that can be performed is the comparison
between measured and predicted noiselevels. Thiscan
be donewith amultichannel sound level meters, by the
contemporary measurement of wind speed (in order to
set up themodel) and noise level in several points.
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