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With the increasing installation of wind farms, the attention of citizens towards wind turbine noise (WTN) has
grown. Differently from somenational legislations, the scientific community has promptly responded, increasing
the studies and the social surveys in order to better understand the cause of disturbance and the indicators that
relate to it. Atfirst, the paper underlines the importance of lowWTN levels for indirect health effects such as sleep
disturbance and annoyance. The importance to consider noise annoyance in legislation is also discussed, asWTN
is more disturbing than other most common noise sources. Then, conversion curves for equally highly annoyed
are introduced considering the annoyance perceived by population in relation with the type of source. Finally, a
specific limit value of 43 dB(A) forWTN is derived and suggested, comparablewith British and Danish standards.
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1. Introduction

In recent years, wind turbines are being installed around the world
as a common practice to boost the production of non-fossil energy. Un-
fortunately, this quest for green energy is not always sufficiently
followed by a careful analysis of the disturbance suffered by people. In
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the particular case of noise pollution, complaints by citizens living at a
distance up to 1500 m from the farm are continuously growing
(NHMRC, 2015). These are caused by a variety of factors, including
that in some countries wind turbines are also planned in amazing and
quiet areas (i.e. Mediterranean countries), where old dwellings are re-
stored for touristic reasons and are chosen for their amenity and quiet-
ness as principal attractiveness. The disputes that follow the complaints
often become legal actions, since the existing limit values are generic
andnot specifically designed forwind turbine noise (WTN),with excep-
tion for some Countries like U.K., Netherlands, New Zealand, Denmark,
several Canadian provinces and Australian states.

Until the recent Canadian study (Michaud et al., 2013), the assess-
ment of the health effects related to exposure to WTN has been limited
to a few studies,mostly based onmeasurements ofwell-being or quality
of life and on the extent to which noise alters various human activities
(such as sleep). Self-reported health problems include, among others,
nausea, dizziness, heart palpitations, stress, high blood pressure, sleep
disorders and discomfort (Horner et al., 2013). Less attention has been
paid to WTN because generally, noise disturbance in urban environ-
ments is more affected by road, railways and airports than wind
farms. However, unwanted sounds out of the ordinary context are rec-
ognized as intrusive and more disturbing, thus they should be avoided
(Cassina et al., 2017). Prolonged exposure to noise can directly or indi-
rectly affect the health of individuals. Direct effects occur when the
sound pressure levels are above 75 dB(A), potentially causing perma-
nent hearing loss based on the duration of exposure and the sensitivity
of the individual (Basner et al., 2014). Wind farms are usually placed in
rural environments, where other noise sources are not significant and
the general WTN exposure is far below the direct effect threshold
(Michaud et al., 2013). A study (Salt and Kaltenbach, 2011) sentenced
that actually no association between WTN and pain or stiffness, diabe-
tes, high blood pressure, tinnitus, hearing impairment, cardiovascular
diseases and headache have been found.

The issue of noise effects on health is complicated and the scientific
community is discordant about the harmful effects of the low noise
levels at the receivers produced by wind turbines, which usually vary
between 35 and 50 dB(A). While some authors argue that these levels
are not a problem for citizens (Kaldellis et al., 2012; Knopper and
Ollson, 2011; Schmidt and Klokker, 2014), the WHO and other authors
have an opposite opinion, supported by the actual complaints of the cit-
izens. Nevertheless, the indirect effects on health are very important for
prolonged exposure andWTN can be a source of real discomfort and ad-
verse health effects (Timmerman, 2013). The most common indirect
health effect for WTN is sleep disturbance with its long term complica-
tions, as found in some studies (Knopper and Ollson, 2011; Smith et al.,
2017). Indirect effects on health cannot exclude annoyance, recognized
as a psychological state that represents a degree ofmental discomfort to
noise (Berglund et al., 1999) and a specific dose-effect relation has been
found for WTN annoyance, which will be analyzed in a specific chapter.

The exposure-response relationship for highly annoyed people by
WTN (Janssen et al., 2011) shows a more pronounced slope compared
to conventional noise sources (Miedema and Vos, 1998; Miedema and
Oudshoorn, 2001), although, when properly installed, wind turbines
are not related to adverse health effects (Knopper et al., 2014). Thus,
the clear understanding of a minimum WTN value to be avoided at re-
ceivers is vital both in the design phase of new wind farms and for the
existing ones, forwhich a proper noise assessmentwithout interrupting
the activities of the wind farm under investigation is feasible but more
complex (Gallo et al., 2016; Fredianelli et al., 2017).

Section 2 will underline the importance of annoyance as a health ef-
fect even at low noise levels. Experience shows that the relevance of an-
noyance is not always recognized, especially in courts and legal
contests, but on the contrary it should be considered as a starting
point to assess environmental noise.

Section 3.1 describes the exposure-response curves (Miedema and
Vos, 1998; Miedema and Oudshoorn, 2001) that allow to compare the
level of annoyance for different sources, like wind turbine noise, road
traffic noise (RTN), aircraft and railway.

In Section 3.2 the noise levels that produce the same percentages of
highly annoyed people are calculated from the exposure-response
curves in order to consider the same health effects for different sources,.
In particular, linear relationships linking the exposure noise levels re-
spective to different sources at equal percentages of highly annoyed
people are obtained. These relations allow directly converting exposure
noise levels from different sources, having the same effect on the popu-
lation. For this reason, in this paper the linear relationships are ad-
dressed as conversion curves for equally highly annoyed people,
simply called “conversion curves”, whose confidence intervals are cal-
culated in Section 3.3. The conversion curves could be useful to provide
a simple way of comparing a given noise exposure to a source in terms
of annoyance to RTN exposure, which is the most widespread and
widely understood by people.

Finally, in Section 4 a specific limit for WTN is suggested, and
discussed in Section 5, by using the obtained conversion curves to con-
sider the %HA corresponding to the Italian limits for RTN. The method
can be applied to any source and represents a useful tool to update na-
tional limits according to the source. In particular, the limit proposed
can be used to guide national legislation in WTN.

2. Noise annoyance as a health effect

Depending on the type of the source, noise can be more or less
disturbing, despite having the same energy. The percentage of annoyed
people is a parameter used to measure the reaction to a specific source
and it represents the degree of acceptability of a source, rather than the
sound energy detected. Annoyance measured in psychoacoustics sur-
veys is generally evaluated on a scale that ranges from 0 to 100 and is
divided into intervals, defining the percentages of people little annoyed
(%LA), annoyed (%A) or highly annoyed (%HA), with cutoff values of 28,
50, 72, respectively (Miedema and Oudshoorn, 2001). Therefore, %HA
can be defined as the expected percentage of people reporting a level
of annoyance greater than or equal to 72/100 in psychoacoustics
surveys.

A high degree of annoyance deriving from noise exposure consti-
tutes an adverse health effect and the role of the percentage of highly
annoyed is one of the most important health endpoints for an environ-
mental assessment (Michaud et al., 2008a), since health is defined as “a
state of complete physical, mental and social well-being, and notmerely
the absence of disease or infirmity” and “the extent towhich an individ-
ual or group is able, on the one hand, to realize aspirations and satisfy
needs, and on the other, to change or cope with the environment”
(WHO, 2009).

Low noise exposure has been already investigated in 1999 by WHO
(Berglund et al., 1999), who suggested to avoid equivalent continuous
sound pressure levels LAeq greater than 30 dB(A) inside homes, in
order to reduce some of the effects produced by noise, such as sleep dis-
turbance, annoyance and speech interference. Specifically, noise annoy-
ance was identified as one of the effects of noise on health for which
values were fixed (Fields et al., 1997), since it was found that:

o a soundpressure level equal to 42 dB(A)measured at night outdoors
interfereswith the quality of sleep and produces self-reported disor-
ders.

o a sound pressure level equal to 40 dB(A), measured at night out-
doors causes sufficient evidence of the use of sedatives and sleeping
drugs.

Therefore, for the primary prevention of adverse albeit subclinical
effects on health related to noise, theWHO recommends that the popu-
lation should not be exposed to levels of external noise at night above
40 dB(A).
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In 2008 a Canadian study (Michaud et al., 2008b) showed that %HA
due to RTN is statistically related to the increase of the intensity of voice
during a conversation outdoors and to interference with the ability to
sleep, with the listening ability and with reading/writing skills.

In 2010, the appearance of health effects produced by annoyance
and sleep disturbances due to outdoor Lden levels greater than 42 dB
(A) has been confirmed (EEA, 2010).

In 2011,WHO (2011) stated yet again the importance of annoyance,
suggesting to consider it as a basis for noise impact assessment on the
population, on the grounds that people disturbed by noise can experi-
ence a variety of negative responses, such as anger, disappointment, dis-
satisfaction, helplessness, depression, anxiety, distraction, agitation or
exhaustion (Fields et al., 1997, 2001). In addition, stress-related psycho-
logical symptoms, such as fatigue, stomach upset and stress itself are as-
sociated with exposure to noise and annoyance (Öhrström, 2004;
Öhrström et al., 2006; Klæboe, 2011). A high level of self-reported an-
noyance among adults towards noise is also statistically associated
and can be a serious risk factor for allergy, symptoms of arthritis, bron-
chitis, cardiovascular symptoms, depression, hypertension, migraine,
respiratory symptoms (Niemann et al., 2006; Maschke and Niemann,
2007).

Outside Europe, the U.S. has recognized the %HA as a parameter that
reflects a long-term response to exposure to noise levels, with the abil-
ity to interfere with daily activities, and %HA has been accepted by two
federal agencies to assess the impact of noise (U.S.FTA, 1995; U.S.FRA,
2005; ANSI, 1996).

Specifically, forWTN, the Canadian study (Michaud et al., 2008b) re-
ported a statistical relation between annoyance caused by WTN and
several self-reported health effects such as blood pressure, migraines,
tinnitus, dizziness and perceived stress and a relation with measured
hair cortisol, systolic and diastolic blood pressure. In addition, annoy-
ance and sleep disturbance are closely linked and can influence one an-
other (Stansfeld and Matheson, 2003; Stansfeld and Clark, 2011);
Janssen et al. (2008) also reported a relation betweenWTN, annoyance
and self-reported disturbed sleep. Particularly WTN can be above the
sleep disturbance threshold, since it occasionally shows an amplitude
modulation that makes it disturbing especially when audible inside
bedrooms. In fact, the high number of beats leads to a higher probability
of sleep disturbance. On the contrary, recently Michaud et al. (2016),
using the Pittsburgh Sleep Quality Index as a starting point, suggested
that sleep was not influenced by exposure to WTN, thus leaving open
the scientific debate on sleepdisturbance at lownoise exposure toWTN.

However, the presence of WTN is easily recognizable (Van
Renterghem et al., 2013) and cause of high annoyance on the exposed
people, as confirmed by the dose-effect relationships studies performed
around the world and described in the following chapter.

3. Methods

3.1. Exposure-response relationships for WTN and other sources

Exposure-response relationships are obtained in studies relating cit-
izens' self-reported annoyance trough questionnaire to their noise ex-
posure level. The most important study was performed by Miedema
and Oudshoorn (2001), which produced curves that were recom-
mended by the European Commission and theWorld Health Organiza-
tion (WHO, 2011) for calculation of Disability-Adjusted Life Years
(DALYs) due to noise annoyance. At present, the theoretical framework
is still valid and well tested, although some issues about prediction ca-
pabilities of these curves have been reported (Gille et al., 2016),
highlighting the necessity to perform an update with new andmore re-
cent socio-acoustical studies.

Miedema's curves were produced only for the principal urban noise
sources, thus omitting WTN. Since then, a certain number of socio-
acoustical surveys concerning WTN have been carried out. At first a
Danish study (Pedersen and Nielsen, 1994), two consecutive Swedish
studies (Pedersen and Persson Waye, 2004; Pedersen and Persson
Waye, 2007) and a European one carried out in Denmark, Netherlands
and Germany (Pedersen et al., 2009). All the previous studies have
been collected and analyzed together providing a cumulative curve
that still represents the exposure-response relationships for WTN actu-
ally present in literature with the wider population for questionnaires
(Janssen et al., 2011). Later, also a Canadian (Michaud et al., 2013), a Pol-
ish (Pawlaczyk-Luszczynska et al., 2014), and a Japanese study
(Kageyama et al., 2016) have been performed, but still no cumulative
analysis have been published in literature.

The noise indicator used to model annoyance is the day-evening-
night noise level Lden reported in Eq. (1), which combines the levels
Lday, Levening, Lnightweighting the different timeperiod over a typical year.

Lden ¼ 10log10
1
24

12� 100:1 Lday þ 4� 100:1 Leveningþ5ð Þ þ 8� 100:1 Lnightþ10ð Þ� �

ð1Þ

In Miedema's study (Miedema and Oudshoorn, 2001) annoyance is
modeled using a multilevel regression of the annoyance reported in
psychoacoustical surveys as a function of Lden. The model includes an
error term, assumed to be normally distributed with total standard de-
viation σ, consisting of the within variance related to individual answer
and the between study variance (Groothuis-Oudshoorn and Miedema,
2006). The percentage of people whose annoyance is greater than a
value C is given by the statisticalmodel reported in Eq. (2), representing
the Miedema-Oudshoorn exposure-response curves. Often in literature
these relationships are used by considering the fitted approximated
polynomial curves (Miedema and Oudshoorn, 2001).

PC Ldenð Þ ¼ 100 1−ϕ
C−a−bLden

σ

� �� �
ð2Þ

The function ϕ is the cumulative standard normal distribution: ϕðxÞ
¼ R x

−∞
e−0:5 t2ffiffiffiffiffiffi

2 π
p . The parameters a and b are the linear regression coeffi-

cients, while C it is the cutoff value, which for highly annoyed people
is 72: %HA= PC=72(Lden).

The confidence limits CL%HA for the percentage of highly annoyed
people associated to a certain value of Lden are given by Eq. (3) in agree-
ment with (Groothuis-Oudshoorn and Miedema, 2006):

CL%HA α; Ldenð Þ ¼ 100 � 1−ϕ
C−CLA

σ

� �� �
ð3Þ

with CLA ¼ xty � kðαÞ
ffiffiffiffiffiffiffiffiffiffiffi
xtS x

p
; x ¼ 1

Lden

� �
; y ¼ a

b

� �
; S ¼ σ2

a σa;b

σa;b σ2
b

� �
.

The confidence limits for %HA are computed by considering the con-
fidence limits CLA on the annoyance levels, modeled by the multilevel
linear regression. The coverage factor k(α) defines the probability α
for the confidence limits, while the covariance matrix S consists of the
variances of the model coefficients and their respective covariance.
The values of the coefficients of the statistical model for road, railway
and aircraft from Miedema and for WTN from Janssen are reported in
Table 1 together with the covariance matrix values.

The dose-effect relations depicted in Fig. 1 show that the WTN be-
comes highly disturbing at much lower levels compared to transporta-
tion noise, with a higher percentage of highly annoyed people at the
same Lden level. This effect is mainly caused by the amplitude modula-
tion typical of wind turbine generated sound and its intrusive character,
present both day and night in a similar way, depending solely on the
presence of wind. In particular, WTN resulted even more disturbing
than the airport noise, known to be a very disturbing noise and widely
studied for its high impact on population (Licitra et al., 2014).



Table 1
Linear regression coefficients (a, b), standard deviation (σ) and respective estimated var-
iances and covariance, for the %HA statistical model for road, railway and aircraft
(Miedema and Oudshoorn, 2001) and WTN (Janssen et al., 2011).

Parameter Road Aircraft Railway Wind turbine

a −106.97 −91.42 −110.09 −226.88
b 2.22 2.17 2.10 5.48
σ 36.07 35.56 33.65 47.20
σa
2 15.3 10.88 40.04 369.09

σb
2 0.0023 0.0017 0.0071 0.21

σa, b −0.146 −0.105 −0.478 −8.64
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3.2. Conversion curves for equally highly annoyed exposed to different
sources

As far as public health is regarded, the combination of different ex-
posure curves in one relationship represents an important tool that
could allow to consider people exposed tomultiple sources and then di-
rectly compare the effects. Miedema (2004) and then Gille et al. (2016)
tried to address the problem considering RTN as the reference source
and then deriving equally annoying levels for aircraft and railway
noise sources, obtaining a combined exposure-response relationship
for transportation noise.

In the present paper the problem is addressed by obtaining a math-
ematical relation to directly convert noise exposure levels due to differ-
ent sources, producing the same health effect on population which is
measured by the percentage of highly annoyed people (%HA).

The approach used in this work treats the different sources sepa-
rately, still using a common criterion for comparison. Instead of consid-
ering the noise levels at the same annoyance, as previous studies
suggested, in this paper the relation between noise levels of different
sources is achieved by considering equal percentages of highly annoyed
people. Such a relationship would pave the way to the definition of
noise law limits or indicators being homogeneous from a public health
perspective.

The percentage of people annoyed by WTN is matched to the per-
centage annoyed by RTN, considered as the reference source, using
the respective Miedema's statistical models:

PC Lden;WTN
	 
 ¼ PC Lden;RTN

	 
 ð4Þ

The interpretation of Eq. (4) is straightforward, the exposure curves
in Fig. 1 are compared at the same height (%HA), and the corresponding
Lden values for different sources are therefore obtained. Eq. (4) provides
a simple linear relation linking the noise levels for the two sources,
Fig. 1. Comparison of exposure-response relationships for people highly annoyed by road, r
dependent on the parameters of the two statistical model, including
the standard deviations (σ):

LWTN LRTNð Þ ¼ σW aR−σRaWð Þþ σR−σWð Þ C
bW σR

þ bR
bW

σW

σR
LRTN ≡ Aþ B LRTN ð5Þ

where W and R indicate here wind turbine noise or road traffic noise.
The linear relationship in Eq. (5) is defined as the conversion curves

for equally highly annoyed exposed to different sources. The slope of the
linear relation B depends on the slopes of the different annoyance
models and on the standard deviations of the corresponding distribu-
tions, also conserving information on the variability of people's re-
sponse to noise, in addition to the mean. The constant term A contains
also the threshold C used to establish the category of annoyed people,
%LA, %A, %HA.

The values of coefficients A and B are calculated using the parame-
ters in Table 1 for highly annoyed people, and are reported in Table 2.
Themodel described by Eq. (5) can also be used for Aircraft and Railway
noise referring to RTN by selecting the correct parameters in Table 2. At
the same time, also the reference source could be changed in order to
compare a different couple of sources.

The conversion curves obtained for equally highly annoyed people
exposed to different sources using RTN as reference noise are repre-
sented in Fig. 2. A slope of B ≃ 1, which occurs for aircraft and railway
noises, means that the difference of perception between these sources
and road noise remains constant while increasing noise levels. For
WTN the difference increases evidently, since the parameter B for
WTN is about the half of its value for both railway and aircraft noise.

For example, the noise levels at equal percentage of highly annoyed
people respect to a road noise level of 60 dB(A) reported in Eq. (6) are
obtained using the conversion curves in Eq. (5) with the parameters A
and B in Table 2:

Lden;WTN ¼ AWTN þ BWTN Lden;Road ¼ 11:8þ 0:53� 60 ¼ 43:6 dB Að Þ
Lden;Aircraft ¼ AAircraft þ BAircraft Lden;Road ¼ �6þ 1:0086� 60 ¼ 54:5 dB Að Þ
Lden;Railway ¼ ARailway þ BRailway Lden;Road ¼ 7:2þ 0:986� 60 ¼ 66:4 dB Að Þ

ð6Þ

These exposure noise levels yield the same percentage of highly
annoyed people, which can be calculated using the exposure-
relationship in Eq. (2), obtaining a value %HA = 10.2%.

The converted noise levels should be considered valid only if lying
within the range of applicability of their respective exposure curve.
For transportation noise the Miedema's study includes data with Lden
values between 42 and 75 dB(A), while for WTN Janssen considered
data in a range of 39 ± 4.8 dB(A).
ailway, aircraft (Miedema and Oudshoorn, 2001) and WTN noise (Janssen et al., 2011).



Table 2
Conversion curves parameters A and B, calculated with Eq. (5) for road, railway, aircraft,
wind turbines with RTN as a reference source.

Parameter Road Aircraft Railway Wind turbine

A [dB(A)] 0 −6.0 7.2 11.8
B [dB(A)] 1 1.0086 0.9863 0.530
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Fig. 3 reports the differences between the conversion curves with
RTN as a reference, that can be used to convert RTN levels into other
sources ones having the same %HA or vice-versa. The conversion differ-
ence between exposure noise levels for railway and aircraft noise into
an equivalent road noise level Dconv = Lsource − Lroad is approximately
constant. Therefore, railway noise results less disturbing than
road noise, since a road noise level equal to 60 dB(A) is equivalent to
60 + 6.4 = 66.4 dB(A); the difference Dconv varies within an interval
equal to [6.1, 6.6] dB(A), which corresponds to a road noise range of
[40, 80] dB(A).

For aircraft noise the conversion difference is −5.5 dB(A) at 60 dB
(A) of road noise level, with the negative value indicating that the
same percentage of highly annoyed people is reached at a lower noise
level. The variation of the aircraft conversion difference is within an in-
terval [−5.7,−5.3] dB(A) for a road noise range in [40, 80] dB(A).

ForWTN the conversiondifference shows its linear decreasing trend,
which can be calculatedwith the conversion curves provided by Eq. (5),
using the parameters A and B in Table 2, or equivalently, it is provided
by Eq. (7).

Dconv;WTN ¼ AWTN þ BWTN Lden;Road−Lden;Road
¼ AWTN þ BWTN−1ð ÞLden;Road ð7Þ

3.3. Confidence intervals for conversion curves

The confidence intervals for the conversion curves can be estimated
using a similar approach to the methodology used to compute the con-
version curves themselves. The approach is presented by comparing the
reference source, traffic noise, withwind turbine noise, but themethod-
ology can be applied to the other sources too. Given a certain level LRTN
for traffic noise, the confidence interval for the converted LWTN level at
the same %HA is estimated by considering both the confidence intervals
for WTN and RTN. The confidence curves are directly compared instead
ofmatching the %HA for the two sources as in Eq. (4). Unfortunately, the
computations are more complex respect to the easiness observed for
the conversion curves, an analytical computation is not feasible because
of the non-linearity of the confidence curves. A numerical approach to
calculate the intersections between them has then be used, as sketched
Fig. 2. Conversion curves, with
in Fig. 4. The confidence limits for a LWTN value are obtained by
intersecting the upper confidence curves of RTN with the lower one
forWTN, and vice-versa. The intersections are calculated by numerically
computing the roots of Eq. (8) and repeating the procedure by variating
the values of the %HA.

CL%HA;WTN;Low LWTNð Þ ¼ CL%HA;RTN;Up LRTNð Þ→CLLWTN ;Up LRTNð Þ
CL%HA;WTN;Up LWTNð Þ ¼ CL%HA;RTN;Low LRTNð Þ→CLLWTN ;Low LRTNð Þ ð8Þ

The WTN conversion curve and the respective confidence intervals
are reported in Fig. 5.

In order to provide an analytical expression for the estimated confi-
dence curves for any value of Lden, the obtained numerical curves have
been fitted by using the same standard functional form of the confi-
dence intervals used for annoyance in Eq. (3) by Miedema, which is
the confidence interval for a linear regression. In this way, also the coef-
ficients of the covariance matrix SW for the WTN conversion curve can
be estimated. The differences between the numerical results and the
fitted ones are negligible, in particular the upper analytical confidence
curve perfectly overlaps the numerical one, while the lower analytical
confidence curve results slightly more conservative respect to the nu-
merical. Therefore, the confidence limits for a WTN converted noise
level can be calculated with Eq. (9) by using the coefficients reported
in Table 3.

CLLWTN ;α ¼ XtY � k αð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XtSW X

q
¼ Aþ B LRTN

� k αð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2

A þ 2σA;BLRTN þ σ2
BL

2
RTN

q
ð9Þ

with X ¼ 1
LRTN

� �
; Y ¼ A

B

� �
; SW ¼ σ2

A σA;B
σA;B σ2

B

� �
.

For example, in order to estimate the 95% confidence limits of the
WTN converted noise level equivalent to 60 dB(A) of RTN, Eq. (9) is
computed with the values reported in Table 3:

Lden;WTN ¼ AWTN þ BWTN Lden;Road ¼ 11:8þ 0:53� 60 ¼ 43:6 dB Að Þ

CLLWTN ;95% ¼ 43:6� 1:96
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2

A þ 2σA;BLRTN þ σ2
BL

2
RTN

q
¼ 40:9;46:3ð Þ dB Að Þ

4. Results: WTN limits derived by conversion curves

The conversion curves for equally highly annoyed people exposed to
different sources offer a direct comparison between the noise level ex-
posures to different sources. The comparison can be exploited to obtain
RTN used as a reference.



Fig. 3. Conversion differences for highly annoyed people, with RTN used as a reference.
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homogeneous law limits considering the same response of the popula-
tion to noise.

In particular, a WTN limit can be calculated, on the basis of the well-
established limits for RTN. For this purpose, the Italian law limits for
traffic noise during daytime and night-time are used, which are equal
or similar to those of many European countries (Milieu Ltd., 2010).

The calculation is based on the assumption that the %HA correspon-
dent to RTN is considered tolerable according to the generic Italiannoise
limits. This percentage should be the same for each type of source for a
uniformity in the treatment of people exposed to noise, given that the
specificity of the source is already considered in the diversity of the
exposure-response relationship.

The limit is derived according to the following three steps, sketched
in Fig. 4 and described in the following:

1. Conversion from LAeq to Lden of the Italian law limits for RTN;
2. Calculation of the equal highly annoying noise level for WTN;
3. Conversion back from Lden, WTN to LAeq to establish the law limit.

4.1. Conversion from LAeq to Lden of the Italian RTN limits

The maximum noise level admitted in Italy (Italian Law 447, 1995)
for outdoor RTN is 70 dB(A) during daytime (day and evening) and 60
dB(A) during night-time for a distance equal to 100 m from every
type of road, except the very local ones. These limits are also almost
the same as or similar to those in most European countries, including
the Czech Republic, France, Germany, Netherlands, Spain, Sweden
(Milieu Ltd., 2010).
Fig. 4. Conversion from RTN limit to WTN
The transformation of LAeq in Lden is performed using Eq. (10)
(Makarewicz and Galuszka, 2011), derived by Eq. (1) and adapted ac-
cording to the definition of Lden in Italy that considers only 2 h for eve-
ning period and 14 for the day period:

Lden ¼ 10log10
14
24

� 100:1・LDay þ 2・√10
24

� 100:1・LEvening þ 8・10
24

� 100:1・LNight

� �

ð10Þ

Assuming a road where the noise is exactly equal to the limit, the
Lden corresponding to the limits in Italy for roads is 70.7 dB(A).

4.2. Calculation of the equally highly annoying noise level for WTN

The equally highly annoying noise level forWTN reported in Eq. (11)
is calculated using Eq. (5) with the values in Table 2.

Lden;WTN ¼ Aþ B Lden;Road ¼ 11:8þ 0:53� 70:7 ¼ 49:3 dB Að Þ ð11Þ

Thus, theWTN level that causes the same %HA of the Italian limit for
RTN, expressed in terms of Lden is 49.3 dB(A). The confidence interval for
this value has been estimated using Eq. (9):

CLLden;WTN ;95% ¼ 49:3� 1:96
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2

A þ 2σA;BLRTN þ σ2
BL

2
RTN

q
¼ 45:9;52:7ð Þ dB Að Þ ð12Þ

The 49.3 dB(A) converted noise level is close to the upper bound of
applicability of the WTN exposure-response relationship, but can still
, including 95% confidence intervals.



Fig. 5. Conversion curves for WTN with 95% confidence intervals, using RTN as reference.
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be considered valid within the uncertainties. However, a national limit
higher than the Italian one can eventually fall outside the validity ranges
of the WTN exposure-response relationship.

4.3. Conversion from Lden, WTN to LAeq to establish the limit

The LAeq value corresponding to the Lden previously estimated is cal-
culated by inverting Eq. (10), which considers a constant noise through-
out the day and the Italians day evening night periods (14 h a day, 2
evening, 8 night). The confidence limits are estimated with the same
procedure, applied to the Lden confidence limits of Eq. (12), obtaining:

LAeq;WTN limit ¼ 43:1 dB Að Þ; with CLLAeq;WTN limit;95%
¼ 39:7;46:5ð Þ dB Að Þ ð13Þ

The obtained 43.1 dB(A) noise level and its confidence interval could
be considered for a proposal of a WTN limit for Italian legislation, but
also for many other States having similar traffic noise limits. The confi-
dence limits should be interpreted as a range of choice for policymakers
to discuss the definition ofWTN limits. A 40 dB(A) limitmay represent a
minimum limit value in a conservative approach to WTN. Instead, the
upper confidence limit of about 46.5 dB(A) should be considered as a
maximum threshold to not be exceeded in order to protect public
health. The authors consider that a 43 dB(A) LAeq noise level it is a rea-
sonable value for a balanced WTN limit proposal for Italian legislation.

By means of an analogous process it could be possible to calculate
limits for any legislation, considering different traffic noise limits as a
starting point.

5. Discussion

In the first parts of the paper a review of literature has been per-
formed in order to quantify the threshold noise level that may already
cause inconveniences to citizens. A lack of specific studies for WTN
and its effects on health, especially at low noise levels has emerged
quite clearly. Direct effects have not been reported yet in peer reviewed
papers (Kurpas et al., 2013), and health problems referred to as “indi-
rect” are often disregarded, although they represent the main negative
Table 3
Coefficients for the WTN conversion curve and its confidence limits.

A B σA
2 σB

2 σA, B

11.8 0.530 10.07 0.0034 −0.169
effects of exposure to low noise levels. The result is that 40 dB(A) of
WTN can be enough to cause a fair percentage of annoyance among cit-
izens, as inferred from dose-effect curves based on the %HA. At this sup-
port, the effect of annoyance on human health has been reported. As
also highlighted by the World Health Organization and by other scien-
tists that recognize the key role of annoyance in health assessment,
this noise level is already sufficient to negatively affect not only sleep,
but outdoors social activities too, especially during summer. It is not
by chance that the WHO has identified an annual average night-time
noise level outdoor of 40 dB(A) as threshold to protect citizens' health
from noise, the WHO recommended value is based on night-time
road/rail/air traffic noise sources, but this value can be valid especially
for the more disturbing wind turbines, as shown by the comparison of
dose-effect relationships.

The particular acoustic characteristics of wind turbines are the cause
of such a high annoyance perceived by population. In fact, noise comes
from a height above the receiver and the sound that arrives to receivers
is amplitude modulated with a constant change in its depth that in-
creases attention and cognitive appraisal and reappraisal, inhibiting ac-
climatization to sound (Stigwood et al., 2013). The predominantly rural
position of wind turbines may contribute to increase the annoyance re-
sponse to WTN, where people do not expect to hear intrusive noise. In
addition to the ambient noise level, the expectations of a living environ-
ment could influence an individual's appraisal of an uncontrollable
sound. The special characteristics of omnipresence, periodic and ampli-
tude modulated nature, random occurrence and low frequency content
make WTN a very annoying sound (von Hunerbein, 2013; Lee et al.,
2011), and are the cause of profound discomfort caused by WTN to
the population even at low noise levels.

Unfortunately, WTN is a nearly constant noise and 40–45 dB(A) can
be often achieved during the night for the typical distances at which the
receivers are actually located in the quiet country areas, for which the
U.K. suggested a noise limit between 37 and 44 dB(A) in the condition
of low background noise, based on tranquillity surveys (Watts and
Pheasant, 2015).

The conversion curves are obtained in Section 3.2 comparing the
dose-response relationship for different sources at the same percent-
ages of highly annoyed people, using the road traffic noise as reference
values. These curves permit to directly compare the noise levels pro-
duced by different sources having the same annoyance on people, and
can then be used to establish noise limits founded on a homogeneous
public health effect.

The study is based on Miedema's (Miedema and Oudshoorn, 2001)
and Janssen's study (Janssen et al., 2011). Some recent studies have
found differences in people response to noise (Gille et al., 2016; Licitra
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et al., 2016) respect toMiedema's study but, given its large population, it
can still represent themilestone of dose-effect relationship for noise an-
noyance to transport noise. At the same time, Janssen's study is the
wider dose-effect relationship study but is only focused on north
European Countries, whose habitants may have different noise tolera-
bility respect to other areas. An updated version of both Miedema and
Janssen's studies, with recent data and interview from amore Countries
would be very welcomed by the scientific community. Especially for
WTN, a study that combines Janssen's north Europe data with the
other subsequent Japanese, Polish and Canadian ones would be useful.

The limit value of 43 dB(A) for the equivalent continuous sound
pressure level LAeq derived forWTNhas been determined using the con-
version curves applied to the Italian limit for RTN during daytime and
night-time, which are equal or similar to those of many European coun-
tries. A first conversion of RTN Italian limit in LAeq to the equivalent Lden
and theWTN limit in Lden to LAeq have been performed by using the def-
inition formula of Lden.

The obtained 95% confidence limits (39.7,46.5) dB(A) represents a
reasonable interval for choosing a law limit for WTN and includes
both the RTN and WTN 95% confidence intervals for the exposure-
response relationships. In general, a confidence interval sets bounds
for the average result by taking into account only the available data. In
the present analysis, the studies by Janssen and Miedema are assumed
as the reference and basis of the results. Therefore, further data collec-
tion could be useful in order to validate the obtained results and verify
its applicability to populations different from those considered in
these studies.

The conversion from Lden in LAeq, performed by inverting Eq. (10) re-
sulted in the subtraction of a value of 6.2 dB from Lden with the assump-
tion that noise throughout the day is constant. Furthermore, it does not
take into account the variability ofwind turbine operations andassumes
that the wind turbine is operating at its maximum sound level 100% of
the time. Such an assumption leads to aWTN limit that is more conser-
vative for citizens than subtracting a lower value, which would have
been by not assuming constant and maximum noise through the day.
Even if in the epidemiological studies WTN is not considered constant
during the day, but is simulated with noise model with a wind distribu-
tion over time as input, a difference of 6.2 dB is coherent with the few
studies in the literature.

In fact, the outdoor A-weighted sound pressure levels used in
Janssen's exposure-response relationship were simulated with a noise
model considering the nearest wind turbine, in a neutral atmosphere
at a constant wind velocity of 8 m/s at a height of 10 m in the direction
towards the respondent. A correction of 4.7 dB(A) was applied to these
data following the mean difference between Lden and the A-weighted
sound pressure level calculated by Van den Berg (2008). In this study,
sound levelswere calculated in 2 differentwind farms,wheremeasured
wind speed data were available for time spans of 11 and 7 years. Thus,
with the distributions of wind speed were directly obtained the Lday,
Levening and Lnight at receivers on annual basis through a wind class cal-
culation. The Lden on annual basis was then calculated using Eq. (1).
Van den Berg found that the difference varies with sound power (i.e.
wind speed) when subtracting to Lden the contribution to the sound
power due to wind speed, which, for example, at 8 m/s corresponds to
4.7 ± 1.5 dB(A), with uncertainties due to the height, location and
type of turbine. This delta value is exactly the value Janssen et al. used
to convert LAeq at receivers into Lden in order to construct the dose-
response curve.

The 6.2 dB(A) obtained in the presentwork is within the uncertainty
boundaries of Van den Berg's coefficient, equal to 4.7± 1.5 dB(A). Thus,
converting Lden in LAeq subtracting 6.2 dB(A) is an operation respecting
the studies in the field of meteorological variability without neglecting
the fact that the emission can vary during the year.

At last, the regulations typically establish limit values increasing
with residual noise, and therefore with wind speed. The derivation of
a limit value with general validity is complex, because residual noise
levels depend exclusively on the environmental andweather conditions
of the measurement site. The measuring procedure becomes determi-
nant with respect to the results, which depend on many factors, such
as wind, direction of sound propagation, the presence of any other
source and distance from obstacles. Also the presence of vegetation,
which varies seasonally, could influences the outcome of a measure-
ment campaignwhichmay result in exceeding the limit or not if carried
out in winter rather than summer. Thus, in any legislation, the period
and duration of residual noise measurement campaigns have to be cho-
sen very carefully.
6. Conclusions

The promotion of the growth of wind energy has a strong impetus
and is supported by many organizations around the world. However,
citizens and installers require accurate information on the environmen-
tal impact that this fairly new technology causes, as well as any other
possible source of pollutants, in order to improve the integration of
wind farms in the territory and the control of environmental impact as-
sessment for either existing or planned wind farms.

In this context, the paper suggested a limit value LAeq of 43 dB(A) for
wind turbine noise (WTN), based on the assumption that the tolerated
percentage of highly annoyed (%HA) correspondent to a certain noise
limit for a source should be the same for each type of source for a unifor-
mity in the treatment of people exposed to noise. Road traffic noise
(RTN) has been chosen to be the reference because is the most diffused
noise in modern society. According to many European Countries (such
as Italy, Czech Republic, France, Germany, Netherlands, Spain,
Sweden), and in particular according to Miedema's study (Miedema
and Oudshoorn, 2001), the allowed %HA corresponding to RTN limits
is 26.2%. The limit has been obtained using the newly introduced con-
version curves forWTN andRTN. These curves have been obtained com-
bining Janssen (Janssen et al., 2011) and Miedema's study and allow a
direct comparison between the noise levels exposure to different
sources.

A 95% confidence interval (39.7,46.5) dB(A) for the suggested 43 dB
(A) limit has been estimated, representing a reasonable range for aWTN
law limit choice. The policy makers have the final responsibility to ad-
dress the problem of fixing law limits, but a conservative or loose ap-
proach to WTN protection should take into account the bounds of the
estimated confidence interval. The authors consider that the suggested
43 dB(A) limit value could be appropriate for a balanced approach to
WTN protection.

The conversion from Lden to LAeq agrees with the empirical conver-
sion factor found by van den Berg. Thus, the methodology proposed is
not only precautionary, since it considers the source as uniform during
the day andnight, but it is coherentwith the experimental study onme-
teorological variability, without neglecting the variability of the emis-
sion during the year.

The obtained limit value of 43dB(A) for LAeq results comparablewith
the British and Danish standards and is consistent with the analyzed
health effects occurring at low noise levels. In fact, in literature it can
be found that 40 dB(A) is a sufficient level to induce annoyance and
sleep disorders, which are important effects that must be considered
to ensure people's health.

The conversion curves for equally highly annoyed people exposed to
different sources represent a useful tool that can be used to check the
coherence, from a health point of view, between limits for different
noise sources. Themethodology is suitable to update limits for countries
which still have no specific limits for wind turbine noise or other
sources, as well as provide a scientific criterion to address the disputes
between citizens and the wind farms operators.

Further and local socio acoustical studies would be useful in order to
improve the local and up to date reliability of exposure-response rela-
tionship for each source.



736 L. Fredianelli et al. / Science of the Total Environment 648 (2019) 728–736
Acknowledgements

The authors wish to thank Alessandro Del Pizzo and Sandra Hill for
providing linguistic help and for their proof reading of the article.

References

ANSI, 1996. Quantities and Procedures for Description and Measurement of Environmen-
tal Sound—Part 4: Noise Assessment and Prediction of Long-term Community Re-
sponse. American National Standards Institute ANSI S12.9-1996-Part 4.

Basner, M., Babisch, W., Davis, A., Brink, M., Clark, C., Janssen, S., Stansfeld, S., 2014. Audi-
tory and non-auditory effects of noise on health. Lancet 383 (9925), 1325–1332.
https://doi.org/10.1016/S0140-6736(13)61613-X.

Berglund, B., Lindvall, T., Schwela, D.H., 1999. Guidelines for Community Noise. World
Health Organization.

Cassina, L., Fredianelli, L., Menichini, I., Chiari, C., Licitra, G., 2017. Audio-visual preferences
and tranquillity ratings in urban areas. Environment 5 (1), 1. https://doi.org/10.3390/
environments5010001.

EEA, 2010. Good practice guide on noise exposure and potential health effects. EEA Tech-
nical Report No. 11/2010.

Fields, J.M., De Jong, R., Brown, A.L., Flindell, I.H., Gjestland, T., Job, R.F.S., ... Yano, T., 1997.
Guidelines for reporting core information from community noise reaction surveys.
J. Sound Vib. 206 (5), 685–695. https://doi.org/10.1006/jsvi.1997.1144.

Fields, J.M., De Jong, R.G., Gjestland, T., Flindell, I.H., Job, R.F.S., Kurra, S., ... Felscher-Suhr,
U., 2001. Standardized general-purpose noise reaction questions for community
noise surveys: research and a recommendation. J. Sound Vib. 242 (4), 641–679.
https://doi.org/10.1006/jsvi.2000.3384.

Fredianelli, L., Gallo, P., Licitra, G., Carpita, S., 2017. Analytical assessment of wind turbine
noise impact at receiver by means of residual noise determination without the wind
farm shutdown. Noise Control Eng. 65 (5), 417–433. https://doi.org/10.3397/1/
376558.

Gallo, P., Fredianelli, L., Palazzuoli, D., Licitra, G., Fidecaro, F., 2016. A procedure for the as-
sessment of wind turbine noise. Appl. Acoust. 114, 213–217. https://doi.org/10.1016/
j.apacoust.2016.07.025.

Gille, L.A., Marquis-Favre, C., Morel, J., 2016. Testing of the European Union
exposure-response relationships and annoyance equivalents model for annoy-
ance due to transportation noises: the need of revised exposure-response rela-
tionships and annoyance equivalents model. Environ. Int. 94, 83–94. https://
doi.org/10.1016/j.envint.2016.04.027.

Groothuis-Oudshoorn, C.G., Miedema, H.M., 2006. Multilevel grouped regression for ana-
lyzing self-reported health in relation to environmental factors: the model and its ap-
plication. Biom. J. 48 (1), 67–82. https://doi.org/10.1002/bimj.200410172.

Horner, B., Krogh, C., Jeffrey, R., 2013. Audit report: literature reviews on wind turbine
noise and health. Proceedings of the 5th International conference on Wind Turbine
Noise, Denver.

Italian Law No. 447, 1995. Framework Law on Noise Pollution.
Janssen, S.A., Vos, H., Eisses, A.R., 2008. Hinder door geluid van windturbines: Dosis-

effectrelaties op basis van Nederlandse en Zweedse gegevens (Annoyance from
wind turbine sound – dose-effect relations based on Dutch and Swedish Data).
TNO-rapport 2008-D-R1051/B. TNO Bouw en Ondergrond. Milieu en Omgeving,
Delft (in Dutch).

Janssen, S.A., Vos, H., Eisses, A.R., Pedersen, E., 2011. A comparison between exposure-
response relationships for wind turbine annoyance and annoyance due to other
noise sources. J. Acoust. Soc. Am. 130 (6), 3743–3756. https://doi.org/10.1121/
1.3653984.

Kageyama, T., Yano, T., Kuwano, S., Sueoka, S., Tachibana, H., 2016. Exposure-response re-
lationship of wind turbine noise with self-reported symptoms of sleep and health
problems: a nationwide socioacoustic survey in Japan. Noise Health 18 (81), 53–61.
https://doi.org/10.4103/1463-1741.178478.

Kaldellis, J.K., Garakis, K., Kapsali, M., 2012. Noise impact assessment on the basis of onsite
acoustic noise immission measurements for a representative wind farm. Renew. En-
ergy 41, 306–314. https://doi.org/10.1016/j.renene.2011.11.009.

Klæboe, R., 2011. Noise and health: annoyance and interference. In: Nriagu, J.O. (Ed.), En-
cyclopedia of Environmental Health. Elsevier, Burlington, CA, USA, pp. 152–163.

Knopper, L.D., Ollson, C.A., 2011. Health effects and wind turbines: a review of the litera-
ture. Environ. Health 10, 78. https://doi.org/10.1186/1476-069X-10-78.

Knopper, L.D., Ollson, C.A., McCallum, L.C., Whitfield Aslund, M.L., Berger, R.G., Souweine,
K., McDaniel, M., 2014. Wind turbines and human health. Front. Public Health 2, 63.
https://doi.org/10.3389/fpubh.2014.00063.

Kurpas, D., Mroczek, B., Karakiewicz, B., Kassolik, K., Andrzejewski, W., 2013. Health im-
pact of wind farms. Ann. Agric. Environ. Med. 20 (3), 595–605.

Lee, S., Kim, K., Choi, W., Lee, S., 2011. Annoyance caused by amplitude modulation of
wind turbine noise. Noise Control Eng. 59 (1). https://doi.org/10.3397/1.3531797
(pp. 38–46(9)).

Licitra, G., Gagliardi, P., Fredianelli, L., Simonetti, D., 2014. Noise mitigation action plan of
Pisa civil and military airport and its effects on people exposure. Appl. Acoust. 84,
25–36. https://doi.org/10.1016/j.apacoust.2014.02.020 ISSN 0003-682X.

Licitra, G., Fredianelli, L., Petri, D., Vigotti, M.A., 2016. Annoyance evaluation due to overall
railway noise and vibration in Pisa urban areas. Sci. Total Environ. 568, 1315–1325.
https://doi.org/10.1016/j.scitotenv.2015.11.071.

Makarewicz, R., Galuszka, M., 2011. Empirical revision of noise mapping. Appl. Acoust. 72
(8). https://doi.org/10.1016/j.apacoust.2010.10.012.

Maschke, C., Niemann, H., 2007. Health effects of annoyance induced by neighbour noise.
Noise Control Eng. 55 (3), 348–356. https://doi.org/10.3397/1.2741308.
Michaud, D.S., Bly, S.H.P., Keith, S.E., 2008a. Using a change in percent highly annoyed
with noise as a potential health effect measure for projects under the Canadian Envi-
ronmental Assessment Act. Can. Acoust. 36 (2).

Michaud, D.S., Keith, S.E., McMurchy, D., 2008b. Annoyance and disturbance of daily activ-
ities from road traffic noise in Canada. J. Acoust. Soc. Am. 123 (2), 784–792. https://
doi.org/10.1121/1.2821984.

Michaud, D.S., Keith, S.E., Feder, K., Soukhovtsev, V., Marro, L., Denning, A., ... Legault, S.,
2013. Self-reported and objectively measured health indicators among a sample of
Canadians living within the vicinity of industrial wind turbines: social survey and
sound level modelling methodology. Noise News Int. 21 (4), 122–131. https://doi.
org/10.3397/1.37023117.

Michaud, D.S., Feder, K., Keith, S.E., Voicescu, S.A., Marro, L., Than, J., ... Villeneuve, P.J.,
2016. Effects of wind turbine noise on self-reported and objective measures of
sleep. Sleep 39 (1), 97–109. https://doi.org/10.5665/sleep.5326.

Miedema, H.M., 2004. Relationship between exposure tomultiple noise sources and noise
annoyance. J. Acoust. Soc. Am. 116 (2), 949–957. https://doi.org/10.1121/1.1766305.

Miedema, H., Oudshoorn, C.G., 2001. Annoyance from transportation noise: relationships
with exposure metrics DNL and DENL and their confidence intervals. Environ. Health
Perspect. 109 (4), 409–416.

Miedema, H., Vos, H., 1998. Exposure-response relationships for transportation noise.
J. Acoust. Soc. Am. 104 (6), 3432–3445. https://doi.org/10.1121/1.423927.

Milieu Ltd., 2010. Final Report on Task 1: Review of the Implementation of Directive
2002/49/EC on Environmental Noise. Risk and Policy Analysis Ltd. (RPA), TNO (2010).

NHMRC, 2015. NHMRC Statement and Information Paper: Evidence on Wind Farms and
Human Health. National Health and Medical Research Council (2015).

Niemann, H., Bonnefoy, X., Braubach, M., Hecht, K., Maschke, C., Rodrigues, C., Röbbel, N.,
2006. Noise-induced annoyance andmorbidity results from the pan-European LARES
study. Noise Health 8 (31), 63–79. https://doi.org/10.4103/1463-1741.33537.

Öhrström, E., 2004. Longitudinal surveys on effects of changes in road traffic noise—an-
noyance, activity disturbances, and psycho-social well-being. J. Acoust. Soc. Am. 115
(2), 719–729. https://doi.org/10.1121/1.1639333.

Öhrström, E., Skånberg, A., Svensson, H., Gidlöf-Gunnarsson, A., 2006. Effects of road traf-
fic noise and the benefit of access to quietness. J. Sound Vib. 295 (1–2), 40–59.
https://doi.org/10.1016/j.jsv.2005.11.034.

Pawlaczyk-Luszczynska, M., Dudarewicz, A., Zaborowski, K., Zamojska-Daniszewska, M.,
Waszkowska, M., 2014. Evaluation of annoyance from the wind turbine noise - a
pilot study. Int. J. Occup. Med. Environ. Health 27 (3), 364–388. https://doi.org/
10.2478/s13382-014-0252-1.

Pedersen, E., Nielsen, K.S., 1994. Genevirkning af støj fra vindmøller - Annoyance by noise
from wind turbines. Report No. 150. DELTA Acoustic and Vibration, Lydtekniske
Institut, Copenhagen (1994).

Pedersen, E., Persson Waye, K., 2004. Perception and annoyance due to wind turbine
noise: a dose–response relationship. J. Acoust. Soc. Am. 116 (6), 3460–3470.
https://doi.org/10.1121/1.1815091.

Pedersen, E., Persson Waye, K., 2007. Wind turbine noise, annoyance and self-reported
health and wellbeing in different living environments. Occup. Environ. Med. 64 (7),
480–486. https://doi.org/10.1136/oem.2006.031039.

Pedersen, E., van den Berg, F., Bakker, R., Bouma, J., 2009. Response to noise frommodern
wind farms in the Netherlands. J. Acoust. Soc. Am. 126 (2), 634–643. https://doi.org/
10.1121/1.3160293.

Salt, A.N., Kaltenbach, J.A., 2011. Infrasound fromwind turbines could affect humans. Bull.
Sci. Technol. Soc. 31 (4), 296–302. https://doi.org/10.1177/0270467611412555.

Schmidt, J.H., Klokker, M., 2014. Health effects related to wind turbine noise exposure: a
systematic review. PLoS One 9 (12), e114183. https://doi.org/10.1371/journal.
pone.0114183.

Smith, M., Ögren, M., Thorsson, P., Hussain-Alkhateeb, L., Pedersen, E., Forssén, J., Morsing,
J.A., Waye, K.P., 2017. Wind turbine noise effects on sleep: the WiTNES study. 12th
ICBEN Congress on Noise as a Public Health Problem, Zurich 18–22 June 2017. ICBEN.

Stansfeld, S.A., Clark, C., 2011.Mental health effects of noise. Encyclopedia of Environmen-
tal Health, pp. 683–689 https://doi.org/10.1016/B978-0-444-52272-6.00248-8.

Stansfeld, S.A., Matheson, M.P., 2003. Noise pollution: non-auditory effects on health. Br.
Med. Bull. 68, 243–257. https://doi.org/10.1093/bmb/ldg033.

Stigwood, M., Large, S., Stigwood, D., 2013. Audible amplitudemodulation - results of field
measurements and investigations compared to psycho-acoustical assessment and
theoretical research. Proceedings of the 5th International Conference on Wind Tur-
bine Noise, Denver.

Timmerman, N.S., 2013. Wind turbine noise. Acoust. Today 9 (3), 22–29.
U.S.FRA, 2005. High-speed Ground Transportation noise and Vibration Impact Assess-

ment. 293630-4.
U.S.FTA, 1995. GuidanceManual for Transit Noise and Vibration Impact Assessment. DOT-

T-95-16.
Van den Berg, F., 2008. Criteria for wind farm noise: Lmax and Lden. Proceedings of

Euronoise, Paris.
Van Renterghem, T., Bockstael, A., DeWeirt, V., Botteldooren, D., 2013. Annoyance, detec-

tion and recognition of wind turbine noise. Sci. Total Environ. 456–457, 333–345.
https://doi.org/10.1016/j.scitotenv.2013.03.095.

von Hunerbein, S., 2013. Annoyance from wind turbine noise – what can we learn from
different assessment methods? Proceedings of the 5th International Meeting on
Wind Turbine Noise, Denver

Watts, G.R., Pheasant, R.J., 2015. Identifying tranquil environments and quantifying im-
pacts. Appl. Acoust. 89, 122–127. https://doi.org/10.1016/j.apacoust.2014.09.015.

World Health Organization, 2009. Night Noise Guidelines for Europe. World Health
Organization-Regional Office for Europe.

World Health Organization, 2011. Burden of Disease From Environmental Noise. Quanti-
fication of Healthy Life Years Lost in Europe.

http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0005
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0005
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0005
https://doi.org/10.1016/S0140-6736(13)61613-X
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0015
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0015
https://doi.org/10.3390/environments5010001
https://doi.org/10.3390/environments5010001
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0025
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0025
https://doi.org/10.1006/jsvi.1997.1144
https://doi.org/10.1006/jsvi.2000.3384
https://doi.org/10.3397/1/376558
https://doi.org/10.3397/1/376558
https://doi.org/10.1016/j.apacoust.2016.07.025
https://doi.org/10.1016/j.apacoust.2016.07.025
https://doi.org/10.1016/j.envint.2016.04.027
https://doi.org/10.1016/j.envint.2016.04.027
https://doi.org/10.1002/bimj.200410172
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0060
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0060
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0060
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0065
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0070
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0070
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0070
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0070
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0070
https://doi.org/10.1121/1.3653984
https://doi.org/10.1121/1.3653984
https://doi.org/10.4103/1463-1741.178478
https://doi.org/10.1016/j.renene.2011.11.009
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0090
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0090
https://doi.org/10.1186/1476-069X-10-78
https://doi.org/10.3389/fpubh.2014.00063
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0105
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0105
https://doi.org/10.3397/1.3531797
https://doi.org/10.1016/j.apacoust.2014.02.020
https://doi.org/10.1016/j.scitotenv.2015.11.071
https://doi.org/10.1016/j.apacoust.2010.10.012
https://doi.org/10.3397/1.2741308
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0130
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0130
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0130
https://doi.org/10.1121/1.2821984
https://doi.org/10.1121/1.2821984
https://doi.org/10.3397/1.37023117
https://doi.org/10.3397/1.37023117
https://doi.org/10.5665/sleep.5326
https://doi.org/10.1121/1.1766305
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0155
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0155
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0155
https://doi.org/10.1121/1.423927
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0165
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0165
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0170
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0170
https://doi.org/10.4103/1463-1741.33537
https://doi.org/10.1121/1.1639333
https://doi.org/10.1016/j.jsv.2005.11.034
https://doi.org/10.2478/s13382-014-0252-1
https://doi.org/10.2478/s13382-014-0252-1
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0195
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0195
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0195
https://doi.org/10.1121/1.1815091
https://doi.org/10.1136/oem.2006.031039
https://doi.org/10.1121/1.3160293
https://doi.org/10.1121/1.3160293
https://doi.org/10.1177/0270467611412555
https://doi.org/10.1371/journal.pone.0114183
https://doi.org/10.1371/journal.pone.0114183
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0225
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0225
https://doi.org/10.1016/B978-0-444-52272-6.00248-8
https://doi.org/10.1093/bmb/ldg033
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0240
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0240
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0240
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0240
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0245
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0250
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0250
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0255
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0255
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0260
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0260
https://doi.org/10.1016/j.scitotenv.2013.03.095
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0270
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0270
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0270
https://doi.org/10.1016/j.apacoust.2014.09.015
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0280
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0280
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0285
http://refhub.elsevier.com/S0048-9697(18)33071-7/rf0285

	A procedure for deriving wind turbine noise limits by taking into account annoyance
	1. Introduction
	2. Noise annoyance as a health effect
	3. Methods
	3.1. Exposure-response relationships for WTN and other sources
	3.2. Conversion curves for equally highly annoyed exposed to different sources
	3.3. Confidence intervals for conversion curves

	4. Results: WTN limits derived by conversion curves
	4.1. Conversion from LAeq to Lden of the Italian RTN limits
	4.2. Calculation of the equally highly annoying noise level for WTN
	4.3. Conversion from Lden, WTN to LAeq to establish the limit

	5. Discussion
	6. Conclusions
	Acknowledgements
	References




