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Synopsis 

Health effects related to wind turbine sound: an update 

Questions about health effects play a prominent role in local debates 
about the expansion of windfarms in the Netherlands, Switserland and 
elsewhere. The Swiss Federal Office for the Environment asked RIVM to 
review the literature published between 2017 and mid 2020 about the 
effects of wind turbine sound on the health of local residents. 

RIVM and Mundonovo sound research collected the scientific literature 
on the effect of wind turbines on annoyance, sleep disturbance, 
cardiovascular disease and metabolism. Also, they investigated what is 
known about annoyance from visual aspects of wind turbines and other 
non-acoustic factors, such as the local decision making process. 

From the literature study, annoyance clearly came forward as a 
consequence of sound: the louder the sound (in dB) of wind turbines, 
the stronger the annoyance response is. The literature did not show that 
so called "low frequency sound" (low pitched sound) leads to extra 
annoyance compared to "normal" sound. For other health effects, results 
of scientific research are inconsistent: these effects are not a clear 
consequence of the sound levels, but in some cases are related to the 
annoyance people experience. These results underpin previous 
conclusions from a comparable assignment three years ago. 

The literature clearly shows that residents experience less annoyance 
when they participate in the siting process. By being able to take part in 
the siting and in balancing costs and benefits, residents experience less 
annoyance. It is therefore important to take worries of local residents 
seriously and involve them in the process of planning and the siting of 
wind turbines. 

Keywords: wind turbine, wind farm, rhythmic sound, low-frequency 
sound, infrasound, health effects, annoyance, sleep disturbance 
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1 Introduction 

This report gives an update of a review we prepared in 2017 (van den 
Berg, van Kamp, 2017; van Kamp van den Berg, 2018) on the effects 
that wind turbine (WT) sound may have on the health of residents living 
near a wind farm. That review was based on literature up to early 2017. 
Since then several new studies on WT sound has been published and 
together they provide a better foundation for our knowledge on the 
effects of WT sound on residents. Similar to the 2017 review, this 
update emphasizes new evidence emerging from scientific publications, 
with peer-reviewed articles in the first place. Some scientific reports and 
papers presented at conferences also provide important and often 
reliable information and are also considered in this review. 

This update is commissioned by the Noise and NIR1 Division of the Swiss 
Federal Office for the Environment (Bundesamt fur Umwelt). The 
request was to provide an updated overview of the conclusions of 
scientific studies with respect to the health effects of sound from wind 
turbines with special attention to infrasound and low frequency sound. 
We have collected all relevant scientific papers that were published after 
finishing our earlier review in January 2017. 

Chapter 2 starts with some basic knowledge about the sound produced 
by wind turbines and the way this is heard and the sound levels that 
occur in practice. We use the term 'sound' to avoid the a priori 
implication of a negative meaning that the term noise ('unwanted 
sound') has. We use the term 'noise' only when that negative meaning is 
implied, such as in 'noise annoyance'. Chapter 2 also summarizes the 
general results of our earlier review. 

Chapter 3 gives an overview of the evidence from recent studies about 
short- and long-term health effects from WT sound. Next to sound, new 
findings concerning the influence of personal, social and contextual and 
physical aspects other than sounds are reviewed. The same is done in 
Chapter 4, but then specifically for sound at (very) low frequencies that 
allegedly can affect people in other ways than 'normal' sound does. Both 
chapter 3 and 4 provide an overview of the new findings in conjunction 
with what is known, based on the earlier review in 2017. A discussion of 
the findings and an evaluation of the quality and results of the new 
studies in comparison to previous evidence can be found in Chapter 5. 

Annex 1 provides a description of the search profiles used to retrieve 
relevant scientific information. Annex 2 gives a glossary of terms and 
acronyms. 

1 Non-Ionizing Radiation 
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Summary 

The siting of wind farms is a worldwide subject of public debate. Part of 
the opposition is based on worries about the impact on the health of 
residents. Immediate health effects are thought to result from visual 
and aural exposure. Visual exposure includes the mismatch with the 
landscape, shadow casting and blinking lights. Aural exposure includes 
the loudness and adverse characteristics of wind turbine sound: 
thumping or whooshing, and concerns about low frequency sound and 
infrasound. Apart from these potentially direct influences on human 
health, the process around the siting of a wind farm is an important part 
of the public debate. Residents often feel they have no say and must 
take the disadvantages without having any benefits. 

RIVM and Mundonovo sound research investigated new evidence on the 
effects of wind turbine sound and living near a wind turbine on health to 
update the literature review prepared in 2017. 

At equal sound levels, sound from wind turbines is experienced as more 
annoying than that of road or rail traffic, but wind turbine sound levels 
themselves are modest when compared to these other sources. Based 
on the new literature we conclude there is a robust association between 
the level of wind turbine sound and annoyance from that sound. The 
percentage of highly annoyed residents increases when the sound level 
is higher, and the visual and aural intrusion explain a large part of the 
annoyance of residents. Other important predictors of annoyance are 
noise sensitivity, attitudes towards wind turbines, health concerns and 
aspects related to the procedure preceding the building of a wind farm. 

For other health effects of wind turbine sound, such as sleep 
disturbance, insomnia and cardiovascular effects the findings are 
inconsistent. No relation was confirmed for metabolic effects (diabetes 
and obesity) and mental health. Studies on cognitive effects have not 
been performed. We do know from studies from other noise sources that 
chronic annoyance can affect mental and physical wellbeing. Earlier 
findings on the association between symptoms and annoyance were 
confirmed in the new studies, but no conclusions can be drawn about 
the causal direction of this relation. 

Although low frequency sound and infrasound might have other effects 
than 'normal' sound has, these effects are highly unlikely at sound levels 
typical for wind turbines. Brain studies show that low frequency and 
infrasound are processed in the same parts of the brain as 'normal' 
sound and there is no evidence that infrasound elicits any reaction at 
sub-audible levels. Acoustically low-frequency sound and infrasound 
differs from sound at higher frequencies: because of the low 
attenuation, low-frequency sound becomes relatively more important at 
larger distances and inside dwellings. Infrasound is attenuated even 
less, but coming from wind turbines it is too weak for human perception 
at residential locations. 

These are the main conclusions of the update of the scientific literature 
we prepared at the request of the Swiss Federal Office for the 
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Environment. This report summarises the results of the literature 
published between 2017 and mid 2020 on the health effects of sound 
from wind turbines with special attention to infrasound and low­ 
frequency sound. The search was for scientific studies and reviews 
concerning sound from wind turbines in combination with health effects, 
while admitting publications about other factors than sound. We also 
searched for publications about the audibility of infrasound and possible 
health effects specific for infrasound and low frequency sound. In the 
end a total of 83 publications was reviewed. 

Based on the moderate effect of wind turbine sound on annoyance and 
the range of factors that influence the level of annoyance, we conclude 
that reducing the impact of wind turbine sound will profit from 
considering these other factors. These include attitudes towards wind 
turbines, health concerns, visual aspects and aspects related to the 
siting of wind farms. The role of factors such as participation in the 
planning process, procedural justice, feelings of fairness and the balance 
of costs and benefits from wind turbines are even more strongly 
supported by current evidence. 
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2 Knowledge up to 2017 

2.1 The sound of wind turbines and its perception 
Referring to the review in 2017 (van den Berg and van Kamp, 2017; van 
Kamp and van den Berg, 2018) in this section we provide an overview of 
the characteristics of WT sound and the way it is produced. For modern 
wind turbines most of the sound produced is aerodynamical, caused by 
flowing air in contact with the wind turbine blades. The most important 
contributions are related to the atmospheric turbulence hitting the 
blades (inflow turbulence sound) and air flowing at the rear edge of the 
blade surface (trailing edge sound). Close to a wind turbine the high­ 
pitched trailing edge sound is dominant. Due to the stronger attenuation 
of sound at high frequencies, at larger distance the lower pitched inflow 
turbulence sound becomes more dominant. Infrasound is produced by 
rapid changes in forces on the blades. This leads to peak levels in the 
infrasound range, a typical yet inaudible wind turbine 'sound signature' 
in measurements. The level of aerodynamic sound strongly depends on 
rotational speed. Therefore, sound production is highest near the fast­ 
moving tips of the blades. 

An important feature is the variation of the sound at the rhythm of the 
rotating blades that is described as swishing, whooshing or beating. This 
variation in synchrony with the blade passing frequency is also called 
the Amplitude Modulation (AM) of the sound. 

Low frequency sound is sound below about 100 Hz to 200 Hz and is 
produced by road and air traffic and many other sources. Low frequency 
sound is included in most studies of environmental noise, as part of the 
normal sound range. There is less knowledge on the effects of 
infrasound, with a frequency below 20 Hz. Infrasound below the 
threshold of hearing is not a known cause of health effects, although 
there are indications that part of the hearing organ may react to 
inaudible infrasound. 

Human hearing is relatively insensitive to low frequencies. This fact in 
combination with the sound level of the different sound components of 
the wind turbine cause the trailing edge sound to be the most dominant 
sound heard when outside and not too far from a wind turbine. Building 
facades attenuate higher frequencies better than lower frequencies. A 
consequence is that indoor sounds from an outside source have a higher 
proportion of low frequency sound compared to the outside sound. 

For a modern turbine, the maximum sound power level ranges between 
100 to 110 dBA. For a listener on the ground at about 100 m from a 
turbine, the sound level will not be more than about 55 dBA. At more 
distant, residential locations this is less and in most studies there are 
few people that are exposed to an average wind turbine sound level of 
more than 45 dBA. The maximum steady sound level of a turbine is just 
a few (1 to 3) dB above the sound level averaged over a long time. 
When there is clearly audible whooshing or beating, the difference 
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between the instantaneous high and low levels can go up to about 10 
dB. 

2.2 Effects of wind turbine sound on residents 
Our 2017 review (van den Berg, van Kamp, 2017) concluded that 
scientific research did not provide a definite answer yet to the question 
whether wind turbine sound can cause health effects other than noise 
annoyance and if so, whether these are different from those of other 
environmental sound sources. It was noted that one aspect in which 
wind turbine sounds clearly differ from that of other sound sources is 
their rhythmic character, both visually and aurally. 

Also, it was observed that the planning process around WT parks is 
often perceived as top-down with residents having no say in the plans 
(as is the case in many other infrastructural processes). Figure 1 
illustrates how plans for wind turbine farms or actual operational wind 
farms can lead to disturbances and concern. This scheme shows that a 
number of factors can influence the effect of the (planned) turbines. The 
personal factors include aspects as attitudes, expectations and noise 
sensitivity. Situational factors include impacts such as visibility or 
shadow flicker, other sound sources, type of area and aesthetics. 
Contextual factors include aspects such as participation, the decision­ 
making process, the siting procedure and (perceived) procedural justice. 

Figure 1: A model for the relation between the exposure to (information about) wind 
turbines and the individual reaction 

wind turbines 
not (yet) present 

wind turbines 
present 

information/ 
knowledge 

about effects 

aural/visual 
exposure to 
wind turbines 

individual 
response/ 

health effect 

People have been shown to experience annoyance or irritation, anger or 
ill-being from WT sound when they feel or expect that their environ­ 
mental quality will deteriorate due to the siting of wind turbines near 
their homes. These responses can lead to health effects in the long 
term. Annoyance and sleep disturbance are the most frequently studied 
health effects of wind turbine sound, as is the case for sound from many 
other sources. High degrees of noise annoyance and sleep disturbance 
are considered as health effects in line with the World Health 
Organization's (WHO) definition of health as "a state of complete 
physical, mental, and social well-being and not merely the absence of 
disease or infirmity" (WHO, 1946). 

In direct relation to the WT sound, noise annoyance can be considered 
as the main health effect of wind turbines. At equal sound levels, sound 
from wind turbines is experienced as more annoying than that of road or 
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rail traffic or industrial sources (Janssen et al, 2011). However, at 
residential locations wind turbine sound levels themselves are modest 
when compared to other sources such as road or air traffic or industrial 
noise. A number of studies showed that especially the rhythmic 
character of the sound (technically: Amplitude Modulation or AM) was 
experienced as annoying. We concluded that AM appeared to aggravate 
already existing annoyance, but AM did not lead to annoyance in people 
who were positive about or benefitted from wind turbines. 

Evidence regarding the effect of night time wind turbine sound level on 
sleep was inconclusive. The available evidence did not allow to make a 
definite conclusion regarding sleep disturbance. However, studies did 
find an association between self-reported sleep disturbance and 
annoyance from wind turbine sound. For other health effects there was 
insufficient evidence for a direct relation with wind turbine sound levels. 
Again, studies did find an association between health effects and 
annoyance from wind turbine sound. 
The moderate effect of the level of wind turbine sound on annoyance 
and the range of factors that influence the levels of annoyance imply 
that reducing the impact of wind turbine sound will profit from 
considering other factors associated with annoyance. This is equally true 
for other sound sources. 

2.3 Effects from aspects other than sound 
Next to sound, several other features came forward as being relevant 
for residents living in the vicinity of wind turbines. These include 
physical and personal aspects, and the circumstances around decision 
making and siting of a wind farm as well as communication and the 
relation between different parties involved in the process. 
Visual aspects showed to play a key role in reactions to wind turbines 
and include the (mis-)match with the landscape, shadow casting and 
blinking lights. Shadow casting from wind turbines contributes to 
annoyance and the movement of the rotor blades themselves can be 
experienced as disturbing. Light flicker from the blades, vibrations and 
electromagnetic fields showed to play a minor role, especially in modern 
turbines as far as their effect on residents is concerned. 

Apart from these physical factors, personal and (psycho)social factors 
were found to be related to annoyance. A number of studies confirmed 
the role of noise sensitivity in the reaction to wind turbines, independent 
of the sound level or sound characteristics. People who benefitted from 
and/or have a positive attitude towards wind turbines in their living 
environment generally reported less annoyance. In contrast, people who 
perceived wind turbines as intruding into their privacy and as 
detrimental to the quality of their living environment generally reported 
more annoyance. Attitude and media coverage show to be important 
elements of the complex process of siting wind turbines and affects 
responses. Many studies concluded that social acceptance of wind 
projects is highly dependent on a fair planning process and local 
involvement (e.g. Zaunbrecher et al 2016; Wustenhaqen et al, 2015). 
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3 Wind turbine sound and health 

Annoyance and sleep disturbance are the most studied effects of 
exposure to WT sound in the living environment. More recently also 
cardiovascular effects (ischaemic heart disease/myocardial infarction, 
hypertension and stroke) as well as metabolic effects (diabetes and 
obesity) have been studied in people living near wind farms. Finally, 
there is limited evidence available on the association between WT sound 
and mental and cognitive effects. 

Our new search of the literature over the 2017-2020 period yielded 10 
reviews (including our peer reviewed paper in 2018) and 45 new articles 
on the association between WT sound and health of which 30 were 
included in the review after reading the full text. 

This chapter summarizes the present state of the art regarding the 
knowledge available about the association between wind turbine sound 
and health per health outcome/effect. Each paragraph will start with a 
brief summary of the results from our 2017 review (van den Berg and 
van Kamp, 2017). Using the same search method (see annex 1 for a full 
description), these results were updated in this review with literature 
published until mid-June 2020. 

New evidence on the influence of personal, situational and contextual 
factors on these effects is also presented in this report. 

This review is primarily based on results from epidemiological studies at 
population level, and smaller scale laboratory experiments. Note that 
the description of results is limited to the effects of wind turbine sound 
in general in the "normal" frequency range. Findings from studies 
addressing specific impacts of the low frequency components and 
infrasound that are distinct from "normal" sound are summarized 
separately in Chapter 4. 

3.1 Noise annoyance 
In our 2017 review it was concluded that noise annoyance is the main 
health effect associated with the exposure to noise from an operational 
wind turbine. From epidemiological studies, experiments and individual 
narratives the typical character of wind turbine sound came forward as 
one of the key issues. Especially the rhythmic character of the sound 
(technically: Amplitude Modulation or AM) is experienced as annoying 
and described as a swishing or whooshing or thumping sound. At equal 
sound levels, sound from wind turbines is experienced as more annoying 
than that of most transport sources. Laboratory studies were 
inconclusive regarding the effect of amplitude modulation on annoyance. 
One conclusion was that there is a strong possibility that amplitude 
modulation is the main cause of the typical characteristics of WT sound. 
Another dismissed amplitude modulation as a negative factor per se, 
because it is highly related to attitude. A common factor is that AM 
appears to aggravate existing annoyance but does not lead to 
annoyance in persons who are positive about or benefiting from wind 
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turbines. The general exposure-effect relation for annoyance from wind 
turbine sound includes all aspects that influence annoyance and thus 
averages over local situations. The relation can therefore form an 
indication only of the annoyance at local level and is not applicable to 
individual situations. 

In our review it was noted that annoyance from wind turbines occurs at 
lower levels than is predominantly the case for transport or industrial 
sound. Based on Dutch and Swedish data an exposure-effect relation 
was derived between calculated sound exposure levels expressed in 
Lden and the percentage highly annoyed, for indoor as well as outdoor 
exposures. Later research confirmed these results and obtained 
comparable results. 

Reviews including annoyance 
Of the ten reviews published since 2017, four (excluding our 2017 
review) address annoyance as the main health outcome. In the WHO 
evidence review on annoyance by Guski et al (2017) four studies on WT 
sound were identified. These studies were all of cross-sectional design 
and published before 2015. They were selected for review based on the 
percentage of highly annoyed (%HA) in response to a standard survey 
question (ISO/TS 15666:2003) referring to a particular noise source. For 
wind turbine noise it was concluded that evidence was only emerging, 
was of low quality and therefore did not allow to derive a reliable 
generalised Exposure Effect relation (EER). However, the WHO (2018) 
decided to publish a conditional EER for wind turbine noise based on 24- 
hour sound level average and based on this EER concluded on a 
preliminary threshold value of 45 dB Lden; health effects below this 
value were considered acceptable. 

The evidence reviews for the WHO of Guski et al (2017) included studies 
published up to the end of 2014. In their scoping review Van Kamp et al 
(2020a, 2020b) provided an update of the WHO review on annoyance 
since then and covered the period up until the end of 2019. This 
identified 9 new publications (pertaining to 5 studies) on WT sound and 
annoyance that met the inclusion criteria.2 Some of these studies were 
already included in our 2017 review. Van Kamp et al concluded that the 
increase of studies with large size and of moderate to good quality 
published since the evidence review of the WHO justifies a new meta­ 
analysis. 

The narrative review by Simos et al (2019) included 104 studies and the 
results are discussed along a range of determinants of annoyance. Apart 
from sound, these include visual aspects (shadow flicker and impact on 
landscape), real estate prices and safety. No meta-analysis was 
performed, and the inclusion criteria of studies were not clear. 
Annoyance was considered as a main outcome variable. Conclusion of 

" 

3.1.1 

2 !.Published or accepted papers in peer-review Journals, 2.Published papers in conference proceedings, 
3.lndividual studies, so no reviews, rneta-analvses or "commentaries", 4.ln principal no language limitation, 
5.Population: general population, adults; (cardiovascular effects also include children, for other outcomes not 
relevant or available), 6.Setting: Environmental exposure at home or at school (for children) only (NO exposure 
to noise in occupational setting nor in health care setting e.g. in a hospital), 7.Study design: observational 
studies only (NO experimental studies following the WHO protocol), for the update on cardiovascular effects and 
metabolic effects only case control studies and cohort studies are selected, 8.Relevant outcomes: annoyance, 
sleep disturbance, cardiovascular effects, metabolic effects (self-reported or clinically diagnosed) 

Page 24 of 73 



RIVM report 2020-0150 

the authors is that the evidence for an effect is meagre and that we 
probably deal with a 'nocebo' effect due to -in their words- 'socio­ 
cognitive exposure', meaning that the effect of information and negative 
expectations lead to aversive effects (rather than the WT sound levels 
themselves). A set of recommendations primarily focused on the process 
around wind farm placements (participation, turning the farm on and 
off, visibility). These aspects are discussed in more detail in paragraph 
3.6). 

3.1.2 

The scoping review of Freiberg et al (2019) on annoyance was 
performed systematically on literature published since 2000 and up to 
mid-2018. The review only selected articles which fulfilled the Preferred 
Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) 
criteria for reporting: findings from observational studies without a 
selection bias, information bias, and confounder bias. It resulted in 84 
articles that passed the screening and included annoyance and other 
health outcomes. Multiple cross-sectional studies (43) reported that 
wind turbine noise is associated with noise annoyance, which is 
moderated by several personal and contextual aspects, such as noise 
sensitivity, attitude towards wind turbines, or economic benefit. The 
authors of the review observe an increase of the number of publications 
since the 2010-2012 period. This is attributed to a (note: worldwide) 
intensified public attention -frorn residents, opponents, politics, and the 
scientific community. According to the authors, the geographical spread 
of the studies is not in balance with the number of wind turbine farms at 
location. In other words: the studies are not necessarily performed in 
countries where the number of wind turbines is larger: most of the 
research was conducted in OECD member countries. As has been 
concluded in other environmental fields (e.g. Baliatsas et al, 2012) the 
range of prevalence of noise annoyance was greater in 11 studies of 
lower quality, compared to the higher-quality observational studies, and 
might be partly due to methodological differences, sampling method, 
sample size and definition of the outcome. Research gaps, with respect 
to annoyance, concern the complex pathways of annoyance via non­ 
acoustic factors, the objective investigation of visual wind turbine 
features, and the interaction between all WT related exposures. 

Original studies on annoyance 
In this section the results of the selected original studies are 
summarized. Some papers fall outside the time frame of 2017-2020 but 
are included since they were not included in our previous review and are 
considered relevant for the current state of knowledge. For each study 
we note the 'risk of bias' level as a quality assessment measure of the 
study and its results, determined by the PRISMA criteria described 
above. Sound levels in the studies are usually average sound levels at 
the facade of dwellings. 

The Norwegian cross-sectional study by Klaeboe et al (2016) with 
medium risk of bias included 90 participants (response rate of 38%). 
Wind turbine sound levels were calculated in the range between 37 and 
47 dB Lden. Annoyance was measured by the 5-point ISO standard 
scale. Attitudes, demographics, visual judgements and noise sensitivity 
were included as key confounders. Noise from wind turbines was 
considered more annoying than road traffic noise, equivalent to a 17-18 
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dB higher noise level. This is within the range of 11-26 dBA as reported 
by Michaud et al (2016a) and by Janssen et al (2011). It is concluded 
that the role of non-acoustical factors on annoyance is large, and maybe 
even larger than that of WT sound itself. 

A new cross-sectional Polish study of Pawlaczyk et al (2018), with 
medium risk of bias, included 517 participants with a response rate of 
78%. Wind turbine sound levels were calculated and randomly verified 
by in situ measurement. Noise annoyance was measured using the 5- 
point ISO standard scale. Residential satisfaction, visual aspects, 
demographics and attitude towards the WTs were included as key 
confounders. The percentage of participants highly annoyed (%HA) 
increased significantly with an increase in sound level, ranging from 35 
to 53 dB Lden, and significantly increased with a negative attitude 
towards wind turbines as well. The %HA decreased significantly with 
increasing distance from the nearest wind turbine. 

A Finnish study of Radun et al (2019) was graded as having low risk of 
bias and included 429 people (response rate 57%). Wind turbine sound 
level was calculated and measured and categorised in four exposure 
groups [25-30], [30-35], [35-40], and [40-46] dB Lden. Annoyance 
(indoor and outdoor) was one of the main outcomes. Trust in authorities 
and operators, visibility, economic benefits, age, gender, education, 
type of dwelling, distance were accounted for in the analysis. The sound 
levels [dB] were significantly associated with the percentage of 
participants highly annoyed (%HA) outdoor with an Odd's Ratio (OR) of 
1.41. That is: an increase in exposure group corresponded to an 
increase in %HA outdoors by a factor of 1.41. For indoor sound level no 
association with annoyance was confirmed. The factor that had most 
influence on annoyance indoors and outdoors was health concern of the 
participants. 

The cross-sectional study in China by Song et al (2016) with medium 
risk of bias, included 227 participants living close to a wind farm 
(response rate 77%). Wind turbine sound level was measured and 
categorized into 5 sound level classes (<40 dB up to >47.5 dB). Gender, 
age, residence time, visibility, noise sensitivity, attitude, and general 
opinion about WTs were included as key confounders. The %HA 
increased with sound level from 39.5% (95% CI: 28.4-51.4%) to 
75.0% (95% CI: 50.9-91.3%). 

The Health Canada's Community Noise and Health Study (CNHS) on the 
impact of wind turbines was extensively discussed in our 2017 review. 
This large cross-sectional study of high quality was performed among 
1238 adult residents living at varying distances from wind turbines. One 
adult participant per dwelling (18-79 years), randomly selected from 
Ontario (n = 1011) and Prince Edward Island (n = 227), completed an 
in-person home interview. A strong point of the study is the high 
response rate of 79 percent. A-weighted as well as C-weighted outdoor 
sound levels were calculated and additional measurements were made 
at a number of locations. The results were presented in a range of 
publications addressing various health effects and a separate paper on 
the effect of shadow flicker on annoyance. Also, papers were published 
describing the assessment of sound levels near wind turbines and near 
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receivers (Keith et al, 2016a), but fall outside the scope of this report. 
With respect to annoyance, results supported an association with 
exposure to wind turbine noise up to levels of 46 dBA. 

Since late 2017 three additional articles were published from the CNHS: 
a commentary on the interpretation of findings (Michaud, et al 2018a 
not discussed here), a paper on the overall annoyance from WTs, taking 
other (non-acoustic) aspects into account (Michaud et al, 2018b) and a 
paper on the association between the thus derived aggregate score of 
annoyance and subjective health effects (Michaud et al 2018c). 

The aggregate annoyance construct was developed (Michaud et al, 
2018b) to account for annoyance from multiple wind turbine features: 
noise, blinking warning lights, vibrations, visual impact and shadow 
flicker. This aggregate annoyance constructs as tested in principal 
component analysis, explained 58-69% of the variability in total 
annoyance. The association with distance to the turbines was confirmed 
in two large samples of the CHNS sample. Annoyance significantly 
increased in areas between 0.550 and 1 km (mean 1.59; 95% CI 1.02, 
2.15) and was highest within 550 m (mean 4.25; 95% CI 3.34, 5.16). 

In the third recent paper by Michaud et al (2018c) the association of this 
aggregated annoyance index and a range of health complaints and 
symptoms was further studied. These included sleep quality, quality of 
life, satisfaction with health, tinnitus, migraines/headaches, and 
dizziness, use of medications, noise sensitivity, as well as cortisol in hair 
and blood pressure measures. There was a significant difference on the 
total annoyance scale between people who reported one or more of 
these symptoms (mean score 2.53 to 3.72) and people who did not 
(0.96 to 1.41). Conditions not related to aggregate annoyance included 
hair cortisol concentrations, systolic blood pressure, and rated quality of 
life when assessed with the single ISO standard 5-point annoyance 
question. It should be underscored that we are not dealing here with 
causal relations. 

In their cross-sectional study Botelho et al (2017) compared the role of 
WT sound to that of annoyance in the decisions people made about 
noise mitigating measures. The number of participants in this study with 
medium risk of bias was 80, of whom 29 applied mitigating measures 
versus 51 who did not. Structural equation modelling (SEM) was used to 
estimate the effect of noise level on behaviour and of annoyance. It was 
concluded that decisions to insulate the home were made directly 
related to WT sound levels, and not to annoyance. Thus, WT sound 
levels are directly related to the financial consequences of taking 
measures to mitigate the impact on wellbeing. 

A cross-sectional Finnish study by Hongisto et al (2017) with medium 
risk if bias was aimed at deriving an exposure-effect relation for indoor 
annoyance from sound from large WTs (nominal electrical power of 3 to 
5 MW). The number of households with levels above 40 LAeq indoors 
was extremely low. This first exposure-effect relationship between 
outdoor sound level and indoor annoyance derived from large wind 
turbines was based on a sample of 429 participants around three areas 
with wind turbines. The relationship was consistent with those obtained 
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for smaller wind turbines (sizes 0.15-3.0 MW) when the sound level was 
under 40 dB LAeq. The Community Tolerance Level (CTL), over an 
exposure range of 20-50 dB, was 3-4 dB lower than for two previous 
studies. Above 40 dB LAeq, the small number of participants prevented 
to make a reliable comparison to previous studies. At sound levels below 
40 dB, the prevalence of high annoyance was less than 4%. The authors 
conclude that below 40 dB LAeq large wind turbines (>3MW) lead to 
similar indoor noise annoyance levels as smaller ones ( < 1.5 MW) do. 

Schaffer et al (2019) performed a laboratory experiment with 43 
participants, linking WT sound level, amplitude modulation and visual 
aspects to annoyance in 24 conditions combining visual and auditory 
stimuli. It concerned a study of high quality (risk of bias low) and of 
'within subject study design': the same person tested all the conditions 
Annoyance was measured using the 11-point ISO scale. Both visual and 
acoustical characteristics were found to affect noise annoyance, besides 
attitude towards wind farms of the participants. An increase in sound 
pressure level and amplitude modulation (AM) increased annoyance, the 
presence of a visualised landscape decreased annoyance, and the 
visibility of a wind turbine increased annoyance. While simple effects of 
the sequence in which the stimuli were presented could be eliminated by 
counterbalancing, the initial visual setting strongly affected the 
annoyance ratings of the subsequent conditions. Due to this carryover of 
visual to audio effects, the annoyance due to the first visual and auditive 
stimuli affected what they saw and heard in later settings. 

In 2018 the same group (Schaffer et al, 2018) performed a listening 
experiment among 52 participants, with a medium risk of bias, using 
stimuli representing different conditions of WT and other broadband 
sounds. The relative contributions of three acoustical characteristics 
(spectral shape, depth of periodic AM and random AM) to short-term 
annoyance were tested. The variation in annoyance reactions to the 
acoustical characteristics could be expressed as equivalent changes in 
WT sound pressure level. No confounders were accounted for, but 
perceived loudness and perceived sound characteristics were included as 
well as the ISO standard annoyance question adapted for acute effects. 
It was found that besides sound pressure level, all three characteristics 
affect annoyance: annoyance increased with increasing energy content 
in the low-frequency range as well as with depth of periodic AM and was 
higher in situations with random AM than without. Similar annoyance 
changes would be evoked by sound pressure level changes of up to 8 
dB. It is concluded that sound pressure levels, spectral shape and 
temporal level variations affect the levels of high annoyance. The 
authors remark that larger scale field experiments would be needed to 
increase the validity of these findings in real life situations. For the 
impact of the visual aspects see also section 3.6. 

In the cross-sectional study of Haac et al (2019), with medium risk of 
bias, the audibility and noise annoyance of wind turbines were 
evaluated. Participants (n= 1043) were recruited via telephone, the web 
and via mail and the average response rate was 22%. In a survey 
respondents were asked about audibility, annoyance (not the ISO 
standard question), visuals aspects, level of participation in local 
projects and personal characteristics such as noise sensitivity, attitudes 
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and whether they liked the "appearance" of the wind farm. WT sound 
levels were estimated for all the addresses and Community Tolerance 
Levels (CTL) -for which annoyance data as well as exposure data were 
also available- were calculated for participants and non-participants. 
This was done by linking the percentages highly annoyed persons with 
the WT sound levels. Results showed that WT sound level was the most 
robust predictor of audibility and a weak, but significant, predictor of 
noise annoyance. The odds for hearing a wind turbine at one's home 
increased by 31% [odds ratio (OR): 1.31; 95% CI (confidence interval): 
1.25-1.38] for each 1 dB increase in wind turbine sound level (Llh­ 
max), and the odds of an increase in annoyance increased by 9% (OR: 
1.09; 95% CI: 1.02-1.16). Noise annoyance was best explained by 
visual disapproval (OR: 11.0; 95% CI: 4.8-25.4). Finally, it was shown 
that for people who were not receiving personal benefits from wind 
turbines the Community Tolerance Level (CTL) of wind turbine noise for 
the U.S.A. aligns with international results. 

The comparative study of Hubner et al (2019) of medium risk of bias 
analysed a combined sample of surveys from the U.S.A, Germany and 
Switzerland and included 1407 (U.S.A.) and 1015 (combined data from 
Germany and Switzerland) respondents with a response rate of 22% 
over the studies. A newly developed assessment scale (Annoyance 
Stress or AS-Scale) was used to characterize stress-impacted individuals 
within populations living near turbines. This scale includes annoyance 
from noise and shadow flicker, and symptoms of stress. Findings 
indicate a low prevalence of annoyance, stress symptoms and coping 
strategies. The Noise Annoyance Stress or NAS-Scale ( excluding shadow 
flicker) was negatively correlated with the perceptions of fairness of the 
wind project's planning and development process. Objective indicators, 
such as the distance to the nearest turbine and estimated sound 
pressure level for each respondent, were not found to be correlated to 
noise annoyance. Similar result patterns were found across the 
European and U.S. samples. In this study noise sensitivity and the 
attitude towards planning fairness had the strongest influences on 
annoyance and stress. 

Pohl et al (2018) performed a longitudinal study with medium risk of 
bias, with 212 subjects in the first phase of which 133 participated in the 
second phase, while 635 were invited to participate (response rate 33%; 
dropout second phase 33%). Annoyance was measured making use of a 
standard question (5-point ISO scale), stress was measured with 
indicators of stress taken from earlier studies. A non-response study 
was performed among 104 people who did not participate. The non­ 
responders were more often women (60.6%) than men (39.4%), and 
less of them had a view of a WT compared to respondents (61.5% vs. 
81.6%). There were no differences in attitude towards the WT between 
the responders and non-responders. WT sound was recorded by the 
residents in this study and distance was also available as a proxy for 
exposure. This longitudinal study did not find empirical evidence for an 
association between annoyance or acceptance of WT and distance to the 
residence at both measurement points. More residents complained about 
physical and psychological symptoms due to road sound than WT sound 
(16%, two years later the same) than from WT sound (10%, two years 
later 7%). There is no numerically strong relationship between noise 
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annoyance and the distance to the nearest WT or the estimated sound 
pressure level. Fairness showed to be the best predictor and annoyance 
was found to decrease over time. These findings are in line with 
previous evidence. However, WT sound (recorded by some residents) 
showed to be an important indicator of annoyance and stress responses. 
One of the key causes for WT noise annoyance might be the amplitude 
modulation (AM). The authors conclude that the reason why AM is so 
strongly linked to annoyance is the fact that short-term amplitude 
changes attract the attention and thus disturb current behaviour. 

Krogh et al (2019) performed a qualitative study (risk of bias not 
relevant) among 67 study participants: 28 had vacated/abandoned their 
home because of the presence of a wind farm within 10 km; 31 were 
contemplating to do so; 4 pre-emptively vacated their home before the 
wind farm started operating; and 4 had decided to remain. Preliminary 
results showed that people with pre-existing medical conditions were 
concerned that living near a WT would exacerbate their symptoms. 
Although this study is not focussed on annoyance per se, these concerns 
affecting moving behaviour might also be of relevance for annoyance 
reactions. 

3.2 Sleep disturbance 
Evidence regarding the effect of night time WT sound on sleep was 
inconclusive in 2017. The results at the time did not allow a definite 
conclusion regarding both subjective and objective sleep indicators. 
However, studies did find a relation between self-reported sleep 
disturbance and annoyance from wind turbines. 

3.2.1 Reviews on sleep disturbance 
Based on the recently published WHO evidence review of Basner and 
McGuire (2018), we know that there is evidence of sufficient strength for 
self-reported and objective indicators of sleep disturbance due to 
environmental noise in general. Studies investigating the association 
between noise and sleep disturbance are usually based on the 
percentage of highly sleep disturbed (%HSD) as measured with a semi­ 
standard question with reference to the noise source. Objective 
measures include motility data (movements while sleeping) and 
awakenings (as measured by EEG). As part of their review, Basner and 
McGuire conclude that the evidence for sleep disturbance from wind 
turbine sound is only emerging and no EER is available yet. This 
statement was based on self-reported sleep in six studies published in 
the period between 2000 and 2015 that had to meet the rigid selection 
criteria used. Meta-analysis was performed for five out if these six 
studies and led to the inconclusive results in line with several earlier 
reviews including our own review in 2017. A distinction was made 
between questions in which self-reported sleep disturbance referred to 
noise or sound, and studies that did not refer to WT sound in the 
question. This forms a potential source of bias according to Basner and 
McGuire. In four studies a significant association was confirmed. A meta­ 
analysis was performed on five of the six studies based on the odds 
ratios for sleep disturbance for a 10 dBA increase in outdoor predicted 
SPL levels. Results show a non-significant association on the pooled data 
with an odds ratio of 1.60 (95% CI: 0.86-2.94). Two studies were 
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identified which used an objective method (actigraphy) to evaluate sleep 
disturbance due to WT sound (Lane, 2016 and Michaud, 2016c). The 
study by Lane was too small and the large study of Michaud concluded 
there was no significant association between wind turbine sound levels 
and sleep measured with actigraphy. 

In an update of studies that could expand the WHO sleep review (van 
Kamp et al, 2020a, 2020b) it was concluded that since 2015 a number 
of studies with large size and of good quality on windturbine sound was 
published and this justifies a meta-analysis. The search from mid-2015 
to mid-2020 identified 14 new articles on sleep disturbance (11 with 
self-reported measures and 3 using objective measures). A new meta­ 
analysis on subjective and objective sleep measures was suggested to 
assess the relation between sleep disturbance and WT sound. 
The review of Micic et al published in 2018 also focused on sleep 
disturbance. This is a review of potential mechanisms, rather than a 
review of current evidence for an association between WT sound and 
sleep disturbance. According to the authors only a few studies have 
shown an association, but they consider it as plausible that WT sound 
leads to sleep disturbance via two mechanisms 1) chronic sleep 
fragmentation from frequent physiological arousals due to sensory 
disturbances in sleep; and 2) chronic insomnia that could develop in 
individuals with higher sensory acuity and/or those prone to annoyance 
from environmental noise. 

3.2.2 

Between 2000 and mid 2018 Freiberg et al (2019) identified 19 studies 
on sleep that met their criteria (described in 3.1). Most of the studies 
included measures of self-reported sleep disturbance and some 
objective sleep parameters measured with polysomnography. In higher 
quality studies WT sound was not associated with self-reported or 
objective sleep disturbance, which contrasts - at least partly - with 
findings from lower quality studies that more often suggest there is an 
association. The conclusions are broadly in line with those of Basner and 
Macquire (2018). 

Below, the results of original studies are summarised. Some papers fall 
outside the time frame of 2017-2020, but are included, since they were 
missed in our previous review and are considered as relevant for the 
current state of the art. 

Original studies on sleep disturbance 
Lane et al (2016) performed a field experiment with a case-control 
design with sleep measures and diaries over a period of five nights. 27 
individuals participated in the experiment of whom 15 were from a WT 
exposed area. The response rate was 50%. Exposures were estimated 
based on the distance to the nearest WT and sound levels were 
measured during the period of the experiment. Sleep measures included 
sleep onset latency (SOL), wake after onset, total sleep time, time in 
bed, number of awakenings and sleep efficiency. Subjective sleep was 
measures by the standard but adapted Pittsburgh sleep quality index. 
No statistically significant differences were found between the two 
groups on any of the objective and subjective sleep measures after 
adjustment for gender and age. The authors concluded that either there 
is no effect of WT sound on sleep, or the number of participants was too 
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small to find such an effect, or the effect was masked by unknown 
factors. It was suggested that annoyance (which was not measured in 
this experiment) could be an important mediator between sound level 
and sleep quality, hereby referring to findings of Pedersen et al (2011), 
Persson Waye et al (2007) and Bakker et al (2012). 

The Danish cross-sectional study (Poulsen et al, 2019a) made use of a 
cohort of 583,968 addresses and studied the association between 
modelled WT sound levels above 24 dB at the fac;ade and low frequency 
sound level indoor and the use of prescribed sleep medication. Age, 
gender, income, education, marital status, type of dwelling and distance 
to a nearby road were included as important confounders. Results 
showed that a five-year averaged outdoor night time WT sound level of 
42 dBA or more was weakly associated with use of sleep medication with 
an odds ratio (OR) of 1.14 [95% confidence interval (CI]:0.98, 1.33) per 
10 dB increase. No association was found that was related to the indoor 
sound level. Further analysis showed the strongest associations for the 
older age groups. The risk of bias was estimated to be medium, since 
this is an ecological study, in which the data are analysed at 
group/population level, rather than at individual level. 

In a Finish cross sectional study (Radun et al, 2019) with a low risk of 
bias among 429 people (response rate 57%) the association between 
indoor WT sound levels and self-reported sleep was studied. WT sound 
level was modelled and categorised (intervals: [25-30], [30-35], [35- 
40] and [40-46] dB Lden). Trust in authorities and operators, visibility, 
economic benefits, age, gender, education, type of dwelling, and 
distance were included as important confounders. This yielded a 
significant, but weak association between indoor sound level class and 
subjective sleep disturbance with an OR of 1.38 (1.16, 1.65) and 
(Nagelkerke pseudo R2=.50). However, health concerns from 
participants had a bigger influence on sleep disturbance than WT sound 
level did. 

Morsing et al (2018) performed two laboratory experiments with six 
healthy students during three consecutive nights. Sound exposure 
consisted of recordings of wind turbine sound with variations in sound 
pressure level, amplitude modulation strength and frequency, spectral 
content, turbine rotational frequency and beating behaviour. Sleep was 
measured by polysomnographic indicators as well as questionnaires. 
Results showed some indications that WT sound led to objective sleep 
disruption, reflected by an increased frequency of awakenings, a 
reduced proportion of deep sleep and reduced continuous sleep stage 
N2. This corresponded with increased self-reported sleep disturbance. 
However, there was a high degree of heterogeneity between the two 
studies, preventing firm conclusions regarding effects of WT sound on 
sleep. Furthermore, there was some limited evidence from the second 
study that wakefulness increased with strong amplitude modulation and 
lower rotational frequency. The deepest sleep was adversely affected by 
higher rotational frequency and strong amplitude modulation, and 
disturbance of light sleep increased with high rotational frequency and 
acoustic beating. As described below, these findings were used in the 
development of a larger-scale sleep study (Smith et al, 2020) in a more 
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representative study population and exposing participants to recordings 
of more naturalistic WT sound. 

In 2020 a paper was published on a large-scale sleep experiment 
studying the effects of WT sound (Smith et al, 2020). For this Swedish 
laboratory experiment study participants were recruited from the 
general population aged 30-70, with a body mass index (BMI) below 30 
kg/m2, habitual sleep times between 23:00 and 07:00 and a mean sleep 
duration of about eight hours. Other exclusion criteria were use of sleep 
medication, sleep apnoea and self-reported auditory acuity which was 
confirmed during the first pilot night of the study. The total experiment 
lasted 3 nights with 1 habituation night and two nights with an exposure 
and control condition. WT sound was synthesized but based on many 
field recordings of WT sound. The AM modulation parameters used were 
frequency-dependent modulation depth and WT rotor speed. Random 
variations in time were also included to mimic the recordings. The sound 
was played to create an indoor sound level in a typical Swedish house 
resulting from a constant outdoor WT sound of 45 dBA. The time­ 
averaged frequency spectrum was chosen to be constant in all WT sound 
files. Outcome measures included self-reported sleep quality and 
physiological measures, including polysomnography, wrist actigraphy, 
heart rate, blood pressure, cortisol level after awakening and long-term 
cortisol level from hair samples. Key confounders were subjective stress 
and noise sensitivity. Results showed that a single night of WT sound 
exposure affected the duration of the REM sleep. No effects on other 
measured physiologic outcomes could be detected. The findings show 
that continuous WT sound with AM may impact sleep according to both 
objective and subjective measures, leading to lower sleep quality and 
less restoration in the morning. This was the case for people who both 
were and were not habitually exposed to WT sound. When compared to 
the reference group in both the control and WT-night, the habitually 
exposed group gave a more negative rating of sleep quality and 
tiredness, and indicated that they slept worse than usual. They also 
reported higher noise-induced sleep disturbance overall in both the 
control and exposure night, when compared to the reference group. 

The Chinese study by Song et al (2016) with 227 participants (response 
rate 77%) included measured WT sound levels, categorised into 5 sound 
levels ( <40 dB up to >47.5 dB), and self-reported sleep disturbance. 
Gender, age, residence time, visibility, noise sensitivity, attitude and 
general opinion about WTs were included as important confounders. The 
association between LAeq from WT sound and subjective sleep was 
significant but weak with a Spearman correlation of .21. The risk of bias 
of this study was estimated as being medium. 

The cross-sectional study of Kageyama et al (2016), published at the 
end of 2016 in Japan, among 1079 residents (response rate 47%) 
included field measurements during the survey on a limited set of 
addresses. Based on these measurements WT sound levels were 
estimated for each address. Sleep symptoms (self-reported) and 
insomnia (self-reported) were the two key outcomes. The risk of bias of 
this study was estimated to be medium. Sound from road traffic, noise 
sensitivity and attitudes towards wind turbines as well as demographic 
variables were accounted for. No evidence was found for an adverse 
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effects of WT sound on physical/mental health, self-reported sleep 
disturbance and insomnia based on self-reported symptoms. Insomnia 
was found to be more prevalent in areas with WT sound levels above 40 
dBA at night. Insomnia and other symptoms seemed to be primarily 
affected by personal features such as noise sensitivity and visual 
annoyance with wind turbines. 

The Canadian Noise and Health (CNHS) study was discussed in our 2017 
review as far as publications up to 2016 included sleep disturbance. The 
sleep study (Michaud et al, 2016c) among 742 participants included 
both subjective and objective measures and concluded that there was 
no effect of WT sound level on any of the sleep indicators, after 
adjustment for confounding such as age, caffeine use, BMI and health 
condition. The risk of bias was estimated to be low. No new studies on 
sleep were published based on the CNHS. 

3.3 Cardiovascular effects 
For cardiovascular effects there was insufficient evidence for a direct 
relation with wind turbine sound level at the time of our review in 2017. 

The WHO evidence review on cardiovascular and metabolic effects 
prepared by van Kempen et al (2018) yielded three cross-sectional 
studies investigating the association between wind turbine sound and 
self-reported cardiovascular disease. No studies were available on the 
association between WT sound and diagnosed hypertension, ischaemic 
heart disease or stroke. An update to this review (van Kamp et al, 
2020a) yielded three publications pertaining to two studies investigating 
the association between wind turbine noise and hypertension: one 
cross-sectional study (Michaud, 2018c) and one cohort study (Poulsen, 
2018a). The authors of the cohort study (The Danish Wind turbine Study 
or DWS) concluded that their study does not support an association 
between wind turbine sound level and redemption of antihypertensive 
medication. Note that redemption of antihypertensive medication is used 
as an indicator of having hypertension. 

We further identified and selected two new studies investigating the 
association between wind turbine noise and ischemic heart disease 
(IHD). Both were cohort studies (Poulsen 2019b; Brauner et al, 2018). 
Also, the search yielded one study (Poulsen, 2019b) that investigated 
the association between wind turbine sound level and the incidence of 
stroke in a cohort study carried out in Denmark (n = 712.402). The 
studies by Poulsen (2019b) did not provide conclusive evidence of an 
association between outdoor WT sound and IHD or stroke. This finding 
was confirmed by the study of Brauner et al (2018) in the so called 
Danish Nurse Cohort, which lend little support to a causal association 
between outdoor long-term WT sound exposure and IHD. 

In the same Danish Nurse Cohort study, Brauner et al (2019a) found 
suggestive evidence of an association between long-term exposure to 
WT sound and atrial fibrillation (AF) amongst female nurses. Of the 
28731 nurses involved in the cohort, 1413 developed AF. They were 
exposed to slightly higher levels of WT sound than the controls in this 
study. A 30% statistically significant increased risk (95% CI: 1.05-1.61) 
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of AF was found amongst nurses exposed to long-term (11-year running 
mean) indoor WT sound levels ~20 dBA at night compared to nurses 
exposed to levels <20 dBA. According to the authors, AF as a result 
from chronic annoyance may be a plausible explanation. However, 
interpretation of these findings should be cautious as exposure levels 
were very low. 
Analysis on the same cohort (Brauner et al, 2019b) did not yield 
convincing evidence for an association between long-term WT sound 
exposure and stroke risk. 

3.4 Metabolic effects 
For metabolic effects ( diabetes and obesity) there was insufficient 
evidence for a direct relation with wind turbine sound level at the time of 
our review in 2017. 

In the WHO evidence review on metabolic effects of environmental noise 
(van Kempen et al, 2018) three studies were identified and selected that 
investigated the association between wind turbine noise during the night 
and self-reported incidence of diabetes. These studies were published in 
Persson Waye and Pederson et al (2007), Bakker et al, (2012), and 
Pedersen et al (2011). 
The results of the WHO review do not support an association between 
night time wind turbine sound level and higher risk of diabetes. The 
update for DEFRA published in 2020 (van Kamp et al, 2020a) yielded 
two new studies investigating the association between wind turbine 
noise and the incidence of diabetes: one cross-sectional study (Michaud, 
2016b) and one cohort study (Poulsen, 2018b). 

Neither in the WHO review nor in the updates nor in our literature 
search any studies were identified that investigated the impact of wind 
turbine noise on obesity. 

3.5 Cognitive and mental health effects of WT sound 
In the framework of the WHO Guidelines also the effects of WT sound 
and cognitive and mental health effects were reviewed (Clark and 
Paunovic, 2018). No original studies were identified on the theme of WT 
sound, but five systematic reviews of the evidence specifically regarding 
the association of wind turbine sound with quality of life, wellbeing and 
mental health were identified. Therefore, for wind turbine noise a review 
of these existing systematic reviews rather than non-existing primary 
research papers was undertaken. It was concluded that the number of 
studies was very limited and of poor quality, using a range of different 
outcome measures. In particular the exposure characterisation was 
evaluated as poor and distance was often used as a proxy for sound 
exposure. Based on study limitations, inconsistency and qualitative 
comparisons across studies the authors conclude, on very low-quality 
evidence, there is no substantial effect of wind turbine sound on quality 
of life, wellbeing or mental health. One recommendation is to also 
consider the spectral levels in future studies (see chapter 4). 

An update of this review on cognitive and mental health effects and 
wellbeing, cancer, self-reported health and birth effects (Clark et al, 
2020), prepared for DEFRA, showed additional evidence to conclude that 
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3.6 

there is very low-quality evidence for an absence of effects of wind 
turbine sound level on self-reported quality of life or health as well as 
very low quality evidence of an effect on mental disorders (anxiety, 
depression) and birth outcomes (see also Poulsen, 2018c) . In this 
review no evidence was confirmed of a WT sound effect on cancer. 
In the review of Freiberg et al (2019) it was concluded that no 
relationship was found between WT sound and stress effects and 
biophysiological variables of sleep; and inconsistent findings concerning 
sleep disturbance, quality of life, as well as mental health problems 
( depression and anxiety). 

Social and physical aspects other than noise; influence of 
contextual and personal factors 
Based on the evidence available about non-acoustic factors we 
concluded in 2017 that reducing the impact of wind turbine sound could 
profit from considering a large range of other factors associated with 
levels of annoyance due to living near a WT and the moderate effects of 
sound level. The influence of these factors is not necessarily unique for 
wind turbines, but some are. 

The new search yielded some 36 new articles on the effect of situational, 
contextual and personal factors on annoyance and other health effects 
of which 25 the full text was read. Two of the articles identified were 
reviews on determinants of annoyance, one in general (Simos, 2019) 
and one on visual aspects only (Freiberg et al, 2019). Selection criteria 
included that the article needs to concern a study (so no commentary, 
editorials or opinion articles, or letters to the editor), have some 
reference to WT sound as well as to annoyance or other relevant 
outcomes. In total 24 papers were accepted for review and 12 articles 
were rejected because they did not meet these criteria or were already 
were already discussed above. In the description a distinction is made 
between studies addressing visual aspects, social aspects and other 
aspects such as personal aspects and context. 

Review 
The narrative review by Simos et al (2019), which was also discussed in 
section 3.1, included 104 articles (on 67 studies) and the results are 
discussed along a range of determinants. Aspects considered were WT 
sound, infrasound and low-frequency sounds, shadow flicker, safety, 
landscape impacts and real estate. At the outcome side, annoyance and 
the so-called wind turbine syndrome were included. Shadow flicker has 
been shown to have a weak association with annoyance and health 
indicators. Prevalence rates due to accidents around WTs are very low 
but only a few systematic studies on this have been performed. Results 
on the effect of visibility of the turbines are inconsistent. Social 
networks, risk perception and social acceptability have been found to be 
important when analysing the social aspects of wind farm development. 
In general, the authors conclude that there is evidence that community 
participation at an early phase can prevent negative perceptions 
associated with wind energy projects. It has been shown in several 
projects that housing prices drop considerably as a result of plans for 
WT projects. In some cases, prices returned to normal when the park 
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became operational. Based on the findings a set of recommendations 
was formulated. 

3.6.1 Visual aspects 
It has been well documented that visual aspects play an important role 
in the response to wind turbines. These aspects are strongly intertwined 
with the auditory aspect: annoyance from visual aspects may add to, or 
perhaps even reinforce annoyance from noise (and vice versa). Visual 
aspects are related not only to the visibility of the wind turbines and 
perceived landscape pollution, but also to other characteristics of the 
turbines such as blinking lights, shadow flicker and rotor blade 
movements. 

Review 
In 2019 a high-quality review was published by Freiberg et al including 
the literature regarding the influence of visual aspects on annoyance 
and sleep disturbance next to acoustical aspects. It concerns a 
systematic review in which the PRISMA approach was applied. The study 
protocol was published on the International prospective register of 
systematic reviews prior to the study. Seventeen studies published 
between 2000 and mid 2018 were included. The pooled prevalence of 
high annoyance due to altered views and shadow flicker was 6% each. 
The results of other health effects were inconsistent, with some evidence 
that wind turbine visibility directly increases sleep disturbance. Other 
studies showed that generally annoyance by visibility, shadow flicker, 
and blinking lights was significantly and directly associated with an 
increased risk for sleep disturbance. Only one study indicated an 
interaction effect of visual and auditory stimuli, meaning that a 
combination of visual and auditory aspects together leads to more sleep 
disturbance than sound or visual aspects separately. The authors 
conclude that direct and indirect wind turbine visibility may affect 
residents' health, and annoyance may differ between individuals. 

Original studies 
Several studies published since 2017 were identified on the impact of 
visual aspects of wind turbines in relation to their acceptability (Delicado 
et al, 2017; Grima-Murcia et al, 2017; Lamy et al, 2017; Frantal et al, 
2017; Sklenicka and Zouhar, 2018; Landeta-Manzano et al, 2018). It 
concerns surveys, experiments, document analysis as well as 
consultation of stakeholders and experts, all aiming at mapping the role 
of visual aspects in the planning and decision process and exploring 
ways to mitigate the negative environmental and social impacts of the 
use of wind energy. 

Delicado et al (2017) carried out media analysis, analysis of 
Environmental Impact Assessment reports and analysis of official 
positions on the issues. Visual pollution is often used in the debate and 
brought forward as an important argument against wind farms. Either 
framed negatively as a risk of damaging the image of an area or 
positively as indicative of a landscape presenting technological progress. 
Media analysis showed that the word landscape was hardly ever used, 
but rather the rural-urban divide came forward in opinion articles. 
Analysis of the EIA reports showed that objections against wind farms 
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on grounds of landscape pollution was used more often by NGO's and in 
some cases by the tourism industry. 

Grima-Murcia et al (2017) performed a laboratory study among 14 
respondents. The respondents would see pictures of landscapes with 
different energy saving measures and with different durations of 
exposure (so a picture was shown for different lengths of time). Effects 
were measured by way of questionnaires and electroencephalographic 
recordings (EEG's). No differences were found in EEG reactions between 
the different stimuli including WTs. But for nuclear plants a reaction of 
the brain indicative of processing negative emotions was registered in 
the 400 msec time frame, indicating that EEG recordings can be a useful 
procedure for measuring visual impact. 

Lamy et al (2017) held semi-structured interviews among 15 residents 
living at varying distances from a wind farm and visual impact came 
forward as one of the main aspects that influenced their perception, 
next to economic benefits, safety issues, noise, renewable energy 
benefits. 

In a survey among 474 adults by Franta! et al (2017) the influence of 
visual aspects of the landscape itself on the impact of wind farms was 
studied. Results showed that the contribution was highly dependent on 
the local environmental and socioeconomic context. These include noise 
annoyance, economic benefits as well as educational level. 
In a survey among 400 participants in four different central European 
countries (Sklenicka and Zouhar, 2018), participants were presented 
with a range of pictures including photoshopped wind turbines and 
related to three landscape planning indicators (relief, land cover and 
landscape pattern). The aim was to obtain an objective method, based 
on general principles, for predicting the visual impact of onshore wind 
farms. However, none of the indices showed a significant association 
with the acceptability of the turbines. 

Landeta-Manzano et al (2018) evaluated the intervention of a leading 
WT manufacturer to secure acceptance of wind energy projects by local 
communities. This involved 47 stakeholders and 6 experts (n=53) in a 
qualitative study using semi-structured interviews. The focus of 
interventions was on the visual impact of the developments, health and 
safety issues, community involvement and social investment in the 
community. With respect to visual impact, results of the consultation 
showed that the most negative contributions to community acceptance 
are related to the location of the WT: when deciding on locations the 
opinion of the communities was ignored. 

More technical aspects in relation to visibility, which received ample 
attention at an earlier stage (and were described in our 2017 review), 
were not identified in the new search. 

In the new studies aspects of safety and electromagnetic fields due to 
wind turbines were also not studied or only briefly mentioned and do not 
add new information. We refer here to the descriptions in our 2017 
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3.6.2 

review and the study of Lubner et al (2020) which is described in 
chapter 4. 

Contextual, situational and personal factors 
Research in the past decade has shed some light on the question why 
some people are more disturbed by wind turbines than others 
(Ansensio, et al 2017; Lercher et al, 2017; Haubrich, 2020). Next to 
physical aspects, personal and contextual aspects influence the level of 
annoyance. Often these aspects are referred to as non-acoustic factors, 
complementary to the acoustic factors expressed in decibels and Hertz. 
Because the term "non-acoustic" refers to a broad range of aspects, 
which as a result are very unspecific, we prefer the term personal and 
contextual factors. Thus, non-acoustic factors can be further subdivided 
in the following sub-categories: 

• Demographic and socio-economic factors (age, gender, income, 
level of education); 

• Personal factors (fear or worry in relation to source, noise 
sensitivity, economic benefit from the source); 

• Situational factors (frequency of sound events, meteorological 
circumstances, other sound sources, distance to amenities, 
attractiveness of the area). 

• Social and economic factors ( expectation, attitudes towards 
producers or government, media coverage, willingness to pay 
and accept); 

Without pretending to be exhaustive some of these aspects relevant in 
the framework of wind turbines are discussed in more detail below, 
based on the new evidence. Note that no papers were identified on 
situational factors. 

Demographic aspects 
Age, gender and educational level have not been identified as crucial 
predictors of noise annoyance in general. Although demographics are 
usually accounted for in annoyance and sleep studies and studies 
addressing other health outcomes, they are usually merely treated as 
confounders rather than as important determinants of annoyance. 
However, in the controversial and highly political domain of wind energy 
and wind turbines there is some evidence that gender and educational 
level do play a role. 

Personal factors 
Fear and noise sensitivity (NS) keep coming forward as important 
predictors of annoyance and stress-related effects. Noise sensitivity 
refers to an internal state (physiological, psychological, attitude, lifestyle 
and activities) of a person that increases the reactivity to sound in 
general. Noise sensitivity has a strong genetic component (i.e. is 
hereditary) but can also be a consequence of a disease (e.g. migraine) 
or trauma. Also, serious anxiety disorders can go together with an 
extreme sensitivity to sound which can in turn lead to a feeling of panic 
(Van Kamp and Davies, 2013). As it was in the previous period, only 
very few studies focus on these aspects of sensitivity and fear as the 
main issues related to WT sound. Several studies (Smith, 2020; 
Klaeboe, 2016; Michaud, 2016a; Song 2016; Kageyama, 2016), 
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reviewed in the previous sections, included NS and sometimes fear as 
confounder in their statistical analysis. These studies confirm the 
independent role of noise sensitivity on reaction to wind turbines and 
this is a well-established notion also found with other noise sources. 
Fear and concern seem to play an increasing role in relation to low 
frequency noise and infrasound and the assumed link to vibroacoustic 
disease (see section 4.3), a disorder which is not acknowledged in the 
medical world as diagnosis but the notion of which contributes to fear 
and concern. 

Social and economic aspects 
Earlier studies and reviews have emphasized that for the social 
acceptance of wind turbine projects by a local community it is crucial 
how the community evaluates the consequences for their future quality 
of life. Next to physical aspects, situational, social and political aspects 
play an important role on acceptance as well as on feelings of fairness. 
The communication and relation between the key parties (residents, 
(local) authorities, project developer) is crucial in this regard. In the 
past 10 years we can observe an increasing polarisation between these 
key parties. 

Since our previous review in 2017, we first noticed an increasing 
number of studies investigating the social acceptance of wind projects 
by local communities in a number of countries. Many of these studies 
stress the relevance of a fair planning process and local involvement and 
participation (Beuret, 2016) (Brennan, 2017) (Langer, 2017) (Liebe, 
2017) (MacDonald, 2017) (Scherhaufer, 2017) (Sonnberger, 2017) 
(Kongprasit, 2018) (Clark and Botterill, 2018) Janhunen, 2018) (Kim, 
2018) (Golz, 2018)(Langer, 2018), (Landeta-Manzano, 2018) 
(Scherhaufer, 2018) (Seeporsdottir 2018). Remarkably the number of 
articles lately seems to decline: no new articles were identified after 
2018. In the studies on social acceptance of wind projects by local 
communities, it is concluded overall that people are more willing to 
accept new turbines in their vicinity if they can participate in decision 
making, or the turbines are owned by a group of citizens, and/or if the 
generated electricity is consumed in the region instead of being 
exported. Also, people who are already exposed to WT sound near their 
homes are more willing to accept the wind farm than newly exposed 
groups. Several researchers emphasise that local circumstances may 
differ considerably and should be accounted for in a study on 
acceptance. They emphasise that a complex set of individual and 
collective values and preferences should be considered, and the 
perspectives of scientists, policymakers and citizens should hereby be 
integrated. 

An interesting paper by Clark et al (2018) argues that different 
stakeholders with different interests contribute different "facts" about 
the legitimacy of health complaints. The wind turbine syndrome is an 
example of an illness that is controversial in the medical world and 
therefore leads to ample debate. This finding shows how the interests 
and legitimacy of arguments are particularly relevant for competing 
descriptions of the 'facts' of wind turbine health effects. 
Earlier studies concluded that economic aspects can also affect 
annoyance from wind turbines. Co-ownership and benefit came forward 
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as important predictors in counterbalancing adverse responses to WT. It 
was emphasised that not only benefits are important in this context, but 
also a sense of control (van den Berg et al, 2008). This was confirmed in 
the CNHS and to a lesser degree to studies in Japan. 

More recent literature into the social and economic aspects is focussed 
more on willingness to pay and willingness to accept and the perceived 
reduction in housing values related to wind farms (Wen et al, 2018; 
Thomson, 2018). Thomson concluded that residents near a WT would, 
on average, be willing to pay for a windfarm to stay, whereas people 
living near a coal plant were willing to pay for the coal plant to be 
removed. Demographics did not have a significant effect on these 
results. In contrast to these findings and based on a systematic review 
Wen et al (2018) concluded that respondents in different studies 
consistently showed increasing willingness to pay for moving wind farms 
to greater distances from their dwellings. But this also strongly 
depended on the number and height of WT and this might indicate that 
we are not dealing with a linear association. 
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4 Health effects specific for low frequency sound and 
infrasound 

As stated in our earlier review, a range of residential health effects are 
attributed to the presence of wind turbines and infrasound and/or low­ 
frequency sound is sometimes mentioned as an important cause of 
these effects, also when the infrasound levels must be very low or are 
unknown. It was noted in section 2.1 that acoustically low-frequency 
sound and infrasound is different from sound at higher frequencies. 
When compared to sound at higher frequencies low-frequency sound 
and infrasound is attenuated less over larger distances and through 
building facades, However, here we want to know about the effects: can 
infrasound or low-frequency sound have effects on people that are 
different from effects of normal sound? In this chapter the question is 
addressed whether infrasound or low-frequency sound deserves special 
consideration with respect to the effects of wind turbine sound. 
Most of the new studies involved measuring brain activity in response to 
infrasound, often in comparison to low-frequency or 'normal' sound. So, 
in contrast to chapter 3 the focus here is more on mechanisms that play 
a role and less so on long term health effects of low-frequency and 
infrasound. We will use the term audio sound for sounds at intermediate 
and higher frequencies, that is: at frequencies above about 100 Hz to 
200 Hz. Thus audio sound is similar to what we mean by 'normal sound' 
except for an overlap where low-frequency sound merges with audio 
sound -with no clear boundary between the two sound ranges. Below 
we will describe the results from these studies. 

4.1 Audibility of infrasound and low-frequency sound 
In our 2017 review (Van den Berg and Van Kamp, 2017) we noted that 
low-frequency sound can be heard daily from road and air traffic and 
many other sources. Low-frequency sound is usually included as part of 
the normal frequency range of everyday sounds. Less is known about 
infrasound and the perception of infrasound is not as common as it is for 
low-frequency or 'normal' sound. However, infrasound is not unique for 
wind turbines; it is produced by natural sources (storm, surf), big 
animals, and transport and man-made machinery at levels comparable 
to what wind farms produce. Due to the high threshold of hearing, we 
are usually not aware of most of this infrasound. 

The new literature search yielded 24 publications, of which 17 papers 
were relevant for this update, two of them dating before 2017. They 
include two reviews, thirteen original experimental studies, one cross­ 
sectional field study and one desk study. Two newly published 
experimental studies (Maijala et al, 2020 and Krahe et al, 2020) were 
included after closing the search, thus resulting in 19 relevant papers. 

There are several new studies on the possible effects of sounds of low 
frequency on persons: how do people respond when exposed to a low­ 
pitched sound or even to an inaudible infrasound? Immediate or short­ 
term reactions can be investigated in an experimental study with short 
sound samples in a laboratory setting. Longer lasting or long-term 
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reactions are usually investigated in field studies where many people in 
their own environment are exposed to a number of environmental 
sources including the one under study, such as a wind farm. Several of 
the studies reviewed here are part of the European EARS II project on 
infrasound and ultrasound. This was a follow-up to the first EARS project 
that expired in 2015. With respect to infrasound the conclusion of this 
first project was that below about 20 Hz the perception seems to 
change, and possibly other sensory processes give input to the auditory 
cortex. Also, for sound levels slightly below the hearing threshold 
regions of the brain were active that process emotional activity (EARS 
Communique, 2015). 
An important part of the EARS II project was to investigate brain activity 
in persons exposed to infrasound, including inaudible infrasound. The 
EARS II project closed in 2019. Koch (2017) presented an overview of 
results of the project, including studies mentioned below. 

Behler and Uhlenkamp (2020) report on the loudness and 
unpleasantness of sound of either 8 Hz or 32 Hz when presented over 
1.5 seconds at the right ear of 19 young, normal hearing persons. The 
maximum sound level used was 140 dB (presumably to prevent any 
hearing damage). They furthermore measured brain activity when the 
same persons were exposed to the sounds in an MRI-scanner. The 
individual hearing thresholds at 32 Hz varied from about 60 to 80 dB, at 
8 Hz from 90 to 115 dB; these threshold values are comparable to 
thresholds known from literature. On average the unpleasantness of 
each sound changed linearly with the perceived loudness, but 
individually there were large variations. In the MRI-scanner the sounds 
were again presented at the right ear, now at either low or medium 
loudness according to each person's individual loudness scaling. At low 
loudness (5 out of the maximum 50 loudness units) for both tones there 
was some activity in the auditory cortex at both sides of the brain. At 
medium loudness (35 out of 50 loudness units) there was significant 
activity at the same brain locations. The auditory cortex is the location 
in the brain were sound is known to be processed and this study shows 
that this is also true for infrasound. Activation of the auditory cortex in 
this study was found to correlate better with perceived loudness than 
with the actual sound level. 

In another laboratory study Burke et al (2019) investigated whether the 
ability to hear a sound was influenced by the presence of another sound. 
For example: if an infrasound tone without any other sound is just 
audible, will it still be audible when audio-sound is added? This was 
tested with 13 young, normal hearing participants using two infrasound 
tones (5 Hz and 12 Hz) two audio-sound tones (100 Hz and 1000 Hz), 
and pink noise between 250 and 4000 Hz. First, for each individual the 
threshold was measured three times and generally for each participant 
the three outcomes varied over a 5-dB range. Between participants the 
hearing thresholds varied over 20 dB or more. All thresholds were in the 
range of thresholds known from literature. Second, a soft audio-sound 
(5 dB over the threshold of that sound) was added to either the 5 or 12 
Hz infrasound. This did not significantly influence the detection threshold 
for the infrasound. However, the presence of a louder audio-sound (50 
dB over the threshold of that sound) on average did lead to a raise of 
the detection threshold of the infrasound. This shift was significant and 
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ranged from 1 to 9 dB, depending on frequency. In a third experiment it 
was tested if adding infrasound would change the detection threshold for 
audio-sound. The detection threshold of audio-sound was tested in the 
presence of 5 or 12 Hz infrasound. The infrasound levels were very low: 
either sub-audible (10 dB below the hearing threshold) or barely audible 
(5 or 10 dB above the hearing threshold) There was no significant effect 
of the infrasound on the detection threshold of the audio-sound. Thus, a 
medium loud audio-sound raises the detection threshold for infrasound. 
But a (very) soft audio-sound has no effect on the audibility of 
infrasound and vice versa. 

Burke et al (2019) remark that sound is known to mask other sound of 
comparable or higher frequency, making the other sound less or not 
audible. It was therefore unexpected that the audio-sounds could 
partially mask sound of a much lower frequency. They conclude that 
apparently masking of infrasound is different from masking audio 
sounds. However, they also remark that the presence of audio-sound 
may draw attention to that sound, away from the soft infrasound. In 
that case, the shift in detection threshold would be les a consequence of 
audibility and more an effect of attention. The authors of this study also 
note that there is a correlation between the individual detection 
thresholds of the two infrasound tones and between the individual 
detection thresholds of the audio-sounds, but there is no correlation 
between the infrasound and audio-sound thresholds. They suggest that 
this could be a result from different detection mechanisms for infrasound 
and audio-sound. 

Weichenberger et al (2017) investigated the effect of infrasound and 
low-frequency sound at discrete frequencies on brain activity. The 
hearing thresholds were determined for the right ear of 14 young, 
normal hearing participants at eight frequencies ranging from 8 to 125 
Hz. All thresholds were in the range of thresholds known from literature. 
After that the participants estimated the loudness at each frequency for 
sound levels up to the maximum of 124 dB. From these estimates for 
every participant a medium loud level was determined for the 12 Hz 
infrasound. 
In the MRI-scanner participants were exposed to three different 
conditions: the medium-loud 12 Hz tone was presented to the right ear 
at either the medium-loud level or 2 dB below the individual threshold, 
or no sound was presented. Each condition lasted 200 seconds, which is 
relatively long. When exposed to the medium loud infrasound no 
corresponding brain activity showed up. The authors speculate that this 
may be due to adaptation of the neurons: with a constant stimulus the 
activation decreases over time. As a result, averaged over the 200 
seconds of exposure, the brain activation was not strong enough to 
show up in the measurements. This contrasts with results of an earlier 
study with almost the same test persons and the same instrumentation 
(Weichenberger et al, 2015). In that study the participants were 
exposed to short bursts (3 seconds) of 12 Hz and medium loudness 
infrasound, which resulted in significant brain activity in the auditory 
cortex. 
Exposure to the 12 Hz infrasound at a level just beneath their individual 
hearing threshold elicited brain activity not found in the other two 
conditions. This activity occurred in the auditory cortex and two other 
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brain areas associated with conflict regulation and emotional processing. 
According to the authors the brain activity at sub-audible level shows 
there is an unconscious reaction of the body and they speculate that for 
prolonged exposure there might be a 'potential link' with 'the emergence 
of various physiological as well as psychological health effects'. 

Krahe et al (2020) did an extensive experimental study with 39 
participants of whom 16 were 'predisposed': they had requested 
authorities or an engineering firm to investigate a problem with 
infrasound at their home. All participants were exposed to four different 
infrasounds and complete silence, each for half an hour, in a very quiet, 
home-like room in a remote building. The infrasound was presented at 
three frequencies (3 Hz modulated, 5 and 10 Hz unmodulated) at levels 
close to a standard threshold used in Germany and at 10 dB above this 
threshold at a frequency of 18 Hz. It was expected that some 
participants would be able to hear the sound and some not. The results 
show that, on average, the participants perceived the silence period as 
not annoying, the period with lower frequencies (3 and 5 Hz) as 
somewhat annoying, with higher frequencies as moderately annoying. 
However, for most sounds (3, 10, 18 Hz) individual scores covered the 
entire scale from not annoying to very annoying. For the 5 Hz and the 
silent period scores ranged from not to rather annoying. Participants 
perceived the 18 Hz sound as rumbling and humming, the others sounds 
as rumbling and pulsating. Predisposed participants were not found to 
react differently from the other participants. The authors conclude that 
'essentially' perception is sensed by the ears, even when there is not 
always a hearing sensation. 

Jurado and Marquardt (2020a) investigated the use of EEG as a means 
to measure the perceived loudness of a very low-frequency sound. With 
a technique called Frequency Following Response (FFR), electrodes on 
the head picked up neural activity that was measured as a function of 
the loudness of the sound. With this, they measured the brain response 
to a constant sound of either 11 or 38 Hz in 11 young, normal hearing 
participants. The general trend was that at zero loudness (sound at 
hearing threshold) the measured signal was close to the background of 
electric noise in the brain. Generally, with increasing loudness the signal 
at first increased relatively steeply and above a low to medium loudness 
remained constant. However, there were large individual differences 
from this trend and the authors concluded that the FFR signal that was 
measured here did not correlate with the loudness perceived by the 
participants. They conclude that FFR is not a useful method to measure 
loudness. 

In another study Marquardt and Jurado (2018) investigated the 
perception of amplitude modulation in wind turbine sound: if we hear 
swishing or beating in wind turbine sound, is that just the sound level 
variation in the WT audio-sound with the frequency of blades passing 
the tower, or is there an (added) effect of the infrasound peak at that 
same frequency? The perception of the (simplified) phenomenon was 
investigated for two sounds at discrete frequencies and either a 
modulation of the tone at 8 Hz or an 8 Hz infrasound tone added to the 
unmodulated sound. The variation in the amplitude (strength) of the 
modulated 63 or 125 Hz sound was 25% or 37.5% of the original tone 
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amplitude. With a separate test the level of the 8 Hz infrasound was 
determined that would give the same loudness to the combination of 
infrasound plus 63/125 Hz compared to the amplitude-modulated 
63/125 Hz tone. Then, all the different sounds of each 1.2 second 
duration were played many times in random order, with a total of 400 
samples. 12 normal hearing, young participants had to decide for every 
sample if it contained infrasound. For each of the different sounds the 
percentage of correct answers was not significantly different from what 
one can expect from pure guessing. The authors conclude that a 
combination of a tone together with a constant 8 Hz infrasound is similar 
to our ears to the tone amplitude modulated at 8 Hz (without the 
infrasound): we cannot hear a difference between both. 

Jurado and Gordillo (2019) investigated if fluctuations in the level of a 
low-frequency sound influenced the perceived loudness of that sound. 
This was tested with 24 young, normal hearing participants who 
matched the loudness of three simple low-frequency tones (40, 63 or 80 
Hz) and one 1000 Hz tone with a number of tone combinations. Each 
combination consisted of two tones close in frequency to one of the 
three simple tones. The combination produces fluctuations (variations in 
amplitude) at a frequency equal to the difference in the frequencies of 
both tones. The differences in frequency were 1, 2, 5 and 12 Hz. The 
results show that the effect of fluctuation at the lower frequencies on 
loudness was modest and corresponded to 2 dB or less. The results were 
in agreement with what was already known in literature and loudness 
models. 

Based on a number of publications, including some mentioned above, in 
their review Carlile et al (2018) summarize that small differences in the 
infrasound hearing threshold can result in large differences in sensation 
because of the steep increase of loudness at infrasound frequencies. 
This was already reported by Moller and Pedersen (2004) and the more 
recent studies (Koch et al, 2017) have confirmed this. 

4.2 Effect of lower frequencies compared to 'normal' sound 
Infrasound and low-frequency sound from wind turbines have been 
suggested to affect the health of residents in a way other than audio­ 
sound does, but at the time of our 2017 review there was little scientific 
evidence to support this hypothesis. Other effects, such as vibration of 
the body, nausea or dizziness, have been shown to occur in laboratory 
experiments, but only at higher levels of infrasound compared to those 
from wind turbines. Here we will also review studies that may reveal 
specific effects of infrasound and low-frequency sound, regardless 
whether they include wind turbines or not. 

In his narrative review of the possible effects of infrasound from wind 
turbines Tonin (2017) concludes that a large number of measurements 
have shown that wind turbine infrasound is below the threshold of 
hearing. There is disagreement about whether this means it cannot have 
an effect. He notes a lack of studies in which persons are 'intentionally 
subjected to infrasound and a response is measured'. However, in 
recent years some relevant laboratory studies have been published and 
these will be summarized below. 
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In a large survey in the Netherlands Van Kamp et al (2017) asked 
residents in three cities if they were annoyed by a low-frequency 
'humming' noise, for example from ventilators. 7% of the almost 4000 
participants in this study were highly annoyed by such noise. Other 
noise sources (road traffic, construction works, mopeds and neighbours) 
each led to higher numbers of annoyed persons, ranging from 13% to 
22% of the participants. Some sources (rail traffic and industry) led to 
less annoyance ( each about 4%). Persons dissatisfied with their 
residential situation as well as noise-sensitive persons reported more 
annoyance compared to people scoring high on residential satisfaction 
and/or low on noise sensitivity. In the daytime the percentage of 
persons highly annoyed by humming sounds was higher when 
background sound levels from road traffic were higher. At night the 
reverse was true: a higher background level was related to somewhat 
less annoyance from humming sounds. There was no correlation 
between annoyance from humming sounds and sound insulation at the 
fac_;ade ( double glazing, wall cavity wall filling, absorbing ventilation 
grille). 

As, according to a conference paper by Krahe (2019) "low-frequency 
noise is strongly annoying", he devised a method to rate the annoyance 
from WT low-frequency and infrasound. This was done by giving a 
penalty when the sound had one or more annoying features such as 
pulsating or a rhythmic variation in level or a tonal quality. From this, 
penalties were calculated based on knowledge of the annoyance of each 
feature. The calculated penalty values were compared to the 
assessments of a number of sounds by a panel of 23 experts. They each 
had to rate the annoyance of the sounds by giving it a penalty of either 
3 or 6 dB, or zero (no penalty). After modifying the original calculations, 
a correlation was apparent between the calculated penalty values and 
the experts' assessments. This yet must be extended to infrasound and 
tested in field studies. 

The literature search yielded two laboratory studies of possible adverse 
effects typical for infrasound and/or low-frequency sound. 
Stevens and Martens (2018) investigated the effect when either identical 
or somewhat different stimuli are presented to each ear. In the 
everyday environment sound from a sound source often reaches one ear 
earlier than the other ear, and at high frequencies, where a sound wave 
is shorter than the dimensions of the head, this means the ears do not 
receive quite the same sound at the same time. This is less so for low 
frequencies, where the wave length is much larger than the head and 
the difference between the left and right ear is very small. However, the 
authors suggest that when outdoor sound is audible indoors, due to 
reflections also at low frequencies the ears do not receive the same 
sounds. The basis of each stimulus they used in their study was one of 
three similar sounds with most audible energy at frequencies between 
100 and 200 Hz. Each sound could be modulated at either 2, 5 or 10 Hz; 
that is, the sound varied in strength in a rhythm of 2, 5 or 10 times per 
second. Then the sound was presented through one loudspeaker at each 
side of the participant in three combinations: 1) the basic, unmodulated 
sound at both ears; 2) the modulated sound at both ears; and 3) the 
unmodulated sounds at one ear and the modulated one at the other. On 
average the 21 participants rated incoherent sound (stimulus 3) as most 
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annoying. Also, the annoyance was higher when the modulation 
frequency (at one of the ears) was 2 Hz, when compared to 5 and 10 
Hz. The authors remark that these results are in line with earlier studies 
which showed that greater differences between the ears create a sense 
of spaciousness and this is usually experienced as unpleasant. 

In a Finnish report, not yet published in a scientific journal, Maijala et al 
(2020) describe a survey, sound measurements and laboratory 
experiments that were set up in order to investigate the role of 
infrasound in health complaints related to wind farms. 70 out of 1351 
survey respondents (5%) reported symptoms they attributed to 
infrasound from a wind farm. On average these 'symptomatic 
respondents' lived closer to a wind farm than those without symptoms. 
For these respondents a number of factors were significantly associated 
with their symptoms: having chronic diseases, being annoyed by 
different aspects of wind turbines and considering wind turbines as a 
health risk. Of all respondents, 10% considered WT infrasound a high 
risk to their personal health; 18% considered it as a high risk to health 
in general. The sound measurements were performed in two uninhabited 
countryside dwellings at 1.5 km from a wind farm. From the 
measurements it was concluded that in these dwellings the infrasound 
levels were like levels occurring typically in an urban environment. The 
highest levels were at 0.1 to 1 Hz, but at these extreme low frequencies 
the levels were well below the hearing threshold. Recordings with the 
highest infrasound and amplitude modulation levels were selected for 
the laboratory experiments. The results of these experiments were: 1) 
those that had reported WT (infra)sound related symptoms did not 
exhibit an increased sensitivity for WT infrasound; 2) total WT sound 
level and amplitude modulation were a cause for increased annoyance, 
not infrasound; 3) WT infrasound or WT sound annoyance had no 
association with heart rate or heart rate variability, nor with skin 
conductance (as physiological measures of stress). 

In the report of Krahe et al (2020), already mentioned in 4.1, 
participants were submitted to several physiological tests during 
exposure. Tests involved blood pressure, heart rate and EEG. Tests 
showed no differences between the different exposures and no 
differences between predisposed participants and others. 

4.3 Sub-audible including vestibular effects 
In our 2017 review we concluded that residential levels of infrasound 
from wind turbines are not strong enough to affect the sense of balance. 
Also, at the present levels of wind turbine sound, the occurrence of 
syndromes (not medically accepted as diagnosis) vibroacoustic disease 
(VAD) or the 'visceral vibratory vestibular disease' (VVVD) causing the 
wind turbine syndrome (WTS) is unproven and unlikely. However, 
symptoms associated with WT sound could result from stress, possibly 
in relation to the presence of a wind farm. In recent years no studies 
were published that support the existence of VAD or the VVVD. 

Jurado and Marquardt (2020b) investigated the effect of airborne 
infrasound on the vestibular system. They used a clinical method to 
assess the functioning of the vestibular system by measuring the electric 
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potential related to muscle contraction (EMG). Earlier research has 
shown that the vestibular system can be activated by a loud mid- to 
high-frequency sound. In response to this a muscle in the neck and a 
muscle attached to the eye contract and this can be measured by EMG. 
In clinical practice loud clicks are used, either from 6 millisecond sound 
bursts every 0.2 second (= a repetition rate of 5 Hz) or a continuous 
loud tone modulated at 40 Hz. To these clinically used stimuli three low­ 
frequency stimuli were added: a continuous sound over 120 seconds 
with a frequency of either 5, 16 or 40 Hz. All these sounds were 
presented to 15 normal-hearing participants and to each ear separately, 
all at levels corresponding to loud sounds. Only the electromyogenic 
(EMG) reaction to vertical acceleration of the head was measured, not a 
reaction to horizontal acceleration or rotation of the head. The results 
showed that the 500 Hz sounds (as used in clinical tests) were 
significantly related to an EMG response for most participants. There 
was no significant response in one of both ears for five participants 
when using sound bursts, for four participants using modulated sound 
and in both ears for one participant (modulated sound). In contrast, at 
the low frequencies the response was predominantly not significant. At 
4 Hz there was no significant response at all, at 16 and 40 Hz only in 
four of the 15 participants ( of which one with both ears). The authors 
doubt that that infrasound can produce accelerations of the head at 
lower sound levels, such as occurring near wind turbines. 

Lubner et al (2020) searched the scientific literature for audio-vestibular 
symptoms after exposure to sound (and electromagnetic energy) and 
concluded that symptoms were largely reported in small studies, but 
either not found in larger studies or not studied at all. They also 
conclude that symptoms were mostly studied after self-reported 
exposure, and data on the situation before exposure was not available. 

In the report of Krahe et al (2020), mentioned in 4.1 and 4.2, 
participants were also submitted to several neurological tests during 
exposure. All tests concerned the sense of balance and included keeping 
balance, performing targeted movements, the occurrence of nystagmus 
(repetitive, uncontrolled eye movement) and eye fixation. Tests showed 
no differences between the different sound exposure scenarios and no 
differences between predisposed participants and others. 

4.4 Effect of Vibrations 
In our 2017 review there was little information about the perception of 
vibrations from wind turbines; the only post-2000 study then available 
(Cooper, 2014) suggested that some residents appeared to experience 
sensations in relation to the wind turbine operation that could be related 
to vibrations. We speculated that perhaps the rhythmic character of 
wind turbine sound could lead to vibrations of a house and thus wind 
turbine operation could be perceived indirectly inside a house. 
Takahashi (2017) investigated if very low-frequency/infrasound could be 
experienced as a vibration of the head or body. He exposed four normal­ 
hearing participants to six infrasound and low-frequency tones from 16 
to 50 Hz in an office type setting. By varying the sound level for each 
frequency, the hearing threshold was determined, as well as the levels 
where the sound started to be 'slightly annoying', 'very annoying' or 'too 

" 
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loud to work'. Apart from this, the levels were determined where the 
sound became unpleasant (unpleasant threshold) and where the 
participants felt a 'vibration in the head' (vibration threshold). The 
results show that the level where participants felt a vibration in the head 
was on average about 6 dB (at 16 Hz) to 15 dB (40 Hz) above their 
average hearing threshold. This vibration threshold almost coincided 
with levels at which the sound started to be slightly annoying. The 
threshold above which the sound was rated as unpleasant was still 
higher and was close to levels at which the sound started to be 'too loud 
to work'. Takahashi investigated the perception of vibration in the body 
and head when exposed to low-frequency sound in earlier studies. In a 
study with 14 participants (Takahashi, 2013) he also found that the 
threshold for vibration in the head was higher than the threshold of 
hearing when participants were exposed to low-frequency sounds of 16 
to 50 Hz. Because the threshold was the same as the threshold for 
'vibration in the body', he concluded that the head was the most 
sensitive part of the body to feel vibrations from infrasound. In the 2013 
study he also determined the threshold for perceived vibration when 
participants wore ear mufflers that reduced the sound level at the ear by 
15 dB at 16 Hz, increasing to 25 dB at 80 Hz. There was no difference in 
vibration threshold at the lowest frequency of 16 Hz between wearing 
ear mufflers or not. At higher frequencies the threshold for vibration 
perception was up to about 10 dB higher when ear mufflers were worn. 
Based on his experiments Takahashi hypothesizes that it is the sound 
pressure on the eardrum and the resulting signal in the hearing system 
that leads to the sensation of vibration. He states that the effect of ear 
mufflers does not contradict this, although it is not a matter of simply 
reducing the sound pressure in the ear canal. 

Krahe et al (2020) asked participants to rate their perception of 
vibration, pressure and unease when exposed to each one of four 
infrasounds or silence (see description in section 4.1). All were 
perceived mainly in the head area (head, brain, ears), much less in 
other body parts. This applied to every sound scenario, including silence. 
Due to a sometimes low response and unequal numbers of participants, 
no conclusion could be drawn about the significance of differences 
between exposure scenarios (including silence). 

Nguyen et al (2020) performed measurements of vibrations in three 
houses at relatively large distances (houses 1, 2 and 3 at 2.4, 3.3 and 5 
km) from a wind farm. Vibrations of the floor (in house 2) and the bed 
frame (house 1) were weak and related to the wind around the house. 
In contrast, vibrations on the window (house 3) included the amplitude 
modulation of the wind farm sound and were correlated to the wind 
farm. The wind turbine related sound levels inside these houses was 
below the average hearing threshold for all frequencies below about 50 
Hz, infrasound levels with at least 30 dB. 
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5 Conclusions 

5.1 Conclusions from chapter 3 
Conclusions about the health effects of wind turbine sound have not 
fundamentally changed since our 2017 review. In general, an 
association is found between the sound level due to wind turbines and 
annoyance. Also, an association with sleep disturbance is considered 
plausible, even though a direct relation is still uncertain because of the 
limited number of studies and the sometimes contradictory results. In 
general, the evidence is stronger for self-reported sleep effects than 
objective sleep indicators. 

The evidence reviews on annoyance, sleep, cardiovascular and metabolic 
effects and cognition and mental health for the WHO (Guski et al, 2017) 
(Basner and McGuire, 2018) (van Kempen et al, 2018) (Clark and 
Paunovic, 2018) included wind turbine sound. Together with some high­ 
quality reviews and updates, the earlier conclusions have now a more 
solid base. The number, study size and quality of the evidence on 
annoyance and sleep disturbance do justify the carrying-out of a meta­ 
analysis. It is recommended to distinguish hereby between objective 
and subjective sleep indicators. Also, for a range of clinical outcomes 
and outcomes on mental health, evidence is increasing, but the number 
of studies is still too limited to perform such a meta-analysis. 

Since 2017 several studies have been published on the association 
between WT sound and cardiovascular effects such as ischaemic heart 
disease, stroke, and medication use for hypertension. No significant 
effects were found. An exception is the so-called Danish Nurse cohort 
study, which reports, as worded by the authors "suggestive evidence" 
for an association between long-term exposure to WT sound and atrial 
fibrillation amongst female nurses. Possibly the fibrillation is a 
consequence of (chronic) annoyance, although in the same cohort no 
association with stroke or ischemic heart disease was found. 

The review on annoyance, sleep disturbance, cardiovascular and 
metabolic health outcomes (van Kamp et al, 2020a) yielded two studies 
investigating the association between wind turbine sound and the 
incidence of diabetes. Neither study found an association between WT 
sound and self-reported or diagnosed diabetes. There is also no 
evidence of an association between WT sound and obesity. 

For mental health and quality of life there is insufficient evidence for a 
direct relation with wind turbine sound level. Cognitive effects have not 
been studied in relation to WT sound. For neither low birth weight nor 
cancer significant associations were found with WT sound. 

Despite limited evidence, an exposure-effect relation was developed for 
WT sound in the WHO Guidelines (WHO, 2018), and the related limit 
values were conditional. The current "Environmental Noise Guidelines for 
the European Region" recommends that wind turbine noise levels should 
be limited to 45 dB (Lden), based on a 10% prevalence of being highly 

Page 53 van 73 



RIVM report 2020-0150 

annoyed (WHO, 2018). The World Health Organization further notes that 
noise exposure from an environmental source like a wind turbine may 
be reduced through simple measures like insulating windows or building 
barriers (WHO, 2018). Meta-analysis based on the evidence since 2014 
allows for deriving a more solid EER for annoyance and for sleep. 

The general exposure-effect relation for annoyance from wind turbine 
sound includes all aspects that influence annoyance and thus averages 
over all local situations. The relation can therefore form an indication 
only of the annoyance levels to be expected in a local situation. One 
study shows that this relation can also be used for the more recent 
larger (3 to 5 MW) turbines. In an endeavour to develop a composite 
annoyance measures which includes annoyance with factors other than 
noise Michaud et al (2018b) have shown the complexity of annoyance 
due to wind turbines. Freiberg et al (2019) recommend that studies 
should account for these complex pathways of annoyance as an 
outcome parameter - that is influenced by different moderator variables 
- or as a mediator variable for other health outcomes. A composite 
measure of multiple WT related exposures is a promising way to go 
ahead. 

Without pretending to be exhaustive, noise sensitivity, attitude towards 
wind turbines, visual aspects and economic benefit come again forward 
as the most important mediators and moderators. 

From epidemiological studies and experiments the typical character of 
wind turbine sound again came forward as one of the key issues. 
Especially the rhythmic character of the sound (technically: Amplitude 
Modulation or AM) is experienced as annoying and described as a 
swishing or whooshing sound. Residential wind turbine sound levels 
themselves are modest when compared to those from other sources 
such as road traffic or industrial noise. But at equal sound levels, sound 
from wind turbines is experienced as more annoying than that of other 
sources. This is confirmed again in recent studies(e.g. Klaeboe, 2016). 
Acoustic analysis in one new study identified amplitude-modulated noise 
as a major cause of the complaints. In general, the conclusion is still 
supported that annoyance increases with amplitude modulation, but AM 
is not an unequivocal causal factor. Several new experiments showed 
that AM was a strong predictor of response (in terms of annoyance) in 
combination with visual aspects. The combined effect of the two is 
worthwhile studying further in larger groups and outside the laboratory. 

Some studies investigated the effect of landscape evaluation and other 
visual aspects. Chronic annoyance from these physical factors, and from 
noise, is assumed to be related to stress, and there is enough evidence 
that stress can negatively affect people's health and well-being. 
However, there is no evidence for a direct association between visual 
aspects of WTs and health effects. Several studies have more 
extensively evaluated the determining factors of acceptance. 
Participation in the decision-making process, co-ownership (literal and 
symbolic), consumption of local energy come forward as important pull 
factors. 
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Overall it is concluded that people are more willing to accept new 
turbines in their vicinity if they can participate in decision making, the 
turbines are owned by a group of citizens, and if the generated 
electricity is consumed in the region instead of being exported and in 
general experience a sense of control. This is in line with conclusions 
about the role of these factors in mitigating the aversive effects of other 
sources such as aircraft sound (Ansensio et al, 2017) (Lercher et al 
2017) (Haubrich, 2020). Health is often used in the debates around WT 
farms, but facts brought forward about health effects are often 
contradictory. 

5.2 Conclusions from chapter 4 
Recent studies largely confirm the results of our earlier review: the 
perception of infrasound and low frequency sound is generally in 
agreement with what we know from literature and there is no indication 
that infrasound well below the hearing threshold can have any effect on 
humans. 

Except for one study, the studies published since 2017 show that 
infrasound and low frequency sound is processed in the auditory cortex 
where also normal sound is processed. Moreover, hearing thresholds 
based on brain activity agree with those based on 'classical' psycho­ 
acoustics. The brain studies also show that infrasound and very low 
frequency sound increase very steeply in loudness when compared with 
normal sound, which again is known from 'classical' psycho-acoustics. A 
new insight is that individually perceived loudness correlates better with 
brain activity than with the level of the sound. Perhaps this is related to 
noise sensitivity, where a highly sensitive person perceives a certain 
sound level as louder than a less sensitive person does. 

One study (Weichenberger et al, 2017) suggests that a sub-audible 
infrasound of 12 Hz is associated with brain activity. It is unclear what 
effect this brain activity can have elsewhere in the brain or body. The 
authors take a big leap when speculating that this could be linked to 
physiological as well as psychological health effects. In our opinion we 
first need to be sure this is a true effect of an inaudible sound. The 
stimulus was just 2 dB below the hearing threshold and perhaps it was, 
during the prolonged exposure, so close to audibility that it could 
stimulate the brain. The authors suggest that participants were 
"constantly left guessing, whether stimulation actually occurred or not 
when near-threshold infrasound was presented" (Weichenberger et al, 
2017). This 'guessing' did not occur (no concurring brain activity) when 
no sound was presented. They suggest that if the outer hair cells indeed 
react to sub-audible sound, as mentioned by Salt and Hullar (2010), this 
could explain the concurring brain activity. An alternative explanation 
may be that the brain activity was there because the near-threshold 
infrasound was just, perhaps intermittently, audible. If so, it may be 
hard for the brain to recognize or evaluate the sound due to the very 
low audibility, which may explain the activity in the amygdala and 
anterior cingulate cortex (ACC) reported by Weichenberger et al (2017). 
These brain areas are known to be involved in auditory processing 
(superior temporal gyrus) and tinnitus perception (ACC) (Vanneste and 
De Ridder, 2012). The ACC relates to areas implicated in affective 

Page 55 van 73 



RIVM report 2020-0150 

processing, such as the amygdala (Stevens et al, 2011). Whatever the 
explanation, the brain activity occurred near the audibility threshold and 
not at lower levels further away from the threshold. This would be 
necessary for wind farm infrasound to have an effect. Our conclusion is 
that it is necessary to study brain activation from infrasound at levels 
comparable to those near wind turbines/farms and with more realistic 
sounds before concluding that inaudible infrasound can have an effect 
on residents. 

If normal sound is present, it may be harder to detect soft infrasound 
compared to situations where only the soft infrasound is present. In 
contrast, the presence of infrasound appears not to have an effect on 
the detection threshold of normal sound. However, infrasound may 
influence the perception of normal sound: a tone of 63 or 125 Hz 
together with 8 Hz infrasound is similar to our ears to a 63/125 Hz tone 
with a variation in strength at a rate of 8 Hz. We need more research to 
find out if these interactions between infrasound and normal sound 
occur over a wider frequency range and not just the artificial sounds 
used in laboratory settings. If that would be the case, the implications 
are 1) that the threshold at which the human ear can detect wind 
turbine infrasound may be raised because of the presence of the normal 
WT sound and 2) that the infrasound peak at the blade passing 
frequency (and its harmonics) may in principle be perceived as a 
modulation of the normal sound coming from a wind turbine or the 
environment. In practice the perceived 'added modulation' is probably 
less pronounced than the modulation of the wind turbine sound that is 
already present in conditions where the infrasound peak is present. 

The recent studies of possible effects of audible infrasound and low 
frequency sound confirm earlier results. When persons, including those 
complaining about WT infrasound, are exposed to WT sound including 
infrasound, the total WT sound level and amplitude modulation may be a 
cause for increased annoyance, not infrasound. Also, WT infrasound had 
no effect on physiological measures of stress, such as changes in heart 
rate or heart rate variability, or skin conductance. Soft or inaudible 
infrasound or very low frequency sound does not lead to a reaction of 
the vestibular system, at least not the part that detects vertical 
acceleration. When exposed to infrasound or very low frequency sound, 
a vibration in the body or head is felt at sound levels close to or higher 
than the hearing threshold. At similar or higher levels, the sound is 
rated as less pleasant, either because of its loudness or the added 
vibration or both. A low frequency sound was also found to be less 
pleasant when the sound at one ear differs somewhat from the sound at 
the other ear. This is, for low frequency sound, more likely to occur 
indoors than outdoors. Finally, vibrations measured in dwellings at 
relatively large distances from a wind farm (2.4 to 5 km) were of low 
level and unlikely to cause adverse effects. The vibration of a window 
pane was related to the airborne sound of the wind farm, the vibrations 
of a floor and bed frame were more likely to be caused by wind around 
the house. 

This leads to the conclusion that low-frequency sound is part of the total 
sound of wind turbines and has the same effects audio sound has: it can 
be annoying and may have effects on (getting to) sleep and, if chronic, 
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this may lead to further health effects. This is also true for other sound 
sources such as road, rail or air traffic. Because of the low attenuation, 
low-frequency sound becomes relatively more important at larger 
distances and inside dwellings. Infrasound is attenuated even less, but 
coming from wind turbines and at typical distances to residences it is 
too weak for human perception. 

5.3 End conclusion 
The level of wind turbine sound is modest when compared to other 
sources such as transportation (road, rail and air traffic) or industry. 
Studies show that in practice sound levels are usually less than 45 dBA. 
Nevertheless, at equal sound levels, sound from wind turbines is 
experienced as more annoying than that of many other sources. 

Based on current knowledge about the effect of WT sound on health we 
can conclude that living near a WT or hearing sound of wind turbines 
can lead to chronic annoyance among residents. For other health effects 
such as sleep disturbance, insomnia, mental health effects there is no 
consistent evidence. The new evidence confirms earlier conclusions 
about the influence of the low-frequency component of WT sound and 
infrasound from wind turbines: there is no indication that it has other 
effects on residents than normal sound has or that infrasound well below 
the hearing threshold can have any effect. When people are exposed to 
WT sound (over all frequencies), the level and amplitude modulation of 
all WT sound are the main cause for increased annoyance, rather than 
low frequency sound or infrasound. 

There is evidence that sleep disturbance is associated with annoyance 
rather than to WT sound above a certain level. Also, new evidence 
shows an association between total annoyance and health complaints, 
but we cannot draw conclusions about the direction of this relationship: 
do people highly annoyed by WT sound have more health complaints or 
are people with health complaints more annoyed by WT sound. 
Nevertheless, chronic annoyance itself can lead to a feeling that the 
quality of the living environment has deteriorated or will do so in the 
future. This can have a negative impact on well-being and health of 
people living in the vicinity of wind turbines. The moderate effect of wind 
turbine sound on annoyance and the range of factors predicting the 
levels of annoyance implies that reducing the impact of wind turbine 
sound will profit from considering other aspects associated with 
annoyance as well. The influence of these factors is not necessarily 
unique for wind turbines. Important factors include noise sensitivity, 
attitudes towards WTs, health concerns, visual aspects and aspects 
related to the procedure preceding the building of a wind park. The role 
of factors such as participation in the planning process, procedural 
justice, feelings of fairness and balance of costs and benefits from wind 
turbines are even more strongly supported by current evidence. In 
summary: the health complaints are primarily associated with a range of 
non-acoustic factors rather than the actual exposure levels. 
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Annex 1 Search strategy 

Our previous review was based on a systematic literature search over 
the period 2000 to early 2017. Three databases were searched: Scopus, 
Medline and Embase. This updated review uses publications from the 
period 2017 through June 2020. The results of our 2017 review were 
updated in July 2018, using the exact same search strategy and 
databases as in 2017. For the second update until 2020 the Med line and 
Embase databases were not anymore available, or not available in the 
same form. The platform and search syntax has been changed, so a new 
search strategy had to be applied. Also, we added the database 
PsycINFO; it showed that this hardly expanded the references from the 
other databases. 

Because the possible effects of inaudible sound at very low frequencies 
is an important topic in public wind farm discussions, this topic was 
added to the literature search. 
Again, observational as well as experimental studies described in the 
peer review literature was performed. Language was restricted to 
German, English, French and Dutch. The search strategy is described 
below. 

For the main topic, health effects of wind turbine sound, only studies 
which in the title, abstract or summary mention that the association 
between the noise of wind turbines and reaction, health or wellbeing 
was studied were included. Also studies addressing participation during 
the building process were accepted for review. This implied that the 
association between exposure to wind turbine (low frequency) noise an 
annoyance, health, wellbeing or activity disturbance in the adult 
population was studied. For the low frequency topic, studies mentioning 
low frequency sound or noise or infrasound in the title together with a 
reaction, health effect or wellbeing in the title were included. 
For a first selection the following criteria were used. Inclusion: papers 
addressing human health effects, perception, opinion, concern in 
relation to wind turbines. Exclusion: papers addressing non-human 
effects such as ecosystem effects, animals, papers about solely technical 
aspects of the wind turbines, papers regarding health effects of noise 
but not specific for wind turbines. 

The papers were grouped in 7 categories: review, health effects, 
offshore, low frequency noise, visual aspects, social aspects and not 
relevant. All reviews and health effects studies were included for full 
paper examination, offshore studies were a-priori excluded, papers from 
the other categories were reconsidered after reading the abstracts. 
Lastly, after full examination of the review and health effect papers by 
the two authors, a final decision was made about inclusion in this 
review. As a result 76 new publications were included in the report. 

In the context of this report the main results are summarized per 
outcome. For the key studies, the study design, outcome etc. are 
discussed in more detail. For this review primarily scientific publications 
are used, both from peer reviewed journals and conference proceedings. 
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As usual all material from the selected literature has been read and 
analysed, but not necessarily included as reference, e.g. because the 
study was less relevant than originally thought or in case of doubling 
with other references. (e.g. a conference paper and article from same 
authors/study). 

A.1 Search strategy in Scopus, Medline and Embase databases, 
until July 2018 
This is the same as in our previous review (van den Berg & van Kamp, 
2017; Van Kamp&van den Berg, 2018) 

A.2 Search strategy in Scopus, July 2018-July 2020 
Topic: health effects of wind turbine sound 
TITLE ( "wind turbine*" OR "windmill*" OR "windmill*" OR "windfarm*" 
OR "wind farm*" OR "windpark*" OR "wind park*" OR "windenerg*" OR 
"wind energ*" ) ) 
AND 
( TITLE ( "health effect*" OR "health risk*" OR "stress" OR "annoy*" OR 
"health impact*" OR "sleep" OR "noise avoid*" OR "noise abat*" OR 
"preval*" OR "inciden*" OR "adverse" OR "human health*" OR "avers*" 
OR "attitud*" OR "percept*" OR "perceiv*" OR "quality of life" OR "well 
being" OR "wellbeing" OR "concern*" OR "emot*" OR "accept*" ) ) 
AND PUBYEAR > 2017 
Topic: low frequency effects 
TITLE( "infrasound*" OR "low frequency nois*" OR "low frequency 
sound*" OR "infrasonic*" OR "low frequency thresh*" OR "audibi*") 
AND 
(TITLE("health effect*" OR "risk*" OR "stress" OR "annoy*" OR "health 
impact*" OR "sleep" OR "noise avoid*" OR "noise abat*" OR "preval*" 
OR "inciden*" OR "adverse" OR "human health*" OR "avers*" OR 
"attitud*" OR "percept*" OR "perceiv*" OR "quality of life" OR "well 
being" OR "wellbeing" OR "concern*" OR "emot*" OR "accept*")) 
AND PUBYEAR > 2017 

A.3 Search strategy in Embase, July 2018-July 2020 
Topics: health effects of wind turbine sound and low frequency effects 
#1. 'wind turbine'/exp OR 'wind farm'/exp OR 'wind turbine*':ti,ab OR 
'wind farm*':ti,ab OR 'wind power'/exp 
#2. 'low frequency noise'/exp OR (low:ti AND frequency:ti AND 
('noise*':ti OR 'signal*':ti OR 'noise':ti,ab OR 'low frequency sound':ti,ab 
OR 'low frequency ultrasound':ti,ab OR 'low frequency signal*':ti,ab OR 
'low frequency thresh*' :ti,ab OR 'infrasound'/exp OR 'infraso*' :ti OR 
'audability' :ti,ab OR 'audibl*' :ti 
#3. 'noise'/exp/mj OR 'nois*':ti OR 'noise pollution'/exp/mj 
#4. 'hearing'/exp/mj 
#5. 'sound'/exp/mj OR 'sound*':ti 
#6. 'annoyance'/exp OR 'annoy*':ti 
#7. 'wellbeing'/exp OR 'health*':ti OR 'health'/exp OR 'health 
status'/exp OR 'wellbeing*':ti 
#8. 'aversion*':ti OR 'stress*':ti OR 'complain*':ti OR 'distress*':ti OR 
'disturb*':ti OR 'worries':ti OR (('sensiti*' NEAR/3 noise):ti) OR 'sound 
pressure level*':ti OR 'sleep disturbance*':ti OR 'sleep quality':ti OR 
'stress'/exp OR 'cognitive*':ti OR 'aversion'/exp OR 'distress 
Page 70 of 73 



RIVM report 2020-0150 

syndrome'/exp OR 'sleep quality'/exp OR 'perception*':ti OR 
'unpleasant*': ti 
#9. 'quality of life'/exp OR ('quality':ti AND ('life':ti OR living:ti)) 
#10. #2 OR #3 OR #4 OR #5 OR #6 OR #7 OR #8 OR #9 
#11. #6 OR #7 OR #8 OR #9 
#12. #1 AND #10 
#13. #1 AND #10 AND [2017-2020]/py 
#14. #1 AND #10 AND [2017-2020]/py AND ([dutch]/lim OR 
[english]/lim OR [french]/lim OR [german]/lim) 
#15. #2 AND #11 NOT #1 
#16. #2 AND #11 NOT #1 AND [2017-2020]/py 
##17. #2 AND #11 NOT #1 AND [2017-2020]/py AND ([dutch]/lim OR 
[english]/lim OR [french]/lim OR [german]/lim) 

A.4 Search strategy in Psycinfo, lanuari 2017-July 2020 
Topic: health effects of wind turbine sound 
(("health effect*" or "risk*" or "stress*" or "annoy*" or "health impact*" 
or "sleep*" or "noise avoid*" or "noise abat*" or "preval*" or "inciden*" 
or "adverse" or "human health*" or "avers*" or "attitud*" or "percept*" 
or "perceiv*" or "quality of life" or "well being" or "wellbeing" or 
"concern*" or "emot*" or "accept*" or "commun*" or "engag*" or 
"activis*" or "prefer*").m_titl.) 
and 
(("wind turbine*" or "wind farm*" or "wind park*" or "windfarm*" or 
"windpark*" or "windmill*" or "wind mill*" or "wind energ*" or 
"windenerg*").m_titl.) 
Topic: low frequency effects 
("health effect*" or "risk*" or "stress" or "annoy*" or "health impact*" 
or "sleep*" or "noise avoid*" or "noise abat*" or "preval*" or "inciden*" 
or "adverse" or "human health*" or "avers*" or "attitud*" or "percept*" 
or "perceiv*" or "quality of life" or "well being" or "wellbeing" or 
"concern*" or "emot*" or "accept*" or "commun*" or "engag*" or 
"activis*" or "prefer*").m_titl. 
and 
("infrasound*" or "low frequency nois*" or "low frequency sound*" or 
"infrasonic*" or "low frequency thresh*" or "audibi").m_titl. 

A.5 Inclusion and exclusion criteria 
Include when: 
• paper concerns (all aspects of) sound from wind turbines; 
• and: paper concerns a (qualitative or quantitative) study; no 
restriction regarding study design 
• and: at least some link is made with health effects and/or (social) 
wellbeing (including annoyance, community response); 
• and: language is English, French, German or Dutch. 

Exclude when: 
• paper concerns occupational health and safety; offshore; effects on 
others than residents; 
• or: paper is a commentary, editorial or opinion, letter to editor; errata 
or discussion between people. 

With respect to non-acoustic effects: 
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