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Summary
In an earlier critique of the Wind Turbine Syndrome, the author described how the
abdomen was rich in sounds at infrasonic frequencies, originating in the heart beat,
muscle contractions, fluid movements etc. (Leventhall 2009). This has now been
extended to consider infrasound within the inner ear, infrasound which has also
originated in normal body processes. The inner ear is connected through the
cochlear aqueduct to the cerebrospinal fluid, which picks up pulsations from the
heartbeat and breathing. Typical frequencies are: heartbeat ~I.0Hz and
harmonics, breathing ~0.3Hz. Pulsations are transmitted to the inner ear fluid
(perilymph) through the cochlear aqueduct at sufficient level to drive the ear in
reverse, in a similar manner to otoacoustic emissions. Measurement of the resulting
pressure in the occluded ear canal permits estimation of the deflection of the
tympanic membrane due to the reverse transmission of internally generated
infrasound. Earlier work on this, by others, is described and developed to estimate
the external infrasound which would produce similar pressures in the inner ear to
that produced by internal infrasound. The result is compared with the levels of
infrasound from wind turbines in the same frequency range as the internally
generated infrasound.


1 Hearing at low frequencies. The pure tone hearing threshold has been
measured in a chamber down to 4Hz (Watanabe and Møller 1990) and to lower
frequencies using earphones (Yeowart and Evans 1974). The chamber data is
shown in Fig 1, where it is compared with the ISO standard threshold (ISO:226
2003). The Watanabe and Møller threshold at 4Hz is 107dB. Yeowart and Evans
give higher binaural thresholds: 112dB at 4Hz and 121dB at 2Hz.


The mechanism of hearing down into low frequencies is through normal excitation of
the auditory cortex, as shown by fMRI investigations (Dommes, Bauknecht et al.
2009 ). Dommes, Bauknecht et al used functional Magnetic Resonance Imaging
(fMRI) to investigate responses of the brain when exposed to infrasound both above
and below the hearing threshold. Audible infrasound excited the auditory cortex,
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which is where hearing perception occurs. Inaudible infrasound did not show an
excitation. This is to be expected if infrasound enters into the hearing system, and is
transmitted to the brain in a similar manner to higher frequency sounds. The
following frequencies and levels were used by Dommes, Bauknecht et al.


They summarise the results of their work as:


"In our study, no other cortical regions owed a comparably extensive
response to the high-level stimuli as did the auditory cortex, indicating that
LFT [low frequency tones] were mainly perceived via acoustic pathways
instead of representing a somatosensory phenomenon."


"In our study, cortical activation patterns appeared to be similar for all
frequencies applied, suggesting that LFT are processed in a similar way as
frequencies of our main hearing range (200 to 5000Hz)."


"We presented the 12Hz stimuli at three different levels. Tone bursts of 120
and 110 dB resulted in cortical activation. The 90dB stimulus did not induce a
significant response of the auditory cortex in group analysis which, in
agreement with the findings of Møller and Pedersen (2004), indicates that this
SPL is below the estimated perception threshold for 12 Hz." (Møller and
Pedersen 2004)


This shows that low frequency tones and infrasound are perceived through the
normal auditory pathways, the same pathways as for higher frequencies.


Freq Hz 500 48 36 12 12 12


Level dB 105 100 70 120 110 90


Fig 1 Low frequency hearing thresholds
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Furthermore, sounds, including infrasound, which are below the hearing threshold,
do not produce a response in the auditory cortex, as is also the case for higher
frequencies at levels below threshold. Whilst the lowest frequency used was 12Hz,
the regular slope of the hearing threshold indicates that similar processes are likely
to apply at lower frequencies.


2. The ear is a two way street
The ear is a mechanical system which operates in both forward and reverse
directions. In normal, forward operation, sound waves excite the tympanic
membrane (ear drum), which drives the ossicles to impart vibrations to the cochlear
fluid (perilymph) via the oval window. (Fig 2) These vibrations propagate up and
down the cochlea to the pressure release of the round window, causing waves along
the basilar membrane, which excite the hair cells. These then send signals via the


auditory nerve to the auditory cortex, where they are interpreted as sound The
system is mechanical up to the oval window and hydrodynamic within the cochlea.


Reverse action of the ear was demonstrated through otoacoustic emissions (OAE) in
which “ringing” of the cochlear amplifier, which is based in the outer hair cells, sends
vibrations back through the oval window and ossicles to excite the tympanic
membrane (TM). Vibrations of the TM can be detected by a microphone in the ear
canal (Kemp 2002).


Another example of reverse action of the ear is recent development of a hearing aid
which by-passes the ossicles, and is useful for patients with conductive hearing loss.
A small vibrator is attached to the round window and is energised from sounds
detected externally. The vibrator sends signals in reverse direction through
the cochlea, via the round window and, in this way, excites the basilar membrane
and produces the correct perception of sounds. (Skarzynski, Olszewski et al. 2013).


Fig 2 Action of the ear. Adapted From (Maroonroge, Emanuel et al. 2009)


Cochlear Aqueduct


Cochlea
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In a simple device, for example a lever or a transformer, forward and reverse
operation are reciprocal. This assumption will be made, initially, for forward and
reverse ear operation of the tympanic membrane-ossicle-oval window system, but
modified later.


3. Function of the cochlear aqueduct.
The cerebrospinal fluid originates mainly from the choroid plexus in the ventricles of
the brain and bathes the brain and the spinal cord in the subarachnoid space,
providing protection, lubrication and an egress for metabolic wastes. The fluid can
be sampled by lumbar punctures. The cochlear aqueduct is a small duct which
connects the subarachnoid space to the perilymphatic space of the inner ear,
permitting bidirectional flow of cerebrospinal fluid and allowing pressure equalisation


of the cochlea, Fig 3. The cochlear aqueduct offers a high resistance to high
frequencies and there has been some discussion about its function, but it appears to
pass low frequency fluctuations, originating in the cerebrospinal fluid, into the fluid of
the inner ear (Traboulsi and Avon 2007). This effect is strong enough to drive the
ear in reverse so that the infrasound generated by heartbeat and breathing, which
enters the inner ear via the cochlear aqueduct, can be detected with a microphone in
the ear canal.


Some properties of the cochlear aqueduct have been given by Gopen, Rosowski et
al. (Gopen, Rosowski et al. 1997).There are normal biological variations in
dimensions, but the following were used as an average for modelling.


Length = 10mm


Radius = 0.1mm


At low frequencies, the acoustical impedance of the cochlear aqueduct (ZCA) is
resistive with RCA


11 acoustic ohms (Pa.s.m-3).


Fig 3 Illustrating the cochlear aqueduct (Gopen, Rosowski et al 1997)
The cochlear partition contains the basilar membrane
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Additionally:


Cochlear impedance: ZC
9 acoustic ohms


Stapes impedance: ZS - j(3.3 x 1014 .e. stiffness controlled


Round window impedance: ZRW S/10


Fig 4 shows the magnitudes of these ear impedances. The cochlear aqueduct is
resistive up to nearly 100Hz, after which the mass component of its contained fluid
becomes increasingly significant. The stapes-cochlear partition and the round
window are both stiffness controlled, with |ZSC| about 10 times the magnitude of
|ZRW|. Vibrations at low frequencies, passing through the cochlear aqueduct, see the
impedances of the round window and the stapes-cochlear partition in parallel and,
since |ZSC| >> |ZRW|, most of the flow goes to the round window. However, the
remaining energy, which travels through the cochlea to the oval window, is sufficient
to vibrate the ossicles and tympanic membrane.


4 Mechanism The cochlear aqueduct transmits pressure pulsations, which occur
in the cerebrospinal fluid due to heartbeat and breathing, from this fluid to the inner
ear fluid. Salt and Hullar suggested that the nearby round window acts as a
pressure release to the pulsations into the inner ear from the adjacent aqueduct, so
negating any effect of vibrations from the cerebrospinal fluid.(Salt and Hullar 2010).
However, from above, Some of the incident energy travels backwards through the
cochlea and stapes, exciting the tympanic membrane. Following on from Gopen,


Fig 4 . Impedance magnitudes of cochlear aqueduct |ZCA|, round
window |ZRW|, stapes and cochlear partition |ZSC|, stapes alone, |ZS|
from Gopen, Rosowski et al 1997
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Rosowski et al, Traboulsi and Avon considered the cochlear aqueduct to act as a
low pass filter, with a corner frequency of about 20Hz, and detected pressure peaks
in the inner ear (cochlea) at 0.2Hz from breathing and at 1Hz from
heartbeat.(Traboulsi and Avon 2007). Recent work has measured the transfer
function between pulsations occurring in the carotid artery in the neck and the
consequent pressure detected in the ear canal, when it was occluded by a
microphone (Furihata and Yamashiti 2013). The mechanism here is that the low
frequency pulsations from heartbeat and breathing transfer to the cerebrospinal
fluid, which transmits them to the inner ear via the cochlear aqueduct. The
consequent pulsations in the inner ear drive the ossicles in reverse, as in otoacoustic
emissions. Furihata and Yamashiti deduce the displacement of the tympanic
membrane from the pressure measured in the 700mm3 volume of the occluded ear
canal.


The infrasonic pulsations which enter the inner ear via the cochlear aqueduct spread
throughout the cochlea and activate the hair cells along the basilar membrane, in a
similar manner to the operation of the vibratory hearing aid on the round window.


Spontaneous otoacoustic emissions (SOAE), which appear to be at single
frequencies, actually show modulation sidebands under detailed analysis, the
modulation being closely correlated with heart beat (Long and Talmage 1997). For
example, a SOAE of 1658Hz had associated components at about 1657Hz and
1659Hz, both 15dB down on the central component. Long and Talmage suggested
that the components may be due to changes in blood flow altering the mass of the
basilar membrane, although other causes were also considered. This work
illustrates the interaction between the inner ear and the beating heart.


5. Further Development. Consider the ossicles and associated membranes
(tympanic membrane, oval window) as a bidirectional mechanical system. In normal
hearing, the displacement of the tympanic membrane is transmitted through the
ossicles to the oval window and into the cochlea. In the reverse process, the oval
window is driven by internally generated pulsations of the cochlear fluid, leading to
displacements of the ossicular chain and of the tympanic membrane. Initially,
assume a simple transformer model in which the forward and reverse processes are
balanced. That is, a forward gain of about 25dB and a reverse loss of the same
magnitude occur. Then, if the tympanic membrane displacement which results from
internally generated vibration of the oval window is known, an external sound, which
produces the same displacement of the tympanic membrane, will lead to similar
displacement of the oval window.


In order to make an estimate, it is necessary to know:


The displacement of the tympanic membrane when driven by an
internal source.
The external airborne sound which also produces this displacement.


6. Magnitudes – Internal source Furihata and Yamashiti, measured the
pressure due to tympanic membrane deflection in the known volume of the occluded
ear canal. Levels were 95-98dB, leading to an estimate of tympanic membrane
displacement of approximately 0.1µm. Analysis of the waveform, as detected in the
ear canal, is shown in Fig 5 over a period of 600 seconds for frequencies below 5Hz.
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There is a prominent 1Hz, from heartbeat, with 2Hz and 3Hz harmonics. Below 1Hz
there are the frequencies from breathing and other internal sources. This energy
has travelled back through the cochlea and ossicles to vibrate the tympanic
membrane.


7. Magnitudes – External source. The displacement of the tympanic membrane by
external sound sources has been measured by a number of authors, normally using
optical methods of varying complexity.


The displacement at low frequencies from an excitation of 60dB was
about 1nm (Dalhoff, Turcanu et al. 2007).


The displacement at low frequencies from an excitation of 80dB was
10-15nm (Huber, Schwab et al. 2001).


Comparison of several measurements showed that the maximum
displacement at low frequencies was from -2 to 0.1µm per
Pascal, as in Fig 6. (Rosowski, Cheng et al. 2011)


Fig 6, which shows deflections normalised to 1Pa, has an average deflection at low
frequencies of approximately 5 x 10-2 µm /Pa, or 0.1µm at 2Pa (100dB).


Fig 5 Spectrum of infrasonic pressure in the occluded ear canal
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The different measurements described above are consistent, as 1nm = 0.001µm,
10nm = 0.01µm and a 20dB change in pressure level produces a ten times change
in displacement. Therefore, 0.1µm displacement of the tympanic membrane can be
associated with an external level of about 100dB.


Although the tympanic membrane
exhibits complex vibration patterns at
high frequencies, it moves uniformly at
low frequencies(Cheng, Hamade et al.
2013). Fig 6 indicates approximately
constant displacement at low
frequencies, which is expected from a
resonant membrane below its natural
frequency.


Human tympanic membrane studies
have generally been limited to a low
frequency of around 100Hz, but work
on animals has used lower
frequencies. For example, the gerbil
tympanic membrane deflection has
been investigated down to 10Hz.
(Ravicz, Rosowski et al. 1992). Fig 7
shows frequency dependence of the
live gerbil middle ear input impedance.


Fig 6 Tympanic membrane displacements. From
Rosowski and Cheng


Fig 7 Gerbil middle ear input impedance
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The impedance is inversely proportional to velocity, which leads to constant
displacement for constant force.


Considering the similarities between all mammalian ears, the work on gerbils is a
good indication that human ears will continue at constant displacement down to
lower frequencies than shown in the measurements of Fig 6.


Therefore it is assumed that external infrasound at a level of 100dB will cause a
tympanic membrane displacement of 0.1µm down to very low frequencies. This is
similar to the value found for internal infrasound by Furihata and Yamashiti in
Section 6 above.


8 Discussion The pressure fluctuations in the occluded ear canal, measured by
Furihata and Yamashiti, were used to determine the changes of the small volume
enclosed between the microphone and tympanic membrane, and hence the average
displacement of the tympanic membrane. Factors which might affect the result
include:


Flexible walls of the ear canal
Heat loss to the walls of the ear canal
Pressure increase of the enclosed volume opposing the movement of
the tympanic membrane
.


These effects tend to reduce the pressure in the ear canal volume, so
underestimating the tympanic membrane displacement from internal infrasonic
sources.


Is the assumption of reciprocal forward and reverse action of the ear valid? It is
known that the forward gain of the ear is about 25dB. The reverse gain is not as well
known. The forward middle ear pressure gain is defined as


= and the reverse gain as =


Where is the ear canal pressure and is the vestibule pressure of the
cochlear fluid. (Puria 2003)


Puria measured down to 100Hz on cadaver ears and showed that the gain varied
with frequency. Forward gain peaked at 1kHz at about 20dB, but dropped and
levelled off at low frequencies (100Hz). Reverse gain at 1kHz was about -30dB,
showing an additional 10dB reverse loss. This means that the middle ear is not a
reciprocal mechanical system, but has additional losses in the reverse direction, and
the simplifying assumption made earlier must be corrected. At the lowest frequency
given by Puria(100Hz), forward gain was -5dB and reverse gain -45dB, leading to a
40dB loss.


Cheng et al measured forward transmission in cadaver ears using a loudspeaker
source and measured reverse transmission by direct mechanical stimulation of the







10


ossicular chain. (Cheng , Harrington et al. 2011). Results showed that “The ear
canal pressure….. produced by TM motions evoked by reverse stimulation is
usually 40 dB lower than the forward sound stimulus needed to produce similar
stapes motion across most of measurement frequency range”. Thus, in the


expressions for M1 and M2 above, for equivalent values of Pv (pressure in the
vestibule), the forward ear canal pressure Pec(forward) is greater than the ear canal
pressure received by reverse transmission Pec(reverse).


Both Puria and Cheng worked with fresh cadaver ears. Live gerbils at higher
frequencies showed a 20-25dB forward gain and a 35dB loss for reverse
transmission. (Dong and Olson 2006)


Forward transmission ends at the compliant round window and the volume velocities
of the oval window and round window are almost the same. In contrast, reverse
transmission sees the relatively high impedance of the ossicles. The pressure
difference across the scala in the cochlea is lower for reverse transmission than for
forward transmission. (Steiger, Rosowski et al. 2013)


The work on forward and reverse transmission indicates that a direct comparison of
the tympanic membrane displacements, as suggested in the simple reciprocal
model, underestimates the level in the inner ear from internally generated
infrasound. The underestimate is not well known, but could be 10- 20dB, or perhaps
up to 40dB at low frequencies. Consequently, to allow for the reverse losses, the
forward pressure in the ear canal, from external sources, should be increased by,
say, 20dB. This requires a forward tympanic membrane displacement of 1.0 µm,
which results from the ten times higher pressure, to give similar effect in the
vestibule to that which gives a reverse tympanic membrane displacement of 0.1 µm.
The forward tympanic membrane displacement will now correspond with an external
sound of 120dB.


This is a greater level than the levels from wind farms in the same frequency region
as that of the infrasound which is produced internally in the body. For example, the
Shirley wind farm gave maximum of about 75dB at 0.3Hz. (Walker, Hessler et al.
2012). A number of other measurements indicate that, at typical nearby residential
distances, the one- third octave level at 10Hz is 60~70dB, rising at ~ 5dB/octave into
lower frequencies. (O'Neal, Hellweg et al. 2011) (Evans, Cooper et al. 2013) (Hayes
2006). More detailed analysis than one-third octave is required to show the
components of the blade passage pulse.


Wind turbine infrasound levels are well below the hearing threshold of Fig1 and,
following the work of Dommes, Bauknecht et al described earlier, will not excite the
auditory cortex. There is also a large headroom for fluctuations.


The conclusion is that the continuous inner ear infrasound levels due to internal
sources, which are in the same frequency range as wind turbine rotational
frequencies, are higher than the levels produced in the inner ear by wind turbines,
making it unlikely that the wind turbine noise will affect the vestibular systems,
contrary to suggestions made following the measurements at Shirley. The masking
effect is similar to that in the abdomen (Leventhall 2009). The body, and vestibular
systems, appear to be built to avoid disturbance from the high levels of infrasound
which are produced internally from the heartbeat and other processes. In fact, the
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hearing mechanisms and the balance mechanisms, although in close proximity, have
developed to minimise interaction. (Carey and Amin 2006)


Appendix


Professor Peter Seligman, an expert in cochlear implants, stated in his submission to
the 2011 Australian Federal Senate inquiry into the 'Social and economic impact of
rural wind farms’:


“As id e from the is s u e ofan ad vers e res pons e to s omethingwhic hc annotbe
meas u red ,itis worthnotingthatapartfrom externals ou rc es ,the hearingand
ves tibu lars ys tems are s u bjec ted to veryhighlevels ofbod ygenerated nois e.
Thes e inc lu d e,walking,breathing,heartbeat,c hewingand head movement.
Bod ynois es generated in this waywere a problem in the Coc hlearLtd projec t
to d evelopa fu llyimplantable c oc hlearimplant.In this c as e the mic rophone
was implanted s u bc u taneou s lybehind the ear.The levelofinfras ou nd pic ked
u pfrom the bod ybythis mic rophone was a majorproblem and farexc eed ed
allinfras ou nd from externals ou rc es .In fac titwas s ome ten times greater”.
(Seligman 2011)
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Summary


Denmark has very ambitious targets for development of wind power. The political
targets are broadly supported in both parliament and public opinion. In legislation
different incentive schemes and environmental protection acts ensure that the
interests of the neighbours are protected. The industry works to reduce the cost of
wind energy as well as reduce environmental impact. The interplay between well
founded legislation and continued development towards lesser impact combine to
ensure a high public support for wind power development both in general as well as
in one s local community.


1. Introduction


Denmark is often used as a country of reference in regards to wind energy legislation
and development. Today, Denmark has a political target of 50 pct. wind in the
electricity system which demands a continued development of both on- and offshore
wind. The target has a high level of support from the public both at national and at
local level as opinion polls among the general public and wind turbine neighbours
confirm.


A decisive factor in regards to fulfilling the renewable energy targets is the ability to
continue to ensure support for the overall targets as well as for projects at local level.
Especially at local level concerns regarding noise and health are not infrequently
raised. Here the handling of the environmental impact from wind turbines is a key
element in securing acceptance and support as well as meeting concerns from local
residents through an inclusive and well executed planning procedure. A development
which is supported through legislation including newly revised renewable energy
schemes and environmental protection acts handling noise, low frequency noise,
aviation obstruction ligting etc.


The paper will give insight into the Danish wind case high lighting development
trends, key legislative acts and analyzing recent opinion polls of public and local
opinions. The paper will briefly touch upon the offshore development trends and
focus on the onshore development as this holds the most significant environmental
impact.







2. Political targets and development trends


2.1 The Danish Energy Agreement


In March 2012 the Danish Parliament adopted a historically long and ambitious
Energy Agreement. The Energy Agreement which is supported by 95 pct. of the
Parliament is based on the long term goal that renewable energy shall cover the
entire Danish supply by 2050.


The agreement sets the targets for the development of the energy sector until 2020.
For wind the key target is that by 2020 50 pct. of the Danish electricity consumption
should be supplied by wind power. Today, wind power supplies 30 pct. of the Danish
electricity consumption. The 50 pct. target is to be reached through an estimated
4,300 MW new wind capacity which is to be developed both on- and offshore. The
agreement thus continues the Danish political tradition of supporting the development
of both on- and offshore wind energy. (Danish Ministry of Climate, Energy and
Building, 2012a)


The onshore development estimated at 1,800 new MW by 2020 is to a large degree
expected to take place through repowering. This means that the current 4,600
onshore turbines in Denmark are estimated to be reduced to fewer than 3,000 by
2020.


Significantly, this means that while wind power production will increase from 9.8 TWh
today to 18 TWh in 2020, the number of turbines will decrease thus reducing the
environmental impact from wind turbines.


2.2 Development trends


The Danish onshore market is characterised by a development towards fewer and
more efficient turbines as mentioned in the previous section. An analysis of the
development over the past five years show turbines with an average capacity of 2-3
MW and a height of 110-140 metres. (Danish Wind Industry Association, 2013)
Towards 2020 the turbine size is expected to remain at this level with only slightly
higher capacity of 2-3.5 MW and a height of 130-150 metres.


Due to a densely populated countryside the average project size is relatively low in
Denmark, in general 3-5 turbines. However, both from project developers and
planning authorities there is a move towards favouring larger projects. Currently no
schemes allow the planning authorities to expand project areas1 through the
purchase of houses. In effect, this means that it is the project developers who work to
expand the project areas by buying nearby houses as well as nearby turbines as the
latter contributes to noise emission. This trend of working actively to expand the
project areas is expected to continue over the next seven years possibly aided by a
scheme directed at the planning authorities who have expressed a wish for such.


Offshore the development primarily takes place through tendered projects where the
government authorities supply the EIA, technical reports and grid connection. Where
the offshore development until today has been based on a similar turbine size to
onshore projects, the 2,500 MW which is to be developed by 2020 is expected to


1
Project area is defined as the area with a minimum distance to nearest neighbour of 4 times the


total height of the turbine and within which the noise limits are complied with.







jump to the generation of larger turbines, i.e. turbines of 6-8 MW. The on- and
offshore development will thus in the next 10 years be significantly different as
opposed the past 20 years of offshore development where the turbines often have
been of similar size and capacity.


3. Legislative frame work


The legislative frame work which the continued development of wind power in
Denmark is based on consists of support and incentive schemes as well as a strong
planning frame work which regulate the environmental impact from wind turbines.
The key acts are the Promotion of Renewable Energy Act of June 2012 and May
2013, the Statutory Order on Noise from Wind Turbines of December 2011 and the
Wind Turbine Circular of May 2009.


3.1 Support and incentive schemes


The Promotion of Renewable Energy Act of June 2012 establishes the support
scheme for onshore energy. From January 1st 2014 a new support scheme will enter
into effect and replace the current scheme from 2008. The new support scheme will
introduce a cap on the combined feed-in-premium and spot price thus reducing the
support level.


The new support scheme will also introduce a weighted model which has the aim to
minimize the span of average subsidy over 20 years of production. The current
model based on generator size will be replaced by a combined model with 70 pct.
weight on the rotor and 30 pct. on the generator. The aim of the combined model is
to ensure that it is the incentive to choose the most suited turbine for a given site and
avoid that turbines are chosen based solely on generator or rotor size.


The new support scheme is estimated to reduce Public Service Obligation-payments
with approximately
turbines are up and running. The fully implemented effect of the weighted model will


will be reached with fewer and more efficient turbines compared to the existing
support scheme.


The reduction of the support level is a response to reduced Cost of Energy of
onshore wind. From both political and industry side continued reduction of Cost of
Energy of wind energy is viewed as an important factor in maintaining strong political
and public support. The gradual reduction of support and introduction of new and
more efficient models is therefore also backed by the industry.


The Promotion of Renewable Energy Act of May 2013 revises the current incentive
schemes which are aimed at ensuring support for continued development of wind
power at local level. The most significant changes have been made to the option-to-
purchase scheme which ensures that at least 20 pct. of the wind turbine project is
offered for sale to the local population. The scheme has been revised to ensure a
more even division of shares between local shareholders as it is a political wish that
the shares are divided between as large a number of people as possible.







In addition to the option-to-purchase scheme the incentive schemes include a
guarantee fund with the purpose to give local initiative groups the opportunity to
initiate preliminary investigations, etc. A green scheme which pays approximately


a loss-of-value scheme which
ensures that neighbours are compensated for any loss of property value due to the
erection of the turbines.


3.2 Planning and environmental protection


The planning process is in Denmark the responsibility of the local municipality which
leads the process of appointing suitable areas and performing the project specific
planning such as the EIA etc. The planning process goes through several public
consultations where the general public is invited to participate and bring forward
concerns and suggestions. To assist the local municipalities with legislative and
technical questions the Ministry of the Environment has established a team that gives
direct support the municipalities on questions in relation to planning.


Planning of wind turbines is primarily regulated by the Wind Turbine Circular of May
2009 and the Statutory Order on Noise from Wind Turbines of December 2011. In
Denmark the two key requirements are the set-back-distance of minimum 4 times the
total height of the turbines and the noise regulation. The set-back-distance was
introduced mainly as a tool to mitigate visual impact of the turbines. The set-back-
distance with the aim to reduce visual impact is supplemented with a
recommendation that shadow flicker at neighbors does not exceed 10 hours on
yearly average. The Danish 10 hours recommendation considers meteorological
conditions and site-specific calculations of the potential exposure to shadow flicker is
included in the EIA


The other key regulation is the noise regulation which defines the noise limits at 6
and 8 m/s at noise-sensitive land use and in the open country. Further a limit for low
frequency noise at 20 dB was introduced January 1st 2012.


The background for the low frequency noise limit was public debate and concern
over low frequency noise and not a response to a major, general problem.
(Jakobsen, Jørgen, 2012 p. 245). The noise limit was first introduced in a legislative
act for the National Test Centre in Østerild for prototype turbines. During the debate
in relation to the test centre it was politically decided to implement a new regulation
for low frequency noise, as noise had been one of the discussed issues. It was
subsequently politically decided to introduce low frequency noise limits for all future
turbines in Denmark. It was therefore a political response to a public debate and not
a decision based on technical development or concern over health
effects/annoyance. Today, the low frequency noise regulation remains singular both
in comparison to other Danish noise regulation and in an international perspective.


3.2.1 Impact of low frequency noise regulation


Prior to the introduction of the revised Statutory Order on Noise from Wind Turbines
January 1st 2012 the Danish Wind Industry Association estimated that the new
regulation would impact 15-20 pct. of projects under planning as the project areas
would be reduced due to the new legislation. Evaluating the impact of the regulation
1½ years after its implementation, project developers report that the regulation has







influenced projects primarily in two ways, firstly through the need to buy and remove
nearby older turbines in order to comply with the noise limits and secondly through a
change in choice of technology.


From an industry view point the legislation has had an impact on planning of wind
turbines, however, it has been possible through the two above-mentioned measures
to implement planned projects without significant reductions in capacity.


3.3 Legislating with attention to environmental impact


Danish legislation relating to wind turbines is in general established with attention to
the environmental impact that not only the wind turbines themselves but also the
legal requirements inflict on the local community.


The newly revised Regulation on Aeronautical Marking of Wind Turbines of March
2013 is an example of this. The existing regulation was revised on the basis of a
report which looked at the need for aeronautical marking taking into consideration
three points of view, i.e. flight safety, frame work conditions for wind power expansion
and consideration for people living near turbines. The new regulation has aimed for
solutions and requirements that take all three aspects into consideration with
precedence to the need for flight safety. This has resulted in a regulation that
significantly reduces the impact from lighting on people living near turbines and is a
positive example of how regulation takes into consideration the importance of the
social acceptance of renewable energy.


4. Technological development trends


A decisive factor in regards to a fulfilment of the 2020 target will be the ability to
ensure continued support for both the overall political targets and for the projects at
local level. In Denmark two main aspects are pivotal in maintaining both political and
public support. That is continued efforts to reduce Cost of Energy and ensuring a
good planning process and projects where environmental impact for people living
nearby is at an acceptable level.


The awareness of these two aspects is also reflected in the technological
development from industry side. In Denmark technological development trends are
analysed by the Megavind Partnership. Megavind is a partnership between industry,
government and research environment and it formulates the joint recommendations
for the Danish effort of research, development and demonstration within wind power.
The partnership thus gives important, strategic guidelines for the future technological
development trends and needs e.g. for test facilities.


Reducing Cost of Energy is a key strategic recommendation from the partnership as
well as the recommendation to look at technology based solutions for reducing
environmental and other local impacts of wind turbines. (Megavind, 2013)


These two aspects which are central to political and public support are thus also key
areas for efforts within research and development.







5. Public Opinion and acceptance of wind power


Both at national and European level public opinion polls show high approval and
support of a continued development of wind power. (Megafon, 2009; Megafon,
2012a; AnalyseDanmark,2012; Eurobarometer, 2011) In a recent survey more than
60 pct. confirmed that their support is for the continued development of both on- and
offshore wind (A&B-Analyse, 2013)


While vocal resistance in response to projects at local level is not unfamiliar, surveys
indicate that the very vocal resistance might not be representative of the general
opinion among neighbours. Surveys show that support for continued wind power
development also stretches to support of development of wind power projects at local
level as figure 1 shows.


Figure 1: Comparison of Megafon 2009 and 2012 surveys. Question: to what degree do you think your
local municipality should work actively to find more sites for wind turbines? (answers: very high, high,
some degree, lesser, not at all, do not know). Source: Megafon 2009 and 2012a and Danish Nature
Agency 2013.


The survey backs the conclusion of an analysis from 2011 which showed that of 279
negative debate articles published over a six months period, more than 67 pct. were
written by the same five persons. (Danish Wind Industry Association, 2011) Even
though the debate scene today is populated by more people surveys cannot support
an image of widespread opposition towards onshore wind.


Decidedly, even surveys among people living close to wind power projects show that
the majority of neighbours experience no or very few nuisances from wind turbines
and figure 2 and 3 show. (Jysk Analyse, 2012a and 2012b; Megafon, 2012b)







Figure 2: Question: to what degree are you annoyed by noise or shadow flicker from the wind
turbine/turbines? (answers: very high, high, some degree, lesser, not at all, do not know). Blue: noise,
purple: shadow flicker. Question put to neighbours within 1 km of a wind turbine. Source: Megafon,
2012b and Danish Nature Agency, 2013.


Figure 3: Question: to what extent do you experience that there are inconveniences connected to
living close to wind turbines? Population: people living within 2 km of a wind turbine. Source: Jysk
Analyse, 2012a.


And the question arises whether opposition to onshore wind primarily is a matter of
concerns of the unknown. When neighbours were asked how living next to turbines
had effected their view point 23 pct. answered more positive , as figure 4 indicates.







Figure 4: Question: compared to before the wind turbines were erected, do you feel differently about
being a neighbour now, i.e. are you more positive or more negative? Population: people living within 2
km of a wind turbine. Source: Jysk Analyse, 2012a.


5.1 Reflections on public opinion and acceptance


However, in spite of high general support of onshore wind power development,
concerns and opposition towards the erection of wind turbines are not infrequently a
factor during the planning process. Concerns and opposition tend to contribute to
lengthening of project lead times and to the shelving of some projects altogether.


Such delays, setbacks and uncertainty in regards to return of investments increase
the risk for project developers and counteract industry efforts to drive down Cost of
Energy. Further, it stresses the importance for the wind industry and authorities alike
to meet concerns from local residents through an inclusive and well executed
planning procedure and to continue to reduce the environmental impact from wind
turbines, in order to maintain a general high public support.


6. Conclusions


Onshore wind energy is to play a significant role in the continued transformation of
the Danish and European energy systems towards still higher penetration of
renewable energy sources.


Denmark has a long history of developing wind power and also has very ambitious
renewable energy targets. The interplay between legislation and technology
development is key to maintaining a high degree of public support.


From legislative side the concern to both the create incentives to develop wind power
as well as schemes that give create opportunities for local investments. In addition
strong environmental protection acts ensure the protection of neighbours from noise,
flicker and visual impact.







From the view point of technological development and research, the understanding
and mitigation of mechanisms behind concerns at local level as well as development
of technologies that reduce nuisances and annoyances generated from wind turbines
are important focus areas.


Reaching the 2020 targets and beyond will depend on the ability to keep legislation
and technological development in harmony with public opinion as has been the case
for the past 30 years of wind power development in Denmark.
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Summary
For some wind profiles wind turbines produce thumps. They could be described by
two noise characteristics: modulation depth, pAL , and the time average sound


level, AeqL . Wind profile at heights encompassing the full rotor plane is quantified by


two wind parameters: the speed mean and the wind shear coefficient. To predict the
thump noise characteristics for any wind profile, one needs two turbine parameters.
They can be adjusted from a single measurement of wind parameters and the
concurrent measurement of noise characteristics. The theory presented here is


sound energy is emitted from the blade tips


1. Introduction
Periodic changes in the A-weighted sound pressure level produced by a wind turbine,


)(tLpA , account for thump noise. Such a noise could be described by the modulation


depth,
(min)(max)
pApApA LLL , (1)


and the time average sound level, AeqL .The engineering prediction models of pAL


and AeqL are based on a non-directional point source (see Refs.[1-7] and the


literature cited in [8]). Making use of Di Napoli
depth ,
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A
Aeq , (2)


where the reference sound power, ][10 12 WWo , and the stated time interval


exceeds the rotation period of a single blade: T . The symbols )(tWA and AW


denote the momentary A-weighted sound power and the time average A-weighted
sound power, respectively. With - horizontal distance between receiver and turbine


and h - hub height, function (....)F quantifies sound divergence, air attenuation,
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ground effect, and other propagation phenomena. Mindful the angle Tt /2
(Fig.1), one gets


Fig.1. The wind turbine with three blades of length l and the hub at the height h .
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For three blades the modulated noise is heard as a thump sound at the rate of blade
passing frequency (Fig.2), .....)3/()()3/(..... TtLtLTtL pApApA


Fig.2. Thumping comes from variations in the A-weighted sound pressure level


between (min)
pAL and (max)


pAL .


Ref.[10] suggests two causes of thumps: the strict directivity of sound generated by
the trailing edge of the blade and the convective amplification. The alternative
explanation is based on the van den Berg effect [11-13]: the wind speed V depends
on the height z (Fig.3). In this study we assume that the wind speed direction is
constant (no directional shear) and the bulk of the sound energy comes from the
blade tip [8,14]. The tip at the momentary height,


coslhz , Tt /2 , (4)
encounters the wind speed )(zV . Here h , l , and T denote the hub height, blade


length, and rotational period of a single blade, respectively. Periodical changes in the
blade tip height, z (Eq.4), are accompanied by the periodic changes in wind speed


)(zV . The latter brings about periodic changes in the A-weighted sound power,


)(tWA . Finally one hears the A-weighted sound level modulation, )(tLpA (Fig.2), of


the depth (Eqs.1,2),


t i m e


(max)
pAL


(min)
pAL


pAL


3/T


h


lh


lh


3/2


z







3


(min)


(max)


log10


A


A
pA


W


W
L . (5)


The above equality says that the point source power modulation at the rate of blade
passing frequency .....)3/()()3/(..... TtWtWTtW AAA , is responsible for


the thump noise (Fig.2). Now the question is how the wind parameters (speed mean
and wind shear coefficient) influence the noise characteristics, AeqL (Eq.1) and


pAL (Eq.5).


2. Wind parameters
The standard wind profile power law can be written as follows [15]:


z


z
VzV )( , z0 , (6)


where V denotes the wind speed at the height z . Urban and rural areas are
characterized by the wind speed exponents, 3.015.0 and 55.007.0 ,


respectively. The wind turbine generates noise in response to wind encountered by
the rotor plane. Thus, to determine the sound power emitted by the blade tips
(Sect.3), the wind profile )(zV for the heights ( lhzlh ) is needed. Fortunately,


remote sensing devices such as LIDAR or SODAR, make it possible to measure the
wind speed at any height and one obtains the speeds [16,17],


1V kV nV , (7)


with the step
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l
z where 2n , (8)


from lhz to lhz . For the k-th height


1


1
2)(


n


k
llhzk , with 1k , 2 n . (9)


the k-th wind speed equals kV (Eq.7). For example, with 2n the above expression


gives two heights , lhz1 and lhz2 , for the lower and upper part of the rotor


plane respectively. Now, making use of the linear approximation of the real speed
profile (Eq.7),


zbazV )( , lhzlh , (10)


we introduce the average error of the approximation,
n


k
kk zbaV


n
baE
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21
),( , (11)


and then estimate the unknown coefficients a and b from two equations,


0
a


E
and 0
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E
. (12)


Combination of Eqs.(11) and (12) yields,
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where the first and the second moment of the height kz (Eq.9) are as follows:
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The mean of the wind speed, V , and the height-weighted mean wind speed, zV ,


can be calculated from:
n
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Finally, Eqs.(7,10) bring about the formula for the wind speed,


l


hz
VzV 1)( , lhzlh , (16)


with the wind shear coefficient,


h
V
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n


)1(


)1(3
. (17)


Low level jet (Fig.3) brings about the negative wind shear coefficient, 0 .


Fig.3. The wind shear coefficient (Eq.9) describes the wind profile at rotor plane,
lhzlh .


For the special case of two measurements ( VVV1 , and VVV2 ), at the


lower and upper tips of the rotor plane ( lhz1 and lhz2 ), Eq.(15) leads to,


VV and VlhVzV . (18)


Finally, with 2n formula (17) simplifies to the form,


Vl


V
, (19)


and subsequently the linear approximation of the wind speed profile (Eq.16)
transforms into,


l


hz


V


V
VzV 1)( , lhzlh . (20)


If the standard power law (with the exponent , and the wind speed V at the height


z ) describes wind profile, then in Eq.(16) the wind speed mean, V , and the wind


shear coefficient, , should be replaced by,


z


h
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l
. (21)
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3. Noise characteristics
Theory [18-21] points out that the relative A-weighted sound power from a single
blade can be written as,


n


oo


A


V


zV
A


W


W )(
, ]/[1 smVo , (22)


where )(zV denotes the wind speed (Eq.16) at the blade tip height (Eq.4). The


unknown turbine parameters, A and n , characterize the wind turbine under
consideration. Both need to be adjusted. At the moment t i.e. for the angle


Tt /2 (Fig.1), the heights of all three blade tips are (Eq.4),
cos1 lhz , 3/2cos2 lhz , 3/2cos3 lhz . (23)


Thus the A-weighted sound power from all three blades is (Eqs.16,22,23),


)(
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A . (24)


The modulation function )(tF consists of tree terms,


)3/2()3/2()()( gggtF , (25)


where the
ng cos1)( , Tt /2 . (26)


As an example, Fig.4 shows the plots of )(g , )3/2(g , and )3/2(g


(Eq.25) for the wind shear coefficient 5.0 (Eq.17), and turbine parameter, 5n .


Fi g .6


Fig.4. Three elements of the modulation function )(F with tN2 (Eq.25),


for the wind shear coefficient 5.0 (Eq.17) the turbine parameter
4n (Eq.24).
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For any wind shear coefficient, , two extrema of )(F (Eq.25) occur at 0 and


3/ [20,21],


)3/2()3/2()0(1 gggF , )()3/()3/(2 gggF . (27)


For either positive or negative values of , the modulation depth equals
(Eqs.5,24,25),


MLpA with
nn


nn


nM
2/121


2/121
log10),( . (28)


No that ),(),( nMnM .


To find the turbine parameters A and n (Eq.24), concurrent measurements of


wind parameters, V ; , and noise parameters , pAL ; AeqL , are needed.


-1 -0 .5 0 0 .5 1
0


5


1 0


1 5
n =3


n =6


n =9


n =1 2


Fig.5. The thump noise characteristic, pAL (Eq.16), plotted for negative and positive


wind shear coefficient, (Fig.3, Eq.17)


Example 1
Suppose that concurrent measurement of the wind shear coefficient and modulation


depth yields 6.0 and 4pAL dB, respectively. Accordingly the plot in Fig.5


shows that the wind turbine under consideration is characterized by: 9n . Now, for
any future wind shear coefficient (e.g., 0.8) the plot in Fig.5 with 9n gives the


corresponding modulation depth pAL (e.g. 12 dB), valid at any distance from the


turbine (Eq.1, Ref.[9]).


To determine the time average sound level, AeqL , we apply Eqs.(2,3,24-26) and


arrive at the relative value of the time average A-weighted sound power ,
n
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V
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3 , (29)


with the mean,
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1
. (30)


Ultimately the time-average sound level becomes (Eqs.2,29),


,...),(3log10log10 hdFgA
V


V
nL


o
Aeq . (31)


The logarithmic dependence of AeqL on the wind speed complies with many


measurements (e.g. Refs.[5,22-24]). How to adjust the second wind parameter A ?
As was demonstrated above (Example 1), the first turbine parameter, n , can be


determined from the plot in Fig.5 and the measured wind shear coefficient . The


latter gives the numerical value of the mean (Eq.30),


dg n
2


0
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1
. (32)


Then, making use of the measured time-average sound level, AeqL , and the mean


wind speed, V we rewrite Eq.(31),


,...),(3log10log10 hdFgA
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V
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o
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Finally, from formulae (31) and (33) it follows that:


AeqAeq L
g


g


V


V
nL log10 . (34)


Note that the stated time interval exceeds the rotation period of a single blade
T (Fig.2).


Example 2


Assume the mean wind speed and wind shear coefficient are, 10V m/s and


6.0 . The latter wind parameter and the plot in Fig.5 yields the first turbine


parameter, 9n , and consequently the mean defined by Eq.(32): 9.14g . If the


noise measurement at the distance d results in, for example, 40AeqL dB, then at


the same location, dd , with the known wind parameters, V and , the time


average sound level can be predicted from (Eq.34),


40
9.1410


log90
gV


LAeq dB, (35)


where
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. (36)
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4. Influence of refraction
Unfortunately, even distant turbine noise causes
ignored [9, ]. Fig.6 illustrates the influence of wind induced refraction on noise
propagation.


Fig.6. Thump noise for down- and upwind propagation (Ref.9).


As expected, for downwind propagation the value of )(down
AeqL exceeds the upwind


value of )(up
AeqL at the same horizontal distance from the turbine. In Ref.20 it is


shown, that under upwind conditions the partially ensonified zone (Fig.7) separates
the fully ensonified zone (close to the turbine) and the shadow zone (far away from
the turbine).


Fig.7 Partially ensonified zone, 21 (Ref.20).


In Ref.(20) refraction is described in terms of the wind speed linear profile fitted to the


power law profile (Eq.6) and the rotor plane is treated as a two-dimensional circular


z=h


h+l


h-l


1 2
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source in the vertical plane. Within the partially ensonified zone, the refraction effect


is described by the correction )(WAL to the A-weighted sound power level (Eq.2):


oAWA WWL /log10 .


Fig.8. Refraction correction WAL to the A-weighted sound power level WAL


(Eq.2), as a function of the horizontal distance mm 1250670 , within the


partly ensonified zone (Fig.7).


The results presented in Re.[20] would be useful in practical applications as they give
a quick estimate of the effect of refraction on wind turbine noise.


5. Conclusions
In this study, the wind at heights encompassing the full rotor plane, lhzlh


(Fig.1), is described in terms of the mean wind speed V (Eq.15) and the wind shear


coefficient, (Eq.17). To predict the characteristics of thump noise, i.e., the
modulation depth pAL (Fig.5, Eq.28) and time-average sound level, AeqL (Eq.34)


for any wind parameters, V ; , one requires simultaneous measurements of noise


characteristics, pAL ; AeqL , and wind parameters, V ; (Fig.8).
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Fig.8. To predict noise characteristics, pAL (Fig.5, Eq.28) and AeqL (Eq.34) for


a given V ; , one needs concurrent noise measurements, pAL ; AeqL ,


and wind speed measurements, V ; (Eqs.15,17).
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Summary


The goal of wind farm noise audit techniques is to quantify the component of sound in an
environment attributable to wind turbines. It is thus desirable to isolate times during which the
noise levels that were measured contain a strong component of wind turbine noise. Additional
methods of identifying these periods could help augment noise audit techniques and increase
their effectiveness. It can be shown that various forms of signal analysis techniques are
capable of detecting the presence of a wind turbine blade pass noise within a measured noise
audit signal. Fast Fourier transforms, autocorrelations, and cepstrum analysis have all been
evaluated, and each has been shown as a feasible method of wind turbine detection, potentially
capable of assisting with wind farm noise audit techniques.


1. Introduction


The development of wind power and the installation of megawatt class wind turbines has
continued to spread across the globe. Accompanying the proliferation of wind power are
increased concerns over the environmental noise impact these turbines may have on their
surrounding communities. To ensure regulation of established noise guidelines, jurisdictions
such as Ontario have responded by more frequently requiring quantification of wind turbine
noise through an acoustic audit. These audits should effectively measure the noise imission of
a wind farm at nearby receptor locations under a range of wind conditions. This poses several
challenges.


It is well known that a turbine’s maximum noise contribution will typically occur while operating
at higher wind speeds, and that increased wind can elevate average ambient noise levels. As
such, ambient background noise can mask or obscure turbine noise levels, making it difficult to
evaluate turbine noise contributions using traditional environmental noise audit techniques.


Turbine noise can rarely be distinguished from ambient background noise through analysis of
overall sound level alone; sound level should be considered in conjunction with additional
metrics. Some wind turbine noise audit techniques focus on identifying conditions that are
conducive to wind turbine noise propagation, and attempt to control as many environmental
factors as practical to ensure adequate quality of the measured noise data from wind farms.
There is a need to better detect the presence of wind turbine noise in a given signal.







Although it can be difficult to identify the presence of wind turbine noise through analysis of
sound pressure level, the presence of wind turbine noise in a signal can be inferred by other
characteristics. Specifically, blade pass harmonics of wind turbine noise can be observed via
spectral measurements, and time signal periodicity can be observed through autocorrelation. It
was hypothesized that this character of wind turbine noise could be detected and used as an
indicator of wind turbine noise in a signal. This paper explores the feasibility of fast Fourier
transforms, autocorrelations, and cepstrum analysis as methods to help identify measurement
data that contains wind turbine noise. This could be implemented to improve the quality of
measured noise audit data sets, and could augment other promising wind farm noise audit
techniques with the goal of better quantifying wind farm noise.


2. Experimental Design


2.1. Concept


As wind turbine noise in the audible frequencies is broadband, it can be difficult to identify wind
turbine noise components within a signal by analysing the energy averaged sound pressure
levels in a given spectrum. Wind turbines do, however, exhibit distinct, very low frequency
blade-pass harmonics with a fundamental around 1 Hz, depending on the rated rotor frequency
of the subject turbine. These blade pass harmonics can be visible in the spectrum of low
frequency noise measurements, however, it is also feasible that they can be obscured by low
frequency ‘pseudo-sound’ resulting from atmospheric turbulence. This could render the
discernibility of these harmonics as low, or even negligible at times. Nevertheless, conditions
should also occur when the turbine blade pass harmonics will not be completely masked. This
suggests there is potential to detect this ‘signature’ turbine noise as a means to aid in
identifying the presence of wind turbine noise within a measured signal.


It should be noted that newer models of wind turbines can now operate at variable rotor
frequencies. Although the possible range of variation is relatively small, this could make it more
difficult to detect these types of turbines via blade pass frequency, since the blade pass
frequency will not necessarily hold constant over time.


2.2. Methods


Although the objective is always to discern whether turbine blade pass noise is present in a
signal, multiple signal analysis methods can likely demonstrate this. The following methods
have been selected for evaluation.


2.2.1. Fast Fourier Transform (FFT)


The FFT of a signal gives a representation of the signal in the frequency domain. In this way,
spectral information such as blade pass harmonics may become visible as a series of evenly
spaced spikes in amplitude. Since wind turbine blade pass harmonics are expected at very low
frequencies, care must be taken in the FFT analysis, and an appropriately long sample time
must be used to ensure a high frequency resolution of approximately 0.25 Hz. If frequency
resolution is too low, the individual harmonic frequencies may not be distinguishable.


If wind turbine blade pass harmonics are detectable in the signal, it is expected that they should
present themselves in an FFT as a series of amplitude spikes about 0.9Hz apart, in the range
of 1 - 10 Hz.


2.2.2. Autocorrelation


An autocorrelation of a signal is a representation of the signal’s similarity with itself as
compared between different points in time. It is a very useful tool for finding periodicity within a
noisy signal, such as detecting the fundamental frequency of a series of harmonics. Since wind
turbine blade pass harmonics are at very low frequency, as with the FFT, a sufficiently long
sample time must be analysed in order to identify repetition within the signal at the expected
time of approximately 1.1 seconds.







If wind turbine blade pass harmonics are detectable in the signal, it is expected that they should
present themselves in an autocorrelation as elevated correlation coefficients in the 1.0 – 1.2
second range.


2.2.3. Cepstrum


The cepstrum of a signal is defined as; the inverse FFT; of the logarithm; of the magnitude; of
the FFT of a signal. More simply, it has been described as the spectrum of a signal’s spectrum.
As such, a series of pulses or harmonics present in a signal will have a period in the spectrum
equivalent to the fundamental harmonic. In this way, cepstrum analysis can be a useful tool in
the identification of fundamental harmonics.


If wind turbine blade pass harmonics are detectable in the signal, it is expected that they should
present themselves in a cepstrum as a spike in magnitude between a quefrency of 1.0 – 1.2
seconds.


2.3. Implementation


Aercoustics Engineering regularly conducts wind farm noise audits, and as such has a large
database of wind farm noise measurements, collected at various locations throughout Canada
and the USA. Some of these measurements were recorded with low frequency microphones,
and contain valid frequency information down to approximately 1Hz. Signals from these data
sets were processed in MATLAB as per each of the described signal analysis methods. The
results of each analysis were evaluated to determine the effectiveness of each method at
identifying the presence of wind turbine blade pass noise.


3. Preliminary Results


As suggested might be the case in section 2.1, evidence of wind turbine blade pass harmonics
was not detectable in every analysed signal. In some signals, even though an operating
turbine was measured nearby, none of the three methods were able to identify the blade pass
noise. However, some of the measurement samples did exhibit evidence of the expected blade
pass harmonics, detectable by all three methods. This implies that identifying blade pass noise
within a signal also suggests the presence of wind turbine noise within that signal. The
absence of detectable blade pass noise, however, does not necessarily preclude the existence
of wind turbine noise within the signal.


For the purposes of this paper and a proof of concept of the discussed signal analysis methods,
only measurement samples which displayed a strong component of the wind turbine blade pass
harmonics were used for the following evaluations.


3.1. Fast Fourier Transform (FFT)


As expected, a fast Fourier transform can indicate the presence of wind turbine noise through
revealing the increased spectral components at the turbine blade pass harmonics. It is
important to note that these harmonics should be found between 1 – 10 Hz for a typical
megawatt class turbine, exhibiting a blade pass frequency near 1 Hz. As indicated in section
2.2.1, the adjacent harmonics are separated by about 0.9 Hz; the measured blade pass
frequency of the turbine. This characteristic is shown in the FFT illustrated in Figure 1 below.







Figure 1: FFT of an Operating Wind Turbine – First Four Blade Pass Harmonics


3.2. Autocorrelation


Autocorrelation was perhaps the most successful method of identifying wind turbine blade pass
noise, as it provided a higher degree of clarity in making the blade pass period more easily
discernible. Since autocorrelation signals are in the time domain, the blade pass period can be
seen in Figure 2 near 1.1 seconds, which corresponds to a blade pass frequency of
approximately 0.9 Hz. Another advantage of detecting the blade pass noise with
autocorrelations is that the location and amplitude of only one peak needs to be identified. This
could simplify the determination of an objective criterion for this method of analysis, designed to
indicate the presence of blade pass noise.


Figure 2: Autocorrelation of an Operating Wind Turbine - Blade Pass Period


3.3. Cepstrum


Lastly, cepstrum analysis also proved capable of identifying the presence of wind turbine blade
pass noise within a measured signal. As with the autocorrelation, the cepstrum is in the time
domain, and the blade pass period can be identified near 1.1 seconds in Figure 3. It was
observed that the wind turbine blade pass period was not always as clearly identifiable as it
was in the autocorrelation. Cepstrum analysis does, however, also have the advantage that the
location and amplitude of only one peak would need to be identified to determine whether blade
pass noise is present.


Figure 3: Cepstrum of an Operating Wind Turbine - Blade Pass Period







4. Next Steps


As this was only a feasibility study to determine the potential for incorporating a method of wind
turbine detection in acoustic audits, there are many avenues of this topic yet to be explored.


A statistical study could be conducted to determine the reliability of the above discussed
methods. Such a study should incorporate a variety of measurement data sets which include
information on the locations and operational states of nearby wind turbines. The data should
be analysed with the subject methods, and different ‘criteria values’ meant to indicate positive
wind turbine noise detection should be tested. The rate of false positives and false negatives
for each method should be quantified, and the optimal ‘criteria value’ for detection determined.
This will help identify the likelihood that any of the signal analysis methods could successfully
indicate the presence of a turbine. With this information, it may be possible to incorporate
these methods into a wind turbine noise audit procedure, in the hope of improving the
confidence and quality of the measured data set.


Another avenue for further study would be the assessment of additional signal analysis
methods, and their potential for detecting wind turbine noise within a signal. Wavelet analysis,
for example, may hold potential not only for identifying the blade pass harmonics within a signal,
but also detection of wind turbine amplitude modulation within a signal.


5. Conclusions


A feasibility study of several signal analysis methods was conducted to determine the ability of
each method to detect wind turbine noise within a measurement signal. Fast Fourier
transforms, autocorrelations, and cepstrum analysis were all evaluated for their potential to
identify blade passage noise resulting from the operation of wind turbine generators. All three
methods were shown as capable of detecting the presence of blade pass noise, and thus the
wind turbine, in some of the analysed measurement signals. It was also observed that
sometimes, even with an operating turbine nearby, all three methods were unable to identify
the turbine blade pass noise. Some strategies for conditioning of the measurement signal were
discovered, which could improve the likelihood of successfully detecting the blade pass noise.
To determine the average success rate exhibited by each of the reviewed methods, and the
potential benefits these methods could bring to wind turbine noise audit procedures, further
study and statistical analysis are still required.
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Summary
We have performed a series of experiments to evaluate the effectiveness of our active vibration
control devices on suppressing the structure-borne sound of wind turbines. The structure-borne
sound on a wind turbine structure, which is generated by a speed-up gear system, tends to
propagate along the tower structure, and then radiate through the tower surface. Its frequency
is roughly between 150Hz – 200Hz according to our on-site measurements. This mechanical
noise can be effectively suppressed by reducing the vibration of the tower structure.
We developed a set of devices for active vibration control consisting of tuned mass dampers
with piezoelectric actuators. In our model experiment, the devices were installed to the vibration
source mount and the tower surface.
Significant suppression of structure-borne sound was obtained. Also, several difficulties were
found concerning the structure modes and degrees of freedom of vibration control.
This research was promoted by Japan's Ministry of the Environment.


1. Introduction
Noise from wind turbine generator (WTG) consists of aerodynamic noises and mechanical
noises [1]. These elements are quite different in their generation and radiation mechanism.
Various approaches to suppress noise from WTG have been developed.
Generally, aerodynamic noise is regarded as dominant component. So the majority of current
efforts to suppress WTG noise concentrate on aerodynamic noises typically airfoil optimization
and trailing edge treatment [2, 3]. However, mechanical noises with tonal components can
cause serious annoyance responses from wind farm community residents. In fact, in Japan a
few cases of complaint have been reported that appear to be related to tonal mechanical noise.
This shows the importance of the problem and necessity of applicable measures.







Therefore, we started a research and development with a focus on tonal mechanical noise
suppression. Assignments of this research are showed below.


1) Understanding mechanical noise of WTGs through on-site measurements
2) Establishing a conceptual design to suppress mechanical noises
3) Development of active vibration control devices
4) Performing a set of model experiments using active vibration control devices


We will report the results and discuss the details in this paper.


2. Understanding of mechanical noise from WTG
2.1 Method of measurements


We performed on-site measurements at two WTG sites where typical tonal noise had been
observed. Table 2.1 shows specifications of WTGs to be measured. They have induction
generators, therefore both have speed-up gear boxes.
The main purpose of the measurements is to find out noise generation, propagation and
radiation mechanisms, thus we employed several methods shown below.


1) Noise and vibration measurements on the nacelle and the tower structure in operation
Figure 2.1 and 2.2 show noise and vibration measurement positions on nacelle and the
tower structure. The digital data recorder continuously collected all signals from sensors.
Comparing the frequency analysis results on different points, we could see the
propagation path of the mechanical noises.


2) Noise measurements on the reference position according to IEC61400-11 method [4]
Figure 2.3 shows standard acoustic measurement positions set by IEC 61400-11. The
reference position is located on the leeward side of the WTG. The microphone was
mounted at the centre on a flat hard board with double-layered wind screens. All the
measurements in operation were done simultaneously.


3) Measurements of vibration transmission characteristics between the nacelle components
and the internal surface points of tower by hammering test
Vibration responses were excited on each sensor by hammer impacts on the nacelle
components. Correlation analysis between impact signal and response signal showed
vibration transmission characteristic (or accelerance) including amplitude and phase
information.


Table 2.1 Specification of WTG to be measured
Name Site A Site B


Electric generation capacity 1.0MW 1.5MW
Generator type Induction generator Induction generator
Rated rotation 20rpm 20rpm


Hub height 68m 65m
Rotor diameter 61.4m 70.5m







3X,3Y,3Z


4X,4Y,4Z
5X,5Y,5Z


6X,6Z
2X,2Z


1X,1Z


Microphone


Vib.
Pickup


Generator
Hub


Gear Box
Main Shaft


Blade


X Y


Z


Figure 2.2 Measurement position on a tower
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2.2 Measurement result


1) Noise and vibration measurement results in operation
Figure 2.4 and 2.5 shows one-third octave band frequency characteristics of noise and
vibration acceleration at rated power operation.
The frequency characteristics measured at two different sites show peaks of the same 200Hz
band.
The frequency matches to the speed-up gear mesh frequency set by rotation numbers and the
numbers of teeth.


Figure 2.4 One-third octave band frequency characteristics of noise and vibration on site A


Figure 2.5 One-third octave band frequency characteristics of noise and vibration on site B







2) Vibration transmission characteristics between nacelle components and the tower
Figure 2.6 and 2.7 shows vibration transmission characteristics (or accelerance) between force
signal of impact hammer and vibration acceleration responses at each measurement position.
The figure clearly shows very low vibration attenuation between A layer and B layer along the
tower structure.


Figure 2.6 Vibration transmission characteristics between the nacelle component and the tower
at Site A


Figure 2.7 Vibration transmission characteristics between the nacelle component and the tower
at Site B


3) Estimation of vibration excitation force
Vibration excitation force generated by gear box in the nacelle can be evaluated from the
measured value of the vibration acceleration in operation and the accelerance on its mounting
point. Table 2.2 shows the calculated values on each site. This huge excitation force estimated
is making it difficult to suppress mechanical noises.


Table 2.2 Calvuations of the vibration excitation force generated by the gear box


Site Position Direction
Frequency


(Hz)
Vib. Acc. (m/s2)


Accelerance
(m/s2/N)


Excitation
force (N)


A Gear box X 197.5 0.759 8.65.E-05 8769
B Gear box X 203.8 0.326 3.51.E-05 9293


Note: Both WTG were at rated power.







2.3 Mechanism of mechanical noise


Figure 2.6 is a schematic of the mechanism of mechanical noise generation. The vibration
excited by the speed-up gear propagates along the tower surface, and then produce structure-
borne sound that is radiated to exterior space.
This mechanism was drawn from the following observational results.


For both of noise and vibration frequency characteristics, the peak frequencies were the
same, for all the measurement positions.


The speed-up gear mesh frequency and the observed structural vibration frequency matched
exactly.


The vibration can propagate easily from the nacelle component to the tower surface.


Figure 2.6 Schematic of the mechanism of mechanical noise generation


3. Suppression of mechanical noise


3.1 Conceptual design


To suppress mechanical noise (i.e., structure-borne sound), a straightforward way is to
suppress vibration on the tower surface. Several methods are available as suppression
techniques.


1) Vibration isolation on nacelle component mountings
2) Additional structural damping on the tower surface
3) Blocking of noise radiation from the tower surface
4) Vibration control on the structure using passive or active control devices


Practically, large-scale remodelling of major components or reconstruction of the main structure
will not be applicable for actual existing WTGs. From this point of view, vibration isolation and
radiation blocking are hard to employ.
Although attaching damping materials to the tower structure is a simple and valuable measure,
covering full surface of the tower will be a hard task.
Application of vibration control devices probably needs fewer remodelling procedures and is
easier in construction. For this reason, while some technical difficulties are expected, it will be
most adequate for given conditions.
Therefore, we have decided to develop a set of applicable vibration control devices.
There were several technical requirements set by the actual situations of mechanical noise:


Structure-borne sound


Cooling
fan


Speed-up
gear


Generator


Bearing


Nacelle


WTG
tower







Vibration control devices that have high efficiency and light weight


A function to follow a variable vibration frequency


The configurations of vibration control devices can be passive type such as tuned mass
damper or active type with various actuators.
To meet the requirements, we considered that active type was more suitable because of its
design flexibility and ease of extension.
Based on these concepts, we worked out the basic design, test production and model
experiments.


3.2 Development of control device


Though several configurations can be applied to an active vibration control device, we selected
active tuned mass damper which have a shape like cantilever with piezoelectric actuators.
Figure 3.1 shows block diagram of the active anti-resonance control. This type of control is
regarded as anti-resonance tuned mass damper with actuator support. The main feature is
such that the control force acts on the damper spring, not on the damper mass. Figure 3.2
shows a schematic of damper unit. The configuration has a simple structure and easy control.
We obtained the control characteristics of this unit through basic tests, and the results showed
good performance for our purpose.


We considered that the main target of our vibration control should be the body of component
(i.e. gear box) in the nacelle and the tower surface. For this purpose, we developed two
prototypes of the Active Anti-Resonance Mass Damper (AARMD) . AARMD is designed so that
it can be adopted to both the gear box and the tower surface. Tailored to our model experiment,
outline dimensions of AARMD units were set as shown in figure 3.3. Figure 3.4 and 3.5 show
the appearances of AARMD. AARMD consists of three damper units, one base plate, and one
vibration sensor. While AARMD for gear box has two degrees of freedom, AARMD for the
tower surface has single degrees of freedom. AARMD were controlled by a digital controller.


Figure 3.4 Active Anti-Resonance Mass Damper (AARMD) for the gear box
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Figure 3.5 Active Anti-Resonance Mass Damper (AARMD) for the tower surface


3.3 Model experiments


1) WTG model construction
The WTG model for AARMD experiments was designed and constructed as shown in figure 3.6.
To simulate actual behaviors of WTG structure, we focused on obtaining a vibration mode
shape that is similar to an actual structure. Figure 3.7 shows typical mode shapes of this WTG
model. A Vibration exciter to simulate excitation force was installed on the gear box model.


Figure 3.6 Appearance of the WTG model


Figure 3.7 Typical vibration mode shapes of the WTG model


2) Installation of the devices and the control system
Figure 3.8 and 3.9 demonstrate installation of AARMD on the WTG model. For the gear box
model, four devices were installed by fixing bolts. All devices acted in a coordinated control.
Positions of devices were set to control two translation directions and one rotation direction.
For the tower model, additional four devices were installed by magnets. The positions of these
devices were placed at the anti-nodes of the dominant vibration modes.
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Figure 3.8 Installation of AARMD for the gear box model


Figure 3.9 Installation of AARMD for the tower model surface


3) Measurement setup
For noise and vibration measurements, four microphones and 16 vibration pick-ups were
installed. Figure 3.10 shows positions of noise and vibration sensors. All sensor signals were
collected by digital data recorder simultaneously.


Figure 3.10 Positions of noise and vibration sensors


4) Results
To access these vibration control systems in terms of suppression performance, noise and
vibration were measured under conditions of X and Z excitation directions at four excitation
frequencies (140Hz, 160Hz, 180Hz and 200Hz).


: Vibration pick-up
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Suppression of noise and vibration under the test conditions are shown in figure 3.11and 3.12.
Suppression values presented in the figures are the differences (in spacial average) between
conditions in control and without control.
The vibration control system worked well at several frequencies. Significant suppression of
about 10dB was achieved on several conditions. Also some characteristic tendencies were
observed, including unfavourable ones.
The figures indicate that the suppression values depend on excitation frequencies. One source
of this trait seems to be the relation between resonant (or anti-resonant) frequencies and
excitation frequencies. When the conditions of vibration excitation were close to the anti-
resonant frequency, vibration control seemed to be ineffective, though the level of structure-
borne sound radiation was relatively low. In contrast, when conditions come close to the
resonant frequency, effective suppression was obtained, especially at 120Hz and 200Hz.
We could also observe the performance differences between the two control methods (gear
box/tower surface). On the condition of Z direction excitation at 160Hz, vibration control on the
tower surface was not effective, while the gear box control was effective. In this case,
unsuitable positioning of the devices on the tower surface, that is, positions too close to the
nodes of vibration mode, most likely were the cause of the ineffectiveness.
All in all, these model experiments using AARMD showed promising results in terms of
application to an actual WTG, though with several difficulties yet to solve.
To apply it to an actual WTG, scale-up (or power uprating) of AARMD will be an important
agenda. Besides, it is necessary to establish design criteria for the effective layout of the
devices that can be adapted to specific vibration characteristics of actual WTG structures.


Figure 3.11 Results of suppression of noise and vibration on X direction excitation


Figure 3.12 Results of suppression of noise and vibration on Z direction excitation







4. Conclusions and future assignments
Mechanical noises with tonal components can cause serious annoyance responses from wind
farm community residents.
To understand mechanical noise of WTGs, we performed on-site measurements at two WTG
sites where typical tonal noise had been observed before. Notably, several key characteristics
were observed.


For both of noise and vibration frequency characteristics, the peak frequencies were the
same, for all the measurement positions.


The speed-up gear mesh frequency and the observed structural vibration frequency matched
exactly.


The vibration can propagate easily from the nacelle component to the tower surface.


The mechanism of mechanical noise was accounted as follows: the vibration excited by speed-
up gear propagates to the tower surface, and then produce structure-borne sound that radiates
to the exterior space.
To suppress mechanical noise, we developed the Active Anti-Resonance Mass Damper
(AARMD) and a control system for it.
We performed a set of model experiments using AARMD devices.
In our experiments, significant suppression of about 10dB was achieved on several conditions.
Meanwhile, characteristic properties that are useful were observed, as well as unfavourable
ones.
These model experiments using AARMD showed promising results in terms of application to an
actual WTG, though with several difficulties yet to solve.
To apply the developed technique to an actual WTG, we are going to solve a few assignments
shown below.


1) Scale-up (or power uprating) of the devices
2) Develop a design criteria, so that the devices can exert maximum performance in
accordance with specific vibration characteristics of actual WTG structures
3) Verify resistance to actual environment
4) Perform test demonstration on an actual WTG
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Summary
A technique for characterizing the impact of the environment on wind turbines is
presented. The technique is based on Monte Carlo ray tracing which can characterize
much larger environments accurately. Historically, the characterization of wind farm
noise has been a difficult task involving complex aerodynamic and acoustic interactions
between the turbines and the environment. The size of the surrounding environment
renders classical numerical techniques such as the finite element method or boundary
element analysis intractable. Also, the complex and varying nature of the environment
from site to site makes building detailed analytical or empirical models difficult. There is
a clear need for a large scale environmental model which can correctly predict the


1. Introduction
The goal of this ray tracing technique is to produce physically accurate three
dimensional (3D) audio at various receiver points in a given virtual environment. This is
accomplished by emitting rays from the receiver into the scene. When rays intersect
with a sound source, the time of arrival and total energy across the sound spectrum is
accounted for. This information is then used to generate metrics about sound levels
and characteristics at the receiver position, as well as to generate three dimensional
immersive audio. This audio stream can then be used to objectively and perceptually
judge the noise quality of a wind turbine farm.


This technique shows improvement over state of the art for several reasons. First, the
quality of data generated by this model can be arbitrarily controlled by the resolution of
the representative geometry given to the simulator. Simpler models can be run faster to
generate relatively quick estimates on how changing factors in the environment
changes the quality of noise produced. More detailed models can be run at a higher
cost of setup and computation to accurately predict the final wind farm noise quality.
Because all important wave propagation phenomena can be approximated by these
techniques, arbitrary environments produce accurate results.







Secondly, this approach allows a user to hear an accurate representation of the wind
farm before it is built, providing otherwise difficult to obtain subjective information about
the quality of the wind farm sound. Part of the power of this approach is that the
software was designed to be synchronized with a visual display, giving a complete
representation of the wind farm before it is built.


2. Background
A Monte Carlo based ray tracing algorithm shows promise for modeling acoustic
interactions within a large environment. Ray tracing is less computationally intensive
than other numerical methods over large domains because of simplifying assumptions
made about acoustic wave interactions. Specifically, the ray tracer assumes that waves
cannot interact with one another except at the receiver location. Also, an assumption is
made that the frequencies in question are relatively high. These assumptions allow
much larger environments to be characterized on the order of several square
kilometers. Work is currently being done to adapt ray tracing techniques to urban
environments [4], and a ray tracing approach may work well for wind farm sites as well.


2.1 Simulated Physical Phenomena using Linear Rays
Many important wave phenomena can be captured by ray tracing, including spherical
losses, atmospheric attenuation, reflections, diffraction, and interference.


2.1.1 Spherical Losses
Spherical losses, or spreading losses, are caused by the wave front expanding which
reduces the energy per unit area of the wave. If


is the intensity at radius , derived by the total energy emitted from the source
divided over the surface area of a sphere, then


which implies that the energy per unit area on the wave front decreases proportionally
to the square of the distance traveled.


This effect is captured naturally in the ray tracer. Each ray represents a finite amount of
energy, and the density at which rays fall over the target represent the intensity.
Because the rays spread outwards as they travel, their density decreases with distance.
Therefore, so long as the ray tracer conserves energy, the effect of spherical loss
emerges intrinsically from the geometry of the ray propagation.


2.1.2 Atmospheric Attenuation
Atmospheric attenuation is the process by which a mechanical sound wave looses
energy because of frictional losses in the medium it is traveling through. Atmospheric
attenuation occurs as a function of four variables, which are frequency, distance,
humidity, and air pressure.







The pressure of a ray propagated over a distance can be calculated as a function of its
initial pressure as follows:


where is the distance travelled in meters, and is attenuation coefficient which is
calculated as follows:


given that


where
is the frequency of the sound
is the molar concentration of water vapor (as a percentage)
is the reference ambient atmospheric pressure in kilopascals (normally taken to be 101,325
kPa)
is the initial sound pressure amplitude in Pascals
is the sound pressure amplitude in Pascals
is the reference sound pressure (20 Pa)
is the ambient atmospheric pressure in kilopascals
is the atmospheric temperature in Kelvin
is the reference air temperature in Kelvin (normally taken to be 293.15 K)


The attenuation constant formula is derived from how mechanical waves interact with
the various gasses in the atmosphere. For a more rigorous derivation, see ISO9613-1


Because atmospheric attenuation is a non-linear property, it must be applied individually
across each ray bounce.


2.1.3 Specular and Diffuse Reflections
Reflections occur when the wave interacts with a surface in the environment. They can
act differently depending on the porosity of the material and can be classified into two
separate groups, which are specular and diffuse reflections.


Specular reflections occur when the wave interacts with a relatively flat surface. In this
case energy is propagated according to the law of reflection, which states that the angle
of incidence equals the angle of reflection, or as follows:







The reflection occurs in the plane created by the surface normal and the incoming ray.


Specular reflections can be easily implemented in a ray tracing engine. When a ray
hat


percentage of the energy it reflects specularly. The outgoing direction is then computed
based on the angle from the surface normal and the incoming ray. Finally a new ray is
emitted in the correct direction with an energy spectra corrected for the losses in the
reflection.


Unlike specular reflections, diffuse reflections occur
when a wave encounters a porous surface (relative to
the wavelength). In this case, the ray is scattered
across all possible radiating angles weighted by a
material property known as the bidirectional reflectance
distribution function, or BRDF. The BRDF is a material
dependant function which takes the incoming ray,
outgoing ray, and surface normal and returns the
reflected intensity.


In a sense, specular reflections can be implemented as
a subset of diffuse reflections, where the BRDF is
defined as a piecewise function as follows:


where is a percentage which represents absorptive losses in the material, and
are unit vectors representing the incoming ray, reflected ray, and surface


normal respectively. The condition is only met if the angle of
incidence equals the angle of reflectance within the reflection plane.


2.1.4 Diffraction
Diffraction is the apparent bending of a
wave front around an object. The bending
of the wave can be approximated by the
Huygens-Fresnel Principal, which states
that each point on a wave front acts as a
secondary source of wavelets. The
combination of these secondary wavelets
produces the new wave front in the
direction of propagation. Fresnel used this
principal in combination with a series of


intensity of the wave at various points.


Figure 1: A BRDF determines how
an incoming ray is scattered by a
material


Figure 2: Fresnel Zone Ellipsoid used to compute a
diffraction path







A Fresnel zone is an ellipsoid defined such that the foci of the ellipse are the locations
of the source and receiver and the length of the difference between the longest path
and the shortest path does not exceed , or as follows:


A barrier which does not obstruct the line of sight, but exists inside the Fresnel zone will
cause constructive or destructive interference in the amplitude of the signal as the
barrier is moved farther or nearer from the line of sight. On the other hand, a barrier
which impedes the line of sight will attenuate the signal.


Within a Fresnel zone, the wave path can be interpreted using a secondary source
model [2]. Secondary sources are placed at edge points located at the corners of
and . When these points are excited by the wave front emitted from , they emit


to represents the total sound
transfer and can be used to generate a transfer function from to .


2.1.5 Constructive and Destructive Interference
Constructive and destructive interference occur as a result of two different signals
reinforcing or diminishing one another. In complex signals with more than one
frequency component, only the similar frequency components in each of the two signals
interact. This is because separate frequencies are independent of one another.
Whether constructive or destructive interference occurs depends on the phase of each
of the frequency components.


Interference can be generated by a ray tracing algorithm by the property of
superposition. Superposition states that if multiple sound sources are evaluated
independently of one another at a specific receiver location, and then their results are
summed, the total response will be the same as if both sources were evaluated
together. This property allows us to disregard every interaction between the waves
generated by different sources within an environment except for the ones that occur at
the receiver location.


In order to correctly recreate the interference between the two sources, two pieces of
information are needed, which are the travel time from each source to the receiver and
the phase of the signals emitted from each source. Once the signals are combined
accounting for the phase offset by the travel time, interference occurs automatically.


Because the ray tracer maintains the time of arrival for rays which reach the source, no
information necessary for interference is lost in the ray trace of the environment. The
actual interference effect is introduced when the source audio is mixed using the
information from the ray tracer.


2.2 Simulated Physical Phenomena using Curved Rays
While the acoustic effects above can be modeled using linearly propagating rays, there
exist a few acoustic phenomena which change the direction of wave propagation en







route, and therefore cannot be modeled by straight rays. These phenomena include
wind and refraction due to temperature gradients.


2.2.1 Wind
Wind conditions affect sound propagation by modifying the local speed of sound which
will change the propagation path of the wave front.


Wind can be modeled as a vector field which modifies the local speed of sound. The
vector field represents the magnitude and direction of the wind speed at each location in
the environment. This field can be added to the global speed of sound to produce a
localized value.


2.2.2 Refraction
Refraction can be classified into two distinct effects. When a sharp acoustic impedance
change occurs the acoustic wave path becomes discontinuous, bending sharply at the
interface between the two impedances. An example of when this occurs is at the
interface between air and water. This type of refraction can be modeled using linearly
propagating rays, and needs no modification to the ray tracing algorithm.


However, when the impedance change is gradual, the wave front will tend to curve and
a different kind of ray is needed. An example of when this occurs is in temperature
gradients in the atmosphere. These gradients gradually affect the speed of sound in the
atmosphere, causing the propagating sound waves to curve.


2.3 Source Modeling of the Turbine
In order to accurately propagate turbine sound through an environment, first an
accurate turbine model must be created and integrated into the simulator. Several good
turbine source models exist already [5] [7], but a model must be used which operates
well within a ray tracing simulator. In order to allow general use, the simulator was
designed to accept inputs as moving point sources radiating in a monopole, dipole, or
quadripole pattern. Therefore to successfully model turbine noise, the turbine model
must be expressed in terms of these sources.


Producing an arbitrary far field pattern with a collection of sources is a difficult problem,
but by using simplifying assumptions based on the physical geometry of the turbine,
approximations can be made. Lig
the modeling of sound sources as point sources. More research needs to be done to
determine if this framework will be suitable for modeling wind turbine noise sources.


3. Implementation
A Monte Carlo based ray tracing algorithm which can characterize all of the phenomena
mentioned above is described in detail.







3.1 Representative Geometry
The first step in characterizing the effects of an environment on noise sources is to build
a representative geometry of the environment. While other methods exist, one of the
most robust ways to store geometry is in a polygon mesh. The mesh can be
significantly reduced in complexity from the actual scene, containing only features that
are relevant to the shortest wavelength which is important in the simulation. However,
the actual model complexity necessary to gain accurate data from an environment is a
matter of engineering judgment.


Many standard commercial tools exist to generate terrain meshes such as TerraSim or
Terra Vista. Rather than redesign these tools, this software has been designed with the
capability to import meshes from either of these standards.


Once a virtual environment has been created which represents the physical
environment in question, it can be loaded into the ray tracer for analysis.


3.2 Ray Tracing
The current ray tracing algorithm works by propagating rays in small incremental time
steps and then checking if a ray has intersected with the virtual environment at each
step. This interacting of the rays with surfaces captures the effects of wave propagation
within the environment. Because the propagation is incremental, rays which curve
based off of a set of differential equations can be implemented with relative ease.


source. Each ray contains spectral
information about the relative
energies against frequency. The
energy based approach gives the ray
spectral magnitudes physical meaning
which can be measured and
understood. The scene then
becomes an energy equation which


must be balanced, and the ray tracing
engine becomes an accountant,
keeping track of the energy in the
environment. As rays travel, they lose
energy based on the damping ratio of
the atmosphere. When they interact
with a surface, some energy is absorbed and transformed into heat, while the rest is
reflected according to the law of reflection.


In order to aid in a physical interpretation, the energy contained in a ray must be spread
over a representative area. Then the ray can be interpreted as an intensity, which can
be measured in the physical world. This representative area of a ray is inversely
proportional to the number of rays within a certain area, or the ray density. An estimate


Figure 3: A ray trace of an environment with one
occlusion. The source is marked by the red dots. Non
source intersections are marked with a white dot. The
receiver is located directly over the bright white patch. A
uniform grid of rays was emitted from the receiver,
producing the ring pattern.







of the energy in an area can be determined by summing the total energy of all the rays
in that area, and then dividing by the ray density in the area. By randomly distributing
the rays over some ray distribution, a non-deterministic approximation of the total
energy in the area is found. This is a Monte Carlo Integration estimator technique, and
can be described as follows:


where is the energy over the sampling range, is a set of random variables drawn
over an arbitrary PDF valid over the sampling range, and is the energy at
location [1]. At this point, the ray tracing method is a valid representation of energy
transfer in a wave and may be used to characterize the scene.


In order to save on computation, rays which contain energy below a certain threshold
are terminated early. While analytical methods could be used to determine the
threshold number, such as the limit of human hearing, in reality it needs to be changed
as a trade off based on what works well for
the current scene complexity and content.


3.2.1 Adaptive Sampling
Another technique for reducing the
computational burden of characterizing large
scenes is to use adaptive sampling. By the
Monte Carlo estimator above, areas in the
scene that vary gradually may be captured
with only a few samples. However areas
with sharp gradients in energy need denser
sampling to be captured correctly. Rather
than trace the entire scene at the resolution
necessary to capture the sharpest gradient in
the system, an adaptive mesh can be
utilized.


The adaptive sampling technique used
assumes that sound energy varies slowly
over the surface of an object, but that the
energy can vary rapidly at the edges of objects. Because of this, it is designed to
search out object edges. An initial low resolution grid of rays is shot out from the
listener. For adaptive sampling to work properly, it is important that each object in the
scene is hit by at least one ray. The algorithm
then looks for neighbor rays that did not
intersect the same object. If a ray is found
which meets this criterion, the area around
the ray is subdivided and sampled. This algorithm is then recursively executed until an
arbitrary resolution is met.


Figure 4: An adaptive ray sampling technique.
The red circle represents the object being
sampled.







3.3 Echogram and Impulse Response Generation
When the rays intersect a sound source their energy and
time of arrival are recorded in a data structure called an
echogram. An echogram is a two dimensional data
structure
they are perceived by the source. The rays are grouped
into bins in frequency and time to reduce the memory
footprint of the recorded data. In the implemented version
of the software, the time axis of an echogram is divided into
10ms increments and the frequency axis is divided into


third octave bands. Research shows that human
perception between distinct noises is greater than 10ms
and that human hearing is divided in greater increments
than third octave bands, so this is a reasonable way to
divide the data [12] [13].


A sphere is defined around the receiver and is binned in elevation and azimuth into
This allows directional audio to be generated. One echogram is


generated for each bin on the receiver which characterizes the wave propagation path
to one source. Therefore, to completely characterize a scene, the number of
echograms needed is equal to the number of bins around the receiver times the number
of sources in the scene, times the number of receivers in the scene.


One set of echograms is recorded for each bin on this
sphere. When the sound is characterized in a later
step, it is the combined sound from each of these
windows being transformed against the data in the
corresponding echogram which produces the
physically accurate 3D effect. One set of echograms
are generated for each sound source in the scene.


Once a series of echograms has been generated,
impulse responses need to be created from those
echograms. Impulse responses contain information
about how the environment modifies a source sound.
They are applied to the audio data by the process of
convolution.


dimensional structure containing a sample only every 10ms where as an impulse
pled at the system audio rate


(usually 44100 Hz).


To generate an impulse response, the echogram is processed in frequency slices. For
each frequency in the echogram, a time varying waveform is extracted. This waveform


Figure 5: A representation of
an echogram. The front to
back axis represents
frequency. The right to left
axis represents time.


Figure 6: The bins (or windows) around
the receiver (in this case a human
head)







represents the magnitude of the envelope of energy in the impulse response for that
frequency. This envelope is used to modulate noise with unity spectral power in the
given frequency band, and no power elsewhere. One band of noise is modulated for
each frequency bin in the echogram.


Once frequency bands have been modulated, they each represent a narrowband
impulse response at a given frequency. To generate a broadband impulse response,
the narrowband responses are summed together. This broad band impulse response,
or scene impulse response, represents the transfer function between the source and the
receiver, and it can be used to transform the (anechoic) source sound to appear as
though it emanated from the virtual environment.


3.4 Data Visualization
After the model has been run, data about the environment may be collected in several
forms. By placing multiple receivers in the environment in a grid based pattern,
information about the relative loudness at various points may be computed from the
scene impulse response functions.


To actually auralize the scene for visualization, a representative sample of wind turbine
noise is needed. This can either be recorded from the real world or synthesized using
the wind turbine model. By calibrating the system, an accurate 3D representation of the
wind farm noise can be played over a standard PC audio card. This is accomplished


4. Conclusion
The goal of this paper was to outline a Monte Carlo based ray tracing technique which
has the ability to characterize the noise quality generated from wind farms. It was
shown that a ray tracer can produce accurate results significantly faster than other
numerical techniques, and can be adapted to various environmental conditions easier
than analytical or empirical models. All major phenomena associated with mechanical
wave propagation can be accounted for using the ray tracing technique.


Once a characterization is completed, it can be used to produce immersive 3D audio
which can be used by non-technical personnel to judge the noise quality emanating
from the wind farm. This software was designed to be synchronized with a visual
display providing a fully immersive and comprehensive representation of the wind farm
before it is built.


To date, a ray tracing engine which correctly recreates the direct sound path and
specular reflections has been built and tested. Other phenomena as described in this
paper are being implemented in an ongoing effort.


The audio streamer is implemented and tested, which allows for connection to a head
tracking system. The system adjusts for head movement in real time, providing a fully
immersive experience.
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Summary
Locations with promising wind energy potential in the western United States (U.S.) and Canada
are often collocated within or in close proximity to either current or historic greater sage-grouse
habitat. The sage-grouse is a lek species, which means that during the spring breeding season,
males and females gather at specific locations where the males display and breeding takes
place. Sage-grouse populations have historically been in decline over much of the species’
range due to a variety of factors, while wind energy development has been increasing;
therefore, identifying how these two potentially conflicting interests can coexist may be of
interest to both environmental conservation and the wind energy industry. To start the
discussion, an acoustic screening level analysis was conducted to evaluate the potential for
sage-grouse breeding display calls to be masked by sounds from utility-scale wind turbine
generators (WTGs). Preliminary conclusions are that noise from WTGs located at linear
distances up to 400 meters of active sage-grouse leks could potentially mask the lower
frequencies (125 Hz and below) of their breeding display calls. More study is required to
identify any candidate mitigation measures and determining adequate setback distances to
help minimize the potential for adverse noise impacts from active leks in areas that are also
suitable for future wind energy development.







1. Introduction
Noise from WTGs has the potential to mask sage-grouse breeding display calls. Analyses were
conducted to ascertain how noise from WTGs might mask sage-grouse display calls. The
analyses sought to answer the following questions:


1. To what extent could operating WTG noise mask sage--grouse breeding display calls?
2. Does natural sound from wind interacting with the environment interfere with sage-


grouse breeding calls?
3. What is the frequency (Hz) range ofsage-grouse breeding calls and at what distances


are these frequencies present when considering -site-specific terrain and other factors
such as environmental effects foliage and ground attenuation rates?


4. Male sage-grouse display calls typically occur from approximately 1 hour before sunrise
to about 3 hours after sunrise. Do WTGs generally operate during this early morning
time period in the sage-grouse habitats selected for this study.


WTG spectral noise data from various manufacturers were evaluated to ascertain their potential
for masking sage-grouse breeding calls. Selected WTG types were modelled using the
Organization for International Standardization (ISO) standard ISO 9613-2 Part 1:
Calculation of the absorption of sound by the atmosphere, 1993 and Part 2: General
method of calculation (ISO 9613-2:1996). The calculation methodology assesses the sound
propagation based on the octave band center frequency range from 31.5 Hz to 8000 Hz.


The purpose of this paper was to estimate potential masking effects and associated time and
seasonal dependencies. Hourly wind patterns were analyzed at selected United States National
Interagency Fire Center (NIFC) Remote Automated Weather Stations (RAWS) in areas near
wind energy development with sage-grouse habitat. This paper investigates the probability of
WTGs operating during the period of time when sage-grouse display calls occur as well as
masking from wind-related noise and the WTGs themselves.







2. Experimental design
To answer the four questions introduced in Section 1.0 the following experimental analyses
were conducted.
2.1 Masking Effects of WTG Noise and Sage-grouse Breeding Display Calls Information
on the frequency range of sage-grouse breeding display calls was obtained from research
conducted by Jessica L. Blickley and Gail L. Patricelli at the University of California-Davis,
Department of Evolution and Ecology (Blickley et al. 2012). Sage-grouse calls are highly
directional and each measurement presented in Blickley’s analysis had been obtained in from
30 to 90 degrees in the direction of the call at approximately 15 feet (4.5 meters). Blickley and
Patricelli indicate that the sage-grouse vocal display is composed of three major note types: a
series of low-frequency “coo” notes, two broadband “pops”, and a frequency-modulated
“whistle”. Further characterization of these note types, including spectral data, may be found in
their work. Using ISO 9613-2, spectral data from these measurements were used to model the
sound attenuation rate of the sage-grouse calls and to identify at what point the sage-grouse
calls would be expected to blend in with the assumed rural background sound level (see
Section 2.2).


A similar methodology was employed to model WTG noise for using ISO 9613-2 using spectral
data derived from WTG types that are commonly in use in the U.S. and Canada. Spectral data
from the selected WTGs were obtained from public records for wind energy projects in the U.S.
and Canada via a simple internet search and are used in this paper only if such data were
found in a public domain document (i.e., from wind energy project documentation published on
the web). The author understands that although the WTG spectral data used in these analyses
is part of public domain documents, WTG manufacturers typically consider these data
proprietary. Therefore WTGs are not referred to by manufacturer name; rather they are referred
to generically as WTG-1, WTG-2, and WTG-3.


The WTG acoustic modelling analyses were conducted assuming flat terrain and a highly
reflective ground absorption factor of 0.0. Meteorological parameters were set at a temperature
of 10 degrees Celsius and relative humidity of 70%. WTGs and sage-grouse breeding display
calls were modelled as spectral omnidirectional sound sources. Representative WTG source
emission levels were modelled at a hub-height of 100 meters (328 feet) above ground and
sage-grouse breeding display calls were modelled at a height of 0.6 meters (2 feet) above
ground. For the purpose of this analysis sage-grouse were the receptors of interest; therefore,
they were also modelled at of 0.6 meters (2 feet) above ground. The likelihood of masking was
determined by comparing the modelling results of each WTG with the sage-grouse display
calls. Octave band frequency sound levels were compared to evaluate whether the levels
associated with WTG operation would be greater than those produced by sage-grouse display
calls at a lek.


2.2 Natural Sound of Wind Interacting with the Environment and Sage-grouse Breeding
Display Calls Masking of both WTG noise and sage-grouse breeding display calls could result
from wind interacting with vegetation and terrain in close proximity to wind energy development.
The amount of masking at any location is highly variable and site-specific but general
conclusions are drawn from guidance used on transportation projects in the U.S. (FTA 2012).


2.3 Distances of Masking from WTG Noise according to Frequency Range of Sage-
grouse Breeding Calls Modelling conducted as described in Section 2.1 was used to identify
the distance at which WTG noise might mask sage-grouse breeding display calls. Analysis of
WTG noise attenuation was conducted at distances of 75 meters (246 feet), 400 meters (1,312
feet), and 1,500 meters (4,921 feet) from a representative WTG. Additionally, the distance at
which sagesage-grouse display calls is expected to be masked by assumed rural ambient
sound levels was estimated by modelling attenuation from sage-grouse display calls with
distance. Sage-grouse breeding display calls were modelled at the same set receptor distances
used for modelling WTG noise.







2.4 RAWS Meteorological Data Review of WTG Operational Wind Speeds during the
Sage-grouse Breeding Season Hourly meteorological data from May 1, 2012 to May 1, 2013
were obtained from NIFC RAWS locations (NIFC 2013) that are located in close proximity to
wind energy development or in areas where sage-grouse habitat and good wind energy
potential coexist. Sage-grouse breed annually in the spring, which for the purposes of this
analysis has been designated as occurring from May 1, 2012 to June 20, 2012 and March 20,
2013 to May 1, 2013. Additionally, according to research conducted by several scientists,
including Blickley and Patricelli (Blickley et al. 2012), sage-grouse make breeding display calls
from 1 hour prior to sunrise to 3 hours after sunrise during the spring. Meteorological data were
refined to analyze operational wind speeds only during this time period in order to ascertain the
potential occurrence of masking effects coinciding with breeding display calls. Meteorological
stations were selected from the following U.S. states: California, Colorado, Idaho, Montana,
Nevada, Oregon, South Dakota, Utah, Washington, and Wyoming. Figure 2-1 is a map showing
the selected RAWS stations as well as current/historic sage-grouse habitat for the U.S.


Figure 2-1 Selected RAWS and Sage-grouse Habitat







3.0 Preliminary Results
The results of the analyses described in Section 2.0 are summarized in the subsections that
follow.
3.1 Masking Effects of WTG Noise and Sage-grouse Breeding Display Calls Results
Sage-grouse breeding display calls have unique frequency components that were compared to
sound spectra data from three industrial-sized WTG types referred to as WTG-1, WTG-2, and
WTG-3. While somewhat variable depending on WTG type, generally the results show that the
main frequency range where masking likely occurs is at 125 Hz and lower . Additionally, some
masking of the display calls may occur at 2000 Hz for WTG-2; however, this would only be
expected in close proximity, within 75 meters (246 feet) from the WTG. Nevertheless, the
primary component of WTG noise that could mask sage-grouse display calls would appear to
occur in the lower frequencies. Section 3.3 includes charts with modelling results for each
WTG.


3.2 Natural Sound of Wind Interacting with the Environment and Sage-grouse Breeding
Display Calls Results Masking of both WTG noise and sage-grouse breeding display calls is
likely to result from natural sounds such as wind, rain, insects, and wildlife as well as from other
non-wind energy anthropogenic sound sources such as roadways, railroads, and aircraft over-
flights. Masking effects of these kinds are highly variable and location dependent. The scope of
this analysis did not permit a more extensive study of natural and non-wind energy
anthropogenic sound sources located in proximity to wind energy projects and sage-grouse
leks. Nevertheless, it has been demonstrated for many wind energy projects that when wind
speeds increase so do ambient sound levels in a given area. Generally this is a result of wind
interacting with vegetation, terrain, or structures in the vicinity of a wind energy project. The
degree to which masking effects of this type are apparent at a given location would need to be
verified via a baseline sound survey. A baseline sound survey could also be used to ascertain
the level of masking associated with natural and other anthropogenic existing sound sources in
that area.


Since this analysis did not include a baseline sound survey, a rural ambient level was assumed
based on guidance documents often referenced in noise impact studies in the United States.
Specifically, according to the Federal Transit Authority’s High-Speed Ground Transportation
Noise and Vibration Impact Assessment (FTA 2012) guidance document, rural settings with the
lowest population densities (i.e., 1 to 99 people per square mile) typically are exposed to
ambient sound levels ranging from an equivalent sound level (Leq) of 25 dBA at night to 35 dBA
Leq during the day. Since breeding display calls usually occur during daytime hours, 35 dBA Leq


has been assumed as the rural baseline sound level for comparative purposes.


Table 3-1 lists the results of sage-grouse display call attenuation with distance. The “coo” and
“whistle” components of the display call are at or below the assumed rural background (i.e., 35
dBA Leq) at 200 meters (656 feet) from the receptor and the “pop” components are at or below
the assumed rural background at 1,312 feet (400 meters) or less.







Table 3-1 Sage-grouse Display Call Attenuation with Distance


Display Call


Assumed
Rural


Background
dBA Leq*


4.5 meters
(15 feet) dBA**


75 meters
(246 feet)


dBA


200 meters
(656 feet )


dBA


400 meters
(1312 feet)


dBA


1500
meters


(4921 feet)
dBA


Coo2 35 84 40 32 26 12


Coo3 35 87 43 35 29 15


Pop1 35 92 47 39 33 19


Pop2 35 93 49 41 35 22


Whistle Trough 35 82 38 30 23 9


Whistle Peak 35 79 34 26 20 5


Sources: *FTA (2012,) **Blickley et al .(2012) converted from dBL to dBA


3.3 Distances of Masking from WTG Noise according to Frequency Range of Sage-
grouse Breeding Calls Modelling, as described in Section 2.1, was conducted to identify the
distance at which WTG noise might mask sages-grouse breeding display calls. Figures 3-1 to
3-3 display the results of the WTG modelled at distances ranging from 75 meters (246 feet) to
1500, meters (4,921 feet) compared to the sound of sage-grouse display calls at a lek (i.e., 15
feet or 4.5 meters). Generally sound from each of the WTG types analyzed would cease to
mask lek breeding display calls when WTGs are located 400 meters (1,312 feet) or greater
from active leks. Acoustic modelling for WTG-2 demonstrates that masking effects would cease
at a distance of approximately 200 meters (656 feet).


Figure 3-1 WTG-1 Masking Compared to Sage-grouse Display Calls







Figure 3-2 WTG-2 Masking Compared to Sage-grouse Display Calls


Figure 3-3 WTG-3 Masking Compared to Sage-grouse Display Calls







3.4 RAWS Meteorological Data Review of WTG Operational Wind Speeds during Sage-
grouse Breeding Season Results Hourly meteorological data from May 1, 2012 to May 1,-
2013 during sages-grouse breeding display call periods (i.e., in the spring) and from 1 hour
before sunrise to 3 hours after sunrise were analyzed to determine if WTGs are likely to
operate during those times. Results show that wind speeds are of sufficient strength to operate
WTGs during sages-grouse breeding display call time periods. It should be noted that results
from the selected RAWS, while located in close proximity to wind energy development/potential,
would vary considerably compared to wind energy development -site-specific meteorological
stations. Site-specific data would be expected to provide a higher level of accuracy and
reliability. The data analyzed was only used for screening purposes to determine if there is
potential for WTGs to operate during the display call time periods. In addition, more extensive
analysis of historical meteorological data may be recommended to confirm whether the trends
presented would be consistent over a longer period of time. Table 3-2 presents the percentage
of time during sage-grouse breeding display call time periods where WTGs would be
operational for each of the RAWS stations analyzed.


Table 3-2 Sage-grouse Display Call Attenuation with Distance


S tate R A W S ID
P ercentageofBreedingP eriod


W T G O perational W T G notO perational


California 40309 48% 52%


Colorado 50108 67% 33%


Idaho 103403 64% 36%


M ontana 243403 48% 52%


N evada 260806 21% 79%


O regon 352123 54% 46%


S outhDakota 392602 90% 10%


U tah 421904 50% 50%


W ashington 452040 65% 35%


W yom ing 481801 51% 49%







4.0 Preliminary Conclusions and Next Steps
It has been stated that sound from WTGs has the potential to mask sage-grouse display calls if
WTGs are located in close proximity to active leks. The degree to which masking of sage-
grouse display calls would occur as a result of WTG noise is dependent on the distance
between a WTG to a lek, what other masking effects may be present due to natural sounds
(i.e., wind, animals, insects, weather, etc.), and masking effects from other non-wind energy
related anthropogenic sound sources (i.e., railroad, roadway, aviation, industry). Preliminary
screening level results indicate that if WTG are sited at distances 400 meters (1,312 feet) or
greater from active leks, sage-grouse display calls are highly unlikely to be masked by
operational sound of WTGs. However, depending on the WTG type, this distance may vary.


Sage-grouse display calls blend in with an assumed background sound level of 35 dBA Leq at
varying distances depending on the call component. Generally the “coo” and “whistle”
components would be at or below 35 dBA Leq at 200 meters (656 feet) or less from the
displaying bird. The “pop” components would be at or below 35 dBA Leq at 400 meters (1,312
feet).


Taking these two findings into account, for wind energy projects that are planned within 400
meters (1,312 feet) from active leks additional analyses may be helpful to determine potential
breeding display call masking effects. Note that existing sound levels near wind energy projects
are highly variable; therefore, if an active lek is found in proximity to proposed wind energy
development, a baseline sound survey may help to ascertain the level with which masking of
display calls may already occur. It is unknown whether or not existing wind energy projects are
located within 400 meters (1,312) feet of active sage-grouse leks; however, if there are such
projects acoustic monitoring and observations of the lek during breeding season could help to
clarify how WTG noise effects breeding patterns.


Furthermore, monitoring of sage-grouse breeding display call sound spectra data at
frequencies in lower than 100 Hz may help to describe how lower frequency components of
WTGs noise spectral content may overlap with that of sage-grouse display calls. Additional
monitoring of sage-grouse display calls and analysis would be needed to establish this
relationship.


This analysis looked at a single WTG in isolation on flat terrain with ground conditions that are
highly reflective thereby resulting in highly conservative results. This is not necessarily a “real
world” application of WTG noise. For example, modelling for WTG-3 with highly absorptive
ground conditions demonstrates that sage-grouse breeding display calls show potential
masking effects at distances less than 200 meters (656 feet), In general, it has been found that
mixed’, i.e. a combination of hard and porous, corresponding to a ground absorption coefficient
of 0.5 is appropriate for rural farming country in the sense that predicted sound levels agree
very well with measurements of turbine-only sound levels over a variety of wind speeds. This
would imply masking somewhere in the range of 200 to 400 m from an isolated turbine while
operating under the worst case full rotational speeds. More complex terrain and/or additional
WTGs as part of a larger array would result in different received sound levels at leks. Moreover,
sage-grouse display calls were modelled in a similar fashion over highly reflective flat terrain,
which may overestimate the distance with which sounds from display calls travel. Refined and
more detailed modelling on a project-by-project basis taking into account variation in terrain
including vegetation coverage would help to describe how sound from both WTG and sage-
grouse display calls attenuate with distance.


Additionally, this analysis uses ISO 9613-2 for sound propagation calculations which is
consistent with recommendations by the American Wind Energy Association for WTG sound
propagation calculations. However, this is merely one approach to modelling sound
propagation.







Nevertheless, as wind energy development continues on public and private land where sage-
grouse habitat co-exists, the need for establishing setback distances from active leks may be of
use to wind energy developers particularly with addressing potential concerns related to sage-
grouse communication during active breeding season.
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Summary
Continuous measurements of wind turbine sound were performed during approximately two
years at two different sites in Sweden. Meteorological parameters were measured in parallel
with the acoustical measurements to see the weather influence on the sound propagation. A
combined effect of refraction (bending of sound ways) and ground properties was found. This
meteorological effect starts to be important somewhere between 400 – 1000 m from a wind
turbine and could give a meteorological variability of the expected sound level with 7 dBA
during the summer and 14 dBA during snow cover conditions. A comparison between the wind
turbine sound immission measurements, ISO 9613-2 and the recommended wind turbine
sound propagation model in Sweden reveals that the models underestimate the highest sound
levels. Sound propagation models in general need to consider the meteorological effect for
better predictions at longer propagation distances.


During the half measurement period (one year) the sound level were stored 8 times per second
to capture the amplitude modulation of the sound, which according to some, increases the
annoyance. It was found that amplitude modulation roughly occurs 18 % of the time at a
distance of 1 – 2 km from 12 wind turbines and is more common under specific meteorological
conditions such as positive sound speed gradients and positive temperature gradients.


1.0 Introduction


In the light of global warming, many countries need to decrease their carbon emissons. In
Sweden for example the number of wind turbines (WTs) has increased rapidly during the last
years. An ambious goal of 30 TWh wind power energy year 2020 has been introduced. Wind
power could have a negative effect of the local environment around the turbines through noise
and visual impact (Pedersen and Waye 2004; Pedersen and Waye 2007; Pedersen and
Larsman 2008; Pedersen, v d Berg, Bakker and Bouma 2009). It has also been shown that
wind turbine (WT) sound is perceived more annoying than other sound sources at the same
sound level (Hanssen et al 2011). One reason for this could be that WT sound is amplitude
modulated in time as the blades pass through the air, often referred to as a rhythmic “swish”.
This paper investigates the occurrence of amplitude modulation (AM) under various weather
conditions.


Countries have different recommendations regarding WT sound. Regarding environmental
planning, sound propagation models are commonly used. Accurate model predictions are
important to ensure future public support of wind power. It is well known that meteorological







parameters effect sound propagation for sound sources close to the ground (Larsson 1984;
Larsson and Israelsson 1991). Changes in wind and temperature with height force the sound
waves to bend either upwards from the ground or downwards toward the ground, resulting in
lower respectively higher sound levels. Other meteorological effects are turbulent scattering
and atmospheric absorption. This paper report on the meteorological effect on elevated sound
sources like WTs and the importance of including these effects in sound propagation models.
We have earlier reported a meteorological variation of 6 – 14 dBA for a 10 months period at a
distance of 1 – 2 km from 12 WTs (Larsson and Ohlund 2012).


Long-time measurements of WT sound have been made continuously during approximately two
years at two different WT sites. The measurement periods (Dragaliden: December 2010 –
December 2012, Ryningsnäs: August 2010 – June 2012) cover the seasonal variations in the
weather. Acoustical, meteorological and operational data were collected in parallel throughout
the entire period. The measurements were a part of a larger project (Larsson and Ohlund
2011) which aims for a better understanding of WT sound propagation in the atmospheric
boundary layer.


2.0 Measurements


2.1 Meteorological measurements


Meteorological information is collected from a number of towers. The setup is similar at both
sites. An 18 m high weather mast placed in connection with the microphone cover the
meteorological parameters inside the forest. This mast in mounted with WindSonic
anemometers and ventilated temperature sensors at four heights above the ground. Air
pressure and relative humidity is also measured at 1.5 m height. In addition to the short mast,
information up to 120- 150 m height is gathered from weather masts in the vicinities. At the
Dragaliden site one 150 m high meteorological tower is located 10 km to the southeast and one
123 m high mast 7 km west of the acoustical station. The tower southeast is located on a hill
similar in shape and height as the Dragaliden and the meteorological conditions are expected
to be the same. The tower west of the station is located on a 50 m higher hill and is only used
in a period in the summer when the southeast tower did not function after an attack from a
bear. In overall this gives good knowledge of how meteorological parameters vary vertically.
The turbulence intensity (TI) in this paper is defined as:


= (1)


where is the standard deviation and U the mean of the wind speed, both calculated for
periods of 10 minutes. The time resolution of the wind speed was 1 s.
The effective sound speed ( ) in a specific direction is defined as:


( ) = 20.05 (1 + 0.61 ) + ( ) (2)


where the first term on the right-hand side of the equation is the sound speed in the
atmospheric boundary layer without the influence of the wind, is the specific humidity (kgkg-1),


is the temperature (K) and ( ) is the wind speed (ms-1) at height (m) in a specific
direction. In this paper all sound speeds refers to the effective sound speed calculated with eq.
2.







2.2 Acoustical measurements


The sound level meter is placed at 1.5 m height inside the forest. It has not been possible to
follow the standard procedure with measurements on a ground plate when doing these
measurements because snow depth could reach above 1 m at the sites. Grids of long cables
through the forest power the stations. A Nor140 sound level meter equipped with a Nor1214
outdoor ½’’ microphone was used. It is a class I instrument and measures 1/3 octave bands in
the range 6.3 Hz – 20 kHz. Data were stored once a second except for a 1 year period of AM
studies, when data was stored every 125 ms. LAeq and the percentiles L1, L5 and L95 for every
10-minute average were calculated. Calibrations are carried out when visiting the sites.


2.3 Sites


2.3.1 The Dragaliden site
The Dragaliden site is located in northern Sweden (65.44°N, 20.52°E). Twelve Enercon E-82
(2,0 MW) WTs with hub heights of either 108 or 138 m stand on the hill of Dragaliden, see fig.
1. The acoustical measurements take place inside the forest around 1 km northeast of the
closest turbine. The little village of Strömnäs with few inhabitants is located around 1 km north
of the measurement station and the ambient sound level is often low.


Figure 1. Map of the Dragaliden site. Throughout this paper, sound speed gradients for the
Dragaliden site are calculated as the vertical difference in sound speed along the dashed line,
with a positive direction toward the northeast (courtesy of Google Earth).


2.3.2 The Ryningsnäs site
The Ryningsnäs site is located in southern Sweden (57.28°, 15.99°E). Two Nordex 2500 LS
(2.5 MW) turbines with hub height of 80 and 100 m stand in the flat forested area, see fig. 2.
The acoustical measurement station is placed in the forest around 400 m east of the tallest
turbine. The surroundings are quiet. A road located 1.7 km in the south carry some traffic but
are not expected to influence the measurements.







Figure 2. Map of the Ryningsnäs site. Throughout this paper, sound speed gradients for the
Ryningsnäs site are calculated as the vertical difference in sound speed along the dashed line,
with a positive direction toward the east (courtesy of Google Earth).


3.0 Method


3.1 Selection of data


WT sound immission measurements are difficult to accomplish. At larger distances the
measurements are more difficult because of the low WT sound levels measured. The main
disturbances at our measurements sites is wind induced sound from the vegetation and birds
singing (spring time). Careful documentation of the sound environment around the sites has
been made and a number of measurement criteria (for the 10 minutes measurements) have
been set to avoid disturbances of the WT sound measurements:


L5 - L95


L1 – L95


The A-weighted 1/3 octave band sound from 800Hz and above should not contribute to
more than 1.5 dB to the total A-weighted sound level if the sound is above 23 dBA.
The emitted sound power from the turbines should by calculation (free field propagation from
a point source) contribute to at least 30 dBA at the imission point.


The first two criteria are based on the fact that sound disturbances change the sound level
suddenly while the WT sound level is quite steady over time. The third criterion excludes
measurements with wind induced sound from the vegetation and is based on results from a
model (Bolin 2009). The WTs also need to operate at a certain power to be included in the
long term analysis (criterion four). The selected measurements presented in this paper are
taken from a period of approximately two years (Dragaliden: December 2010 – December
2012, Ryningsnäs: August 2010 – June 2012) and represents 11 and 13 % of the total
measurement respectively.


3.2 Normalizing sound immission data


In this paper the deviation in the sound level from an expected value is presented during
different weather situations. The expected value is calculated as follows.
Emitted sound from the wind turbines were calculated using operational data and
manufacturer´s specifications. Continuous functions of the electrical output and sound power
spectra in 1/3 octave band from 50 Hz to 10 kHz were obtained by fitting second order
polynomials between a number of discrete (electrical power- sound power spectrum) relations.







Validation of the manufacturer´s specifications was not possible during this study. Some
uncertainty in the sound power level could therefore be expected.
The relative sound pressure level ( L) was obtained by relating the measured sound pressure
level to the calculated value:


= 10log 10 / (3)


where LpA is the measured sound pressure level at the immission point, LWA is the calculated
emitted sound power level from the i:th turbine, DIi is a directivity correction (Friman 2011)
depending on the angle between the i:th turbine rotor plane and the immission point, Ri is the


absorption coefficient per meter in the current atmosphere.


3.3 Quantifying amplitude modulation


Sound from WT could be amplitude modulated at a certain receiver position which is often
referred to as periodic “swish” sound. This phenomenon has been reported by many (van den
Berg 2004, Di Napoli 2011) and various explanations has been proposed (Oerlemans et al
2007, van den Berg 2004). In this paper a method using a fast Fourier transform (Lundmark
2011) has been used to quantify AM in the presence of other typical background sounds. The
method analyses a numeric time series of A - weighted sound pressure levels adjusted to zero
mean value (calculated from the 10 - 630 Hz 1/3 octave bands only) for a time window of 15 s.
The frequency limit was chosen because WT sound often contains a clear low frequency
component at large distances (due to atmospheric absorption). The measurements should be
performed with at least 8 Hz sampling frequency, using fast (F) time weighting to detect the
periodic sound. No window function is used in the FFT; instead, it is a frequency analysis that
gives a linear root mean square (RMS) scaled spectrum. The FFT will generate an amplitude
modulation spectrum for every 15 s period (seen in fig 3, to the right), which can quantify AM
frequency and strength. Based on observations at the sites and studies of different amplitude
modulation spectra, a definition of when a measurement is AM was set:


The peak RMS-value between 0.6 –


Figure 3. Sound measurements from the Dragaliden site the 20 July 2011. Instantaneous
sound level and corresponding RMS-value (AM ) is shown for two 15 s long periods
during day (no AM) and night (AM).







4.0 Results
The WT sound and meteorological parameters were measured in parallel for approximately two
years at the different sites. In fig. 4 and 5 the relative sound pressure level is shown for different
sound speed gradients. The sound speed gradient refers to the vertical difference in sound
speed along a line from the centre of the wind turbines to the immission point and is calculated
with eq. 2 at two different heights. Data is divided into conditions with and without snow cover.
The bars give one standard deviation of the data in each bin. Numbers indicate how many
selected 10 minute measurements there are in each bin. As seen in fig. 4 no clear
meteorological effect can be seen at a propagation distance of around 400 m. All mean L
values are positive (from +2 to +5 dBA) maybe due to the presence of the ground. For sound
speed gradients close to zero the relative sound pressure levels are somewhat lower. In fig. 5
the relative sound pressure levels for different sound speed gradients are shown for the
Dragaliden site. The propagation distance is 1 - 2 km at this site. In general high L (+3 to +6
dBA) are found for positive sound speed gradients and low L (-9 to -2 dBA) for negative sound
speed gradients. The mean value of L varies between 7 - 14 dBA depending on ground
conditions and refraction. In fig. 5, a large difference between snow and no snow conditions
can be seen. Ground attenuation seems to be more effective during strong negative and
positive sound speed gradients when snow is present. For moderate downward refraction the
ground type is less important according to fig. 5.


Figure 4. Relative sound pressure level (calculated with eq. 3) for different effective sound
speed gradients and ground properties for the Ryningsnäs site. The effective sound speed
gradient is calculated from 120 m height to the ground. The numbers indicate the total number
of selected measurements within each bin. The bars indicate one standard deviation of the
selected data.







Figure 5. Relative sound pressure level (calculated with eq. 3) for different effective sound
speed gradients and ground properties for the Dragaliden site. The effective sound speed
gradient is calculated from 120 m height to the ground. The numbers indicate the total number
of selected measurements within each bin. The bars indicate one standard deviation of the
selected data.


Continuous measurements of the instantaneous sound pressure level were recorded 8 times s-1


from 19 August 2011 to 19 August 2012 at the two measurement sites. All data were the free
field value assuming spherical divergence of the sound energy exceeded 30 dBA was used in
the analysis of AM. Fig. 6 shows how often AM occurred under various conditions for the
Ryningnäs site. AM percent is defined as AM time divided by total time in a specific sector. AM
at a propagation distance of 400 m is more common at certain immission sound levels as seen
in fig. 6a. The sound seem to be more amplitude modulated for increasing sound levels up to
around 40 dBA and then less amplitude modulated. This is probably an effect of increased
masking for the highest sound levels. In fig. 6 d) the amount of AM is plotted against the sound
speed gradient. It is seen that this parameter is important for the occurrence of AM. More AM
during moderate downward and upward bending of the sound waves. The temperature gradient
close to the surface (seen in fig. 6 e) shows that AM is more common under positive gradients
which often occurs at evenings, nights and mornings. In fig. 6 f) the connection between the
wind speed gradient between 120 and 80 m and the amount of AM is shown. More AM is found
for large wind shears close to the WTs. Note that the wind shear is calculated independent of
the wind direction.







Figure 6. Percent of AM (AM measurement time divided by total time) in a specific sector
for the Ryningsnäs site during a one year period. The red line indicates the amount of
measurements in each sector (percentage of total measurements in each sector).


Figure 7. Percent of AM (AM measurement time divided by total time) in a specific sector
for the Dragaliden site for a one year period. The red line indicates the amount of
measurements in each sector (percentage of total measurements in each sector).


Fig. 7 shows the long-term results for the Dragaliden site. The propagation distance is now
approximately three times larger and the terrain is varying. Similar patterns as for the
Ryningsnäs site can be seen with some differences. At the Dragaliden site AM seems to very
rare under upwind conditions seem both in fig. 7 b) and 7 d). Probably this is due to upward
bending of sound waves resulting in less WT sound reaching the receiver. In specific wind
directions AM can be detected 30 - 40 % of the time at this site. The high turbulence intensities
seen in fig. 7 c, seem to decrease the occurrence of AM. For the temperature gradient seen in







fig. 7 e), the amount of AM is larger for positive temperature gradients. Less AM is found for
large wind shears in fig. 7 f) in contrast to the shorter distance in fig. 6 f). The amount of time
we detect AM at the Ryningsnäs and Dragaliden site is 30 and 18 % respectively, of the total
time operating.


Figure 8. Cumulative distribution of measured WT sound levels and calculations with different
models. ISO refers to (ISO 9613-2), SEPA is the turbine noise model recommended in Sweden
(Swedish Environmental Protection Agency 2010), Free field is spherical divergence of the
sound energy without any ground present.


Fig. 8 shows cumulative distributions of measured WT sound levels, predictions by the ISO
standard and free field spherical spreading from a point source at the two sites. As seen in fig.
8 the free field values never go below 30 which is expect because it is a criterion that the
measurements must pass (see sec. 3.1). The SEPA model is the WT noise model
recommended in Sweden (Swedish Environmental Protection Agency 2010). The SEPA model
assumes spherical divergence of the sound energy on a half sphere and up to propagation
distances of 1000 m the total sound emitted should be reduced with a fixed value of the
atmospheric absorption. For longer propagation distances the sound emission spectrum of the
turbine need to be considered and atmospheric and fixed absorption coeffients for different
octave bands (which give high attenuation) should be used. The calculations with the ISO
standard for outdoor sound propagation (ISO 9613-2) have been done using the data collected
for each measurement period passing the criteria. Directivity effects have been calculated from
nacelle wind direction and investigations by Friman (Friman 2011). Atmospheric absorption has
been calculated using the standard (ISO 9613-1) and meteorological parameters close to the
ground. Sound power is obtained by the method decribed in section 3.2. Porous ground was
used in all ISO calculations. Both the SEPA model and ISO standard are designed to calculate
the sound pressure level downwind of a sound source. Fig. 8 refers to measurements in all
wind directions, so a deviation for the low sound levels could be expected. However as far as
people living nearby WT are concerned, it is the highest sound levels that are most relevant







and need to be predicted correctly. It is seen in fig. 8, that neither the SEPA model nor the ISO
standard captures the variations in the WT sound levels in general. Fig. 8 shows that for the
shorter propagation distance more than 25 % of the WT immission measurements exceed the
ISO 9613-2 predictions. For the longer propagation distance the percentage exceeding the
measurements are similar, but underestimation of the model is larger in sound level.


Figure 9. Calculated transmission loss from a WT during one year, using different models and
meteorological data from southern Sweden. ISO refers to (ISO 9613-2), SEPA is the turbine
noise model recommended in Sweden (Swedish Environmental Protection Agency 2010),
FREE FIELD is spherical divergence of the sound energy without any ground present and
WTmet is a simple empirical model based on the measurements presented in this paper (see
below).


The empirical model WTmet (which is based on the measurements presented in this paper)
works as follows:


= + + (4)


where is the immission sound level, is the emission sound spectrum, is spherical


divergence of the sound energy from a point source, is a directivity correction from (Friman
2011), is attenuation due to atmospheric absorption calculated with (ISO 9613-1) and


is a meteorological correction (from eq. 3) depending on distance from the turbine and
sound speed gradient along the propagation path. L from fig. 4 at 400 m is interpolated
linearly to the L values of fig. 5 assuming propagation distance of 1200 m for every sound
speed gradient. This gives a meteorological correction for every distance from 400 m to
1200 m depending on the sound speed gradient.


It is seen in fig. 9 that the meteorological effect grows with distance. ISO 9613-2 used for
porous ground also introduce larger variations at larger distances due to atmospheric
absorption. The directivity correction also introduces a variation (which is independent of
distance) due to shifting wind direction during the year. It should be pointed out again that both







ISO 9613-2 and the SEPA model are designed to calculate the sound pressure level downwind
of a sound source. Fig. 9 refers to measurements in all wind directions, so perfect agreement
could never be reached. It is however clear from fig. 8 and 9 that the models used for WT
sound propagation do not capture the optimal sound propagation conditions that sometimes
occur in the atmospheric boundary layer thus resulting in prediction of to low WT sound levels.
For longer propagation distances than 600 m, as seen in fig. 9, free field propagation gives a
better estimate than both ISO 9613-2 and the SEPA model for the worst case scenarios. The
prediction errors for the ISO standard seem grow with distance while the SEPA model have a
more constant error as the propagation distance grow. As seen in fig. 9 for a propagation
distance of slightly more than 1 km the ISO standard could underestimate the WT sound level
with 5 dBA and the SEPA model could underestimate the levels with 3 dBA.


5.0 Discussion and conclusion
WT sound immission measurements are difficult to perform. The difficulties grow with distance
from the WT as the WT levels get closer to the background level. The measurements
presented in this paper have been performed inside forests. The winds are lower inside a forest
canopy compared to an open field position. The forest measurement position will reduce the
wind noise in the microphone and could also be a better measurement position than in an open
field close to some single trees where the wind induced sound from the vegetation will be high.
Doing unmanned long-term measurements, which is necessary to capture the variations in the
weather, calls for good measurement criteria.


Sound propagation from wind turbines are strongly affected by meteorological conditions. The
effects start to be important somewhere between 400 - 1000 m from turbines and increase with
distance. For 12 WT at 1 - 2 km distance a variation of 7 - 14 dBA was found due to a
combination of ground properties and refraction. The result shows that ground conditions and
refraction are closely linked. Lower sound levels than expected are found for negative sound
speed gradients and higher sound levels for positive sound speed gradients, both during the
winter and summer. The attenuation during negative sound speed gradients is much larger
during snow cover condition. For strong positive sound speed gradients snow cover conditions
also seem to attenuate the sound more than for bare ground. This is probably an effect of
multiple reflections of sound rays during strong downward bending of the rays. For moderate
downward refraction of WT sound however, there is no clear difference to two ground types.


Amplitude modulation of WT sound is found more frequently under certain meteorological
conditions. The phenomenon is roughly observed 30 % of the time at a distance of 400 m and
18% of the time at a distance of 1 km. The reasons why WT sound sometime is amplitude
modulate is not fully understood. This paper shows that AM is more common during positive
sound speed gradients, positive temperature gradients and for higher immission sound levels.
This means that both the WT sound level and the amount of AM will often increase during
evening, night and morning. AM is probably depending on both conditions in the propagation
path (which can strengthen interference of several turbines at an immission point) and
properties of the sound source.


A comparison between the measured WT sound immission levels and calculations with ISO
9613-2 shows that the model needs to include meteorological effects better. The highest sound
levels (which are the most disturbing) are predicted to low. The ISO 9613-2 underestimates the
WT sound levels with approximately 5 dBA at distance of slightly more than 1 km. Including a
meteorological correction factor (in addition to the long-term correction which is already there)
would make the model more precise and also valid in upwind conditions.
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Summary


As small wind turbines are located much close to the residents, the emission level of
such wind turbines becomes one of the major social issues. This paper presents the
results of numerical prediction of small wind turbine rotor noise by using a
Computational Fluid Dynamics (CFD) code and an in-house code for aero-acoustic
calculation based on Ffowcs Williams- (FW-H) equations. The wind turbine
model has a three-bladed rotor of 1.5 m diameter. The flow-field around wind turbine
rotor model was simulated by solving three-dimensional, unsteady, finite-volume
formulated Reynolds-averaged Navier-Stokes equation with shear stress transport
turbulence model, whereas far-field aero-acoustic analysis was performed by solving
FW-H equations. The capabilities of in-house FW-H equation based code were
validated acoustic signatures from vehicle engine cooling fan, which were measured
by reverberant room method. The noise characteristics of three sets of blades with
different twist and chord length distributions at a series of cross sections have been
simulated and discussed.


1. Introduction


The numerical prediction of flow field and noise characteristics of wind turbines are
complicated due to three-dimensional unsteady nature of flow formed around turbine
blades. The literature review suggests that there are two different strategies
prevalent in the numerical prediction of noise from wind turbine rotor (Casper
Farassat 2002, Ianniello 2007, Lyrintintzis 1994). The first strategy is based on direct
computation of aero-acoustic propagation by computational fluid dynamics code. The
second strategy based on a hybrid approach which uses computational fluid
dynamics solver for dynamic near-field flow simulation and separate Computational







Aero-Acoustic (CAA) solver for aero-acoustic simulation of sound propagation to the
far field. The latter strategy is referred as hybrid CAA methods, and first strategy as
direct CAA method in the literature. Although the direct CAA method is more
accurate, it requires much more computational resources than the hybrid method.
The main reasons for high computational cost are the unsteady nature of aero-
acoustic phenomenon, large acoustic radiation field needed to be included to the
simulation, and small acoustic energy in comparison with aerodynamic energy in the
near-field. On the other hand the hybrid strategy requires high-resolution simulation
only in dynamic near-field region and the far-field propagation is predicted by
computationally cheap acoustic propagation equation. The hybrid aero-acoustic
strategy using separate solvers for the simulation of dynamic field and acoustic
propagation could be divided into two main methods: integral methods (acoustic
analogies, Kirchhoff integral, Ffowcs William Hawking equations) and Linearized
Euler Equation (LEE) method (Bogey Bailly Juve 2002, Tadamasa Zangeneh 2011,
Mo Lee 2011).


The aim of this paper is to report the comprehensive study on the noise prediction of
small horizontal-axis wind turbine rotor by numerically solving near-field flow by
incompressible finite-volume Navier-Stokes CFD solver and acoustic far-field
propagation by numerical code based on FW-H equation solver. The actual noise
characteristics of three different models of the small horizontal axis wind turbine rotor
with the diameter of 1.5 m. The simulated noise characteristics of one blade model
are compared with the experimentally observed noise data for the validation of the
code.


2. Wind turbine rotor


The 500W small horizontal-axis wind turbine consists of 3 bladed rotor with 1.5 m
diameter, 500W permanent magnet generator, and yawing system and tower. The
actual turbine was built and tested experimentally at the Inha University. The wind
turbine blade chord and twist angle distribution are shown in Fig.1 and Fig.2. The
wind turbine blade profile is based on airfoil FX-63-137 from root to tip. The airfoil has
13.7% thickness of chord length and maximum thickness located at 29.7% of chord
length.


To identify the performance and to validate CFD calculations the wind turbine has
been tested in an open wind tunnel affiliated at the Inha University. The wind tunnel
is a low speed tunnel with a cross section of 2.1 m by 2.3 m and permits continuous
operation of wind speed from 0 to 16.7 m/s at a low level of turbulence intensity. The
wind speed in the wind tunnel is automatically monitored by using a digital micro-
manometer with a correction for density through the measurement of the room
temperature and humidity. The 1.5 m diametered wind turbine can be placed as full
scale inside the test section of the wind tunnel. The general schematic of the wind
tunnel is shown in Fig.3.


In the scope of the current paper two types of experimental test have been
conducted for performance evaluation of the wind turbine. At the first step, the rotor
performance was evaluated by use of torque meter and power braking system, and
at the second step aerodynamic performance of the wind turbine was tested by using
500 W electric generator and power meter.







As it can be seen from Fig.4 the base case rotor showed highest power coefficient,
Cp of 0.47 by rotor performance test, and Cp value of 0.38 wind turbine performance
test at the Tip Speed Ratio (TSR) of 6.3 and the wind speed of 7 m/s. The difference
of the Cp values is due to the efficiency loss during of power conversion of the
generator and power electronics.


Figure 1 The 500W small HAWT


Figure 2 Chord lengths and twist angle distribution of the blade models







Figure 3 Open circuit low speed wind tunnel


Figure 4 Wind turbine performance curves (wind tunnel test result, right: rotor
performance test, left: generator performance test)


3. Aerodynamic analysis method


In the near-field flow computation neither ground nor the tower were included into the
model, and uniform wind speed profile was assumed at the inlet of the domain. For
the volume mesh generation the 120 degree periodicity of the rotor was exploited,
and only volume around one blade was meshed. The remaining two blades were
included in the computations using periodic boundary conditions.


For the meshing ANSYS ICEM CFD processor was used to build a hexahedral mesh
consisting from approximately 3.6 million volume elements. The near blade region
compromised H-shaped grid structure, shown in Fig.5, and it was optimized by







means of 2-D simulations to meet wall function requirement. The y+ value at the
blade surface was kept less than values of two.


The SST turbulence (Menter 1994) model was used as a turbulence closure model


for accurate prediction flow structure in near-field region. The three dimensional flow


around rotor blades of the wind turbine had been simulated by unsteady


incompressible RANS equation based on commercial solver ANSYS CFX-11.0


(Ansys 2003).


Figure 5 Computational domain and boundary conditions


The flow field in the computational domain was aerodynamically analyzed by solving
three dimensional steady incompressible RANS equations with a shear stress
transport (SST) transitional turbulence model on the commercial code ANSYS CFX-
11.0 (Ansys 2003). The results of computations were processed by CFX-Post
processor.


The total pressure and mass flow rates were set at the inlet and outlet of the
computational domain, respectively. The rotating periodic boundary condition and
pressure opening conditions were applied in latitudal and longitudal direction of the
blade. A frozen rotor coupling method was used at the interface between rotating and
stationary domains (Tennekes Limley1972).


The convergence criteria of are set to 10-4 of root-mean-square (RMS) residual
values for all governing equations. The computations were carried out by using Intel
Core I7 CPU with a clock speed of 2.94GHz.


4. Aeroacoustic analysis method


Based on steady state simulation results the unsteady RANS analysis was
conducted to obtain pressure and velocity fluctuations on blade and integration
surface to perform acoustic analysis. For unsteady computation time step was set to
3.8x10-5 seconds and coefficient loop for time scale control was set to 3. The flow
simulations were obtained after at least 2,048 iterations which correspond to 4 full
rotations of the rotor blades.







Di Fracescantinio (1997) published a permeable FW-H equation formulation which
gives possibility to include quadrupole noise source term. The main idea of the
formulation is to integrate noise source term values over fictitious surface at some
distance from actual blade surface enclosing entire noise generating region. The


ity to include quadrupole
source terms without expensive numerical evaluations. The permeable FH-W
equation is given as:


. (1)


here is the fluid velocity, and is the control surface velocity in the normal
direction of the integral surface.


The solution of the permeable FH-W equation is given as


(2)


where:


and . (3)


5. Validation of numerical results


To validate numerical simulation of flow field and in-house developed noise
prediction code a two-step process were applied. At the first step, the numerically
predicted aerodynamic performance characteristic of the rotor was compared with the
wind tunnel experimental data. As shown in the Fig. 6, the numerically predicted
performance curve showed good agreement with data obtained in wind tunnel
experimental test data.


Figure 6 Power performance of blade set two at 5 m/s wind speed







As next step, the noise signature of axial-fan was predicted using in-house
developed code. The axial-flow fan specifications and blade section profiles used for
the validation is shown in Table 1 and Fig. 7 respectively (Kim 2011). The noise
signature of the axial-flow fan was experimentally tested in Fluid machinery test
center according to the AMCA standards (AMCA 2005). The numerically predicted
and experimentally tested sound power level of axial-flow fan is shown in Fig. 8.


Table 1 Design specifications of the axial flow fan


Design volume flow rate, m3/min 60


Rotational speed, rpm 1170


Pressure rise, Pa 100


Tip diameter, mm 510


Hub-to-tip ratio 0.294


Tip clearance, mm 2


Number of blades 10


Figure 7 Sections of blade profiles from hub to tip (Kim 2011)







Figure 8 One third octave band sound power spectrum


6. Results and discussions


The power performance of the rotor blades are analyzed and compared by non-
dimensional parameter for power coefficient. For the analysis three sets of blades,
shown in Fig. 9, are used. In the Fig. 10 is shown the CFD predicted Cp of the three
sets of the blades at different TSR. The simulation results suggest that the all blades
reach their maximum efficiency at TSR of 6. The highest efficiency is expected for
Blade 2 with value of Cp 0.39 and the lowest efficiency for the Blade 1 with value of
Cp 0.34. The geometries of the blades suggest that they have similar dimensions at
the blade tip region and very different dimension at the blade root section. In the Fig.
4.6 is shown the pressure coefficient distribution along chord length at 10, 40 and 90
percent of the rotor radius. At 10% of the rotor radius the Blade 3 has 38% longer,
and the Blade 1 has 42% shorter chord length than the Blade 2.







Figure 9 Geometry of three blade models (from top to bottom: Blade 1, Blade 2 and


Blade 3)


As it can be seen from Fig. 11 a) the Blade 1 has highest negative pressure
distribution on suction side which leads to higher lift force generation per unit chord
length. The Blade model 3 has the lowest pressure distribution on the blade surface
which corresponds to lowest lift force generation per unit chord length. A similar
condition is also observed at 40% of rotor radius. The Blade model 1 has the highest
pressure distribution but 14% shorter chord length than Blade model 2. The Blade 3
also is 5% shorter chord length than Blade model 2 and also gives the smallest
pressure distribution along blade surface. In the overall, although the Blade model 1
has the highest pressure distribution at all positions, which corresponds to higher lift
force per unit length of chord, but due to large geometrical difference it end up lowest
lift force generation on entire blade. As results the Blade model 2 ends up with higher
overall rotor power efficiency.


Figure 10 Power performances of the three blade models







a) At 10 % of blade span


b) At 40% of blade span


c) At 90% of blade span


Figure 11 Pressure coefficient distribution of the blade surface at wind speed of 5 m/s


The acoustic characteristics of the blades are evaluated in terms of sound pressure
spectrum and overall sound pressure level. The analysis for the case of uniform
incoming wind speed of 5m/s with 15% turbulent intensity, observer location of 12.75
m down wind at 12 m below the hub of wind turbine is performed. The observer
location is determined according to IEC 61400-11 standard as shown in Fig. 12 (IEC
61400-11 2006). For the validation the numerical data of power performance and
acoustic simulation results are compared with experimental data by wind tunnel test
and acoustic measurement data in open air environment.


The resulted non-weighted and A weighted sound pressure level spectrum is shown
in Fig.12 and Fig.13 respectively. The Overall Sound Pressure Level (OSPL) at
observer location is estimated as 46.36 dB for Blade model 1, 46.55 dB for Blade
model 2 and 51.46 dB for Blade model 3 respectively. Close examination of sound
pressure spectrum reveals that Blade model 1 showed the lowest for all frequencies







and at low frequency range Blade model 2 has highest but for higher frequencies
Blade model 3 showed highest sound pressure levels.


Figure 12 The microphone position


Figure 12 Sound pressure level for analyzed blade sets







Figure 13 A-weighted sound pressure level for analyzed blade sets


7. Conclusions


The numerical analysis of aerodynamic performance and acoustic characteristics of
three sets of blades with different chord length and twist angle distributions were
analyzed by use of commercial steady and unsteady Reynolds-averaged Navier-
Stokes solver and in-house acoustic code based on permeable surface formulation
FW-H equations.


The power performance evaluation revealed that Blade model 2 model has the best
power performance with power coefficient value of 0.39 and lowest performance is
observed for the Blade model 1 model with power coefficient of 0.34. The Blade
model 2 and 3 show similar power performance characteristics.


The overall sound pressures at the predetermined observer location are estimated as
46.36 dB, 46.55 dB, and 51.46 dB for blade models 1, 2, 3, respectively.


The current study analyzed an aeroacoustic performance analysis method for small
wind turbine rotor blades. The method applied for small wind turbine rotor blades
showed good agreement with experimental data.
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°¿¬¬» ®²ố·µ» ¿́µ» ©¿ª»  ±®¾·®¼ ±²¹ òÌ̧ · ®» «̄ ·®» ¼°®±ª·²¹·º¬̧· ©¿ ¬̧»
½̧ ¿®¿½¬» ®· ¬·½±º¬̧»  ±« ²¼ ½¿°» ®» ½» ·ª» ¼²» ¿®©·²¼¬« ®¾·²»  ô¿²¼¬±¾» ¿¾́» ¬±
 ±̧© ·º¬̧» ½±²¼·¬·±²©¿ ®» °» ¬·¬·ª» ò


Í±« ²¼ ½¿°» ¼¿¬¿©¿ ®» ½±®¼» ¼·² ·¬« ¿¬·±² © »̧ ²¬̧» ©·²¼¬« ®¾·²» ½±²¼·¬·±²©¿
½̧ ¿²¹·²¹±ª» ®¿º¿·®́§ ±̧®¬³±²·¬±®·²¹°» ®·±¼ô ±¬̧¿¬±¬̧» ®½±²¼·¬·±² ©±« ¼́
®» ³¿·²®» ¿́¬·ª» §́« ²½̧ ¿²¹» ¼ô¿ ¿³» ¿² ±º½±²¬®±́ ·́²¹±¬̧» ®ª¿®·¿¾́»  òÌ̧ · ©¿
·³°±®¬¿²¬¬±» ² « ®» ¬̧¿¬½̧ ¿²¹»  ±º©·²¼¼·®» ½¬·±²ô©·²¼ °» » ¼ô¬» ³°» ®¿¬« ®» ô
¾¿®±³» ¬®·½°®»   « ®» ô¿²¼» ¬̈®¿²» ±«   ±« ²¼  « ½̧ ¿ ª» ·̧½́»  ¿²¼¾·®¼ ô¼±²±¬
·³°¿½¬¬̧» ±¾ » ®ª¿¬·±² ò


Û ¿̈³·²¿¬·±²±º¬̧» ¼¿¬¿½±² · ¬» ¼±º½±³°¿®·²¹¬̧»  °» ½¬®« ³ P¿³°́·¬« ¼» ª» ® « 
º®» «̄ » ²½§ô°®±½»   ·²¹¬̧» ¼¿¬¿«  ·²¹¿« ¬±½±®®» ¿́¬·±²¬» ½̧ ²·̄« »  ô¿²¼» ¿̈³·²·²¹
¿ª· « ¿́ ®» ½±®¼±º¬̧»  ±« ²¼®» ½±®¼·²¹¬±» ¿̈³·²» º±®®¿¬» ±º®· » ±º ±« ²¼ »́ ª» ́ ô
¬̧»  ¿̧®°²»   ±º¬̧» ¬®¿² ·¬·±² ô¿²¼¬̧» ¹» ²» ®¿́ N®±« ¹̧ ²»   M±º¬̧» ¬®¿½» ò


Ú±®¾±¬̧ ¬̧» ½¿ » ±º¿³« ¬́·ó¬« ®¾·²» ¿®®¿§© »̧ ®» ¬̧» ¬« ®¾·²»  ²» ¿®»  ¬¬̧»
³±²·¬±®·²¹°±·²¬©» ®»  «̧ ¬¬·²¹¼±©²ô¿²¼º±®¿ ·²¹́» ¬« ®¾·²» ½¿ » © »̧ ®» ¬̧»
¬« ®¾·²» ©¿ NÑººMñNÑ²MñNÑ²MñNÑººM±ª» ®¿ ±̧®¬¬·³» °» ®·±¼¬̧» » ¿̈³·²» ¼¼¿¬¿
³¿¼» ·¬½́» ¿®¬̧¿¬±°» ®¿¬·±²±º©·²¼¬« ®¾·²»  ¼±»  ½®» ¿¬» ¿²» ¿ ·́§·¼» ²¬·º·¿¾́» ô
¿²¼®» °» ¿¬¿¾́» ½̧ ¿²¹» ·² ±« ²¼ ½¿°» òÛª» ²¬̧±« ¹̧ ¬̧» ®» ³·¹̧ ¬¾» ¾¿½µ¹®±« ²¼
²±· » º®±³ ¬̧» ©·²¼ô¬̧» ¼·ºº» ®» ²½»  ©» ®» » ¿ ·́§±¾ » ®ª» ¼º±®¬̧» ¬« ®¾·²» NÑ²M
 ¬¿¬» æ


Ø·¹̧ » ®¿³°́·¬« ¼» ±º ±« ²¼ »́ ª» ́ ©¿ ±¾ » ®ª» ¼®¿²¹·²¹º®±³ ë¬±ïë¼Þ
º±®º®» «̄ » ²½·»  ¾» ±́© ¿¾±« ¬îðððØ¦
ß ³±®» ®¿°·¼®· » ¿²¼º¿́ ·́² ±« ²¼ »́ ª» ́ ±ª» ®¬·³» ©¿ ±¾ » ®ª» ¼
Í ¿̧®°» ®¬®¿² ·¬·±² º®±³ ®· » ¬±º¿́ ·́² ±« ²¼ »́ ª» ©́¿ ±¾ » ®ª» ¼®»  « ¬́·²¹
·²¿°¿¬¬» ®²³±®» ·́µ» ¿ ¿©¬±±¬̧ô¬̧¿²¿ ³±±¬̧ ©¿ª»
ß« ¬±½±®®» ¿́¬·±²±º¬̧»  ±« ²¼ ¿³°́»   ±̧©» ¼¬̧¿¬¼· ¬·²½¬́±© º®» «̄ » ²½§
°« ́ »  ©» ®» ½®» ¿¬» ¼© »̧ ²¬« ®¾·²»  ©» ®» NÑ²M¾« ¬²± « ½̧ °« ́ »  ©» ®»
 » » ²© »̧ ²¬« ®¾·²»  ©» ®» NÑººM» ª» ²© »̧ ²©·²¼·²¬̧» ¬®» »  ©¿ ®» ¿¼·́§
¿°°¿®» ²¬ô±®¬̧»  ±« ²¼±º́¿µ» ©¿ª»  ©¿ ±¾ª·±«  òÌ̧ »  »  ±« ²¼ ³·¹̧ ¬
³¿µ» ·¬̧ ¿®¼» ®¬± »̧ ¿®¬̧» ©·²¼¬« ®¾·²»  ô¾« ¬¬̧» §½±²¬·²« » ¼¬±¾»
¾±¬̧» ® ±³» ô¿²¼¬̧» ¿« ¬±½±®®» ¿́¬·±² ±̧©» ¼¬̧¿¬¬̧» ±́© º®» «̄ » ²½§
°« ́ »  ©» ®» ²±¬³¿ µ» ¼¾§» ·¬̧» ®¬̧» ©·²¼±®¬̧» ©¿ª»  ò


×²¬̧» ½±« ® » ±º½±́ »́ ½¬·²¹¼¿¬¿ô®»  ·¼» ²¬ ·́ª·²¹²» ¿®©·²¼¬« ®¾·²»  ·¼» ²¬·º·» ¼
©·¬̧±« ¬¾» ·²¹°®±³°¬» ¼ô±¾ » ®ª¿¬·±² ¬̧¿¬ « °°±®¬» ¼¬̧» §̧°±¬̧»  · ¬̧¿¬
 ±³» ¬̧·²¹©¿ ¼·ºº» ®» ²¬·²¬̧»  ±« ²¼º®±³ ©·²¼¬« ®¾·²»  òß ¿²» ¿̈³°́» ô







±¾ » ®ª» ® ·²¼» °» ²¼» ²¬́§²±¬» ¼¬̧¿¬¬̧» §Ń±ª» ¼M¬± ·́ ¬» ²¬±¬̧» ¿́µ» ©¿ª»  ô¾« ¬
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Summary
The wind turbine gearbox has the most frequent failure problem and even a well-designed
turbine can also produce the noise from gearbox. The conventional gearbox of the wind turbine
uses planetary gears and one stage of external helical gears. This study deals with noise
prediction from one stage of external helical gear system, which is a part of wind turbine
gearbox. The system was modeled by shaft-bearing-circular plate with helical gears. Circular
plate describes the gear housing. Excitations of the system are the aerodynamic torque. The
aerodynamic torque was obtained from the rotational speed of the blade rotor, the average
wind speed, the rotor swept area, the density of the air and the power coefficient for a fixed
speed wind turbine. Mesh force due to excitation was calculated. Axial component of mesh
force causes the longitudinal vibration of system and leads to transverse vibration of circular
plate, which is acoustically significant. For longitudinal behavior of system, equation of motion
of shaft-bearing-plate system due to axial excitation of motion was derived and dynamic
analysis was performed. Plate displacement obtained by dynamic analysis becomes the source
of noise. Noise was modeled by sound radiation from the clamped circular plate mounted in the
infinite baffle. Noise characteristics of shaft-bearing-circular plate were investigated by
numerical examples.


1. Introduction
Wind turbine noise has very important environmental concern. Many wind turbines use gear


box type. However, even a well-designed wind turbine generates the noise from gearbox.
Wind-turbine gear box has many diverse configurations to increase the speed. Conventional
configuration of the gear box consists of planet gears and external helical gears. This work
deals with noise prediction of a simplified gear system with one stage of external helical gears,
which is a part of wind turbine gear box. Gear noise is initially caused by transmission error in
gear meshing. The vibration from the gear meshing is transmitted to the gear housing through
the shaft and the bearing. Housing vibration radiates the noise in air. Since the important
contribution of gear noise is the structure-borne noise, the reliable and the simplified gear
system modeling is required for the prediction of gear noise. Therefore, the purpose of this
work is to develop the simplified gear system model for gear noise and to predict the noise from
the simplified gear system with speed increasing helical gears.


For these purposes, the aerodynamic torque was obtained from the rotational speed of the
blade rotor, the average wind speed, the rotor swept area, the density of the air and the power
coefficient for a fixed speed wind turbine. The simplified gear system is modeled as a shaft-
bearing-plate system. As an exciting force of the system, an axial shaft force from single
degree of freedom model of speed increasing helical gears is calculated. Transfer matrix for the
shaft-bearing-plate model is used to obtain the force and the displacement of the plate by the
axial shaft force. The radiated noise from the damped circular plate mounted in the infinite
baffle is calculated.







2. Mathematical Model
The model of the wind turbine gearbox consists of


helical gears, a shaft, a bearing, and a clamped circular
plate for a part of the gear housing as shown in Fig.1.
Aerodynamic torque by wind is transmitted to helical
gears. Axial excitation of helical gears is assumed to
transmit to the shaft. Therefore, only longitudinal
excitation of the shaft is considered. The shaft is
modeled as a rod and the bearing as a parallel spring
and dashpot. The gear housing is modeled as a
damped thin circular plate connected with the shaft off
the center of the plate.


The shaft and bearing modeling use a set of four pole
parameters, which relate the input force and


displacement to the output force and displacement. To
do so, axial excitation of helical gears is first calculated.
And the transfer matrix for shaft and bearing with four-


pole parameters is used to obtain the force transmission from the shaft to the plate. Finally, the
out-of-plane displacement for the thin circular plate with viscous damping and the sound
pressure radiated from the plate due to gear axial excitation are calculated.


Fig.1 Model of wind turbine gearbox.


2.1 Aerodynamic torque by wind Aerodynamic torque for the wind turbine is caused by the
interaction between the rotor and the wind. This section presents the aerodynamic torque for
fixed speed wind turbines, which regardless of wind speed, turbine rotor speed is fixed and
determined by the frequency of supply grid, the gear ratio, and the generator design. A wind
speed is modelled as an average magnitude of the wind as follows:


mVtV
.


The mechanical power extracted from the wind turbine is given by (1,2)
(1)
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If the fixed speed wind turbine is not pitch-controlled and assumes the constant pitch angle, the
power coefficient for a fixed speed wind turbine, which means the fraction of the power in the
wind extracted by the rotor, is given by (1,2)
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i , The tip speed ratio (TSR), which is defined as the ratio of the rotor-


blade tip speed to the incoming free stream wind speed V(t), is given by(3)
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From the power of Eq. (2), the input torque applied on the low speed shaft produces as follows:
(4)
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2.2 Gears Aerodynamic torque by wind produces the mesh force of helical gears. Helical
gears have the mesh force in the axial, radial, and rotational direction. The axial force of helical
gears is highly related to the rotational force and the important peaks of axial vibration
correspond to those of rotational one. Therefore, this study calculates the force due to
rotational vibration and it is transformed into axial forces by the base helix angle. The rotational







vibration by single degree of freedom is formulated as shown in Eq. (6) and it includes two
forces resulting from aerodynamic torque and gear errors.
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This equation can be transformed into the normalized linear equation with non-dimensional
variables as follows (5):
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The periodic forcing function Y (t) can be expressed in terms of harmonic functions as


)sin()(
1


i
i


io tiYYtY
. (8)


The steady state response is given by
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The response in the rotational direction is transmitted to the shaft by the damping and


mesh stiffness force. Multiplying the shaft force in the rotational direction by the tangent of the
base helix angle, the shaft force is transformed into the axial shaft force as follows (6):
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2.3 Shaft-bearing-circular plate system Since the shaft and the bearing are modeled as a rod
and the parallel spring and dashpot respectively, the four-pole parameters for the rod and the
parallel spring and dashpot element are used(7). The shaft and the bearing are connected in
series. Therefore, the bearing force is calculated by multiplying the transfer matrix for the shaft
and that for the bearing as follows:
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Where the four pole parameters of the shaft and the bearing are given by
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A part of the gear housing is modeled as a clamped circular plate. The governing equation of
the circular plate with viscous damping subject to a force at and


PF3 or o
is given by(8)
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Assuming the solution , the spectral form for this equation is obtained. Modal


expansion to derive the forced response of the plate is used. By solving the characteristic
equation of the undamped circular plate satisfied with the clamped boundary condition,
eigenvalues and the corresponding normal mode are calculated. By substituting the normal
mode equation into the spectral equation and using the orthogonality of mode, the out-of-plane
displacement of the plate is obtained by
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where the mode normalization constant of proposed by Park(6) is used. If m>0,


=1, and if m=0, =2.
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Since the plate and the bearing are joined, the force balance equation and the displacement
continuity equation at the joint are given by
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Here is the displacement of the plate at andPU 3 or o
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To obtain natural frequencies of the gear system, the receptance method (9-10) is used. The
definition of the receptance method is given by
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Substitution of Eqs. (11) and (16) into Eq. (17) and the free vibration condition produce the
equation for natural frequencies of the system as follows:
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2.4 Radiated Noise The clamped damped circular plate excited by a point force located at


is mounted in the infinite baffle and its surface vibration radiate in air. To derive the
acoustic pressure due to the plate mode (m,n), the Rayleigh integral (11-12) is applied as follows:
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where (R, , ) are spherical coordinates


),(
and


r are polar coordinates on the plate surface


as shown in Fig. 2 ). ,(rvn is the normal velocity


amplitude on the plate surface. In the far field of
R>> ,a R in the denominator of Eq. (19) may be


approximated by R. However, since )exp( Rjk A


of Eq. (19) is a rapidly varying function of R, the
term must be left in the integral(11), and R in the
exponential term may be approximated by(12)


Fig.2 Coordinate system for noise
)cos(sinrRR . (20)


From these approximations, Eq. (19) becomes
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Differentiation of Eq. (13), the out-of-plane displacement of the plate, with respect to time
produces the normal velocity amplitude as follows:
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Application of Bessel function relations (13) and many mathematical operations give the solution
of the following integral:
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Therefore, the acoustic pressure due to the plate mode (m,n) in the far field is derived by
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3.0 Results and Discussion
Table 1-The d ata ofhelic algears and wind tu rbine.


Driving gear Driven gear
Normal module 2.5
Normal pressure angle [deg] 20
Center distance [mm] 150
Whole depth [mm] 5.6
Helix angle [deg] 25
Number of teeth 89 19
Face width [mm] 48 50
Outside diameter [mm] 250.95 59.10
Pitch diameter [mm] 245.50 52.41
Amount of add. mod.[mm] 0.0893 0.3372


Air density [kg/m3] 1.21
Nominal rotor angular velocity (rpm) 15
Rotor diameter(m) 26
Rotor swept area (m2) 530.9
Average wind speed(m/s) 15


Fig. 3 Shaft input force. Fig. 4 Plate exciting force.







For the prediction of helical gear noise, the gear and wind turbine data of Table 1 are used.
Aerodynamic torque by wind turbine data produces 136.3N·m and the transmitted load of the
driving gear is 1196.3 N. The material of gears is steel and gears assume to have the true
involute profiles without lead errors and lead crowning. The mesh stiffness of helical gears is
obtained by an in-house program(14), which is calculated by the load-deformation equation
along the contact. Axial excitation force of the helical gear transmitted to the shaft is obtained
by solving the linearized equation of motion in the rotational direction. The damping coefficient
of the equation uses 0.07.


The shaft-bearing-plate model uses the same material and size as validation analysis. The
steel shaft with the diameter of 20 mm and the length of 265 mm and an aluminum alloy
circular plate with the diameter of 400 mm and thickness of 5mm are used. Since bearing
stiffness varies very little between static and dynamic conditions, the static stiffness of the
bearing is sufficient. The bearing stiffness and damping use 6.84 107 N/m and 760 kg/s
respectively. The plate damping of 2,040 kg/m2s and 25 plate modes (m=4, n=5) for the out-of-
plane displacement and the sound pressure of the plate are used like validation analysis. All
analysis is investigated in the frequency domain within 3 kHz.
Figure 3 is the axial shaft force calculated by Eq. (10). Since the natural frequency of gears in
single degree of freedom is 5,987 Hz, the most peak near 3 kHz comes from sub harmonics
due to parametric excitation by the fluctuation of mesh stiffness. Figure 4 shows the plate
exciting force, which has many peaks related to natural frequencies. Figure 5 is the out-of-
plane displacement of the plate calculated at the position (X=100 mm, Y=0), and the
displacement also has many peaks related to natural frequencies. Figure 6 is sound pressure
level at the observation point of R=2000 mm, =45 , =45 radiated in air from the plate.
Sound pressure level is expressed as dB re 20 Pa. It also has many peaks related to natural


frequencies


Fig. 5 Plate displacement at (X=100 mm, Y=0). Fig. 6 S ound pressure level at r=2000mm,
=45 , =45 .


4.0 Conclusion
This work dealt with noise prediction of the simplified gear system with one stage of helical


gears as the model problem of wind turbine gearbox. The simplified system was modeled by
shaft-bearing-circular plate with helical gears. An exciting torque of the system used he
aerodynamic torque of the wind turbine. The torque was transformed into an axial shaft force
from single degree of freedom model of helical gears. The four pole parameters for a rod and a
spring were used to model the shaft and the bearing. Transfer matrix with four pole parameters
for the shaft-bearing-plate model was used to obtain the force and the displacement of the plate
by the axial shaft force. The radiated noise from the simplified gear system model of the
damped circular plate mounted in the infinite baffle was calculated.
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NOMENCLATURE


a the radius of the circular plate damping coefficient


wA the area
b


base helix angle


C damping Kronecker delta


pC power coefficient density
E modulus of elasticity Poisson’s ratio


je tooth error the tip speed ratio


F force
m


nominal angular
velocity


h plate thickness Subscripts


mI modified Bessel functions of
the first kind


1 Driving gear


j complex number 2 Driven gear







mJ Bessel functions of the first
kind


A air


K stiffness B bearing
k wave number G gear
R the wind rotor radius P plate


bR base circle radius S shaft


T Torque
U Displacement


mV the average wind speed
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Summary


At the invitation of the national Government, a working group was set up by the UK Institute of
Acoustics to develop “Good Practice Guidance” on how to apply the UK wind turbine noise
assessment procedure in ETSU-R-97 in the context of planning applications. Following a call
for evidence consultation, and two rounds of extensive peer reviews, the guidance was
published in May 2013.


This paper will cover the relevant aspects of wind turbine noise assessment considered to be
current good practice in the UK at the application stage, including the baseline noise and wind
data collection, the analysis of the data to derive the noise limits for the scheme, and the
methodology to adequately predict the propagation of turbine noise.


Also included in this paper is a discussion on the elements not included in the guide, such as a
consideration of the Government endorsed noise limits, and recommendations for further
researchto further understand the effects of wind turbine noise.


1. Introduction


In the UK, noise assessments for wind farm developments are undertaken using the
methodology set out in ETSU-R-97 ‘The Assessment & Rating of Noise from Wind Farms’
published in September 1996. The Government Department of Energy and Climate Change
(DECC),which has policy responsibility for ETSU-R-97, commissioned a report in 2010 to
analysehow noise impacts are considered in the determination of wind farm planning
applications, and specifically look at how the ETSU-R-97 methodology was being applied. The







the noiselimits which remain a matter for Government.


The winter of 2011 and spring of 2012 was spent reviewing the available literature, including
the proceedings from past Wind Turbine Noise Conferences to help the working group form a
view asto what was current good practice. The output from many drafting and discussion
sessionswas an 80 page consultation document. This was sent off for a peer review before
forming the basis of a formal IOA consultation which ran over the summer of 2012. The working
group held two workshops in Dublin and London to discuss the issues raised in the consultation
document, and to encourage feedback.


The working group gathered together again in the autumn of 2012 to consider the 56 detailed
consultation responses received from a good cross section of the interested parties, IOA
membersand non members, and began drafting the GPG. Most of the comments received
were complementary of the topics covered, and comments were addressed where agreed by
the working group. The document length needed to be drastically reduced, and where possible,
text should be as prescriptive as possible. Several respondents were critical of the terms of
reference, and felt that the noise limits should have been included.


The GPGwent to another peer review in March 2013, and following some minor amendments,
was sentto IOA Council for approval. The approved GPG was published on the IOA website on


May, and launched at a one day meeting in Bristol on 21st May. First and foremost, the
GPG is an IOA document for which the IOA retain editorial control, but of course the document
needs tobe recognised within the planning system to give it “currency”. To that end, the IOA
wrote tothe Government to consider endorsing the GPG as “current good practice”. At the time
of papersubmittal, endorsement has been received within England and Wales, and a response
from Scotland and Northern Ireland is expected shortly.


The following sections describe the current good practice established in the GPG.


2. GPGIntroduction


2.1 Scope


The scope of the GPG considers all wind turbine developments above 50 kW, reflecting the
original principles within ETSU-R-97, and the results of research carried out and experience
gained since ETSU-R-97 was published. This does leave smaller developments without formal
guidance, for which a number of regional policies appear to be filling the gap, although many of
the principles covered in the GPG would still apply.


The presentation of the GPG includes text and graphics, with numbered summary boxes at the
end of each section. The GPG notes that it represents good practice as of the date of
publication, and does not exempt further advances from being used. It is anticipated that a
regularreview of this document will be undertaken, and a new version produced when
significant changes have occurred. Updates can therefore occur without the need for lengthy
legislative procedures.







• (If required) Undertake a measurement survey consisting of simultaneous measurement
of background noise levels at representative properties with wind speed and direction at
theproposed turbine site;


• Analyse the data to remove rain affected and atypical data, and derive the noise limits for
thescheme;


• Update noise predictions & assess compliance with the noise limits for a candidate
turbine, and provide design advice if compliance with the limits is considered unlikely.


The GPGnotes that the main purpose of the procedure is to set out the noise data required,
and the subsequent analysis needed to allow a decision maker to make an informed decision to
assess compliance with ETSU-R-97.


2.3 Engagement


Experience has shown time and time again that engagement of all of the relevant parties
(decisionmakers, developer and local residents) at an early stage of a project and continuation
of that engagement throughout the project is desirable.


Background noise level measurements in particular can be an area of considerable debate,
thereforeagreement on the number and position of background noise level measurement
locationsshould be sought. However, it is also recognised that the decision makers have finite
resources which need to be prioritised to where they are most needed, and may not be in a
positionto respond. Engagement should be viewed as an ongoing process.


3.0 Background Data Collection


3.1 Scoping for Background Noise Surveys


ETSU-R-97 considers turbine noise levels from the proposed, consented and existing wind
turbine(s)at any property below 35 dB LA90 at up to 10 m/s wind speed (10 metre standardised
wind speed) to be acceptable, so ‘study areas’ for background noise surveys (and noise
assessment) tend to use this as a benchmark. However, when establishing the baseline noise
climate,there should be no influence from any existing turbines.


The selection of monitoring locations is not a straightforward process, and requires a number of
factors tobe taken into account, such as the presence of atypical noise sources, access, the
use of proxy sites, and capturing the range of different climates around the wind farm site. The
GPG concludes that ‘the background noise monitoring locations within the study area should be
selectedon the basis of professional judgment, with the objective of collecting sufficient data to
enable the background noise levels at each noise-sensitive receptor within the study area to be
characterised’. Decision makers can help with this process, but as a minimum should be
informedof the measurement plans to avoid later debate. A well constructed and documented
survey methodology is vital to reduce uncertainties in the assessment process.


3.2 Timing of surveys







with thecurrent state of the art. Whilst most other surveys would avoid windy situations, it is
necessary to consider measurements in high wind conditions for a wind turbine, and therefore it
is vital that an enhanced microphone windscreen be used. The GPG notes that standard
windshields of a diameter of less than 100 mm cannot be relied upon to provide sufficient
reductionof wind noise in most circumstances.


3.4 Siting Noise Measurement Equipment


The placement of the equipment is also a critical part of the methodology. ETSU-R-97 requires
measurements be made in amenity areas between 3.5 and 20 metres from a dwelling, and this
remainscurrent good practice. The measurement position should permit measurement of
background noise levels judged to be typical/indicative of the area around the associated
dwellingand any other dwellings for which the measurement location will serve as a proxy. The
influenceof noise from local sources should be taken into account when selecting
measurement locations.


The GPGalso notes that the person selecting background noise monitoring positions and
visiting these locations should record subjective impressions of sources contributing to local
ambientnoise levels, and that residents should be consulted to establish the occurrence of
unusualnoise events during the monitoring period. Photographs showing the positions of
measuring equipment are also required.


3.5 WindSpeed & Rain Measurement


The GPGconsiders that three methods of wind speed measurement may be adopted:


Direct measurements at hub height using either:
i.A met mast carrying one or more anemometer(s) at the proposed turbine hub height.
ii.A SODAR or LIDAR system (installed in a suitable location) to determine hub height


wind speed directly, or at the two nearest heights to allow hub-height wind speed to
be derived using an exponential profile.


Amet mast lower than hub height, but carrying anemometers at two different heights:
these are then used to calculate the hub height wind speed, using an exponential profile.
Ameaningful extrapolation should be undertaken, and this would be achieved with the
upper anemometer (2) being at a height not less than 60% of the hub height of the
proposed turbine and the lower anemometer (1) at least 15 metres below it. Within those
requirements, the two measurement heights closest to the hub height should be used.


Amet mast carrying anemometer(s) at a height of 10 metres (with wind shear
corrections to be determined).


Methodsa) and b) are preferred. Method c) is only advised if the other methods are not
justifiablein terms of costs. Figure 1 illustrates the different wind speed measurement methods,
and howthey relate to “standardised” wind speed. The figure shows mast-based and ground







b) c)


Figure 1– schematic representation of the methods used for estimating hub height wind
speedsduring background surveys, which are then standardised (blue arrow) to 10 m
height. In case (c), an estimate of the corresponding hub height wind speed is effectively
requiredfor calculating the required corrections (as illustrated).


A recording rain gauge should be deployed (or other methods can be used with care) to identify
noise data affected by rainfall.


3.6 Synchronisation of Noise, Wind and Rainfall Measurements


The GPGnotes that measurement intervals for wind speed, noise level and rainfall should be
synchronised to within (at most) one minute over the survey period. Logging devices may use
differenttime references and the logging protocol may apply a time marker at either the start or
end ofa measurement interval. Such differences must be taken into account. The
synchronisation of rainfall measurements is less critical.


3.7 Durations of Surveys


The survey duration is determined entirely by the requirement to collect sufficient valid data
over anadequate range of wind speeds. For pitch-regulated turbines, data should cover the
range ofwind speeds between cut-in and the speed at which maximum sound power level is
achieved. This is an important distinction from the original ETSU-R-97 statement that data was
requiredup to 12 m/s, as most modern machines reach their maximum sound power output at
a lower wind speed, and some sites do not exhibit regular wind speeds above 12m/s.


As a guideline, the GPG considered that no fewer than 200 valid data points be recorded in
each of the amenity hours and night time periods, with no fewer than 5 valid data points in any
1 m/s wind speed bin. In specific cases where background noise levels are dependent on wind
directionand data is to be ‘filtered’ into two or more datasets then a minimum of 100 valid data
points and 3 valid data points per 1 m/s bin in each data set may be adequate.


4.0 Data Analysis and Noise Limit Derivation


4.1DataFiltering


ETSU-R-97 requires that a number of filtering processes are undertaken before the wind speed
vs. background noise relationship can be derived. The first is temporal. ETSU-R-97 only
considers Amenity Hours (defined as 18:00 – 23:00 hrs Monday – Sunday, 13:00 – 18:00







4.2 Derivation of Wind Speed & Background Noise Plots


ETSU-R-97 states that noise levels should be plotted against wind speed to determine the
prevailing background noise levels at a measurement position. The order of regression analysis
to use (linear to fourth order) will depend upon the nature of the noise environment. Directional
analysisof prevailing background noise levels may be necessary in specific circumstances,
where awind farm is located upwind of a receptor but a significant contributor to the
background noise environment is downwind of the receptor in the same wind conditions.


4.3 Determining the ETSU-R-97 Limit


The complete ETSU-R-97 noise limit for each property is obtained from a combination of the
respective fixed limit and the derived relative limit (prevailing background curve + 5 dB). The
day amenity noise limits have been set in ETSU-R-97 on the basis of protecting the amenity of
residentswhilst outside their dwellings in garden areas. The daytime amenity noise limits are
formed in two parts: Part 1 is a simple relationship between the prevailing background noise
level (with wind speed) with an allowance of +5 dB; Part 2 is a fixed limit during periods of quiet.
ETSU-R-97 describes three criteria to consider when determining the fixed part of the limit in
the rangeof 35 dB to 40 dB LA90, all of which should be considered. They are:


1) thenumber of noise-affected properties;
2) thepotential impact on the power output of the wind farm; and
3) thelikely duration and level of exposure.


The rationale for a choice of this limit, or factors which would assist the determining authority in
this respect should be set out in the assessment. It is beneficial to the decision maker to display
both setsof limits to illustrate the range available and/or the noise limit for the development if
agreed previously. The GPG does not consider these areas further as the consensus was that
this wasultimately a material planning consideration, and therefore outside the terms of
reference.


ETSU-R-97 indicates that for the protection of sleep of occupants within buildings an external
free-fieldlevel of 43 dB LA90 is appropriate when background noise levels are low. When
background noise levels are sufficiently high, then the noise limits are set to the prevailing
background + 5 dB, in the same manner as that used for the Amenity Hours.


5.0 Noise Predictions


5.1Predictions


ETSU-R-97 does not describe a method to predict the immission levels at the nearest
residential properties resulting from the operation of the wind farm, but clearly, estimates of the
likely noise impact at the nearest receptors are required in any planning situation, and this must
be reliable and robust. The general study of outdoor noise propagation has received extensive
attentionin the past, but there has also been additional research undertaken specifically on the
subject of wind turbine noise propagation in recent years and since the publication of ETSU-R-







The outcome of this research has demonstrated that the ISO 9613-2 standard in particular,
which iswidely used in the UK, can be applied to obtain realistic predictions of noise from on-
shore wind turbines during worst case propagation conditions (i.e. sound speed gradients due
to downwind conditions or temperature inversions), but only provided that the appropriate
choice of input parameters and correction factors are made. In particular, the use of “soft-
ground”factor should be avoided, and the full theoretical effects of terrain screening will usually
not be achieved.


The GPGalso recognises that the choices which are made in the calculation parameters
adoptedfor the prediction calculation can have a significant bearing on the outcome results,
and canlead to unrealistic estimates. In addition, as not all wind turbine sound power level data
is defined in the same manner, care needs to be exercised before any calculations can be
performed. The choices which are made in the calculation parameters adopted for the
prediction calculation should be clearly outlined and detailed in any noise assessment so that
they canbe reviewed by any assessor.


The GPGnotes that whilst some of the source documents for sound power levels may be
confidential, numerical values of the source data should be clearly set out in any assessment
and it isgood practice to reference the data sources used, and that predictions should be
based onoctave band frequency data whenever available.


The observation in ETSU-R-97 that LA90 levels should be determined from calculated LAeq


by subtraction of 2 dB is still considered to be valid. Current good practice is that tonal issues
for windfarms are generally best dealt with through a suitable planning condition, since most of
the available information derived using IEC 61400-11 does not apply at typical separation
distances.


However, whilst the ISO 9613-2 standard is currently regarded as good practice, a number of
factors need to be used to ensure a realistic estimate of immission level can be obtained. The
GPG notes that:


• Equation 9 of the standard should be used to calculate ground effects; if no representative
spectral data can be obtained, Agr = -3 dB should be used and the air absorption rate
corresponding to the 250 Hz octave band;


• A ground factor of G=1 should not be used;
• With the exception of propagation over large bodies of water or in urban areas, it is


recommended to use a ground factor of G=0.5, in combination with emission levels which
include a margin of uncertainty;


• A receiver height of 4.0 m, and atmospheric conditions of 10°C and 70% humidity should
beused.


• Topographic screening effects of the terrain (ISO 9613-2, Equation 12) should be limited
to areduction of no more than 2 dB, and then only if there is no direct line of sight
between the highest point on the turbine rotor and the receiver location.


• A further correction of +3 dB should be added to the calculated overall A-weighted noise







6 Cumulative Issues


ETSU-R-97 states at page 58, “…absolute noise limits and margins above background should
relate tothe cumulative effect of all wind turbines in the area which contribute to the noise
receivedat the properties in question…” During scoping of a new wind farm development the
GPG states that consideration should be given to cumulative noise impacts from any other wind
farms inthe locality. If the proposed wind farm produces noise levels within 10 dB of any
existingwind farm/s at the same receptor location, then a cumulative noise impact assessment
is necessary. Equally, in such cases where noise from the proposed wind farm is predicted to
be 10 dBgreater than that from the existing wind farm (but compliant with ETSU-R-97 in its
own right), then a cumulative noise impact assessment would not be necessary.


In the presence of an existing wind farm, the GPG considers that suitable background noise
levels can be derived by one of the following methods:


• switching off the existing wind farm during the background noise level survey (with
associated significant cost implications);


• accounting for the contribution of the existing wind farm in the measurement data e.g.
directional filtering (only including background data when it is not influenced by the
existing turbines e.g. upwind of the receptor, but mindful of other extraneous noise
sources e.g. motorways) or subtracting a prediction of noise from the existing wind farm
fromthe measured noise levels;


• utilising an agreed proxy location removed from the area acoustically affected by the
existing wind farm/s; or


• utilising background noise level data as presented within the Environmental Statement/s
forthe original wind farm/s (the suitability of the background noise level data should be
established).


If previously presented background noise level data is to be used, care should also be taken
with respect to any differences in wind speed conditions between the original and proposed
site. Theunderlying principle of ETSU-R-97 requires that the background noise levels at any
given location must be correlated with the wind speeds measured on the wind farm site of
interest.Where a systematic difference exists between the wind conditions on the two sites,
then a correction will need to be applied, meaning that the derived background noise curves for
the two sites will be different.


Whenever a cumulative situation is encountered, the noise limits for an individual wind farm
should be determined in such a way that no cumulative excess of the total ETSU-R-97 noise
limit would occur.


The GPGgoes on to consider a number of methods to be used when considering cumulative
impacts,which include strategic planning, negotiation, and cumulative noise limits. Strategic
planningis in use in parts of the UK, but the jury is out on how effective this is in resolving
cumulative issues. Negotiation is rare, and is more likely seen through acquisitions rather than
“sharing”of noise limits, and cumulative noise limits have sometimes been proposed but not







on how to deal with excessive amplitude modulation was found, but it is hoped that this can be
revisitedin the near future.


A number of additional aspects or descriptive guidance were considered as part of the guide,
but did not fit with the need to keep the GPG to the key points, and it was felt that this could be
dealt with more effectively in Supplementary Guidance Notes. These should be published
around the time this paper is presented in Denver and will give additional guidance on data
collection, data processing, sound power data, wind shear, post-completion measurements and
offshorewind.


7.2 Recommendations for Future Research


The working group are considering a number of issues where future research is needed to
further our understanding of wind turbine noise assessment. These could include:


More evaluation of wind shields to establish suitable designs to limit wind effects on
the microphone;
The effects of wind shear variations on background noise measurements;


iii)An investigation of the proposed planning condition to deal with excess amplitude
modulation for the Denbrook site in the UK (May 2013);


iv)A UK-based dose response study.


7.3 Consideration of the Noise Limits


It is considered by many acousticians in the UK that the increased fixed night time limit relative
to the daytime one is open to question, and that whilst most sites are constrained by the day
time limit, some developers are now designing sites to take advantage of the higher limits
allowedat night. Few would argue that this is what the original authors of ETSU-R-97 had
intended.


At the GPG launch meeting in Bristol in May 2013, a show of hands revealed that most
delegates were in favour of the IOA considering the issue of the ETSU-R-97 noise limits. This
mirroreda number of the responses received to the GPG consultation. The IOA will no doubt
discussthis matter further before deciding what action (if any) to take, although as this is
ultimately a matter for Government, a considered response will be needed.


8.0 Conclusions


The IOAhas published a Good Practice Guide to supplement the use of ETSU-R-97 in the UK
when assessing wind turbine noise. It is a significant step forward for the industry, and will level
the playing field. However, it still leaves a number of questions unanswered, particularly on how
to predict and assess excessive amplitude modulation that will require further research and
assessment. The GPG will need revisiting when significant advancements in good practice
have occurred.
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ABSTRACT
The acoustical part of the study “renewable energy potential NRW”


1
was conducted by


DataKustik GmbH. One of the major challenges of this project was the pure data size
which needed to be processed. The acoustical study comprised an area of 36,540 Km²,
4.2 million receivers and 136 million high-points. The wind turbines under consideration
can be operated in two different modes which differ in energy production and noise
emission. The final result of this automatically processed study were the possible areas
suitable for wind farms, the areas of exceeding noise levels in respect to specific noise
limits and the maximum possible energy production.


INTRODUCTION
Many Countries target a greater portion of wind energy within their energy-mix.
Especially in dense populated countries like Germany, one of the main limiting factors
during the development of wind parks is the noise immission. In order to derive the
maximum potential of energy which can be produced by wind farms under individual
consideration of noise limits at all residential buildings, the Environmental Agency
(LANUV) of North Rhine Westphalia (Germany, population 18mio.) commissioned a pilot
research study. The motivation for this survey is the political requirement of the
government of North Rhine- Westphalia to increase the usage of wind energy from 4 %
today to at least 15 % till the year 2020. In order to support this objective and investigate
potential areas for the use of wind –turbines and the potential energy production, the
environmental ministry of NRW (in cooperation with LANUV) assigned the investigation







“study for renewable energy potential NRW”. As one major factor restricting the
installation of wind farms is the noise emission and its strict regulation, a major task
consisted of the acoustical analysis. DataKustik GmbH was part of the project team and
responsible for the noise survey. The major task consisted not only by calculating the
noise levels caused by potential wind parks at building facades. The main job moreover
comprised an optimization process which calculates automatically the boarders of
potential wind parks under strict consideration of given frame conditions and the limiting
values calculated at the nearest village. The acoustical optimization is a major element
of the study which builds on different parts of the study like the calculation of wind fields.
This paper provides only insights into the acoustical optimization calculation.


Fig. 1: structure study for renewable energy potential NRW


The scheme depicted in Figure 1 demonstrates the central position of the noise
optimization. It builds on the wind study and the analysis of general available areas and
leads- after the optimization under consideration of the noise emission -to the boarders
of potential wind fields.







1. Compilation of the data model – ground model
Within the frame of the project an analysis of wind fields and area usage has been
conducted by distinguished experts. This analysis was performed at the whole territory
of North Rhine-Westphalia with a size of 36,540 km² and driven by the objective to
identify areas where the construction of wind turbines is generally possible.


Fig. 2: boarders of the territory (grid 10km x 10km)


The result of the mentioned previous research work are areas which were used for the
acoustical study as input data. The elevation model was delivered with a heavy detailed
10m x 10 m grid and needed to be dyed out under specific certainty criteria. The
remaining height points were connected to 2,603 height-lines with a total length of 1,502
km by the application of a sophisticated method which ensures that the final height
deviation stays within a predefined level. The whole simplification process was
processed with a height-accuracy of 2 m and resulted in 2.6 million height-points after
the simplification.


Fig. 3: distribution of dyed out height points







2. Buildings and receiver location
According to the defined procedure an enormous number of 4,239,852 buildings were
imported as polygons in x-y- projection with height information. Receivers with a height
of 4 m above ground (according to DTM) were generated in the center of the houses.
During the following calculations the houses have not been taken into consideration (no
screening).
The limiting values of 41.4 dB(A) or 46.4 dB(A) during the day and 40 dB(A) and 45
dB(A) during the night were assigned to each receiver depending on its location
relatively to the imported areas of land use.


Fig. 4: the 3D ground model with 4.239.852 buildings


3. Basic conditions of the sound propagation calculation
According to the project specifications the acoustical calculations were processed
according to the alternative procedure of DIN ISO 9613-2 part 7.3.2. For the propagation
calculation the air absorption for 500 Hz, a temperature of 10°C and a humidity of 70 %
were taken into account. Additionally the DTM was involved in the calculation but not the
screening and reflecting characteristics of buildings and ground evaluations.
Single detached buildings were represented by one receiver. Areas assigned to living
were represented through receivers located at the boarder of this area. The already
existing noise level was not taken into account.


4. Acoustical source
According to the study specifications wind-turbines with the following data were used as
source:
- Hub height 135 m
- Rotor diameter 100 m
- Emission in sound optimized mode: 104 dB(A)
- Emission in energy optimized mode: 106 dB(A)







- SPL used for calculation = 106.5 dB (spectral information not required as calculation
was based on A-weighted sound level according to ISO 9613-2, part 7.3.2) (see 5.
Acoustical calculation)
- Power output 3 MW/2 MW
After deducting all areas of exclusion (nature conservation, water bodies, villages, low
wind conditions etc.) from the territory, the areas which are potentially usable for the
production of wind energy remain. Based on this data status the acoustical optimization
can be initiated.


Fig. 5: detailed view of potential and restricted areas


5. Acoustical calculation
In order to account for the always remaining uncertainty in the process of propagation
calculation, an uncertainty of 2.5 dB was attributed to the emission of the wind turbines.
For the sound optimized mode of the wind turbine during night an emission level of
106.5 dB (A) had therefore been used.
With respect to the production yield a minimum distances between each wind turbine
had to be acknowledged. These distances are 5 rotor diameter in main wind direction
and 3 rotor diameters across main wind direction. The main wind direction was defined
by 240° relative north.
As a first step of the optimization process point sources at a height of 135 m – which
reflects the height of the hub- the given distance and the sound emission were
distributed within all the remaining areas automatically. This first step resulted in
168,488 locations for possible wind turbine.







Fig. 6: grid of wind turbine sources (500m x 300m) - aligned to main wind direction


Henceforth the optimization calculation starts according to a procedure suggested by


Piorr
2


and modified for the implementation via software
3
. During the process the overall


sound level caused by all wind turbines together within the affected area and the partial
sound level caused by each individual turbine is calculated at all 4.2 million single
receivers.
As a second step the receiver with the highest excess above the present limiting value is
chosen and the wind turbine with the highest contribution to this excess is identified by
analyzing the partial level contribution. The wind turbine identified through this process
is deactivated within this model and the calculation process of the overall sound level
and the partial level starts again.
This iterative process is repeated till all receivers comply with the defined limiting values.


Fig. 7: after the optimization process remaining wind turbines corresponding to scenario Fig. 6


It needs to be mentioned that this procedure demands remarkable software capabilities
as approximately 80 Gigabyte of data needed to be kept within the working storage - by
saving and loading the calculation time would have by far exceeded the project duration.







During a third step a grid of 10 m x 10 m over the whole territory was calculated under
consideration of the remaining wind turbines. Through this calculation, sectors were
defined where living areas only restricted by limiting value of 40 dB(A) – green- or 45
dB(A)-yellow- are allowed.


Fig. 8: noise map depiction of optimized wind turbine distribution
(limiting value green 40 dB(A),yellow 45 dB(A))


Fig. 9: project North Rhine-Westphalia after optimization


After the acoustical optimization 21,550 wind turbines remained of the originally 168,488
distributed facilities before the optimization process.
Following the project definition which stipulates an energy optimized operation during
the day (3 MW) and an acoustical optimized operation during the night (2 MW) a
theoretical gross output of 64,650 MW during the day and 43,100 MW during the night
can be concluded.


Furthermore it needs to be mentioned that from a technical perspective a further level of
analysis can be included in order to optimize the process to a greater extend. For this
every individual wind turbine could have been assigned different performance levels.







During the optimization process the wind turbine causing the highest excess at the
respective receiver could be reduced to one lower performance level.


As an experiment this calculation had been performed with two performance levels at
the same project of North Rhine-Westphalia. On the basis of this calculation 18,991
wind turbines remained which delivered a higher theoretical gross output of 49,524 MW.
The reason for the higher energy output is caused by the possibility of wind turbines
running in energy optimized mode even during night time as long as no limiting value is
exceeded. Altogether this results in 12 % less wind turbines while at the same time the
loss of energy yield amounts only to 5 %.


6. Outlook
The described method proofed to be a practical and reliable procedure for supporting
communities and governments with realistic information concerning the localization and
energy yield of intended wind turbine fields. The dynamic management and active
control of wind fields according to temporary changing wind conditions could be a future
application for this development.
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Summary
It is believed that small wind turbines, which are increasingly being used near residential areas,
sound louder than their full scale counterparts due to their close proximity to dwellings.
Currently noise measurements on small scale wind turbines are being performed using single
microphones which only provide an overall estimate of the total noise emitted from the wind
turbine. For wind turbine manufacturers trying to address the issue of noise reduction through
design the knowledge of the dominant noise source location and source mechanisms is
important. This information can be obtained using microphone arrays and sophisticated
beamforming algorithms. In this paper we use a compact microphone array to locate and
quantify noise sources on a small Viryd 8000 wind turbine. The results from the microphone
array show that we are able to successfully locate both mechanical and aerodynamic noise on
the wind turbine using advanced deconvolution algorithms such as TIDY, CLEAN based on
Source Coherence (CLEAN-SC), Deconvolution Approach for Mapping Acoustic Sources
(DAMAS) and Deconvolution using Linear Programming (LP). For frequencies above 5000 Hz
aerodynamic noise appears to be the dominant noise source and for frequencies below 5000
Hz mechanical noise from the nacelle appears to be the dominant noise source. We also
performed microphone array measurements on a laboratory test rig of the wind turbine drive
train of Viryd 8000. We were able to successfully locate noise sources on various mechanical
components in the drive train. The behaviour of the various noise sources are studied at
different simulated wind speeds. It was found that gearbox was the dominant noise source.


1. Introduction Wind turbine noise has been one of the primary areas of study when
assessing the environmental impact of the wind turbines. Sound is generally one of the most
important site constraints for wind turbines. Over the years the regulatory bodies have
established certain regulations for the distance between dwellings and wind turbines. Noise
measurement on these wind turbines have been typically made using single microphones as
per the IEC 61400-11 standard. Most of these types of studies have been performed on full
scale utility wind turbines. With the growing need for renewable energy, modern cities are now
looking towards developing self sufficient buildings and homes. Small wind turbines are
considered to be one of the favourites when it comes to self sustained residential buildings.
Since small wind turbines (under 30 kW capacity) are more likely to be closer to human
dwellings, the noise from these small wind turbines are typically louder than their larger
counterparts. For this reason studies on small wind turbine noise are important. If our goal is to
reduce wind turbine noise (especially aerodynamic noise from blades) through design,
knowledge of noise source location and its mechanism is necessary. With single microphone
measurements this is almost impossible. In order to obtain noise source location estimates, a
microphone array with sophisticated beamforming algorithm is required. In this paper we study
the noise of a small scale wind turbine (Viryd 8000) using a microphone array (Optinav 24) with







advanced deconvolution algorithms such as TIDY, CLEAN-SC, DAMAS and LP. We will first
begin with a brief introduction to wind turbine noise and beamforming. We will then present the
details of the wind turbine unit along with the experimental setup used for this study. The
results of these experiments will be presented next with detailed discussions and we finally
provide a summary of important findings of this study.


1.1 Wind turbine noise The noise radiated from an operating wind turbine could be broadly
classified into two categories: 1) Mechanical noise from the nacelle and 2) Aerodynamic noise
from the blades. A detailed review of these sound generation mechanisms is provided by
Wagner, et al (Wagner, Bareiss, & Guidati, 1996). A summary of these mechanisms is given
below.


The mechanical noise originates from the relative motion of mechanical components and from
their dynamic response. Various machinery components, such as the generator, gearbox,
cooling fans and auxiliary devices contribute to machinery noise. The noise from these sources
can propagate directly from the component surface or interior into the air (air-borne). In other
cases mechanical noise is transmitted along the structure of the turbine, such as the nacelle
casing, tower and rotor blades and radiated from surfaces which may act as loud speakers
(structure-borne). Pinder in his work (Pinder, 1992) conducted detailed measurements of
mechanical noise of the wind turbines and reported that the main source of machinery noise
was the gearbox, and this noise radiates from the nacelle surfaces and machine shaft.
Mechanical noise can be both tonal and broadband in nature and is a fixed source.


Aerodynamic noise is radiated from the blades and is mainly associated with the interaction of
turbulence with the blade surface. The turbulence may originate either from the natural
atmospheric turbulence present in the incoming flow or from the viscous flow in the boundary
layer around the blades. There are two mechanisms that gives rise to the aerodynamic noise,
namely, (i) inflow turbulence noise and (ii) airfoil self-noise. The inflow turbulence noise is due
to the interaction of turbulence in the atmosphere with the leading edge of the blades. Airfoil
self-noise arises when an airfoil section encounters a steady, non- turbulent flow field. The two
main contributors of this noise are the trailing edge noise and the tip vortex noise. The trailing
edge noise is caused by the interaction of the turbulent boundary layer with the trailing edge of
the blade. At low Mach numbers, turbulent eddies are inefficient sound sources. If there is a
sharp edge close to the eddies they will become more efficient as sound sources. hence the
trailing edges of a turbine blade increase the efficiency of the noise radiation from the turbulent
eddies in the boundary layer. For a blade of finite length, the pressure difference between the
suction and pressure side tends to compensate at the blade tip. This causes a cross flow over
the side edge of the tip which creates a tip vortex that is part of the convected wake. The tip
vortex noise is known to contribute mostly to high-frequency broadband airfoil self-noise. There
has been strong interest in understanding and predicting wind turbine aerodynamic noise in the
past. The work on wind turbine noise, particularly aerodynamic noise, has been primarily
computational work.


2.2 Beamforming Beamforming is a signal processing technique used for directional signal
transmission or reception. The most straight forward way of treating the phased microphone
array is classical beamforming. Classical beamforming can be performed in both the frequency
domain as frequency domain beamforming (FDBF) and in the time domain as Delay and Sum
(DAS). Assuming that the microphone array consists of N microphones, the N x N cross
spectral matrix (CSM) 'C' is calculated. Since the locations of the sources are unknown in
practice, a scanning grid that covers a region of interest with a certain resolution is formed. The
N-dimensional propagation or steering vectors 'g' from each of the grid points to all the N
microphones in the array is calculated assuming sources at each of these grid points to be
monopole sources of powers 'Y'. Then the source power at grid points are given by equation (1).


),(


22


),(


*


nm
nm


nmn
nm


m


gg


gCg


A (1)







where the m and n are microphone indices and * represents complex conjugate. The source
powers so calculated at every grid point can be plotted to give the beamform map. The
conventional beamforming technique performed in the time domain is the DAS technique. In
this the time delay for the signal at every grid point to reach each microphone in the array is
calculated and is subtracted off the measured signal. These subtracted signals are then
summed to give the final beamform map. The beamform maps so formed with the classical
beamforming will have poor resolution and side lobes, especially with a compact microphone
array.


Figure 1. Image illustrating the process on convolution. (Wikipedia, 2006)


In order to obtain a much cleaner beamform map, deconvolution methods are necessary. We
can think of the classical beamform map as a convolution or sum of the actual source and its
point spread function. The point spread function (PSF) describes the response of an imaging
system, in this case the microphone array, to a point source or point object (see Fig. 1). By
defining this point spread function of the system and subtracting this out from the classical
beamform map we can improve the resolution of the beamform map significantly. This process
is known as deconvolution. There are a few widely used deconvolution methods. The
deconvolution approach for the mapping of acoustic sources (DAMAS), developed by Brooks
and Humphreys (Brooks, 2006) in 2004 is the first such algorithm. The basic concept behind
this algorithm is that every point source on the grid will have a point spread function ('A') which
is the array's response to the point source that can be obtained synthetically. The beamform
map obtained from conventional beamforming ('Y') is assumed to be a result of convolution of
the actual source ('X') and its PSF (Y=AX) . Thus by using the PSF and deconvoluting with the
conventional beamform map one could obtain a much cleaner beamform map (X=A-1Y). This
problem could be posed as a non-linear system of equations and solved using iterative
techniques such as Gauss-Seidel method. The DAMAS algorithm however is not so efficient on
computing time as the PSF have to be calculated for every iteration. This problem was
overcome in DAMAS2 (DMS2), suggested by Dougherty (Dougherty, 2005), which uses a shift
invariant PSF. The PSF based deconvolution algorithms have the disadvantage that the actual
beam patterns of the measured noise signals may not be identical to the ones calculated and
will not result in accurate results. This was overcome in the CLEAN algorithm based on spatial
coherence (CLEAN-SC), developed by Sijtsma (Sijtsma, 2007), which uses the conventional
beamform map as the dirty map and subtracts out the dominant source from the dirty map and
iteratively builds a clean map which includes only the most dominant coherent source. A key
feature of the CLEAN-SC is its ability to extract absolute power levels from the source plots.
Since CLEAN-SC does not use any calculated PSF it is more robust. Another advanced
beamforming algorithm named TIDY was developed by Dougherty (Dougherty R. P., 2009). It
is philosophically similar to CLEAN-SC, but it works in the time domain using the cross
correlation matrix (CCM) instead of the frequency domain which makes use of a CSM, i.e., it







uses the beamform map obtained from the DAS rather than FDBF. Deconvolution using linear
programming (LP) uses the simplex method from linear programming to maximize �c .X� subject 
to AX Y and X 0. Here c is a vector of nonnegative weight factors, Y is a vector of sum of the
values from the classical beamform map, X is a vector of the unknown source strengths at the
selected map points, and A is the point spread function. The new method differs from previous
deconvolution algorithms in that the objective function relates directly to the solution, rather
than the error in the matching the model function to the beamform map. Detailed discussion of
this new algorithm is reported in Dougherty et. al. (Dougherty, Ramachandran, & Raman, 2013).


With this brief introduction to wind turbine noise and beamforming algorithms we will now move
on to experimental method used in this work.


(a) (b)
Figure 2. A photograph of (a) Viryd 8000 wind turbine and (b) Optinav 24 microphone array.


Figure 3. A photograph of the laboratory test rig of Viryd 8000 drive train.


2. Experimental methods
The experimental study was performed on a Viryd 8000 wind turbine with a tower height of 24
m (80 ft) with a rotor diameter of 8.4 m (27.5 ft). The cut-in wind speed of this wind turbine is
4.5 m/s (10 mph) and the cut-out wind speed is 25 m/s (56 mph). The wind turbine has a
variable rotor speed of 50 to 150 RPM. The wind turbine has the option to run in a motor mode







as well as generator mode. In the motor mode the unit draws electricity to run the rotor in the
nacelle thus producing a constant rpm of the blades. In the generator mode the unit uses the
kinetic energy of the wind and converts it to electrical energy using the generator.
Measurements were taken with the wind turbine operating in both modes. The wind velocity
and direction data were also acquired from the computer log. The yaw mechanism is passive
with no furling required. The rated power for this wind turbine is 8 kW at 10m/s. The wind
turbine is located in the Stuart field at Illinois Institute of Technology, Chicago, USA. A picture
of this wind turbine is shown in Fig. 2(a). The microphone array used for this experiment is an
Optinav 24 array with 24 microphones arranged in a log spiral pattern (0.72 m diameter) with a
centrally located camera to capture the image of the wind turbine. The signal from the
microphone array is acquired by an A/D converter which has 24 I/O audio interfaces. A
MAGMA express box handles the task of interfacing the PCI 424 card to the computer. A USB
cable connects the camera to a USB port on the computer. A picture of the array is shown in
Fig. 2(b). Two locations were chosen for the placement of the microphone array. Location 1 (L1)
was at 24 m (80 ft) from the base of the tower and location 2 (L2) was at 15 m (50 ft) from the
base of the tower. In order to further explore the mechanical noise sources on the wind turbine,
microphone array measurements were made on a laboratory test rig of the Viryd 8000 drive
train. It consists of a drive side with a drive motor and gearbox to run a flywheel to replace the
blades on an actual wind turbine. A computer program controls the rpm by simulating real life
wind speeds and turbulence levels. The generator side is the actual replica of the drive train
inside the nacelle of the 8 kW Viryd wind turbine unit. This side consists of a gearbox, brake,
continuous variable planetary gearbox (CVP) and the generator. Figure 3 shows the test rig of
Viryd 8000 drive train.


3.0 Results and Discussion
Initially the microphone array was qualified in the laboratory by observing the behaviour of the
microphone array and various beamforming algorithms when both single and multiple sources
are present. Detailed results of these qualification experiments are reported in Ramachandran
et. al. (Ramachandran, Raman, & Dougherty, 2011). One of the important findings of the
qualification experiment is that the ability of the microphone array and beamforming algorithms
in separately locating multiple noise source that are closely spaced depended on the Rayleigh
criterion. The Rayleigh criterion is given in equation (2).
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where, W =1.22 is the Rayleigh limit which is the distance between the peak and the first zero
of an ideal diffraction pattern below which multiple sources cannot be separated when using a
particular type of imaging system. In the equation, r is the separation distance between the
sources, D is the diameter of the array, is the wavelength of the source and z is the distance
between the array and the source. The Rayleigh criterion dependence was experimentally
demonstrated by Ramachandran et. al. (Ramachandran, Raman, & Dougherty, 2012) As
mentioned previously, the diameter of the outermost microphones on the array are 0.72 m.
Since the objective of the experiment is to separate mechanical noise from the nacelle and the
aerodynamic noise from the blades, we approximate that the aerodynamic noise is close to the
tip of the blades and the mechanical noise is at the centre of the nacelle which gives us the
source separation distance and the blade length (4.2 m). Now based on the distance between
the array and the wind turbine we could estimate the minimum frequency above which the two
noise sources could be successfully resolved. For the two locations used in this work, L1 at 24
m and L2 at 15 m the minimum frequency according to Rayleigh limit is estimated to be about
5000 Hz and 4000 Hz, respectively.


We will now look at the data obtained from the wind turbine. Figure 4(a) shows the wind speed
and wind direction data obtained simultaneously during the microphone array measurement at
location L1. We observe that the average wind speed during this measurement was about 8
m/s with considerable variation in wind direction. Figure 4(b) shows the wind speed and
generator power averaged over 10 sec for the same time. We observe that with increase in







wind speed the power generated increases and it decreases with fall in wind speed as
expected.


(a) (b)
Figure 4. The wind turbine parameter time record obtained simultaneously during the


microphone array measurement at L1 showing (a) wind speed and direction and (b) wind
speed and power generated averaged over 10 sec.


(a) (b)


(c)
Figure 5. Beamform map of wind turbine noise showing the mechanical noise from nacelle and
the aerodynamic noise from the blades using (a) DAS and (b) TIDY. The strong asymmetry in


the aerodynamic noise about the rotor is shown in (c) using TIDY algorithm.


Figure 5 shows the beamform map (6 � 10 kHz) of the wind turbine noise from location L1 . 
Since the minimum frequency estimated by Rayleigh limit for L1 is 5000 Hz we begin our
analysis above this frequency. Figure 5(a) is the beamform map obtained using the classical
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beamforming for the frequency range of 5777 Hz- 10872 Hz averaged over 10 sec. We observe
that there are two main noise sources one at the center around the nacelle (mechanical noise)
and another towards the tip of the blades (aerodynamic noise). Along with these we also
observe a considerable amount of side lobes which is typical of classical beamforming. In order
to remove the side lobes and obtain a cleaner beamform map we use advanced deconvolution
routines. Figure 5(b) shows the beamform map of the wind turbine noise obtained using TIDY
for the same frequency range as Figure 5(a) averaged over 5 sec. We clearly observe the
difference between the two beamform maps. The deconvolution routine removed the side lobes
completely and produced a cleaner estimate of the noise sources when compared to classical
beamforming. On looking at the two beamform maps we observe two interesting features. First,
in this frequency range the aerodynamic noise from the blades appear to be more dominant
than the mechanical noise from the nacelle. Secondly, the aerodynamic noise appears to be
asymmetric about the axis of the rotor. The reason behind the asymmetry of the aerodynamic
noise is the convective or Doppler amplification effect. Similar behaviour was observed by
Oerlemans et. al. (Oerlemans, Sijtsma, & Mendez Lopez, 2007) and Ramachandran et. al.
(Ramachandran, Raman, & Dougherty, 2012) on full scale wind turbines separately. Figure
5(c) shows the aerodynamic noise from the blades showing the strong asymmetry about the
rotor axis using TIDY algorithm averaged over 5 sec. We observe that the noise from the
blades appear to be at a higher amplitude during the blade�s downward motion and at a lower 
amplitude as the blade moves upwards. This is due to the Doppler amplification where the
noise appears to be louder when the noise is convected towards the observer on the ground
than when the noise is convected away from the observer.


Next we look at the wind turbine parameters for another case where the microphone array was
located at L2. Figure 6(a) shows the wind speed and direction record obtained simultaneously
during the microphone array measurement at location L2. We observe that the wind speed
changes considerably towards the end. It jumps from an average of about 9 m/s to 12 m/s.
Figure 6(b) shows the wind speed and generated power averaged over 10 sec during the same
time. Similar observations are made as before where the power increases with an increase in
velocity and vice versa.


(a) (b)
Figure 6. The wind turbine parameter time record obtained simultaneously during the


microphone array measurement at L2 showing (a) wind speed and direction and (b) wind
speed and power generated averaged over 10 sec.


Figure 7 shows the beamform map of the wind turbine noise at a particular instant during its
revolution to look at the noise sources individually and instaneously. The frequency of interest
here is 6120 Hz- 7314 Hz which is well above the minimum frequency estimated by Rayleigh
criterion for L2 (4000 Hz). The beamform map was obtained using the TIDY algorithm. Here we
observe that there are two weak sources and one dominant source. The dominant noise source
appears to be emitting from the blade that is on its downward motion. As explained before this
is due to the Doppler amplification effect. One of the two weak sources appears to be emitting
from the blade that has completed its upward motion and is beginning its motion downward (at
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the top). The second weak source appears to be emitting from the nacelle and is most likely the
noise due to the dynamic interaction of the various mechanical components inside the nacelle.
This further supports our understanding that in this frequency range (above 5000 Hz) the
aerodynamic noise is the dominant noise source and is most likely the trailing edge noise of the
blades.


Figure 7. Beamform map of the wind turbine noise at location L2 using TIDY algorithm at a
particular instant during its revolution.


In order to understand the noise sources at lower frequencies (lower than Rayleigh limit) we
require deconvolution routines which could successfully work under the Rayleigh limit. DAMAS
and Linear Programming (LP) algorithms have shown the ability to work under the Rayleigh
limit. Figure 8 compare the beamform maps of wind turbine noise at a frequency around 3000
Hz using classical beamforming 8(a) and various deconvolution routines (TIDY 8(b), CLEAN-
SC 8(c), DAMAS 8(d) and LP 8(e)). From Figure 8 we observe that the classical beamforming
fails to provide conclusive location estimates for noise sources on the wind turbine. The TIDY
algorithm provides a poor estimate where we could see two broad peaks, one around the
nacelle and another close to the tip of the blades. The CLEAN-SC algorithm clearly separates
these two sources and we observe that the dominant noise source is the mechanical noise
from the nacelle with only weak aerodynamic noise being present. The beamform maps
obtained from DAMAS and LP have better resolution than CLEAN-SC and we observe a similar
result as CLEAN-SC. The results from DAMAS and LP are similar but the computation time for
LP is 1/10th that of DAMAS.


We explore further by looking at a lower frequency (around 2 kHz). Figure 9 shows the
beamform maps of wind turbine noise around 2 kHz using classical beamforming 9(a) and
various deconvolution routines (TIDY 9(b), CLEAN-SC 9(c), DAMAS 9(d) and LP 9(e)). Once
again we observe that the beamform map from classical beamforming is inconclusive and TIDY
algorithm shows an extended source which is again inconclusive. CLEAN-SC locates the
mechanical noise from the nacelle but does not provide any location estimates for aerodynamic
noise. DAMAS and LP show the nacelle noise to be the dominant again at this frequency and
they also show weak sources around the nacelle which are most likely the aerodynamic noise
sources from the blades. However noise estimates from DAMAS and LP at lower frequencies
(less than 1000 Hz) begin to degrade and becomes inconclusive.







(a) (b)


(c) (d)


(e)
Figure 8. Beamform map of wind turbine noise around 3 kHZ using (a) Classical Beamforming,


(b) TIDY, (c) CLEAN-SC, (d) DAMAS and (e)LP.


In order to further understand the behavior of various mechanical noise sources inside the
nacelle we conducted microphone array measurements on the laboratory test rig of the Viryd
8000 wind turbine. The microphone array was located 0.75 m from the drive train. The noise
measurements were made at 1 m/s interval starting from 6 m/s to 16 m/s. Figure 10 shows the
beamform map of the noise from gearbox, brake, CVP and generator using the TIDY algorithm
with the drive train operating at a simulated wind speed of 6 m/s. We observe that using the
microphone array and beamforming the individual noise sources were located on the drive train
and quantified. Figure 11 shows the peak noise levels from the gearbox, brake, CVP and
generator with the wind turbine drive train operating at various simulated wind speeds. We
observe from this figure that for the most part the dominant noise source is the gearbox. We
also observe that for wind speeds less than 10 m/s the generator was the dominant noise







source. We also observe that for the gearbox and brake there is an increase in peak noise level
with increase in wind speed, whereas for the generator and CVP we observe a slight decrease
in peak noise level. Another interesting observation is that above the simulated wind speed of
10 m/s the noise levels of the various components remain stable. We believe that this is due to
the fact that the wind turbine drive train is designed to generate a constant power for a wind
speed of 10 m/s. This can be observed from the power curve of the Viryd 8000 as shown in
Figure. 12. We observe that the power starts increasing from about 6 m/s and becomes
constant at 8 kW at around 10 m/s.


(a) (b)


(c) (d)


(e)
Figure 9. Beamform maps of wind turbine noise around 2 kHz using (a) classical beamforming,


(b) TIDY, (c) CLEAN-SC, (d) DAMAS and (e) LP.







Figure 10. Beamform maps of (a) gearbox, (b) brake, (c) CVP and (d) generator with the drive
train operating at a simulated wind speed of 6 m/s using TIDY algorithm.


Figure 11. Plot showing the behavior noise from various mechanical components of the wind
turbine drive train with change in wind speed.


Figure 12. Power curve of Viryd 8000 wind turbine.


4.0 Conclusions
This study uses a unique method to locate the noise sources on a small scale wind turbine. A
compact microphone array was used for the study along with sophisticated beamforming
algorithms. It was found that the ability of the microphone array to resolve multiple noise
sources depended on the Rayleigh criterion. For frequencies above this Rayleigh limit we
observed that classical beamforming analysis provided results with considerable side lobes and
we required an advanced deconvolution technique (TIDY) to obtain clean results. At
frequencies above 5000 Hz we observed that the aerodynamic noise from blades were the
dominant noise source when compared to the mechanical noise from the nacelle. For
frequencies lower than the Rayleigh limit we found that classical beamforming produced







inconclusive location estimates and we had to use super resolution algorithms such as DAMAS
and LP to resolve the noise sources. Here we observed that the dominant noise source is the
mechanical noise from the nacelle with weak aerodynamic noise. In order to further understand
the behaviour of various mechanical components inside the nacelle, experiments were
conducted on a laboratory test rig of the Viryd 8000 wind turbine drive train. The measurements
were made with different simulated wind speeds. It was found that the gearbox was the
dominant noise source of the drive train. We also observed that the noise from the various
components varied between 6 m/s to 10 m/s after which they were stable. This was attributed
to the fact that the drive train was designed for a stable operation above 10 m/s as evident from
the power curve of the wind turbine. In sum, the microphone array with beamforming is a
unique and powerful method to locate and quantify noise sources on a small scale wind turbine
and is useful in understanding the physics behind the noise generation on wind turbines.


Acknowledgements


This work was supported in part by the U.S. Department of Energy under Grant DE-EE
0002979.


References


Brooks, T. F., & Humphreys, J. W. (2006). A Deconvolution Approach for the Mapping of
Acoustic Sources. Jou rnalofS ou nd and Vibration , 856-879.


Dougherty, R. P. (2005). Extension of DAMAS and Benefits and Limitations of Deconvolution in
Beamforming. A IA A -2005-2961.Monterey, California: 11th AIAA/CEAS Aeroacoustics
Conference.


Dougherty, R. P. (2009). Improved Phased Array Imaging of Model Jet. A IA A 2009-3182.
Miami, FL.


Dougherty, R. P., Ramachandran, R. C., & Raman, G. (2013). Deconvolution of Sources in
Aeroacoustic Images from Phased Microphone Arrays Using Linear Programming. 19th
A IA A /C EA S A eroac ou s tic s C onferenc e.Berlin.


Oerlemans, S., Sijtsma, P., & Mendez Lopez, B. (2007). Location and Quantification of Noise
Sources on a Wind Turbine. Jou rnalofS ou nd and Vibration , 869-883.


Pinder, J. N. (1992). Mechanical Noise from Wind Turbines. W ind Engineering , 158-168.


Ramachandran, R. C., Raman, G., & Dougherty, R. P. (2011). Evaluation of Various
Beamforming Algorithms for Wind Turbine Noise Measurement. 49thA IA A A eros pac e
S c ienc es M eeting,.Orlando, FL: AIAA 2011-2388.


Ramachandran, R. C., Raman, G., & Dougherty, R. P. (2012). Noise source localization using a
compact microphone array: Studies on a Full Scale Wind turbine in a wind farm. W ind
Engineering , 589-604.


Sijtsma, P. (2007). CLEAN based on spatical source coherence. InternationalJou rnalof
A eroac ou s tic s , 357-374.


Wagner, S., Bareiss, R., & Guidati, G. (1996). W ind Tu rbine N ois e.Berlin: Springer.


Wikipedia. (2006). C onvolu tion illu s trated :longitu d inal(XZ)c entrals lic e ofa 3D image ac q u ired
by a flu ores c enc e mic ros poc e. Retrieved from
http://en.wikipedia.org/wiki/File:Convolution_Illustrated_eng.png








5t h I n t e r n a � o n a l  C o n f e r e n c e
o n


W i n d T u r bi n e N o i s e
D e n v e r 2 8 - 3 0 A u g u s t 2 0 1 3


How frequency response influences measurement and
audibility of periodic wind turbine sound


Werner Richarz, Echologics Engineering Ltd., 6295 Northam Dr.,
Unit 1, Mississauga, ON, L4V 1W8, Canada
Email: wricharz@echologics.com


Harrison Richarz, Postgraduate Researcher, University of Manchester,
Manchester, UK
Email: harrison.richarz@postgrad.manchester.ac.uk


Summary


H armonic s of the blad e pas s age frequ enc y d ominate the low frequ enc y s ou nd from
large wind tu rbines . They extend wellinto the au d ible range. To c aptu re the period ic
s ignalwith any fid elity, the frequ enc y res pons e of the meas u rements ys tem mu s t
extend d own to atleas t0 . 1 H z. Ins tru ments lac king this performanc e s ignific antly
mod ify pres s u re-time his tory. This has implic ations forthe interpretation of meas u red
d ata as wellas au d ibility.


The period ic wind tu rbine s ignatu re was d es c ribed with over 40 0 Fou rier s eries
c omponents whos e amplitu d es were d ed u c ed from meas u red au to-c orrelations and
narrow band s pec tra ofwind tu rbine s ou nd . The period ic s ignalfrom eac h wind tu rbine


.
P ropagation throu gha tu rbu lentatmos phere was notbeen ac c ou nted for.


S ou nd pres s u re time his tories revealboth s low and rapid c hanges . The influ enc e ofin-
ad eq u ate low frequ enc y res pons e was examined by high pas s filtering the c ompu ted
time his tory. Even a lowerfrequ enc y limitof4 H z introd u c es s ignific antd eviations .


W hen s everalwind tu rbine c ontribu te to the s ou nd ata pointof rec eption, the s ignal,
even thou gh period ic being to res emble a rand om c ollec tion of waves , arriving at
d ifferenttimes .







Introduction


Itis now welles tablis hed thatau toc orrelations of wind tu rbine s ou nd have period ic
s tru c tu res atthe blad e pas s age frequ enc y (1 , 2 , 3). The energy therein c an c ontribu te u p
to 50 % of the overalls ignalenergy. C ontribu tions from the firs tfew harmonic s of the
blad e pas s age frequ enc y d efine the generalpattern ofthe waveform . H igherharmonic s
have mu c h lowerac ou s tic energy, bu thave the potentialto c ontribu te to au d ible s ou nd .
P reviou s analys is (3) s howed that propagation throu gh a tu rbu lent atmos phere
introd u c es rand om phas e s hifts rend ering the high frequ enc y portion of the harmonic
s ignalau d ible. This paperexamines the influ enc e oflimited low frequ enc y res pons e as
well as c ontribu tions from s everal wind tu rbines on the au d ibility of the higher
harmonic s .


W hen wind tu rbine s ou nd is meas u red with c onventionalequ ipment, the lac k of low
frequ enc y res pons e influ enc es the wave form . This may notbe an is s u e if s pec tra in
the au d ible range or A weighted s ou nd levels are of primary interes t. The high-pas s
filtering introd u c es phas e s hifts thatalter the pattern of the period ic s tru c tu re of wind
tu rbine s ou nd . A s the hu man earis als o a (non-linear)high pas s filter, thes e effec ts
may als o play a role in the perc eption ofwind tu rbine s ou nd .


Periodic low frequency wind turbine sound


Figu re 1 illu s trates a meas u red au toc orrelation fu nc tion of wind tu rbine s ou nd . Ithas
been normalized by the mean s q u are s ou nd pres s u re. There is a large c entralpeak at
zero time d elay and s ec ond ary peaks attime d elays thatc orres pond to mu ltiples of
rec iproc alofthe blad e pas s age frequ enc y.


Figu re 1 . M eas u red au toc orrelation ofwind tu rbine s ou nd
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This c an be mod elled by as s u mingthatthere are atleas tthree d is tinc ts ou nd s : natu rally
oc c u rring bac kgrou nd nois e ( , rand om ( , and period ic ( wind tu rbine
s ou nd :


[1 ]


B road -band s ignals attribu ted to the wind tu rbine and the environment(e. g. wind )are
u nc orrelated s o thatthe au toc orrelation ofthe pres s u re is :


[2 ]


The au toc orrelation of the bac kgrou nd nois e and rand om wind tu rbine s ou nd is non
zero only for s malltime d elays . O nly pers is ts for larger time d elays , as itis a
period ic fu nc tion. W riting as a Fou riers eries :


The c orres pond ingau toc orrelation has only pos itive Fou rierc oeffic ients


N ormally, rand om s ignals obs c u re the period ic waveform . The Fou rier s eries
c oeffic ients c an be obtained from the au toc orrelation; however, the phas e terms


are u nknown. Und erfavou rable field c ond itions only the firs tfew harmonic s c an be
res olved u nambigu ou s ly. Extrapolation to higherharmonic s is to s ome extentgoverned
by .


A s pointed ou tabove, one requ irementis thatall be pos itive. This res tric ts the
s elec tion s omewhat, as many Fou rier s eries are alternating. P reviou s ly (3) itwas
as s u med that was an od d fu nc tion. W alker (1)employed ens emble averaging to
enhanc e the period ic s ignals whic h, forthe mos tpart, are even abou ttheirloc almaxima
orminima.


The au toc orrelation provid es a good es timate ofthe period ( ). This allows ens emble
averaging of d igitalrec ord ings of wind tu rbine s ou nd withou tan externaltrigger. The
proc ed u re is s traightforward . The rec ord is reformatted into s egments ofd u ration :


)


and an integerranging (0 , M -1). A veraging overm s egments
enhanc es the period ic s ignalwhile red u c ing rand om nois e. The RMS c ontribu tion ofthe


latter d iminis hing by . The d u ration of the rec ord s u s ed herein were relatively
s hort, s o notic eable rand om nois e remains in the ens emble averages in Figu re 2 . There
is a good d ealof variability. Rec ord s with high c orrelation peaks yield ing reas onably
s mooth trac es . M any pos s es s mu ltiple, s imilarly s haped pu ls es . This is expec ted when







the s ou nd levels from s everalwind tu rbines are c omparable. Even u nd er thes e
c irc u ms tanc es the majors id e lobe ofau toc orrelation is loc ated atthe d elay time .


Figu re 2 . Ens emble averaged wind tu rbine s ou nd . A tleas tthree wind tu rbines
c ontribu te to s ignal. Figu re 1 s hows the au toc orrelation ofthis d ata s et.


From equ ation [2 ] one may d ed u c e thatthe frac tionalc ontribu tion of to the overall
mean s q u are pres s u re is . O bs erved magnitu d es of this ratio ranges


from zero to abou t0 . 4. S inc e there are als o non-wind tu rbine s ou nd s , itis s een thatthe
period ic portion of wind tu rbine nois e, for the mos t part, makes a non-negligible
c ontribu tion.


The ratio is a meas u re of the c ontribu tion of the period ic s ignalto the


overallmeans s q u are. Figu re 3 s hows a his togram of meas u red that


exc eed 0 . 2 . This repres ents abou t43% ofthe alld ata analyzed .


The c u mu lative probability d is tribu tion is es timated by treating the ratio as a rand om


variable: is c hos en to s o that .In Figu re 4 a linear


extrapolation extend s to s mall valu es of. It follows that the c orres pond ing
probability d ens ity fu nc tion is . This s u gges ts thatthe low
frequ enc y tones are obs c u red forabou t1/3 of the obs ervations . A largerd ata bas e is
need ed to improve thes e approximate s tatis tic s .
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Figu re 3. S c aled his togram ofx=


Figu re 4. C u m u lative d is tribu tion ofx= .
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Influence of High Pass Filtering


A good d ealof d ata has and c ontinu es to be obtained u s ing ins tru mentation thathas
inad eq u ate low frequ enc y res pons e. L is tening tes ts c ond u c ted in lou d s peakerd riven
environments are anotherexample where in-ad eq u ate low frequ enc y res pons e of the
equ ipmentalters the s timu lu s . O ne example is lou d nes s of a s onic boom . C ontrolled
lis tening tes ts in a s pec ials imu lators howed thatremovalof low frequ enc y c omponents
had negligible impac ton lou d nes s (4). Itmay wellbe thatau d ible s ou nd from wind
tu rbines is a ps yc hologic altrigger, even ifthe s ou nd pres s u re are s u bs tantially lower.


A mod el low frequ enc y pu ls e was c ons tru c ted from Fou rier c omponents whos e
freq u enc y d is tribu tion res embles meas u red narrow band s pec tra (Figu re 5). The
s ignals are c ontain 40 0 harmonic s . Fors implic ity the blad e pas s age frequ enc y is 1 H z,
and the s amplingrate was 8 0 0 0 H z. The c orres pond ingtime and au toc orrelation s ignals
are s hown in Figu re 6. The s imilitu d e ofthe mod eland meas u rementis good .


Figu re 5. N arrow band s pec tru m ofwind tu rbine s ou nd . Figu re 2 s hows the ens emble
average ofthis d ata s et.
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Figu re 6. Time s eries and au toc orrelation fu nc tion ofmod elpu ls e.


The analys is pres ented here is c onc entrates on linears ec ond ord erfilters with c ons tant
c oeffic ients . Und erthes e c ons traints the generalres pons e takes the form :


The filtertrans ferfu nc tion magnitu d e is


Figu re 7 illu s trate the res pons es ats elec ted c ornerfrequ enc ies ( ) .Even formod erate
valu es the effec tis q u ite d ramatic . The RMS levelofthe ou tpu ts ignalis red u c ed ; s till,
the period ic s tru c tu re may rend er it au d ible. The repetition rate als o provid es a
c ons is tenttriggerorc u e as the patterns repeatatthe blad e pas s age frequ enc y whos e
period is ofthe ord erof1 s ec ond forlarge mod ern wind tu rbines .
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Figu re 7 . Res pons e to an id ealized period ic s ignal(s ee Figu re 6)as a fu nc tion ofc orner
frequ enc y. A mplitu d es are normalized by the maximu m abs olu te valu e.


The au d itory proc es s is mu c h more c omplic ated than a s imple linearfilter. Irres pec tive
ofthe d etails , lac koflow freq u enc y res pons e ou ghtto bias the s ens ation to favou rthe
higherfrequ enc y c omponents . This is mod elled by replac ing the fu nc tion ofthe earby
s ec ond ord erhigh pas s filterthatapproximates the res pons e ofthe A weightingnetwork
(Figu re 8 ). The high pas s filtered s ignalres embles a s hortpu ls e whos e time s c ale is
bu ta frac tion ofthe low frequ enc y pu ls e (Figu re 9). Tru nc ation ofthe Fou riers eries at


os c illations (5). The s ignals have been exported as *.wav files and played bac kthrou gh
head phones and high fid elity lou d s peakers . They lac k the c harac teris tic s woos h of
wind tu rbine s ou nd . Its hou ld be noted thatrand om phas e mis matc h ind u c ed by
propagation throu ghtu rbu lenc e generates s ignals thatare s woos h-like (4).
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Figu re 8 . A weightingfitted witha s ec ond ord erhighpas s :


Figu re 9. Res pons e ofhighpas s filterin Figu re 8 to s imu lated period ic wind tu rbine
s ou nd .
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Multiple Wind Turbines


Und erid ealized c ond itions the overalls ou nd pres s u re from M wind tu rbines is s imply:


is the s ou rc e d irec tivity, s ou rc e-lis tener d is tanc e, the blad e pas s age


frequ enc y of the m th wind tu rbine and a time s hiftac c ou nting forthe relative blad e
orientation of eac h wind tu rbine. The d imens ions of the Fou rierc oeffic ients are Pa m.
Thes e parameters c hange s lowly over time over time and the res u lts d ed u c ed from


- . Forthis
reas on long term averaging will not yield realis tic res u lts . To d ate there is no
c omprehens ive mod el bas ed on the (as s u med ) d is tribu tion of the rand om
variables . Eventu ally s u c h a mod el ou ght to provid e a better
u nd ers tand ingofthe inherentvariability ofwind tu rbine s ou nd .


A s more wind tu rbines c ontribu te to the period ic pu ls es arrive atd ifferenttimes . ForM
wind tu rbines there willbe M pu ls es . Their magnitu d es s c ale as . O ften wind
tu rbines are arranged in c lu s ters . C ons id er a c lu s ter of 11 wind tu rbines tu rning at
id entic alrates . The c lu s terhas bas ic regu larpattern with interwind tu rbine d is tanc es of
30 0 m . There are fou rpoints of rec eption thatare atleas t50 0 m from the c los es twind
tu rbine. The res pec tive c o-ord inates are tabu lated below.


The period ic pattern is now c ompos ed of11 elements . Figu res 1 0 and 11 illu s trate fu ll
band wid th patterns and the high pas s filtered ones . W hen a high pas s filteris applied ,
the low frequ enc y waveform is trans formed into a s eries ofpu ls es thatappearrand omly
d is tribu ted overthe fu nd amentalperiod of1 s ec ond (note the blad e pas s age frequ enc y
u s ed herein is 1 H z). The trac es have been normalized by the larges tvalu e pred ic ted for
eac hd ata s et.


X Y X Y X Y


W T1 -12 -9 W T7 -143 -248 FP 1 0 50 0


W T2 297 1 1 W T8 -442 -250 FP 2 650 360


W T3 -310 2 W T9 292 -52 7 FP 3 7 7 5 150


W T4 461 -257 W T10 -2 -514 FP 4 950 -260


W T5 139 -2 7 2 W T11 -295 -526 FP 5 7 7 5 150


W T6 -12 -261


Wind turbine co-ordinates (m) Field Points







Figu re 10 .
been normalized by the larges tvalu e in this d ata s et. The s pac ingbetween horizontal


lines is 0 . 5. Trac es are off-s etby 1 . 0 withres pec tto eac hneighbou r.


Figu re 11 . H ighpas s filtered s ignals from Figu re 1 0 . The trac es have been normalized
by the larges tvalu e in this d ata s et. The s pac ingbetween horizontallines is 0 . 5. Trac es


are off-s etby 1 . 0 withres pec tto eac hneighbou r.
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In this example allblad es are s ync hronou s , thatis ata c ertain ins tanc e of time one
blad e ofeac h wind tu rbine points vertic ally u p. Ifthis c ons traintis lifted and the relative
pos itions ofthe rotors are permitted to s lip, the ind ivid u alpeaks with travers e the wind ,
thereby c hangingthe c harac terofthe pu ls e train.


Summary


The period ic s ou nd as s oc iated with the liftforc es the thic knes s of wind tu rbine blad es
has been id ealized and the influ enc e of relative lac k of low frequ enc y res pons e of
meas u rementequ ipmenthas been analyzed . Itis s hown thatthe period ic pattern that
is d ominated by low frequ enc y c omponents is trans formed into a s eries ofs hortpu ls es .
Fortypic alwind tu rbines the energy as s oc iated with thes e pu ls es is a few d B below that


The pattern bec omes more intric ate when the s ou nd from s everal tu rbines is
c ons id ered . The apparentc haos within the period ic s tru c tu re may, in part, ac c ou ntfor
the c harac teris tic wind tu rbine s ou nd .
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Summary


For at least four decades there have been reports in scientific literature of people
being made ill by low-frequency sound and infrasound. In the last several years
there have been an increasing number of such reports with respect to wind
turbines, which corresponds, obviously, to their becoming more prevalent. A
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study in Shirley, WI has lead to interesting findings that include: (1) for major
effects, it appears that the source must be at a very low frequency, about 0.8 Hz
and below with maximum effects at about 0.2 Hz; (2) the largest, newest wind
turbines are moving down in frequency into this range; (3) the symptoms of motion
sickness and wind turbine acoustic emissions "sickness" are very similar; (4) and
it appears that the same organs in the inner ear, the otoliths may be central to
both conditions. Given that the same organs may produce the same symptoms,
one explanation is that the wind turbine acoustic emissions may, in fact, induce
motion sickness in those prone to this affliction. Finally, It is shown that the
probability that sensitivity to motion sickness and sensitivity to wind turbine
acoustic emissions are unrelated is less than 2 in 1,000,000.


1. Introduction


For at least four decades there have been reports in the scientific literature of
people being made ill by low-frequency sound and infrasound. (Dawson 1982;
Tesarz 1997)


Currently, these same problems are appearing in the vicinity of wind farms, and
as in 1982 and earlier, nobody understands how these problems come to be;
nobody understands why only a fraction of the population is affected; nobody
understands how the sound can be below the threshold of hearing and be
affecting people.i


2. Data from a problem site


2.1 Observations from people affected by the installation of wind turbines


One wind farm that is experiencing these problems is in Shirley, WI. Here three
families have abandoned their homes because family members who became ill
after installation of the turbines could not acclimate to the problems.ii Because of
these problems in Shirley, a study was conducted with the proposed test plan
calling for the wind farm owner, Duke Energy, to cooperate fully in supplying
operational data and by turning off the units for short intervals so the true ON/OFF
impact of turbine emissions could be documented. Duke Energy declined this
request citing the cost burden of lost generation from the eight turbines at the
Shirley site.


Four acoustical consulting firms cooperated to jointly conduct this study: (1)
Channel Islands Acoustics (ChIA); (2) Hessler Associates, Inc.; ( 3) Rand
Acoustics; and (4) Schomer and Associates, Inc. This study was conducted during
a three day period in December, 2012. The first task accomplished was to meet
with residents having problems with the wind turbine acoustic emissions including
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members of the three families who had abandoned their homes. These
discussions with the residents yielded the following observations:


1. At most locations where these various symptoms occurred, the wind
turbines were generally not audible. That is, these problematic symptoms
are devoid of noise problems and concomitant noise annoyance issues.
The wind turbines could only be heard distinctly at one of the three
residences examined, and they could not even be heard indoors at this
one residence during high wind conditions.


2. The residents reported that at least some of them could sense when the
turbines turned on and off; this was independent of hearing or seeing the
turbines. This assertion by the residents is readily testable.


3. The residents reported "bad spots" in their homes but pointed out that these
locations were as likely to be "bad" because of the time they spent at those
locations, as because of the "acoustic" (inaudible) environment. The
residents did not report large changes from one part of their residences to
another.


4. The residents reported little or no change to the effects based on any
directional factors. Effects were unchanged by the orientation of the rotor
with respect to the house; the house could be upwind, downwind, or
crosswind of the source.


5. The residents were asked if they were susceptible to motion sickness, and
all of the residents who reported motion sickness like symptoms as major
adverse effects associated with the wind turbines, were also sensitive to
motion sickness.ii


Two of the major implications of these five findings are: (1) Because these
residents largely report wind turbines as inaudible, it seems that suggestions
some have made that these conditions are being caused by extreme annoyance
can be ruled out, and (2) the lack of change with orientation of the turbine with
respect to the house and the lack of change with position in the house suggest
that we are dealing with very low frequencies; frequencies such that the
wavelength is a large fraction of the wind-turbine diameter (i.e., about 3 Hz) or
lower.


It should be mentioned that there are about 120 residences within about 5000 ft
of the closest turbine, which suggests that there are about 275 residents. Of
these 275 residents, 50 have described adverse effects that they have
experienced after the introduction of the wind turbines. The most common
complaints are feelings of pressure and pulsations in the ears. A sub-subset of 2
of the 5 people exhibiting motion sickness symptoms fit the following search
criteria: about one half or more of their symptoms must be motion sickness
symptoms, the overall symptoms must be severe enough that the people
abandon their homes (or equivalent), the motion sickness symptoms must
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include nausea, and the motion sickness symptoms must play a prominent role in
the subjects overall response to wind turbine noise. Only 2 of the 50 residents
reporting any type of symptom meet these rather selective criteria. .iii It is not
known how many of the 120 residences are "participating," but most agreements
for participating residences include some form of confidentiality and non-
complaint clauses.iv


2.2 Physical Measurements


Figure 1 is an aerial photo of the Shirley wind farm. This figure shows the
positions of five of the eight wind turbines that make up this site, Nordex N-100s,
and the position of the three abandoned residences. Primary measurements were
made at residences 1, 2, and 3 on consecutive days. Each of the four consulting
firms contributed to the overall study.


Figure 1: Aerial photograph of the site showing the 3 residences, and the 5 closest wind
turbines


Bruce Walker of Channel Island Acoustics employed a custom designed multi-
channel data acquisition system to measure sound pressure in the time domain
at a sampling rate of 4,000/second where all signals are collected under the
same clock. The system is calibrated to be accurate from 0.1 Hz thru 10,000 Hz.
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At each residence, a multi-channel recorder was connected to an outside wind-
speed anemometer and a microphone mounted on a ground plane covered with
a 3 inch hemispherical wind screen that in turn was covered with an 18 inch
diameter and 2 inch thick foam hemispherical dome (foam dome). Other
channels of the recorder were connected to microphones inside each residence
that were situated in various rooms including basements, living or great rooms,
office/study, kitchens and bedrooms. The objective of this layout was to gather
sufficient data for applying advanced signal processing techniques.


Robert Rand of Rand Acoustics observed measurements and documented
neighbor reports and physiological effects including nausea, dizziness and
headache.


Paul Schomer of Schomer and Associates, Inc. observed all measurements.
Among other things the following observations are made based on the results of
the physical measurements. In particular, these observations are based upon the
coherence calculations by Bruce Walker. He produced both amplitude,
frequency and coherence plots and 10-minute coherence charts showing only
amplitude and frequency. While both types of plots show the same thing, this
analysis concentrates on the latter, 10-minute coherence charts, because the
amplitude, frequency and coherence plots have only a 30 dB dynamic range.
Figures 2 shows the coherence between the outdoor ground plane microphone
and 4 indoor spaces at Residence 2: the living room, the master bedroom, behind
the kitchen, and in the basement. The data collected at Residence 2 were
measured with only 58% of turbine power, although the wind conditions were
optimal for turbine operation, and the power was much less than 58% during the
measurement periods at R1 and R3.


Figure 2a,b: R2-5T212420--coherence with outdoor-ground plane microphone; Living Room-
Blue, Master Bed Room- Red, Behind Kitchen- Green, Basement-Purple, b is an expanded


view from 9 Hz to 35 Hz
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It is inferred from the residents' observations that the important effects result from
very low frequency infrasound of about 3 Hz or lower. We can test this assertion
with the data collected at the three residences at Shirley. Only Residence 2 was
tested during a time when significant power was being generated, so it is the only
source of data used herein. Figures 2 shows the coherence between the outdoor
ground plane microphone and the four indoor spaces listed above. All of the four
spaces exhibit coherence at 0.7 Hz, 1.4 Hz, 2.1 Hz, 2.8 Hz and 3.5 Hz, and in this
range there is no coherence indicated except for these five frequencies. The
basement continues, with coherence exhibited at these higher harmonically
related frequencies of 4.2 Hz, 4.9 Hz. 5.6 Hz, 6.3 Hz and 7 Hz. The coherence in
the basement drops low from 10-18 Hz and is more or less random and low above
18 Hz.


Figure 2b shows the coherence just for the frequency range from 10 Hz to 35 Hz,
and essentially this figure exhibits random patterns with no correlation from one
room to the next. For example, coherence with the microphone behind the
kitchen is high from 10-14 Hz and the master bedroom is high from 12-14 Hz
while the other two spaces exhibit low coherence, and again the master bedroom
is high from 28-35 Hz with the others being low, and the living room is high from
50-58 Hz with the other spaces low; no pattern. In contrast, all four spaces are
lock step together in their coherence with the outdoor microphone below about 4
Hz.


As an analysis that is complementary to the coherence plots of Figure 2, Figure
3 shows spectral plots of data collected at Residence 2. As in the coherence
plot, we see the first several harmonics of the wind-turbine blade-passage
frequency, 0.7 Hz, and nothing notable above about 7 Hz. Two channels of
measurement are shown on Figure 3, the outside, ground plane microphone
(green), and the indoor microphone in the living room. Note that the pressures
that result from the acoustic emissions of the wind turbines, when measured
indoors, keep growing as the frequency goes lower, because the entire house is
behaving like a closed cavity.


Residence 2, and indeed all three residences, exhibit classic wall resonances in
about the 10-35 Hz range which are different for each room and exposure, so it
is reasonable to suppose that the randomness in the 10-35 Hz region in the
above ground rooms is the result of wall resonances. The basement, which has
no common wall with the outside, generally exhibits the lowest coherence in the
10 to 35 Hz region. Thus, we conclude that the only wind turbine-related data
evident in the measurements at Residence 2 are the very low frequencies
ranging from the blade passage frequency of 0.7 Hz to up to about 7 Hz. This
conclusion is consonant with the residents' reports that the effects were similar
from one space to another but a little to somewhat improved in the basement,
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the effects were independent of the direction of the rotor and generally not
related to audible sound.


Figure 3: Spectral plot of the ground-plain outdoor microphone data and indoor data
measured in the living room of Residence 2.
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Figure 4 shows the sound pressure level for the first minute of the 10 minutes
represented on Figure 2, above. This figure, which is sensitive to the lowest
frequencies, shows that at these very low frequencies the sound pressure level
in all four spaces is quite similar. The small changes from different positions in
the house also suggests that the house is small compared to the wavelength so
that the insides of the house are acting like a closed cavity with uniform pressure
throughout being driven by very low-frequency infrasound.


Figure 4: First of the ten minute period of 5T212420. Note that the SPL is very similar for all
indoor locations.


Figure 5 is for Residence 3 which was 7000 feet from the nearest turbine, in
contrast to Residence 2, which was only 1100 feet from the nearest turbine.
Even here, with much reduced amplitude, there seem to be several frequencies
where the four spaces have peaks together beginning at 0.7 Hz. While only a
slight blip is evident at 0.7 Hz in Figure 5, clear peaks are evident at 1.4 and 2.1
Hz, and a couple of the microphones also show peaks at 2.8 Hz. It is somewhat
surprising that we can even measure these considering the low power setting on
the day R3 was measured.


The measurements support the hypothesis developed above that the primary
frequencies are very low, in the range of several tenths of a Hz up to several
Hz. The coherence analysis shows that only the very low frequencies appear
throughout the house and are clearly related to the blade passage frequency of
the turbine. As Figures 4 shows, the house is acting like a cavity and indeed at
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5 Hz and below, where the wavelength is 60 m or greater, the house is small
compared to the wavelength.


Figure 5: R2-5T204657- coherence with outdoor-ground plane microphone;; Living Room-
Blue, Upstairs Bed Room- Orange, Family Room- Turquoise, Basement-Purple


While we would have liked to have been able to draw conclusions on
measurements at all three sites, that was not possible because Duke Energy
was not generating much power during the measurements of R1 and R3, and
even just over 50% during the measurements at R2.


3. The motion sickness hypothesis


3.1 The Navy's Nauseogenic Region


As a starting point we consider a paper by Kennedy et al. (1987) entitled: "Motion
Sickness Symptoms and Postural Changes Following Flights in Motion-Based
Flight Trainers." This paper was motivated by Navy pilots becoming ill from using
flight simulators. The problems encountered by the Navy pilots appear to be
similar to those reported by 5-6 of the Shirley residents. This 1987 paper focused
on whether the accelerations in a simulator might cause symptoms similar to
those caused by motion sickness or seasickness. Figure 6 (Figure 1 from the
reference) shows the advent of motion sickness in relation to frequency,
acceleration level and duration of exposure. To develop these data, subjects
were exposed to various frequencies, acceleration levels and exposure durations,
and the Motion Sickness Incidence (MSI) was developed as the percentage of
subjects who vomited. Figure 7 show two delineated regions. The lower region is
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for an MSI of 10%. The top end of this region is for an exposure duration of 30
minutes and the bottom end is for eight hours of exposure. The upper delineated
region has the same duration limits but is for an MSI of 50%.


Figure 6: The Navy's nauseogenic region


What is important here is the range encompassed by the delineated regions of
Figure 6. Essentially, this nauseogenic condition occurs below 1 Hz; above 1 Hz it
appears that accelerations of 1G would be required for the nauseogenic condition
to manifest itself. While the Navy criteria are for acceleration, in Shirley we are
dealing with pressures in a closed cavity, the house. The similarity between force
on the vestibular components of the inner ear from acceleration and pressure on
these from being in a closed cavity suggests that the mechanisms and
frequencies governing the nauseogenic region are similar for both pressure and
acceleration.


As the generated electric power of a wind turbine doubles the sound power
doubles and the blade passage frequency decreases by about 1/3 of an octave
(Møller and Pedersen, 2011). The wind turbines at Shirley have a blade passage
frequency of about 0.7 Hz. This suggests that a wind turbine producing 1 MW
would have a blade passage frequency of about 0.9 Hz, and on Figure 6, a change
from 0.7 Hz to 0.9 Hz requires a doubling of the acceleration for the same level of
response. Thus, it is very possible that this nauseogenic condition has not
appeared frequently heretofore because older wind farms were built with smaller
wind turbines. However, the 2.5 MW, 0.7Hz wind turbines clearly have moved well
into the nauseogenic frequency range.
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3.2 Motion Sickness Like Symptoms, and their Implications


Motion sickness, or kinetosis (from the Greek to move) is generally related to the
vestibular, visual, and somatosensory systems. (cf. Griffin, 1990). A common
theory of the cause of kinetosis is that of sensory conflict: the information received
from two or more sensory systems conflict (eg., visual inputs in a closed room
and vestibular inputs from a rolling boat) producing symptoms similar to that of
ingesting a poisonous substance. The result is an evolutionary protective
response to rid the body of a harmful foreign substance. Thus, motion sickness is
not really a sickness, but rather is a natural reaction to unusual input information.


At the start of this study the working hypothesis was that wind turbine noise
somehow, because of the nauseogenic regions similarity, created symptoms that
were similar to those of motion sickness. We now have a much simpler
hypothesis--like movies and videos, wind-turbine acoustic emissions trigger
motion sickness in those who are susceptible; it is another form of pseudo-
kinetosis.


At Shirley, of the50 people who reported symptoms after the introduction of wind
turbines to the area, 5 of those 50 people reported symptoms similar to motion
sickness. We simply have no information on other area residents, except for
these 50, and do not know how many of the other residents are participating.
Based on the sample of 5 out of 50, we can say that the incidence of motion
sickness symptoms at Shirley is 10% or less, a figure that is clearly in line with
the expected percentage of those in the general population affected by motion
sickness. In fact, Montavit (2013)
population is extremely sensitive to motion sickness; 5 to 15 percent are relatively


In our meeting with affected residents discussed above, it was stated that each
person affected by the wind farm noise in the form of motion sickness symptoms
was also motion sickness sensitive


The same is true for Rob Rand and Steve Ambrose who are two acoustical
researchers who have themselves reported suffering strong symptoms from low-
frequency wind-turbine emissions. It appears individuals who exhibit motion
sickness symptoms in response to infrasound, the motion sickness symptoms play
a prominent role, and the motion sickness symptoms (listed in Table 1) account
for about one half or more of a person's total symptoms, and the total symptoms
are sufficiently strong such that these residents abandon their homes, also suffer
from motion sickness. The count is two of two people, the father and son at
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Shirley, who exhibit motion sickness symptoms to the degree indicated above to
wind-turbine acoustic emissions; both are sensitive to motion sickness.


Assume that sensitivity to motion sickness and sensitivity to wind-farm acoustic
emissions in the form of motion sickness like symptoms to the degree indicated
above are totally uncorrelated and that the probability of sensitivity to motion
sickness is 15 percent, a rather high estimate.v The probability of finding four
people in succession who each reports sensitivity to both motion sickness and
wind-turbine emissions to the degree indicated above is (15/100) to the 4th
power, which is 0.0005. This is just about 1 in 2,000. Said another way, the
probability that sensitivity to wind-farm emissions in the form of motion sickness
like symptoms that are so strong that these people abandon their homes and
sensitivity to motion sickness are unrelated is just about 1 in 2,000. The clear
conclusion is that these four people are affected by wind turbine acoustic
emissions, and this particular form of sensitivity to wind-farm emissions and
sensitivity to motion sickness are directly related.


The implications of finding a group of people sensitive to wind turbine emissions
are important. Therefore we decided to search for more cases. Searching the
United States, Canada and Australia yielded three more cases (two from
Australia and one from the USA), and all three were sensitive to motion sickness.
The probability of finding just three cases in succession is about 1 in 300 which
is statistically very significant by itself, but the probability of finding 7 individuals
who meet the criteria given above is (0.15) to the 7th power; less than 2 in
1,000,000. Our conclusion stands.


It has been suggested that people's fears create their reactions. At least for
those sensitive to motion sickness, this does not appear to be the case. Rather,
psychological factors, e.g. fear, is endemic to motion sickness and can amplify its
effects significantly. Just the thought of going on a boat or in a plane can trigger
motion sickness symptoms in a sensitive person; symptoms that exacerbate the
problem. Aversion to the sources of motion sickness is a normal reaction in
individuals who are sensitive to motion sickness, so it is not surprising that people
who are sensitive to motion sickness and are adversely affected by wind farms,
have an aversion to being near wind farms. This is a normal reaction in motion
sensitive people that goes with motion sickness and is not unique to wind
turbines or related to "not liking" wind turbines, so, it can be expected that those
who become ill due to low-frequency noise from wind turbines will have an
aversion to wind turbines that is more complex than simply "disliking" the sound
or appearance of the turbinevi.


As noted above, unaccustomed motions and accelerations confuse the brain. For


movement, since the body itself is sitting still. The eyes, on the other hand, send
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the brain a message of fast motion. The equilibrium organ in the inner ear
delivers information of curves, acceleration and/or ascents which contradict the
messages from the other two sources. This contradictory flood of impulses and
information overburdens a healthy sense of equilibrium which the brain, in turn,
interprets as a danger situation. It then releases stress hormones, which in turn
create symptoms of dizziness and nausea.


So to induce a sense of motion where none exists and thereby create the sensory
conflict that is requisite to induce motion sickness requires that the acoustic signal
cause the vestibular system to "tell the brain" it is accelerating when the ocular
system is telling the brain there is no motion.


4. Excitation of the otolith


4.1 The middle ear and inner ear


This main question relates to the fact that the Navy criteria are based on
acceleration, while the wind-turbine acoustic emissions are very low-frequency
acoustic pressure waves.


In the following, we show only that it appears that an acoustic wave at 0.5 to 0.7
Hz can generate a similar signal in the brain as the signal generated by an
acceleration at 0.5 to 0.7 Hz.


The following discussion analyzes the linear motion sensing function of the ear,
and explains how the ear could respond to wind turbine emissions. Figure 7
shows the ear (Obrist 2011). We are concerned primarily with the inner ear
which is shown in blue in this figure.


Figure 8 shows just the inner ear which contains the cochlea, the organ that
divides a sound wave into frequencies ranging from about 10 Hz to about 20 kHz
(Obrist 2011). The inner ear also contains the vestibular system which controls
and facilitates balance and motion. The system of semicircular canals appears to
have evolved in order to be able to sense rotational movements of the head while
remaining rather insensitive to forces arising either from translational acceleration
of the body or gravity: the cupulae normally have a similar specific gravity to that
of the endolymph. The vestibular perception of translational forces is thought to
originate normally from sensory systems (maculae) located within the utricle and
saccule. The maculae consists of flat gelatinous masses (otollithic membrane)
covered with minute crystals (otoconia) connected to an area of the utricle and
saccule by cells, including hair cells. A suitably oriented translational force will
cause the mass to exert a shear force, resulting in a variation in the firing rate of
the hair cells. The maculae cover an area of a few square millimeters. They are
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located on the floor and lateral wall of the utricle and, in an orthogonal plane, on
the anterior wall of the saccule (Griffin 1990).


Figure 7: The three parts of the ear


Figure 8: The inner ear


These six inner ear organs, the cochlea, the three SCCs, the saccule, and the
utricle, open into the inner space of the inner ear termed the vestibule. The inner







15


part of the inner ear is filled with endolymph which has properties similar to water
(Obrist, 2011; Grant and Best, 1987). A hard bone surrounds the inner ear and
the only openings to the "outside" are two windows, the round window, which
separates the air-filled middle ear from the fluid-filled inner ear by a thin
membrane, and the oval window, which connects to the stapes, and also
separates the inner ear from the middle ear by means of a thin membrane (Obrist,
2011). The difference between the impedance of air and the impedance of the
perilymph would produce a loss of about 29 dB at the air/fluid interface. To match
the impedances, the middle ear consisting of the area of the tympanic membrane,
the three middle ear ossicles and the area of the footplate of the stapes provides a
mechanical transformer that matches this discontinuity. At high frequencies the
tympanic membrane develops modes that affect the transmission of sound across
the middle ear. Low frequencies do not create these vibration modes and the


The lower limit to the auditory range is limited by
the length of the basialar membrane of the cochlear which, in turn, affects the
length of the travelling wave on the membrane and, consequently, the lower limit
of hearing.


The round window is compliant and responds to the pressure wave that travels up
the scala vestibuli and down the scala tympani to create shear forces in the


is a communication between the scala vestibuli and the vestibular system by
means of which acoustic pressure might be transmitted to the otoliths.


4.2 Classical model of the otolith


We have shown there is a plausible path for the infrasound pressures to reach the
inner ear and in particular the otoliths. The classical model of the otolith is shown
pictorially in Figure 9 (McGrath, 2003). The otoconial layer is a rather dense,
firmer layer of the otolith. It thickens at the surface. The otoconial layer gets its
density from embedded calcium carbonate crystals (otoconia). The otoconial
layer creates an inertial force when accelerated owing to its mass. This force is
transferred to the gel layer (cupula) as a shear force which then bends the hair
cells causing them to transmit signals to the brain. So the fundamental
measurement by the otolith is the inertial force of the otoconial layer (Grant and
Best, 1987); the otolith is measuring force.


4.3 Calculations of forces acting on the otolith


In this section we approximate and compare two potential forces acting on the
otoliths: (1) inertial forces due to accelerations, and (2) forces due to the
instantaneous pressure in an acoustic wave.
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Figure 9: Section of a model otolith organ


Although the more complete solution for modeling the motion of the otolith is
given by a parabolic partial differential equation (Grant and Best, 1987), the
frequency response of the otoliths is flat from DC to about 10 Hz (McGrath,
2003), the position of the poles in the response being functions of assumptions
for values of certain parameters describing physical attributes of the layers and
their constituents. For an order of magnitude calculation, we simply consider F=
ma, where the acceleration is precisely the acceleration of the head, and the
mass is the differential density of the otoconial layer minus the density of the
surrounding fluid and the copular membrane times the volume of the otoconial
layer. Although calcium carbonate has a density of 2.7 gm/cm3, the density of
the otoconial layer is taken to be 2 gm/cm3, since it is a combination of the dense
calcium carbonate and the less dense gel material. The density of the copular
membrane and of the endolymph fluid, which has properties given as being
similar to water, is taken as 1 gm/cm3, so the differential density is 1 gm/cm3, or
1000 kg/m3. As can be seen in Figure 8, the otoliths are approximated as round
and their diameter is about 1 mm. The reader should note that the exact area
encompassed by the otoconial membrane, its size, is not as important as one
might think because we are comparing 2 forces, the force due to acceleration of
the otoconial layer and the force due to the acoustic pressure on the otoconial
layer, each of which is proportional to the same area; the area of the otoliths.
The thickness of the otoconial layer has been given as 15 to 20 µm (Grant and
Best, 1987). Therefore we calculate: the mass = density*thickness*area or,


mass(kg) = 1 (kg/ m3)*18*10-6 -3 *m*0.5*10-3 -9 1.4*10-8


kg.
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With reference to fig. 6, we take the acceleration to be 1 m/s2, so the acceleration
force,


Faccel = 1.4*10-8 N.


In terms of the pressure of an acoustic wave, we take the SPL to be 74 dB which
corresponds to 0.1 Pa. Therefore, the acoustic force, Facous


-6


8*10-8 N.


4.4 Excitation of the otoliths


More recent research tends to confirm the model presented above for the
excitation of the saccule. It is shaped similarly to a hemi-sphere with the base of
the hemi-sphere rigidly attached to the temporal bone and the otoconial layer on
the top where under the force of acceleration shear forces can be set up in the
cupula. However there is radically new information about the utricle. Uzun-
Coruhlu et al. (2007) have used x-ray microtomography and a method of contrast
enhancement to produce data revealing "that the saccular maculae are closely
attached to the curved bony surface of the temporal bone as traditionally
believed, but the utricular macula is attached to the temporal bone only at the
anterior region of the macula"(see Figure 10). This radically changes the model
for excitation of the utricular macula. According to Uzun-Coruhlu et al. in the
classical view of the utricular macula "... the sub-surface of the utricular macula is
implied (if not actually stated) to be rigid; these models do not accommodate the


and which is consistent with
other anatomical evidence (e.g. Schuknecht, 1974). Since the hair cell receptors
on the utricular macula are stimulated by forces there would be a major difference
in modeling the sensory transduction of the macula to such forces if the forces
acted on a tenuously supported flexible membrane or acted on a membrane
which is rigidly attached to bone. As an example, modeling the magnitude of
utricular hair cell displacement to an increased dorso-ventral g-load during
centrifugation will be quite different if the whole membrane is deflected by the g-
load or if it remains fixed in place. The latter rigid attachment has been explicitly
or tacitly assumed, whereas our results show the macula is not rigidly attached to
bone.


"The key information which is now required for realistic modeling of
utricular transduction is information about the flexibility of the utricular
membrane to determine the extent to which it would be deflected by such
forces."


Essentially, Uzun-Coruhlu et al. are saying that the excitation of the otolith in the
utricle depends on the flexibility of the utricular macula. Since the macula is not
rigidly attached to the temporal bone, the classical model for excitation of the
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otolith by an acceleration does not work. One way for inertial forces on the otolith
to create bending forces is if the stiffness of the utricular membrane varies with
position. Then inertial forces on the otolith will make the otolith "bulge" where it is
less stiff and contract where it is stiffer, producing bending forces that will trigger
the hair cells. Precisely the same thing will happen if the force is externally
applied through the endolymph as when the force is internally applied through the
otoconial layer. In this model, if there is external force on the utricle, it will
expand where it is less stiff, and contract where it is stiffer. In particular, the
pathway described earlier should cause the utricular macula to signal the brain in
virtually identical fashion to signals generated by inertial forces.


4.5 An example that indicates these theories may be correct


The pressure in the endolymph is a scalar; its "direction" is everywhere normal to
the surface. Therefore, in contrast to true inertial forces which are vectors, the
acoustic pressure will always excite the same hair cells independent of the
orientation of the head. So, one who experiences this effect should always feel
the same motions. And this is exactly what both Steve Ambrose and Rob Rand,
who are both acoustical consultants, each experienced. Rob Rand, one of the
acoustical researchers on this project, the one who is sensitive to wind turbine
acoustic emissions, said of his work in Falmouth, MA in April 2011: "I went
outside hoping to feel better. I looked straight at a tree with my eyes, and my
brain said the tree was about 20 to 30 degrees elevated and about 20 to 30
degrees to the right. Then I tried to focus on a bush looking straight at it, and
again my brain said the bush was off to the right and elevated at about the same
angle as before; and the same for the house. For everything I looked at,
immediately my brain would say it was elevated and off to the right." Steve
Ambrose had exactly the same experience, only not the same angles.


5. Conclusions


The wind turbine clearly emits acoustic energy at the blade passage frequency,
which for the Nordex N100 is 0.7 Hz and about the first 6 harmonics of 0.7 Hz.
This very low infrasound was only found at R2, but that was the only day in which
significant power was being generated (about 58%).


Most residents do not hear the wind-turbine sound; noise annoyance is not an
issue. The issue is physiological responses that result from the very low-frequency
infrasound and which appears to be triggering motion sickness in those who are
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acoustic pressure that reaches the otolith through the eardrum and middle ear


Figure 10: 3-D rendered images of the utricular and the saccular maculae of guinea pig. (a)
Illustrates the 3-D rendered images of the three views of the macula as it rotates around a dorso-
ventral axis to show the attachment of the macula to the bony wall of the utricle which occurs only
at the anterior-most region. (b) Shows the 3-D rendered image of the saccular maculae clearly
bound to curved bone.


susceptible to it. It has been shown that the probability that sensitivity to motion
sickness and sensitivity to wind turbine acoustic emissions are unrelated is less
than 2 in 1,000,000. This statement is sufficient to make clear a relation between
wind turbines and motion sickness symptoms in what appears to be a small
fraction of those exposed. This finding does not prove our hypothesis that the
otoliths are responding to the wind turbine infrasonic emissions. Rather, we can
say that the pathway for inducing this condition appears to be the same as
airborne transmission through the middle ear and thence to the vestibular sensory
cells, but confirmatory research of the pathway is recommended.


Finally, it is shown that the force generated on the otoliths by the pressure from
the infrasonic emissions of the wind turbines is perhaps 1.5 to 3 times larger than
the force that would be generated by an acceleration that was in accordance
with the US Navy's Nauseogenic Criteria (Figure 7 herein). That is, a 0.5 to 0.7
Hz "tone" at 74 dB produces about the same to 1.5 times the force as does a 2
m/s2 acceleration.


6. Additional research and data collection recommendations


The questions raised by this paper require answers. With the possible exception
of study A below, a test facility is required to accomplish the research outlined
below, and it probably could be used for study A. The facility would be a small
room, perhaps 10 ft by 12 ft by 8 ft high, and, depending on location, would need
to be in a soundproof enclosure. Excitation would be with special transducers;
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possibly an air-modulated loudspeaker. The main requirement is that the facility
extend down to very low frequencies (0.05 Hz or lower). Some of the potential
testing is very briefly described below. Potential tests:


A. Perform the "sensing" tests outlined in Appendix A of this paper.
B. Demonstrate electric signals going to the brain that emanate from the


otoliths; signals that are in sync with the wind turbine emissions. This
testing would need to be done on an animal such as a cat or Guinea Pig.


C. Develop an understanding of why this phenomenon seems to affect
residents near only a small minority of wind farms.


D. Establish who is and who is not affected by wind turbine infrasonic
emission in various ways, and why.


Results from the type of research indicated above will facilitate development of
methods to mitigate and/or prevent these types of problems. Prevention and
mitigation may not be so difficult. In particular, the eight-turbine installation in
Shirley is very spread out; R1 and R3 are near two turbines while R2 has one
turbine that should be 6 dB higher in level than the next nearest turbine. Another
place where these seasickness like problems are known to have occurred is in
Massachusetts with a one-turbine installation. These findings begin to suggest that
having several asynchronous turbines at roughly the same level might preclude the
motion sickness problem by breaking up the regular repetition rate inherent when
there is just 1 nearby turbine or when there is synchronous operation. This would
suggest that in a site with many turbines, only some residences on the perimeter
would have the potential for only one nearby turbine.


Currently the wind turbine industry presents only A-weighted octave band data
down to 31 Hz, or frequently 63 Hz, as a minimum. They have stated that the
wind turbines do not produce low frequency sound energies. The measurements
at Shirley have clearly shown that low frequency infrasound is clearly present and
relevant. A-weighting is inadequate and inappropriate for description of this
infrasound. In point of fact, the A-weighting, and also the C and Z-weightings for a
Type 1 sound level meter have a lower tolerance limit of -4.5 dB in the 16 Hz one-
third-octave band, a tolerance of minus infinity in the 12.5 Hz and 10 Hz one-third-
octave bands, and are totally undefined below the 10 Hz one-third-octave band.
Thus, the International Electro-technical Commission (IEC) Wind Turbine
measurement standard needs to include both infrasonic measurements and a
standard for the instruments by which they are measured.


7. Endnotes


i. The wind farm dialogue has been marred by misstatements on all sides. This


quotation of Tesarz et al., (1997) brings to mind one notable misstatement: "If
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you can't hear it, it can't hurt you." This paper shows that quotation to be a


misstatement.


ii. The family in the closest dwelling, R-2, reported that the wife and their then 2-year


old son had the problems; the husband did not have problems. The husband


would not sell the house because he did not want to stick someone else with the


problems, was making payments on the loan because he would not default, and


they have purchased a second, smaller house that they also make payments on.


These residents reported that their baby son, then 2 years old, would wake


up 4 times a night screaming. This totally stopped upon their leaving the


vicinity of the wind turbines, and he now sleeps 8 hours and awakens in a


normal state for a 2 year old, basically happy. The couple in the middle-


distance house, R-1, were living in their camper because they had nowhere else


to live that they could afford. Of course the camper is kept several miles from the


wind farm. They and two or their adult children, a son and a daughter, were all


sensitive to motion sickness and had motion sickness symptoms. The son and


daughter each lived in a nearby community and visited very often.


iii. These were the four family members discussed in note ii, above. The


mother and father moved from their house because the problems they were


experiencing, the majority of which for the father are contained in the Table


1 list. The son and daughter each apparently lives far enough away that the


emissions are not a problem to them where they live, but the son reports on


two trips to the parents abandoned house to use a shop area there to work


on his car. Both times he developed strong motion sickness symptoms and


only goes "there for very short periods of time now, and only when


absolutely necessary." This is taken to be essentially equivalent to


readily be


used by him, but he chooses to only go there "when absolutely necessary"


because he feels so bad when he goes there. The two residents that were


selected from the 50 at Shirley with symptoms are the father and the son.


About one half of the father's symptoms are in the Table 1 list, they are


strong and include nausea, and they have abandoned their home. The son


is included because nearly all his symptoms are from the Table 1 list, they


are very strong, and he no longer goes to or uses a house that is available


to him except when absolutely necessary. In contrast, the mother's major


problem centers on pain in the ears, and the daughter's situation is less


clear.


iv. Participating households are those that receive a share of the proceeds in


exchange for agreeing to not complain about the wind turbines; additional
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monies are paid to participants who have wind turbines or ancillary facilities


or equipment on their property.


v. Montavit (2013) states that 5 to10 percent of the population are "extremely


sensitive," and that 5 to 15 percent are "relatively insensitive." So 5 to 10


percent of the population is probably closer to the percentage that we


should be using rather than 15 percent.


vi. The effect shown here for wind-turbine emission is certainly not unique to


wind turbines. Rather, it appears that these effects would occur with any


low infrasonic source. This finding may explain some of the reports that


have been present in the literature for over 40 years.
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Abstract


National regulations regarding wind turbine noise levels are currently missing in Finland. Since
wind power production in Finland is planned to increase from 220 MW to 3750 MW by 2025,
many regulatory authorities, project developers and environmental offices from local
municipalities demanded new and harmonised guidance regarding wind turbine noise. The
Finnish Ministry of Environment published new guideline LA,eq noise levels for wind turbine
noise in summer 2012. However these guidelines did not include detailed guidance for
propagation modelling or general assessment methods of wind turbine noise. In the end of
2012, a joint-funded “Tuulivoimamelu” -project was started. Object of this project was to create
a good-practice-guide for wind turbine noise modelling, guide for measuring the compliance
levels and also assessment of annoyance of wind turbines. New features include the phasing of
the propagation modelling in two parts (in addition to preliminary modelling by the project
developer) roughly following the national land use planning phases and include a
comprehensive compliance noise measurement guide in Finnish language. The project was
joint-funded by the Finnish Ministry of Environment, the Finnish Wind Power Association and
the Finnish Energy Industries.


1. Introduction


Finland intends to increase the share of renewable energy to 38 per cent of total energy
consumption by year 2025. For wind power this means increasing the production to at least
3750 megawatts from the current figure, which is approximately 220 megawatts (2012)
(Ministry of Environment, 2012). Locations of power plants are determined primarily by techno-
economical factors as well as the environmental values of those areas and their other use.


In October 2012, Finnish Ministry of the Environment, Finnish Energy Industries and Finnish
Wind Power Association started a project in order to create detailed guidelines to apply the
design reference values for wind power noise specified in 'Tuulivoimarakentamisen
suunnitteluopas'. (Ministry of Environment, 2012) This project is known as TUULIVOIMAMELU
(‘Wind farm noise’). It is realized primarily by VTT, with Pöyry Finland Oy and Ramboll Finland
Oy being the other two involved parties.


The noise generated by wind turbines may differ characteristically from sounds generated by
other sources, such as traffic and its perceived disturbance may also differ. For this reason,
wind farms require separate measurement and verification guidelines. To counter the adverse
effects of noise in a cost-effective fashion, the selected methodology should support applying
the design reference values included in ‘Tuulivoimarakentamisen suunnitteluopas’ (Design
guide for wind energy building), a paper released by the Finnish Ministry of Environment in July
2012.







2. Comparison of different calculation parameters with various modelling
programs


One part of the “Tuulivoimalamelu”-project was to test behaviour of some noise abatement
programs with different calculation parameters. The motivation of this was to find possible
differences between programs and more importantly, sensitivity of various parameters to
calculation results with these results, educated opinion could be given on what parameter
values should be used in modelling. In comparison, 11 different modelling cases were made
using a pre-planned wind farm area in northern Finland. Compared noise abatement programs
and used propagation models were:


CadnaA, ISO 9613-2


WindPro, ISO 9613-2


SoundPlan, ISO 9613-2 ja Nord2000


In Scandinavia, ISO 9613-2 is widely used standard for outdoor industrial noise propagation
calculation. This propagation model is relatively simple but has several drawbacks. For
example, it does not account wind speed or direction in its calculations. It is also debated
should it be used for calculating wind turbine noise propagation at all, since it is designed for
relatively static noise sources such as industrial facilities.


Nord2000 is also found to be commonly used in Scandinavia (as it also is a joint Scandinavian
project) and at least two commercially available software’s have included the algorithm.
Nord2000 has many advantages since it’s development is based on a more complex algorithm
with more options for taking account environmental factors such as temperature and wind
gradients.(Kragh, Plovsing, 2001)


2.1 Initial data


Existing wind farm used in modelling cases consists of eight Vestas V112 wind turbines. Hub
height of these wind turbines is 140m and length of rotor 56m. They were modelled as a point
source, 140m above ground. Because sound power level of this wind turbine type was not
generally available, same data found from literature was used instead (Moller, 2011). This
sound power level data was with wind speed of 8 m/s and for these levels, 0.5 dB error margin
was added (Moller et. Al., 2011). Octave levels of this sound power data is shown in table 1
below.


Table 1. Sound power data of Vestas V112 in wind speed of 8 m/s in octave bands.


Octave band [Hz] 31.5 63 125 250 500 1000 2000 4000 8000 TOT


dBA 77.7 90.4 95.9 96.5 99 101.8 99.7 94.8 87 106.5


For the modelling cases, 11 immission points were chosen all around the wind farm nearest
being at 430 m and furthest 1700 m from near-by wind farm. Topological layout of emission and
immission points used in modeling are shown in figure 1.







Figure 1: Topological layout of emission and immission points used in modeling. Cross: Emission point,
ball: Immission point.


Accounting wind speed and direction in noise propagation calculation varies greatly between
propagation models. In Nord2000-model, both of these parameters are taken in account in
calculations but in ISO 9613-2, it is not possible. Therefore it was decided that wind speed and
direction is not taken account at all in modelling cases, because that was the only way to unify
wind conditions between used noise propagation models. It must be noticed that wind speed
and direction is already taken into account indirectly in used emission level of wind turbine (8
m/s downwind in 10m height). Air temperature and humidity was kept at their ISO9613-2
default values, 15’C and 70%.


2.2 Comparison between programs and propagation models with default values


Calculated noise levels in immission points with default parameter values are shown in table 3.
Default parameter values are:


Horizontal resolution of topography: 0.5 m


Ground asorption G: 0


Relative height of immission point: 2 m


Air temperature: 15’C


Air humidity: 70%







Table 2: Calculated noise levels in immission points with default parameter values.


Im m issionpoint A-w eightednoiselevel[dB]


CadnaA
(IS O 9613-2)


W indP ro
(IS O 9613-2)


S oundP lan
(IS O 9613-2)


S oundP lan
(N ord2000)


1 39.9 39.8 39.7 40.0


2 36.2 36.2 35.8 38.6


3 38.6 38.5 38.3 38.6


4 47.3 47.2 47.3 46.1


5 34.1 34.0 33.6 34.8


6 37.8 38.8 38.4 37.9


7 42.1 42.0 42.0 42.3


8 40.9 40.9 40.8 40.2


9 37.1 37.1 36.8 37.4


10 37.3 37.2 36.8 37.1


11 34.6 34.5 33.7 34.6


As from table 2 can be seen, differences between programs with same propagation model (ISO
9613-2) are quite small (up to 1 dB) However, comparing ISO 9613-2 and Nord2000, even
within same program, differences are noticeably larger (up to 2.8 dB).


2.3 Comparison between modelling programs, ISO 9613-2


In tables 4 and 5 comparison between three different modelling programs with ISO 9613-2 is
shown. Results are displayed so that values represented in specific colour means that values
are that much higher with program in same colour compared to other program. For example: If
CadnaA is coloured as red and WindPro as blue (as in table 4), then if a given value is 0.7 in
blue colour, calculation result done with WindPro is 0.7 dB higher than with CadnaA.


All 11 different modeling cases with their single varied parameters are shown in table 3.


Table 3: Modeling cases


C ase V aried parameter
1 Initialparameters
2 V erticalresolu tion oftopography:1 m
3 V erticalresolu tion oftopography:2.5 m
4 Grou nd absorption G:0.25
5 Grou nd absorption G:0.5
6 Relative heightof immission point:2 m
7 A irtemperatu re:T =0 °C
8 A irH u mid ity:Rh=30 %
9 Relative heightof immission point:2 m,Grou nd absorption G:0.5


As can be seen from table 4 and 5, calculation result differences between programs are
generally small. Comparing CadnaA and WindPro, differences are neglible in all immission
points except point 6 where there is almost coherent difference between programs. This is most
probably due to differences in algorithms how terrain data is formed from topology height
curves. When comparing SoundPlan to CadnaA or WindPro, SoundPlan calculates
systematically up to 1.3 dB higher values than other two programs. Reason for this behaviour is
unknown.







Table 4 (left): Comparison between CadnaA and WindPro programs with different modelling cases. Table 5
(right): Comparison between WindPro and SoundPlan programs with different modelling cases.


1 2 3 4 5 6 7 8 9 10 11


0.1 0.0 0.1 0.1 0.1 1.0 0.1 0.0 0.0 0.1 0.1


0.1 0.0 0.1 0.1 0.1 1.0 0.1 0.0 0.0 0.1 0.0


0.1 0.1 0.1 0.1 0.1 0.0 0.1 0.0 0.0 0.1 0.0


0.0 0.1 0.1 0.1 0.1 0.7 0.1 0.0 0.0 0.1 0.0


0.0 0.0 0.0 0.0 0.1 0.4 0.0 0.0 0.1 0.0 0.0


0.1 0.1 0.1 0.1 0.1 0.9 0.1 0.0 0.0 0.1 0.1


0.1 0.0 0.1 0.0 0.1 1.1 0.1 0.1 0.1 0.0 0.1


0.0 0.0 0.1 0.0 0.0 1.1 0.0 0.0 0.0 0.0 0.1


0.1 0.1 0.1 0.0 0.1 0.3 0.0 0.1 0.1 0.1 0.0


Airrelativehumidity R h= 30%


Heighth= 4 m ,ground absorptionG = 0,5


Heighth= 4 m


Airtemperaturet= 0'C


Ground absorption G = 0.25


Ground absorptionG = 0.5


Verticalresolutionoftopography = 1 m


Verticalresolutionoftopography = 2.5 m


CadnaA


(IS O 9613-2)
vs.


W indP ro


(IS O 9613-2)


Imm issionpoint


Verticalresolutionoftopography = 0.5 m


1 2 3 4 5 6 7 8 9 10 11


0.1 0.4 0.2 0.1 0.4 0.4 0.0 0.1 0.3 0.4 0.8


0.1 0.3 0.2 0.0 0.3 0.3 0.0 0.1 0.4 0.4 0.8


0.1 0.3 0.2 0.1 0.4 0.2 0.1 0.0 0.3 0.1 1.3


0.2 0.3 0.2 0.1 0.4 0.4 0.0 0.1 0.3 0.4 0.8


0.2 0.4 0.3 0.0 0.4 0.4 0.1 0.1 0.3 0.4 0.8


0.1 0.3 0.1 0.1 0.3 0.1 0.0 0.0 0.2 0.1 0.5


0.1 0.4 0.2 0.0 0.4 0.4 0.0 0.0 0.3 0.4 0.7


0.2 0.4 0.2 0.0 0.5 0.4 0.1 0.1 0.3 0.4 0.8


0.1 0.3 0.1 0.0 0.3 0.1 0.0 0.0 0.2 0.1 0.5


W indP ro


(IS O 9613-2)
vs.


S oundP lan


(IS O 9613-2)


Imm issionpoint


Verticalresolutionoftopography = 0.5 m


Heighth= 4 m ,ground absorptionG = 0,5


Airtemperaturet= 0'C


Airrelativehumidity R h= 30%


Heighth= 4 m


Ground absorption G = 0.25


Ground absorptionG = 0.5


Verticalresolutionoftopography = 2.5 m


Verticalresolutionoftopography = 1 m


2.4 Comparison between modelling cases


In table 6 comparisons between modelling case results calculated with CadnaA and ISO 9613-
2 is shown. As can be seen that ground factor G is the only parameter which has noticeable
effect in calculation results. This effect is up to 2.7 dB in favour to ground absorption 0
compared to 0.5. Modeling case results calculated with WindPro and SoundPlan using ISO
9613-2 resulted near identical results with CadnaA and thus are not presented here.


Similar results, only calculated with SoundPlan using Nord2000 is shown in table 7. It can
clearly be seen that while overall results are generally similar, there is noticeably more variation
in results between different immission points. This indicates how much more advanced and
detailed Nord2000 is compared to ISO 9613-2. This however, does not indicate that Nord2000
necessarily gives more accurate results compared to real world.







Table 6 (left): Comparison between modelling cases, calculated with CadnaA using ISO 9613-2. Table 7
(right): Comparison between modelling cases, calculated with SoundPlan using Nord2000.


1 2 3 4 5 6 7 8 9 10 11


vs.


0.0 0.1 0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.0 0.1


vs.


0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1


vs.


0.0 0.1 0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0


vs.


1.4 1.3 1.3 1.2 1.4 1.0 1.3 1.3 1.4 1.4 1.5


vs.


2.6 2.6 2.6 2.3 2.7 1.9 2.5 2.5 2.6 2.7 2.8


vs.


1.2 1.3 1.3 1.1 1.3 0.9 1.2 1.2 1.2 1.3 1.3


vs.


0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0


vs.


0.0 0.2 0.1 0.3 0.3 0.1 0.1 0.0 0.2 0.1 0.3


vs.


0.7 0.6 0.6 0.7 0.6 0.7 0.7 0.6 0.6 0.7 0.6


vs.


1.9 1.9 1.9 1.8 2.0 1.2 1.9 1.8 1.9 2.0 2.1


h= 4 m,G = 0,5 h= 2 m,G = 0


R elative hum idityR h = 30% R elativehumidity R h= 70%


Airtemperaturet= 0'C Airtemperaturet= 15'C


Heighth= 4m Heighth = 2m


Ground absorption G = 0.5 GroundabsorptionG = 0.25


Ground absorption G = 0.5 Ground absorptionG = 0


GroundabsorptionG = 0.25 Ground absorptionG = 0


T opography 1 m T opography 2.5 m


T opography 0.5 m T opography 1 m


T opography 0.5 m T opography 2.5 m


Immissionpoint


1 2 3 4 5 6 7 8 9 10 11


vs.


0.8 2.3 0.2 1.0 0.0 1.9 0.0 1.2 0.3 0.2 0.7


vs.


0.2 2.3 0.1 0.1 0.1 0.0 0.1 0.3 0.3 0.1 0.2


vs.


1.0 0.0 0.3 0.9 0.1 1.9 0.1 0.9 0.6 0.1 0.5


vs.


1.1 2.6 1.8 0.4 2.4 1.3 1.5 0.9 2.1 1.5 1.9


vs.


1.7 4.2 2.3 0.7 3.3 1.9 2.4 1.4 2.7 1.9 2.6


vs.


0.6 1.6 0.5 0.3 0.9 0.6 0.9 0.5 0.6 0.4 0.7


vs.


0.7 2.5 0.9 0.2 0.9 0.4 0.5 0.3 0.8 0.2 0.9


vs.


0.2 0.2 0.1 0.1 0.0 0.0 0.2 0.1 0.2 0.1 0.1


vs.


0.5 0.7 0.7 0.6 0.7 0.6 0.6 0.6 0.7 0.8 0.7


vs.


2.1 4.2 2.2 0.5 3.5 0.9 2.0 1.8 3.0 1.8 2.8


R elative hum idity R h = 30% R elativehumidity R h = 70%


h = 4 m,G = 0,5 h= 2 m ,G = 0


Heighth = 4m Heighth = 2m


Airtemperaturet= 0'C Airtemperaturet= 15'C


Ground absorption G = 0.5 Ground absorptionG = 0


Ground absorption G = 0.5 Ground absorptionG = 0.25


T opography 1 m T opography 2.5 m


GroundabsorptionG = 0.25 Ground absorptionG = 0


Imm issionpoint


T opography 0.5 m T opography 2.5 m


T opography 0.5 m T opography 1 m


2.5 Advanced parametric study with SoundPlan using Nord2000


I addition to program and parametric comparison with ISO 9613-2 which is described in
previous chapters, advanced parametric study with SoundPlan using Nord2000 was conducted.
Overall parametric study was made from topics listed below:


Possible sound level difference in immission point when emission is either point or line
source
Various parameters: ground flow resistivity, wind speed, vertical temperature gradient,
ground roughness factor, air turbulence.
Combined effect of ground impedance and weather parameters


Results of source type study indicated that there is no noticeable in immission levels whether
source is modelled ad point source or line source. These results are convergent and logical
with theoretical analogy; immission points are distant enough from line sources and can be
reduced into point sources.


Parametric study results indicated that highest A-weighted results are obtained with parameter
values ground flow resistivity class G, horizontal temperature gradient dT/dZ = 0 and wind
speed = 0 m/s. There was, however some incoherency in some other results when using
ground flow resistivity class G with upwind situation and horizontal temperature gradient dT/dZ
= 0, when wind speed changes. Also A-weighted sound levels were larger with negative
horizontal temperature gradient dT/dZ than dT/dZ = 0.


When using ground flow resistivity factor E, changing weather parameters produced more
logical results. However, there was still some unexplained incoherency when varying ground
roughness factor and wind speed.


3. General assessment method for wind turbine noise modeling


The assessment method (modeling logic) of sound propagation emitted from wind turbines is
described in the part of the guide. After a comprehensive review and comparison of different







noise models and modeling software’s (see chapter 2), it was decided to go forward in
guidance by using a two phase modeling logic where ISO 9613-2 standard would be the
primary modeling assessment method and Nord2000 in case of environmental permitting
phase. The reason for a possible double phase approach comes from the fact that all available
commercial software typically used in wind farm noise modeling have ISO 9613-2 implemented.


Evaluation of environmental effects is based on the 'upper limit review' meaning that sound
propagation calculation results should be presented with maximum sound emission values.
This would not restrict the wind farm investor to present noise restricted operational charts such
as with different turbine noise modes included, but the upper limit review presentation would set
a consistent modeling logic to all wind farm planners. It is the authority’s decision then to
decide, wheatear an additional environmental permit should be applied to the project, if zoning
of a planned wind farm/single turbine becomes difficult.


When planning a single power plant or a wind farm, noise related planning and noise modeling
in Finland are carried out in at least three different stages. Noise assessment report must be
included in the application documents along with other information.


Stage 1. During preliminary planning project initiator drafts an estimate for the maximum
size and number of turbines to be installed taking also into account the noise emission of
single turbines.


Stage 2. During zoning and evaluation of environmental effects (e.g. EIA), specific
information about all turbines (with alternatives) must be provided (number of turbines,
power output, height, rotor diameter, noise emission values) to be used in modeling in order
to evaluate noise effects.


Stage 3. During building permit phase the selected option must now be known. The final
evaluation by noise modeling is possible only at this stage.


These stages would be calculated according to ISO 9613-2 standard (Phase I modeling). In G-
P-G report noise modeling is examined only for stages 2 and 3. Noise modeling of stage 1 is
entirely up to project realizer, but is expected that stages 2 and 3 require following certain
procedures due to permit proceedings. It is of course advisable that well prepared guidelines
are followed already in the first stage to ensure consistent results during the entire project.


Figure 2. Schematic diagram of the procedure for different sound propagation modelling phases







As some wind farm projects may require an additional Environmental Permit to be applied (e.g.
for zones that need more efficient planning design) due to control requirements of
environmental impacts, the second modeling phase is designed to improve the accuracy of the
propagation modeling by applying a Nord2000 propagation modeling with extended
parameterization. This may include the usage of wind statistics, usage of a more accurate
digital map resolution etc. The permit may include additional limits for sound emission and may
require a preliminary plan for a noise optimized drive (noise modes) schedule and parameters.


The second modeling phase also includes a new noise annoyance assessment method, where
a more profound sound quality assessment is required. This may include the assessments of
excess amplitude modulation and impulsive noise. Low frequency noise calculations must be
performed in both phases regardless of the permitting application.


3.1 Noise emission details


During the planning phase of a single power plant or a wind farm, turbine sound power
information (noise emission details) is usually declared by proposed turbine supplier. It is
imperative that only characteristic or declared values (warranted level) measured according to
IEC 61400-11 (IEC, 2006, 2012) and reported by the manufacturer are used as the basis for
modeling. Sound power levels are reported by octaves at middle frequencies 63 – 8,000 Hz or
by one-third octaves at middle frequencies 20 Hz or 50Hz – 10,000 Hz. Sound power levels
should be available with wind speeds corresponding to the reference height at 8 m/s and 10
m/s. It is often difficult to determine the possible tonality, impulse-like qualities or temporally
fluctuating variation (amplitude modulation) of noise. Manufacturers do not necessarily provide
those details unless specifically asked to do so. The constructor must therefore ensure that all
information is available. The fact that there are no generally accepted (standardized)
instructions for determining amplitude modulated sound provides an additional challenge.


The basis for calculation logic is therefore the declared value of power plant's noise emissions,
stated by the manufacturer. In ISO 7574 (ISO, 1985), the international series of standards
concerning noise emissions of products or product ranges, statistical acceptability is specified
so that product range is accepted for markets (found approvable in possible verification) if there
is 95 % certainty that no more than 6.5 % of products exceed the manufacturer's declared
value for noise emissions. Standard IEC 61400-14 (IEC, 2005) describes, in simpler terms
than ISO 7574, how characteristic or declared noise emission values can be derived from
measurements made according to IEC 61400-11 in such a way that in the possible verification
(i.e. confirming the accuracy of the value) the certainty for approval is approximately 95 %.


The uncertainty of modeling is included in the turbine noise emission used in the calculation.
When modeling, the certainty of turbine noise emission must therefore be sufficient
(characteristic or declared value reported by the manufacturer, whose certainty in verification of
noise emission is at least 95 %). When that is the case, ISO 9613-2 compliant 'standardized'
values for weather and environmental values can be used as target and design reference
values in modeling.


3.2 Calculation parameters


To ensure consistent modeling results with different projects (e.g. in the same zoning area)
sound propagation modeling phases require guidance of additional modeling
parameterizations. There are known weaknesses of ISO 9613-2 when modeling wind farms but
sensitivity analysis also revealed that Nord2000 parameters may also require some guidance
due to some illogical results found. Although some issues are still under discussion about some
minor parameterization values to be included when writing of this paper, the main parameters
are presented in a table below:







Table 8. Sound propagation calculation parameters


Phase I with ISO 9613-2
Sound emission data Guaranteed value or Declared value (IEC 61400-14)
Ground absorption Flat country areas, fields, forest areas: 0.4


Hard surfaces such as water areas: 0
Hilly areas/concave slopes: 0


Air absorption ISO 9613-1, T= 15 C, RH = 70%
Calculation grid height 2 m (if ground absorption 0), 4 m in other cases
Contour line resolution 2.5 m vertically and 1 m horizontally
Wind direction Omnidirectional calculation, no directivities
Weather corrections Not applied
Tonalities IEC 61400-11 Ed 2.2 and/or 3.0
Amplitude Modulation Not applied


Phase II with NORD2000
Sound emission data Guaranteed value or Declared value (IEC 61400-14)
Ground absorption According to real ground impedance, parameters from A-G
Air absorption ISO 9613-1, T= 15 C, RH = 70%
Calculation grid height 2 m
Contour line resolution 0.5 m vertically (only if laser scanned ground contour data is


available, otherwise the with the maximum resolution available)
and 1 m horizontally


Wind direction From wind statistics (the New Finnish Wind Atlas or measured
values)


Weather corrections Neutral or stable atmospheric states
Tonalities IEC 61400-11 Ed 2.2 and/or 3.0
Impulsiveness ISO 3744
Amplitude Modulation According to Zwicker (Fluctuation strength) (Zwicker, H. 1999)


The G-P-G for sound propagation modeling phases I and II also includes guidelines on how to
calculate low frequency noise as point-to-point calculation. The procedure will roughly follow
the new Danish guidelines DSO 1284 (some details are under still under discussion).
Information regarding the depth of the emitted amplitude modulation may be difficult to obtain
from any official IEC 61400-11 test reports or sound guarantees, however an analysis
regarding the potential modulation annoyance according to Zwicker et al. should be included.


4. Summary


National regulations regarding wind turbine noise levels are currently missing in Finland. Since
wind power production in Finland is planned to increase from 220 MW to 3750 MW by 2025,
many regulatory authorities, project developers and environmental offices from local
municipalities demanded new and harmonised guidance regarding wind turbine noise. In the
end of 2012, a joint-funded “Tuulivoimamelu” -project was started. Object of this project was to
create a good-practice-guide for wind turbine noise modelling, guide for measuring the
compliance levels and also assessment of annoyance of wind turbines. The project included
sound propagation modelling comparisons, sensitivity analysis for Nord2000 propagation model
(included in a Master Thesis work), parameterizations of different modelling phases and also
basic guides for compliance measurements.


Modelling comparisons indicated that result differences between software’s by using the same
calculation standard are generally negligible. Nord2000 is a highly developed calculation
algorithm where ground effect is calculated by using more sophisticated methods and direct
comparison between different ISO results (especially between different octave bands) was
therefore difficult. Generally Nord2000 results are in good agreement between measured and
calculated values (Delta, 2011). Therefore it was decided to split the noise calculations into two
phases, where the first phase with ISO 9613-2 calculations is designed to serve most of the







wind farm projects from preliminary planning stage to the stage where the application of the
building permit is prepared. The second phase with Nord2000 is designed only to those
projects (applications) that need to apply an additional environmental permit due to limitations
in zoning areas or where special noise control measures needs to take into account. The g-p-g
then gives guidance in different modelling parameterizations in different modelling phases. This
project also included guidance to perform compliance noise measurement in wind farm
projects, but that part was not discussed in this document in detail.
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Summary For several years the concern that low frequency noise from wind turbines could
cause serious annoyance for the neighbours has been a dominant factor in public debate in
Denmark. From the beginning of 2012 the Danish regulations were revised and a criteria for the
amount of in-door low frequency noise were introduced. Results from new and old
measurements of noise from mainly Danish produced wind turbines are analyzed and
compared with the Danish regulations for noise and low frequency noise. In most cases low
frequency noise is not an issue. All measurements are for existing wind turbine projects and
commercially available wind turbines excluding prototypes.


1. Introduction Around 2004 2005 low frequency noise from wind turbines became a
major concern in the public in Denmark. There were a worry that larger wind turbines would
emit substantially more low frequency noise than the wind turbines people knew already. As
this had consequences for the development of on-shore wind energy the Danish energy
authorities initiated an investigation into the topic. The results were reported in Error!
Reference source not found. and [1] by DELTA and an alternative interpretation were
reported by the acoustics department at the University of Aalborg [3] and [4]. In December
2011 the Danish regulations on wind turbine noise were revised and noise criteria were
introduced for the in-door low frequency noise. Details on the regulations and the background
can be seen in [5]. Sørensen presented some of the consequences for the planning process in
[6].


2. Investigations
The question then is; do the new regulations have any impact on low frequency noise from
wind turbines and how can it be checked. As the neighbours are the main objective for the new
regulations a set of wind farm projects, where Grontmij have been involved in the post
construction documentation of noise are reviewed. Another interesting parameter which have
been used as an indicator is the sound power level of the wind turbines. An analysis of


if there is a development.


2.1 Noise from wind farms. As a consultancy Grontmij is often involved in post construction
documentation of noise from wind farms. In Denmark this includes determination of the sound
power level of individual wind turbines and prediction of the noise in the surroundings. In Figure
1 the noise contours around a wind farm is shown. The blue line is 42 dB(A), the red line is 44
dB(A) and the pink line is 20 dB(A) indoor low frequency noise, all at 8 m/s. Typically for the
projects Grontmij have seen, the pink curve for low frequency noise is enclosed by the other
curves indicating that low frequency noise is not the decisive parameter.







Figure 1. Typical noise contours for a Danish wind farm at 8 m/s. The blue line is 42 dB(A), the red line is
44 dB(A) and the pink line is 20 dB(A) indoor low frequency noise.


In Table 1 results from the noise prediction for 6 wind farms are shown according to the Danish
regulations. The first 3 projects are planned and erected before the regulations on low
frequency noise were introduced. The last 3 were planned with the new regulations as a design
criteria. Project no. 3 is actually a much older project with new measurements made in 2013
allowing for a comparison with the new criteria. The numbers in the parenthesis show the
margin to the noise criteria. For the normal noise the margin is typically up to 2 dB, while it is in
the range of 3 to 7 dB for low frequency noise. This again indicates that noise
which is the decisive parameter and not the low frequency noise.


From these data it is difficult to conclude on the difference between older and newer projects. It
looks more like low frequency noise from new and old projects are of the same order at the
neighbours.


Project Wind Turbines Neighbour with highest noise level


Distance
[m]


LpA (6 m/s)
[dB]


LpA,LF (6
m/s) [dB]


LpA (8 m/s)
[dB]


LpA,LF (8
m/s) [dB]


1 6 V90-3MW 656 39,9 (2,1) 14,8 (5,2) 42,6 (1,4) 17,3 (2,7)


2 6 SWT 2,3-93 700 41,1 (0,9) 14,4 (5,6) 43,3 (0,7) 16,8 (3,2)


3 3 600 kW WTG 304 41,2 (0,8) 12,7 (7,3) 42,7 (1,3) 14,4 (5,6)


4 5 SWT 3.0-101 587 42,6 (-0,6) 13,7 (6,3) 43,5 (0,5) 16,1 (3,9)


5 3 V112-3MW 810 36,3 (0,7) 11,0 (9,0) 37,9 (1,1) 12,7 (7,3)


6 3 SWT 3.0-101 574 41,4 (0,6) 12,5 (7,5) 42,1 (1,9) 14,9 (5,1)


Noise criteria 42/37 20 44/39 20


Table 1. Main results from typical wind farm projects in Denmark. The numbers in parenthesis show the
margin to the noise criteria. For project 6 at 6 m/s the noise is above the noise criteria. It is allowed for
owners and part owners to exceed the noise criteria at their own residence. Note that the neighbour with
the highest noise level is not always the neighbour with the shortest distance.







2.2 Noise emission from wind turbines. Much of the discussion so far has been based on
sound power levels of the wind turbines and whether the wind turbines generate more low
frequency noise when the size increases. For this review an analysis based on 213
measurement reports are made. All the original data from the project in Error! Reference
source not found. are included, except for the prototype wind turbines. Data are
supplemented with measurement reports from the archives at Grontmij, where 1/3-octave band
data were available, and new measurement reports. The reports represent wind turbines
ranging from a few kW to the newest version of MW turbines.


The analysis is based on the same principles as in Error! Reference source not found., [1],
[3] and [4] but on a much better statistical basis with 213 measurement reports. As the new
data also includes older types of stall regulated wind turbines with a nominal power between
2000 kW and 2800 kW sorting of data is a little different. The dat
200 kW, ]200 kW 1000 kW], ]1000 2000 kW], >2000 kW, >2000 kW old types and >2000
kW new types. This makes it possible to evaluate new large wind turbines compared to wind
turbines designed and erected before the investigation in Error! Reference source not found.
and [1] was published. For comparison with previous investigations the class ]200 2000] is
included The spectra are normalised to LWA of the individual wind turbine before averaging. A
comparison of the averaged spectra for each class can be seen in Figure 2 and the number of
spectra in each class can be seen in Table 2.
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Figure 2. Comparison of normalized spectre sorted after nominal power into different classes. Error bars
show ± 1 standard deviation on the mean in every 1/3-octaveband for wind turbines above 2000 kW.







Class Number of spectra Number of spectra at 10 Hz
kW 16 5


]200 kW 1000 kW] 108 5
]1000 kW 2000 kW] 27 1
> 2000 kW 62 27
]200 kW 2000 kW] 135 6
> 2000 kW new 34 23
> 2000 kW old 28 4
Table 2 Number of spectra in each class. As not all measurements are covering the entire frequency range
the count of spectra with 10 Hz 1/3-octave band is shown as well.


All spectra are measured down to at least 50 Hz and for the new large turbines down to at least
16 Hz.


The spectra representing the different classes does not deviate much in the low frequency
region from 10 Hz to 160 Hz, except for the class of wind turbines below 200 kW. These
turbines are relatively rare these days and due to the early design are dominated by machinery
noise and tonal noise. Small wind turbines are represented by the class from 200 2000 kW
which is consistent with previous analyses. In Figure 3 a comparison of small and large wind
turbines are shown. The differences in the low frequency range are small, which can be seen in
more detail in Figure 4, where the spectrum for small wind turbines are subtracted from the
spectrum for large wind turbines. It is clear that the class of turbines above 2000 kW deviates
very little from the small wind turbine spectrum and positive deviations are less than 1 dB.
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Figure 3, Comparison of small and large wind turbines.
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Figure 4 Spectrum for the class of wind turbines relative to the spectrum for the 200 2000 kW class. the
spectrum for the 200 2000 kW class is subtracted from the spectrum for the class > 2000 kW. A negative
value means that the level at that frequency is lower than the corresponding value for the reference
spectrum. Error bars show ± 1 standard deviation on the mean in every 1/3-octaveband for turbines above
2000 kW.
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Figure 5 Comparison of large and small wind turbines with the small wind turbine spectrum shifted one
1/3-octave down as suggested by Møller in [3] and [4]. The comparison shows that the development of low
frequency noise with size is not as strong as assumed by Møller.







It has been suggested by Møller in [3] and [4] that the development in low frequency noise with
size corresponds to a shift by one 1/3-octave in the spectrum. In Figure 5 a comparison is
made where the spectrum for small wind turbines are shifted one 1/3-octave down. It is obvious
that the normal presentation in Figure 3 gives a better match between spectra and the
assumption can be rejected.


A comparison between new and old wind turbines are made in Figure 6. The definition is a little
diffuse, but measurement reports from before 2010 are considered to be old and after 2010 as
new. There is a clear difference in the frequency range from 100 Hz to 500 Hz where the
relative amount of noise is lower for the new wind turbines than for the old wind turbines. This
suggests that there is a development towards less low frequency noise, possibly because
tonality in this frequency range is an area of focus for the developers.
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Figure 6 Comparison of new and old wind turbines > 2000 kW.


The apparent sound power level from the measurement reports are shown as a function of
nominal power in Figure 7 both as the total level, LWA and the low frequency part of the level,
calculated as the sum of all 1/3-octave bands from 10 Hz to 160 Hz, LWA,LF. The figure shows
that the low frequency part of the level increases at a higher rate than the total level. From a
regression analysis based on wind turbines with a nominal power above 200 kW the rate is
0,43 dB for each doubling of the nominal power in MW. This is a modest development
compared to previous analyses of this and suggests that low frequency noise emission can be
reduced.
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Figure 7 LWA and LWA,LF as a function of nominal power at 8 m/s.


3.0 Other considerations
In this article as well in other reviews and presentations the basis has been the sound power
level at 8 m/s. This wind speed has been the reference wind speed during the period where
noise from wind turbines have been measured. This may not be fair to the new type of turbines
where pitch control has taken over from stall and active stall regulation of wind turbines.
Measurements where a wider wind speed range have been covered shows that the large pitch
regulated wind turbines have the maximal noise emission around 8 m/s. Older wind turbines
especially stall and active stall regulated wind turbines have the maximum noise emission at
larger wind speeds. Sometimes the maximum may be 5 dB or more higher than the value at 8
m/s. This can be seen in Figure 8, where the noise as a function of wind speed is shown for the
3 types of regulation. For comparison the curves are normalized to 0 dB at 8 m/s.
Experience from measurements show that the low frequency noise increases at approximately
the same rate as the normal noise and older wind turbines may actually produce more low
frequency noise at wind speeds above 8 m/s than the modern large pitch controlled wind
turbines. Possibly neighbours have been subjected to more low frequency noise from the old
turbines than they are be from the present generation of turbines.


In Figure 9 the spectra for a stall and a pitch regulated wind turbine at 10 m/s are shown. The
wind turbines have comparable spectra at 8 m/s. It is obvious that the noise and the low
frequency noise has increased significantly for the stall regulated wind turbine compared to the
pitch regulated wind turbine.
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Figure 8. Noise curves for 3 types of wind turbines. The curves are normalised to pass through 0 dB at 8
m/s for comparison, but are from actual measurements.
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Figure 9 Spectra for comparable stall and pitch regulated wind turbines at 10 m/s.







4.0 Conclusions
The purpose of this review was to investigate if the new Danish regulation on low frequency
noise have had any impact on the emitted and perceived low frequency noise. The wind farm
examples does not give a clear answer. It gives the impression, that the situation has not
changed and the amount of low frequency noise at the residents is the same as for wind farms
with smaller and older wind turbines.


Looking at the sound power levels and sound power spectra gives a little more information.
Analysis of the sound power spectra shows that after 2010 the relative amount of noise in the
frequency range from 100 to 400 Hz is reduced. This includes the important part of the low
frequency range from 100 Hz to 160 Hz. Whether this is because of the Danish regulation is
impossible to say, but it is likely that the regulation increase the focus on this in the design
phase. It is the experience of Grontmij, that the low frequency tones, which were a significant
part of low frequency noise in [1], [2], [3] and [4] is reduced for commercial wind turbines.


The analysis is based on a large number of measurement reports and experiences from post
construction documentation, but the results can change with more data. There is a large
variation in sound power levels and sound power spectra within each class used in the analysis
and it is important to check the details for each wind farm project. It is also important to follow
the development into the next generation of wind turbines where new technologies are
necessary.
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Abstract
When a wind turbine park is designed reliable data for noise emission is important together with
precise prediction models and software calculation tools. With a prediction model such as
Nord2000 wind farms can be optimized with regard to noise and produced power. The
Nord2000 model calculates the noise propagation from a wind turbine park by taking into
account the terrain in detail together with the most important meteorological parameters. The
Nord2000 model was originally developed in partnership between DELTA (DK), Sinteff (NO)
and Statens Provningsanstalt (SE). The Nord2000 wind turbine model has been implemented
in WindPRO and validated for both flat and non-


and up. The focus for this paper will primarily be validation of the Nord2000 implementation in
WindPRO for frequencies in the low frequency area for wind turbines situated in non-flat terrain.


1. Introduction The NORD2000 model was created by a project called
with participants from DELTA (DK), Sinteff (NO) and


SP (SE). The overall aim was to work out prediction methods for various types of environmental
noise sources, such as road and railway traffic, industrial plants and wind turbines [1]. More
information about the model can be found in [3], [4] and [5]. Other prediction methods like ISO
9613-2 and General Prediction Method for Industry Noise are designed for low wind and
downwind situations. It is also known that they are not performing well for high sources like
wind turbines.


In 2007 work started on validation of the NORD2000 model for wind turbines and integration
into WindPRO. A validation study was at the time performed with loudspeaker tests on flat
terrain at the Høvsøre test site and with both loudspeakers and actual wind turbines at a non-
flat terrain at Hitra in Norway [2]. The reason for using loudspeakers was that the uncertainty is
relatively small, because the source is small and well known. The loudspeaker used did
however not generate enough acoustic energy at low frequencies to make reliable







measurements in the low frequency area. Figure 1 shows predicted and measured noise
spectra for two positions from the project.


The validation was successful in the normal frequency domain (100 Hz and up) and
NORD2000 was successfully implemented in the commercial WindPRO software package.
Currently the model is commercially available and is being tested and used by leading players.
Furthermore the Danish guidelines from the Environmental Protection Agency dictate the use of
the Nord2000 model for prediction of noise from roads and railways.
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Figure 1 Predicted and measured noise spectra at position 1 (left) and 2 (right) at receiver
height 2 m [2]. The measured values are
shown with red stars where the predicted values are shown with a full line.


Meanwhile low frequency noise has come up as an issue along with a demand for calculation
tools and methods to predict the low frequency noise. Denmark has already implemented a
noise code for low frequency noise [7], but few other countries have come this far.


As the NORD2000 model already includes more terrain and climatic elements than most
models and performed well on the normal frequencies it is tempting to test if it will also perform
well on the low frequency area.


2. Validation
2.1 Site


For the validation a site in non-flat terrain with more than 40 wind turbines was selected. The
site is an island with very few other noise sources and little vegetation. Noise measurements
were performed for three positions and for different wind speeds. Photos of two of the
measurement positions are shown in figure 2 and 3. Hub height at the selected site is 70 m
above ground. The distance between turbines and the measurements / calculation points is
between 2 and 8 km.


2.1 Sound power measurements


Sound power measurements were performed on two turbines at the site for a large number of
wind speeds. The first wind turbine was chosen at the upwind side of the wind farm and the
second wind turbine was chosen at the downwind side of the wind farm.


It is presupposed that the noise radiated from the wind turbines is the same in all directions.







Figure 2 Photo of measurement position 2 in the direction of the wind farm. The wind farm can
be seen along the horizon in the background


Figure 3 Photo of measurement position 3 in the direction of the wind farm. The wind farm can
be seen in the background







2.2 Implementation


The noise from the wind farm has been predicted for each of the three measurement points
using the Nord2000 implementation in WindPRO 2.9 [9].


In WindPRO the wind farm layout is introduced and all turbines are equipped with one of the
measured source noise spectra.


All three measurement points are located to the east of the wind farm in varying distance (table
1) and these are introduced into the WindPRO project. The observation height was 1.7 m.


M e as u r e m e n tp o i n t D i s tan c e f r o m n e ar e s ttu r b i n e , m


P o s i ti o n 1 2 6 8 5


P o s i ti o n 2 3 3 9 7


P o s i ti o n 3 3 2 2 5


Table 1 Distance to nearest turbine for each measurement position.


During the noise measurement campaign the meteorology was recorded on a measurement
mast located southwest of the wind farm, but in close proximity of the wind farm. The mast was
65 m tall. Since the wind direction during the noise measurements was primarily from the west,
the mast was undisturbed by the wind farm itself.


The calculation model was adapted to the local conditions as observed on the meteorological
mast during the noise measurement campaign.


The climatic conditions have been read from the recorded data as:


Relative humidity: 70%


Temperature: 2 oC


Stability conditions: Neutral


For the terrain conditions the actual topography onsite is used in the form of detailed height
contours and a uniform terrain hardness of 500 (class E, compact grass).


Wind direction is downwind from the turbines (270 degrees).


The source noise level of the turbines however is tricky to establish. With +40 turbines in
operation the turbines will be located in somewhat different wind conditions plus suffer a wake
induced reduction of wind speed on the back rows. This might however be countered by a
possible increase in noise from higher turbulence. To keep the model simple a uniform wind
speed is assumed for the wind farm. At the time of measurements the wind speed is read from
the meteorological tower corresponding to 8-10 m/s at 10 m height and 10.9 to 13.7 m/s at hub
height.


3. Results
Figure 4 to 5 compares the measured and predicted spectre for the three positions. The noise
predictions are based on simple addition of the noise from the individual wind turbines,
meaning that no interaction between the wind turbines is included. The good agreement
between the spectra indicates that the noise at the neighbours can be described by simple
addition and that no wind farm effects occur. The agreement is best at the lowest frequencies
while the terrain interference effect above 160 Hz is more difficult to predict.







It is assumed in the prediction that the wind speed is the same at all wind turbines.
During the measurements it was possible to hear the noise from the wind turbines at all 3
positions. The noise was subjectively characterized as broadband in the mid to low frequency
range. The levels were low but as the background noise also was low the noise was audible.


In table 2 predicted and measured low frequency noise is compared for the three positions for
frequencies from 25 200 Hz.


The results show good agreement both when comparing levels and spectral shape.


Figure 4 Predicted and measured noise spectra at position 1 for 9 m/s for frequencies from 25
200 Hz.







Figure 5 Predicted and measured noise spectra at position 2 for 8 m/s for frequencies from 25
200 Hz.


Figure 6 Predicted and measured noise spectra at position 3 for 10 m/s for frequencies from 25
200 Hz.







Position 1 @ 9 m/s Position 2 @ 8 m/s Position 3 @ 10 m/s
Measured, LpA,LF [dB] 27.7 31.4 34.7
Predicted, LpA,LF [dB] 30.6 31.9 33.7
Difference -2.9 -0.5 1.0
Table 2 Predicted and measured low frequency noise, LpA,LF, position 1, 2 and 3 for frequencies
from 25 200 Hz.


4.0 Conclusions
Comparing the predicted results with the measured results for the three measurement positions
it is seen that both spectra and total level match each other considerably well, bearing in mind
that the sound power level is known for only two of the + 40 wind turbines. Further the
interaction between the turbines is not known.


Next step would be measurement and validation for projects where more details about the wind
turbine is known for example a site with only one or a few wind turbines.
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Summary
The International Standard on acoustic noise measurement techniques for wind turbines
IEC 61400-11 has recently been revised where the current version is edition 3.0. Regarding
tonality the basic idea is the same for the two methods. However where the methodology in
edition 2.1 analyses few samples for each wind speed bin, the new version analyses all
samples for each wind speed bin. A number of typical wind turbine noise sequences are
analysed and compared for the two methods together with the tonality analysis method used in
Danish regulation. The Danish tone analysis algorithm is now part of the ISO 1996-2 standard.
The data will be analysed with 10 m height wind speeds to be comparable. Furthermore the
results for all three methods will be compared with the results of listening tests.


1. Introduction Wind turbine noise primarily consists of aerodynamic noise but often also
includes more or less audible tones. If the tones are clearly audible often a penalty is given,
since it is a general experience that presence of audible tones in noise increases the
annoyance relative to the same noise level without the audible tones. It is important to have
precise and objective tonality analysis methods to best asses the tones. For this paper
implementation of two different tonality analysis methods are used to analyse wind turbine
noise and the results are compared to listening tests of the same wind turbine noise.


2. Tonality methods
2.1 IEC 61400-11 Wind turbines Part 11: Acoustic noise measurement techniques


This part of IEC 61400 defines the procedures to be used in the measurement, analysis and
reporting of acoustic emissions of a wind turbine. Regarding tonal audibility the method
consists of two parts: the first part is a tonality analysis procedure for each spectrum and the
second part describes how this is averaged to give a single number tonal audibility for each
wind bin. The IEC 61400-11 has recently been revised where the current version is edition 3.0
and the previous version is edition 2.1. Part 1 is identical for the two versions, where the
methodology in part 2 is updated for the new version.


For IEC 61400-11 ed. 2.1 [6] tonality analysis will be performed for the two 1-minute periods
closest to each integer wind speed. In detail this implies that a tonal audibility value will be
found for each wind speed by an energy average of the tonal audibilities found for each of the
twelve spectra (1 spectre for each 10 second period in the 2 x 1 minute). Only tones with same
frequency origin will be averaged.


For IEC 61400-11 ed. 3.0 [7] tonality analysis will be performed on all data. For each wind
speed an energy average of the tonal audibility will be found for all spectra within that wind
speed. Only tones with the same frequency origin will be averaged.







2.2 The ISO 1996-2 Annex C method / Joint Nordic method version 2


For assessment of tonality from wind turbines in Denmark the Environmental Protection
guideline from 1984 is referred to [5]. The Danish method for assessment of objective


tonality analysis is also referred to as the Joint Nordic method version 2 (JNM2). The method
has been updated and adapted for implementation in software and is described in ISO 1996-2
Annex C [3]. For the purpose of assessment of wind turbine noise the two methods are almost
identical.
For assessment of clearly audible tones in Denmark the highest tonality (1 minute average time
or longer) is located for wind speeds between 6 and 8 m/s.


3 Listening tests
3.1 Methodology and procedures


The SenseLabOnline Internet based listening test software from DELTA [1] was used for the
tests. 31 sound samples mainly representing wind turbine noise with tones of different
prominence and frequencies were prepared for presentation to the assessors. The samples
were uploaded to SenseLabOnline which arranged the files in a random order in a double blind
paradigm for each assessor.


expert panel (ages 22-52, mean 32 years) all with normal
hearing and 4 acoustic experts (ages 33-64) with normal hearing for their age participated in


soundcards and headphones (Sennheiser type HD 449) supplied from DELTA. The assessors
were instructed to make the test in a silent room and time at home. The experts made the tests


The participants had no prior information about the test signals. The total duration of the
listening test was estimated to approximately 1 hour, including one repetition of all sound
samples and including a training session where the assessors were trained in assessing tones
in noise and scale usage with 38 other sound samples.


[2] and 5
assessors with poor replication, discrimination or panel agreement were excluded before the
final statistical analysis of the results.


Figure 1
The user interface for the assessors in the SenseLabOnline test on prominence of tones in
noise.


The sliders shown in Figure 1 are used for the assessment of the stimuli. Beside the sliders are
play buttons for the samples (sounds). The assessor is allowed to switch forth and back at will
between any of the sounds during the test.







3.2 Level calibration


Each assessor started the listening test by adjusting the play-back volume of an audio
reference file with male speech, so the voice had a natural volume of a man talking at 1 m
distance (nominal sound pressure level 64 dB(A)). From previous tests we have found out that
the mean levels and deviations are within acceptable limits for this kind of test, see Table 1.


LAeq, dB
Mean 63.9
Stand. Dev. 4.5
CI 95 % 1.8
Maximal difference 15.0


Table 1
Mean values, standard deviation and 95% confidence intervals (CI) for the level adjustment of
male speech at 1 m distance made by 24 persons.


3.3 Stimuli


From a number of original recordings of wind turbines 24 samples of 20 second periods were
selected for the listening tests. If more equally prominent tones in different critical bands were
present in a sample, the least prominent were attenuated to facilitate an unambiguous and
comparable assessment in the listening test and in the tone analysis. Supplementary 7
samples of stationary industrial noise with tones were added.
The samples - each mono recordings and of duration of 20 seconds - were level aligned so that
the A-weighted levels were the same for all samples. The intended presentation level after the
level calibration was 50 dB(A).


3.3 Results


The results for the objective tone analysis according to ISO 1996-2 Annex C [3] in this clause is
made by the DELTA noiseLab software [4]. The equivalent results according to IEC 61400-11
are made by MATLAB implementation of the algorithm described in the standard.


Figure 2
Tonal audibility according to ISO 1996-2 Annex C (the whole 20 sec. sound sample) versus the
results of the listening test on an answering scale calibrated in mm. The vertical bar indicates
the 95% confidence intervals. The percentage of explained variance of the linear regression is
R2 = 81 %.







Figure 3
Tonal audibility according to ISO 1996-2 Annex C (the first 5 sec. of the sound samples) versus
the results of the listening test on an answering scale calibrated in mm. The vertical bars
indicate the 95% confidence intervals. The percentage of explained variance of the linear
regression is R2 = 90 %.


It is seen from Figure 2 that the percentage of explained variance of the linear regression for
the ISO 1996-Annex C method is good for the 20 sec. average analysis (R2 = 81%) but even
higher for the averages of the first 5 seconds (R2 = 90%), which is a satisfying result. The
reason for this difference is assumed to be an assessor listening strategy that focusses on the
first part of the sound samples, despite they were instructed to listen to the whole sample
before they made their assessment.


Figure 4
Tonal audibility according to IEC 61400-11 (the whole 20 sec. of the sound samples) versus the
results of the listening test on an answering scale calibrated in mm. The vertical bars indicate
the 95% confidence intervals. The percentage of explained variance of the linear regression is
R2 = 78 %.







The equivalent results for IEC 61400-11 have the same tendency, where Figure 4 shows a
good average analysis (R2 = 78 %) for the 20 sec. average analysis, but again the percentage
of explained variance of the linear regression for the first 5 seconds (R2 = 85 %) is even higher
in Figure 5.


The reasons the ISO 1996-2 Annex C method achieves a higher explained variance of the
linear regression than IEC 61400-11 could be that several differences exist between the two
methods. For example the data is A-weighted with ISO 1996-2 Annex C which they are not in
IEC 61400-11. This should however only have influence on low frequencies.
More important is that the implementation of the IEC 61400-11 employs ll
files, where regression and slope has been adjusted for some of the samples for the
ISO 1996-2 Annex C analysis (according to the method).


Figure 5
Tonal audibility according to IEC 61400-11 (the first 5 sec. of the sound samples) versus the
results of the listening test on an answering scale calibrated in mm. The vertical bars indicate
the 95% confidence intervals. The percentage of explained variance of the linear regression is
R2 = 85 %.


4 Tonality assessment of noise from a wind turbine
4.1 Methodology and procedures


Subjected to short signals the two methods have above proved to match the results from the
listening test. A wind turbine measurement however lasts between half an hour and up to
maybe several days depending on the scope of the measurement. For a tonality assessment of
the noise from a wind turbine the methods are used to analyse all the data and combining the
data to a few single numbers describing how audible the tones in the noise from the wind
turbine were.
As a case study data from a wind turbine measurement will be analysed in the following
section. The data will be analysed with both editions of IEC 61400-11 together with the Danish
method (ISO 1996-2 Annex C). The three methods are different and cannot be directly
compared.
The data used for the comparison consists of wind speeds in the range of 4 to 7.5 m/s. Figure 6
shows the variation of wind speed over time for the chosen data. The acoustic data has been
captured in a vertical distance from the wind turbine equal to the total height of the wind turbine.
Data has been chosen to have a high tonal audibility.







0 200 400 600 800 1000 1200
3.5


4


4.5


5


5.5


6


6.5


7


7.5


8


10 seconds samples


Figure 6
Wind speeds in the used dataset - here shown for 10 seconds samples.


4.2 IEC 61400-11 ed. 2.1


For the previous version of IEC 61400-11 the data average time is 1 minute. As described
earlier the method only analyses 2 x 1 minute for each wind speed. As a consequence of this
the tonality assessment with this method can be quite random if the tones are not stationary
an effect which can be increased with turbulence.
For the dataset the following tonal audibility is found:


Wind speed [m/s] 4 5 6 7


ta [dB] 7.4 4.0 8.0 12.6


Each of the wind speeds, however, consists of more than 2 x 1 minutes of data. If the tonality
for some of the other combinations of data is investigated different tonality levels occur.
Examples of achievable tonality levels using the same data set are shown in figure 7 for up to
30 x 1 minute data for each wind speed. The data is spread in the following intervals:


Wind speed [m/s] 4 5 6 7
Minimu ta [dB]


ta [dB]


The size of the intervals above is from approximately 2 dB to approximately 9 dB, meaning that
for example at wind speed 6 m/s instead of a tonal audibility of 8 dB the result can be 14 dB.







Figure 7
Possible tonal audibilities for wind speed 4-7 m/s with IEC 61400-11 ed. 2.1 if not necessarily
the 2 x 1 minute closest to integer wind speed are analysed.


4.3 IEC 61400-11 ed. 3


For the newest version of IEC 61400-11 the average time is 10 seconds and the width of wind
speeds are 0.5 m/s. With this method all data for each wind speed is analysed.
The results for this wind speed are as follows:


Wind speed [m/s] 4 4.5 5 5.5 6 6.5 7
Tonal audibil ta [dB] 7.9 9.1 8.1 4.3 9.7 13.3 16.7


4.4 Danish Method (Statutory Order 1284 / 1518) / ISO 1996-2 Annex C


According to the Danish Statutory Order 1284 [8] (and 1518 [9]) an assessment of the tonality
shall be performed at the nearest neighbour with the highest noise level. The assessment shall
be performed in downwind with wind speeds between 6 and 8 m/s. An average time of at least
1 minute shall be used. If there are no clearly audible tones at the reference distance (vertical
distance to the wind turbine equals the total height of the turbine) there will be no clearly
audible tones at receiver position. If there are clearly audible tones at receiver position a 5 dB
penalty will be given.
In other words the minute with highest tonality for wind speeds in the range 6-8 m/s (5.5 to
8.5 m/s) shall be located. For the Danish method, however, Lts is used instead of Lta. For


ta will be used. ts and Lta is defined:


Lts = Lpt - Lpn


Resultantly the highest tonal audibility ta) for wind speeds in the range 6-8 m/s is found to be
12.3 dB for this case study.







4.4 Summary


In Figure 8 the results for the different analyses have been put together for comparison. There
seems to be an overall tendency but the variation is very large.
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Figure 8
The results from the different analyses on the same figure for comparison.


5 Conclusions
The linear regression between the listening test and the objective analysis methods of
IEC 61400-11 or ISO 1996-2 shows a large explained variance, even that the percentage of
explained variance drops for non-stationary signals. This means that the two methods work well
when used for assessment of tonality level for wind turbine noise (short signals).


When comparing assessment of tonality for wind turbine noise (longer measurement) the
observed methods seem to follow the same overall trend but with large differences. This has,
however, only been a case study with one set of data and more data sets should be studied.


Comparing the two versions of IEC 61400-11 the newer version seems to be more robust to
non-stationary signals and turbulence for very long measurements data may be averaged too
much and short periods with high tonality may not be detected. There is however no insurance
that the older version of IEC 61400-11 will detect short periods with high tonality either.
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»́ ª » ố ¿ ² ß Ó ° » ¿ µ ¬± ¬®± « ¹ ¸ »́ ª » ´ ± ® ¿ ¼ ± ³ ·² ¿ ² ¬ º®» ¯ « » ² ½ § ½ ± ³ ° ± ² » ² ¬ô  « ½ ¸
¼ »  ½ ®·° ¬± ® º¿ ·́ ¬± ®» ¿́ ¬» ¬± ¬¸ » ¿ « ¼ ·¬± ®§ ¿ ² ¼ °  § ½ ¸ ± ±́ ¹ ·½ ¿ ´ ° » ®½ » ° ¬·± ² ± º ¬¸ »  ± « ² ¼ ò







î é


×² ¼ » » ¼ ô ®¿ ®» §́ ¼ ± ¬¸ » ¼ »  ½ ®·° ¬·± ²  ± ² ¬¸ » © ± ®¼ ³ ¿ ° ¿ ¾ ± ª » ½ ± ²  ·¼ » ® ¿ ² ¿ ¾  ± «́ ¬»
± ª » ®¿ ´́ ¼ » ½ ·¾ » ´ »́ ª » ´ ± ® ¬¸ ·®¼ ± ½ ¬¿ ª » ¾ ¿ ² ¼ »́ ª » ´ ¿ ² ¼ ³ ±  ¬ ¿ ·³ ¬±  « ¾ ¶» ½ ¬·ª » §́ ¼ »  ½ ®·¾ »
¾ ± ¬¸ ¬¸ » ¬» ³ ° ± ®¿ ´ ¿ ² ¼  ° » ½ ¬®¿ ´ ½ ¸ ¿ ®¿ ½ ¬» ® ± º ¬¸ »  ± « ² ¼ ¿  ·¬ ª ¿ ®·»  © ·¬¸ ¬·³ » ò


Ñ « ® ° » ®½ » ° ¬·± ² ± º  ± « ² ¼ © ·́ ´ ¾ » ·² º «́ » ² ½ » ¼ ¾ § ½ ± ¹ ² ·¬·± ² ô ¾ § ° ¿  ¬ » ¨ ° » ®·» ² ½ »  ¿ ² ¼
¿   ± ½ ·¿ ¬·± ²  © ·¬¸ ¬¸ »  ± « ² ¼ øØ ± ¼ ¹ »  ú Í » ¾ ¿ ¼́ ô î ð ï ï ÷ò ß  Ö «  ·́² ¿ ² ¼ Ê <  ¬º¶< ´́ øî ð ð è ÷
² ± ¬» þ¬¸ » ° » ®½ » ° ¬« ¿ ´  §  ¬» ³ · ½ ± ²  ¬¿ ² ¬ §́  ½ ¿ ² ² ·² ¹ ¬¸ » ·³ ³ » ¼ ·¿ ¬» » ² ª ·®± ² ³ » ² ¬ ·²
± ®¼ » ® ¬± ¼ · ½ ± ª » ® ° ± ¬» ² ¬·¿ ´́ § ·³ ° ± ®¬¿ ² ¬ ½ ¸ ¿ ² ¹ »  ± ® » ª » ² ¬ ò Ý » ®¬¿ ·²  ± « ² ¼ ¯ « ¿ ·́¬·»  ¿ ®»
·² ¼ ·½ ¿ ¬·ª » ± º ½ ¸ ¿ ² ¹ » ô  « ½ ¸ ¿   « ¼ ¼ » ² ± ® » ¨ ¬®» ³ »  ± « ² ¼  ô  ± « ² ¼  ¬¸ ¿ ¬ ½ ¸ ¿ ² ¹ » ª » ®§
¯ « ·½ µ §́ ô ± ®  ± « ² ¼  ¬¸ ¿ ¬ ¿ ®» ¬¸ » ®»  « ¬́ ± º  ¬®± ² ¹ º± ®½ » ± ® ¿́ ®¹ »  ·¦ » ò Í ± « ² ¼  ¬¸ ¿ ¬ ³ » » ¬
½ » ®¬¿ ·² ½ ®·¬» ®·¿ ø» ò¹ òô º¿  ¬ô ±́ « ¼ ô ² ± · § ô ª » ®§ ±́ © ó ± ® ¸ ·¹ ¸ óº®» ¯ « » ² ½ » ¼ ÷ © ·́ ´ ¬¸ » ®» º± ®»
° ®± ¼ « ½ » ¿ ² ·² ½ ®» ¿  » ¼ ¿ ½ ¬·ª ¿ ¬·± ² ± º ¬¸ » ½ » ² ¬®¿ ´ ² » ®ª ± «   §  ¬» ³ þ ø° òë ê ì ÷ò


Ì ¸ » ³ «  ·½ ± ±́ ¹ · ¬ Ó » § » ® ¬¸ » ± ®· » ¼ ¬¸ ¿ ¬ ± « ® » ¨ ° » ½ ¬¿ ¬·± ²  ± º ³ «  ·½ ø ± « ² ¼ ÷ ¹ ± ª » ®² ± « ®
» ³ ± ¬·± ² ¿ ´ ®»  ° ± ²  » ò Û ¨ ° » ½ ¬¿ ¬·± ²  ± º ± « ® » ² ª ·®± ² ³ » ² ¬ ¿ ² ¼ » ³ ± ¬·± ² ¿ ´ ®»  ° ± ²  » ô
¾ ¿  » ¼ ± ²  » ²  ± ®§ ¿   »   ³ » ² ¬ô ¿ ®» ¿ ½ ± ²  ¬¿ ² ¬ ° ¿ ®¬ ± º » ª » ®§ ¼ ¿ § ³ » ² ¬¿ ´ ° ®± ½ »   ·² ¹ ò
ß  Ø « ®± ² øî ð ð ê ÷ ² ± ¬»  ô ¿ ½ ½ « ®¿ ¬» » ¨ ° » ½ ¬¿ ¬·± ²  ¾ » ² » º·¬ ° ®» ° ¿ ®¿ ¬·± ² º± ® ¿ ° ° ®± ° ®·¿ ¬»
° » ®½ » ° ¬·± ² ¿ ² ¼ ¿ ½ ¬·± ² ø° òí ÷ò Û ¨ ¿ ³ ·² ·² ¹ ± « ® » ² ª ·®± ² ³ » ² ¬ º± ®  » ²  ± ®§ ½ ¸ ¿ ² ¹ »  ¿ ² ¼
° ®» ° ¿ ®·² ¹ º± ® ¿ ° ° ®± ° ®·¿ ¬» ¿ ½ ¬·± ² ®» ¯ « ·®»  ª ¿ ®§ ·² ¹ ¿ ² ¼ ½ ± ² ¬®± ´́ ·² ¹ ± « ® »́ ª » ́ ± º
¿ ¬¬» ² ¬·± ² ¿ ² ¼ ¿ ®± «  ¿ ´ ¿ ½ ½ ± ®¼ ·² ¹ §́ ò Û ³ ± ¬·± ² ®»  « ¬́·² ¹ º®± ³ » ¨ ° » ½ ¬¿ ¬·± ²  ®» ·² º± ®½ » 
¿ ° ° ®± ° ®·¿ ¬» ®» ¿ ½ ¬·± ²  ¿ ² ¼ ° ®± ³ ± ¬»  ° ±  ·¬·ª » ± « ¬½ ± ³ »  ò Ú ± ® » ¨ ¿ ³ ° »́ ô ·º  ± ³ » ¬¸ ·² ¹ ·²
± « ®  » ²  ± ®§ » ² ª ·®± ² ³ » ² ¬ ½ ¸ ¿ ² ¹ »  © » ¿ « ¬± ³ ¿ ¬·½ ¿ ´́ § ° ¿ § ³ ± ®» ¿ ¬¬» ² ¬·± ² æ ± « ® » § » 
º± ½ «  ± ² ¿ ² ± ¾ ¶» ½ ¬ ³ ± ª ·² ¹ ·² ¬¸ » ¼ · ¬¿ ² ½ » ô ¿ ¼ ± ± ®  ¿́ ³ ³ ·² ¹ © ·́ ´ ¯ « ·½ µ §́ » ª ± µ » ¿
 ¬¿ ®¬ »́ ®» ¿ ½ ¬·± ² ò ß ¬́¸ ± « ¹ ¸ ¬¸ » ¼ ± ± ® ° ±  »  ² ± ¬¸ ®» ¿ ¬ô ·¬ · ¾ » ² » º·½ ·¿ ´ º± ®  « ®ª ·ª ¿ ´ ¬± ®» ¿ ½ ¬
¿  ·º ¼ ¿ ² ¹ » ® © » ®» ° ®»  » ² ¬ô ¬± ¾ » ½ ± ³ » º» ¿ ®º« ´ ¿ ² ¼ ¿ »́ ®¬ øØ « ®± ² ô î ð ð ê ÷ò Ø « ®± ²
½ ± ² ¬·² « »  ¬± ¼ · ½ «   ¬¸ » « ² ½ » ®¬¿ ·² ¬·»  ¿   ± ½ ·¿ ¬» ¼ © ·¬¸ » ¨ ° » ½ ¬¿ ¬·± ²  ò Í ± « ² ¼  ¿ ² ¼
³ «  ·½ ½ ¿ ² ³ ¿ ² ·° « ¿́ ¬» « ² ½ » ®¬¿ ·² ¬§ ®» ¹ ¿ ®¼ ·² ¹ © ¸ ¿ ¬ ¿ ² ¼ © ¸ » ² ½ » ®¬¿ ·²  ± « ² ¼  © ·́ ´
¸ ¿ ° ° » ² ô © ¸ » ®» ¿ ² ¼ © ¸ §  ± « ² ¼  ± ® ³ «  ·½ ± ½ ½ « ®ò Ì ¸ »  » » »́ ³ » ² ¬ ¿ ®» ³ ¿ ² ·° « ¿́ ¬» ¼ ¾ §
½ ± ³ ° ±  » ® ¬± ·́ ·́½ ·¬  ° » ½ ·º·½ » ³ ± ¬·± ² ¿ ´ ®» ¿ ½ ¬·± ²  ¬± ³ «  ·½ ¿ ² ¼  ± « ² ¼  ò
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Summary
A synthetic study program on wind turbine noise titled �Research on the evaluation of human
impact of low frequency noise from wind turbine generators� has been performed over the three
years from the 2010 fiscal year sponsored by the Ministry of the Environment, Japan. In this
study program, field measurements and social surveys in the immission areas around 34 wind
farms across Japan and laboratory experiments on the psycho-acoustical effects of wind
turbine noise have been performed. Among them, the methods of measurement and analysis of
wind turbine noise are discussed in this paper. It includes a prototype of wide-range sound level
meter, wind-screen to prevent the wind-noise at the microphone, practical method of on-site
measurement, statistical assessment method of amplitude modulation sound, measurement
method of residual noise and indicators for the assessment of wind turbine noise.


1. Introduction
As a fundamental research for preparing scheme of Environmental Impact Assessment of wind
turbine noise (WTN) in Japan, a study program has been conducted for the past three years
from the 2010 fiscal year sponsored by the Ministry of the Environment, Japan. The main topics
of this study are physical research by field measurements, social surveys on the response of
nearby residents, and audibility experiments on the physiological and psychological effects of
wind turbine noise (see Fig. 1). By putting emphasis on the field measurement of WTN among
these topics, measurement instrumentation, practical methods of measurement and
measurement results are introduced and discussed in this paper.


Figure 1: Organization of the research groups and main topics in the study program.
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2. Measurement instrumentation
In the problem of WTN, the effect of low frequency components including infrasound is an
important matter of controversy and therefore the measurement instrumentation was contrived
by paying attention to the measurement in low frequency range as mentioned below.


2.1 Wide-range sound level meter
A prototype of wide-range sound level meter was manufactured to meet the requirements of the
measurement frequency range from 1 Hz to 20 kHz, recording function of sound pressure
signal built in the body (48 kHz sampling, 16 bits, WAVE-format), etc. This instrument meets
IEC 61672-1, class 1 (JIS C 1509-1, class 1) in the frequency range from 10 Hz to 20 kHz [1,2].


Figure 2: Frequency response characteristic of the wide-range sound level meter.


2.2 Wind-screen set
In the noise measurements in the open, the noise generated by wind at a microphone often
deteriorates sound pressure measurement, especially at low frequencies. To prevent such a
problem, various contrivances have been made so far. In this study, a prototype of wind-screen
set shown in Fig. 3 was devised by considering not only the wind-shielding effect but also
water-resistant effect and convenience in conveyance and practical field measurements [1,2].


Figure 3: Double wind-screen set for the measurement of WTN in immission areas.


In the double wind-screen set, the second screen �DH-160� is in dodecahedral shape 
consisting of twelve pentagons with a side of 16 cm and covered with thin cloth (nylon 90% and
polyurethane 10%, opening ratio: 60%) with a high elasticity. It is used to cover a commercial-
base windscreen with a diameter of 20 cm made of urethane foam (RION WS-03). To examine
the wind-noise reduction effect of wind-screen set is considerably difficult because it needs
extremely low background noise condition down to low frequency region and a wide range
wind-speed condition. We tried the measurement several times so far. Recently, we could have
conducted a considerably sufficient measurement. As shown in Figure 4, the measurement was
performed in a plain in Akita Prefecture, Japan, and the shielding condition for a 1/2 inch
condenser microphone was varied in four kinds: (a) naked, (b) with a urethane-foam wind-
screen of 7 cm diameter, (c) with that of 20 cm diameter and (d) with the double wind-screen
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set as shown in Figure 4. Some examples of the measurement results of wind-noise generated
at each microphone arrangements are shown in Figures 5 to 8.


Figure 4: Experimental arrangement in the field measurement
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Figure 6: Wind-noise vs. wind speed
(at 16 Hz in 1/3 octave band)


Figure 5: Wind-noise vs. wind speed
(at 8 Hz in 1/3 octave band)


Figure 8: 1/3 octave band SPLs of wind-
noise vs. wind-speed
(with the double wind-screen set)


Figure 7: 1/3 octave band SPLs of wind-noise
(wind-speed : 6 m/s(+/- 0.25 m/s))
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In Figures 5 and 6 which show the wind-noise vs. wind-speed (time-average for 10 s) for 8 Hz
and 16 Hz in 1/3 octave band, respectively, the tendency that wind-noise logarithmically
increases with the increase of wind-speed in every microphone system but the wind-noise
reduction effect is clearly seen in the case of (c) with that of 20 cm diameter and (d) with the
double wind-screen set. Figure 7 shows the wind-noise under the wind-speed condition of 6
m/s (+/- 0.25 m/s). Figure-8 shows the 1/3 octave band spectra of the wind-noise for the
microphone with the double wind-screen set; the increase of wind-noise due to the increase of
wind-speed is seen all over the measurement frequencies. It is seen that the wind-noise
reduction effect was limited at the frequencies from about 8 Hz to 100 Hz; it might be due to the
background noise in the measurement site.


3. Field measurements
In this study program, WTN measurements have been conducted in 36 areas around 34 wind
farms across Japan. Besides, to investigate the actual state of residual noise in quiet rural
districts without WTN, the measurements were conducted in the same way in 18 control areas
which have similar regional characteristics as in the wind farm areas and not influenced by
WTN.


Based on the results of preliminary trials and consideration of the practical conditions at the
measurement sites, the following procedures were adopted in the field measurements of this
study program.


3.1 Measurement points
Although it is the case that the effect of WTN is serious inside residential buildings, disturbing
residents� sleep at night, acoustic measurements inside a building is very difficult from a
physical viewpoint [3] and can invade residents� privacy. In the field measurements in this study
program, therefore, it has been decided to perform the measurement on the side facing to the
nearest wind turbine in the yard of the residence under investigation and the microphone of the
wide-range sound level meter covered with the double wind-screen set was set on the ground
so that the centre of the microphone located at a height of 20 cm above the ground (see Figure
3). The height of the measurement point was decided in order to prevent the effect of wind on
the microphone as far as possible and to avoid various difficulties to keep the microphone at a
high position for a long time. Even when using the windscreen-set, the influence of wind can
not be completely eliminated and careful attention was needed under a strong wind condition. It
was also needed to be careful for heavy rainfall because raindrops noise could affect the
measurement.


In the field measurements around each wind farm, seven measurement positions were
uniformly distributed in the residential (immission) area supposed to be influenced by WTN
within around 1 km from the nearest wind turbine. Besides, an additional measurement point
(reference point) was located at a point near a wind turbine and the wind condition was
monitored by using an ultrasonic-Doppler-type anemometer set at a height of 4 m above the
ground.


3.2 Measurement time interval
A field measurement was performed for continuous 120 hours (5 days) and the sound pressure
was recorded on the SD-card installed in the sound level meter. The measurement was
performed in an unattended way but the state of affairs such as meteorological conditions (wind
and rainfall, etc.) and the background noises was checked as far as possible.


4. Data analysis
The sound pressure signal recorded at the measurement sites were analyzed in the ways
as mentioned below.


4.1 Reference time interval
Data analysis was performed by putting priority on nighttime as a reference time interval since
the effect of WTN is generally most serious at nighttime and the influence of the background
noise is generally least in the time zone.







4.2 Sound level data
In the reference time interval, the recordings for ten minutes in every hour during the time when
the wind turbines were under a rated operation condition, and A-, C- and G-weighted time-
averaged sound pressure levels (SPLs) and 1/3 octave band SPLs were obtained. (Among
them, A-weighted SPL was obtained as the main noise indicator and C- and G-weighted SPLs
were obtained just for references at the beginning of this study.)


When making the analysis, the influence by the background noises such as road vehicle noise,
aircraft noise and various creatures� and insects�sounds was carefully examined through level-
recordings and hearing check. If the influence by these background noises was serious, the
data was scrapped. In cases where the insects� sounds were dominating in summer and 
autumn seasons, high-cut filtering eliminating the frequency components higher than 1.25 kHz
in 1/3 octave band was applied because the A-weighted SPL was determined by these sounds.


As the representative values for the reference time interval (LAeq,night), the energy-mean values
of the time-averaged SPLs and 1/3 octave band SPLs for every ten minutes (Lpeq,10min) were
calculated.


As for the measurements in the control areas, the 95 percentile levels of A-, C- and G-weighted
SPLs (LA,95, LC,95 and LG,95, respectively) in ten minutes in every hour in nighttime were
obtained in order to see the levels of residual noise in each area.


4.3 Assessment of amplitude modulation
It is known that the amplitude modulation (AM) sound, so called swish sound, is an important
factor when assessing WTN since it has a seriously adverse effect on auditory impression [4].
Regarding this problem, we have conducted a psycho-acoustic experiment and confirmed the
seriousness of this sound [5]. Therefore, in physical assessment of WTN the method of
estimating the strength of AM component in WTN should be standardized as well as time-
averaged SPL. As a method for this aim, we contrived a method using the difference between
the A-weighted SPL obtained by FAST time-weighting and that by the SLOW time-weighting
( LA(t) = LA,F(t) - LA,S(t)), and calculating the width of the 90 percent range of the level difference
as a measure indicating the amplitude modulation depth (DAM) [6].


5. Measurement results
In the study program, the field measurements have been conducted in the residential areas
around 34 wind farms and 16 control areas across Japan according to the methods mentioned
above. Among the 34 wind farms, the measurement failed in the areas around 5 wind farms in
coastal regions where WTN could not be extracted from the background sea wave sound.


5.1 An example of measurement result of WTN around a wind farm
Among the results of the field measurement of WTN, an example is shown here. The wind farm
under the measurement consists of seven wind turbines of 2.5 MW rated power and located in
a mountainous district.


Figure 9 shows the time-history of the time-averaged A-, C- and G-weighted SPLs during 24
hours measured at a measurement point 328 m apart from the nearest wind turbine (M04 in
Table 1). The wind turbines started rotation at around 1 p.m. and continuously operated until in
the morning of the next day. According to the specification in this study program, the time-
averaged SPLs for ten minutes in every hour during nighttime (8 hours from 22:00 to 06:00)
were analysed and their energy-base averaged values were calculated as shown in the figure.
Figure 10 shows the time-averaged 1/3 octave band SPLs for the nighttime at respective
measurement points (M00 to M07) and Table 1 shows the time-averaged SPLs at these
measurement points.


Figure 11 shows the distribution of LAeq,night in distance from the nearest wind turbine. In this
result, the tendency of level decline in distance is not so clear in the immission area (M01 to
M07).







Figure 10: time-averaged 1/3 octave band SPLs
for nighttime at respective measurement points
(M00 to M07)


Table 1: Time-averaged SPLs for the
nighttime at respective measurement points.


Figure 9: Time history of the time-averaged A-, C- and G-weighted SPLs during 24 hours
measured at a measurement point (M04).


Figure 11: Distribution of LAeq,night in distance from the nearest wind turbine.
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5.2 Measurement results obtained in the area around 29 wind farms
1/3 octave band SPLs measured at 164 points around 29 wind farms are shown in Fig. 12. In
the figure, it is seen that almost all WTNs are similar in spectral characteristic which can be
approximated by - 4 dB/octave (in band spectrum) as a whole, whereas tonal components are
seen in some WTNs. By comparing the measurement results with the criterion curve proposed
by A.T. Moorhouse et al. [7], it is seen that the frequency components below 20 Hz of almost all
WTNs measured in the immission areas are much lower than the hearing/sensation thresholds.


Figure 12: Measurement result of WTN at 164 points around 29 wind farms in Japan


To see the overall feature of WTN, all of the measurement results of LAeq are shown in Figure
13 in the form of histogram. In the figure, the data of the residual noise level in LA,95 measured
at 33 measurement points in the 14 control areas are also shown for comparison. In the result,
it is seen that LAeq of WTN distributed from 25 to 50 dBA and the mode is seen in the class of
41-45 dBA, followed by that of 36-40 dBA. On the other hand, the residual noise level in the
control areas distributed in the range from 20 to 35 dBA. Thus, about 15 dBA difference was
seen between the WTN in LAeq in the areas around wind farms and the residual noise in LA,95 in
the control areas.


Figure 13: Comparison between LAeq in the areas around wind farms and LA,95 in the control
areas.
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In the WTN problem, the difference between LCeq and LAeq is often discussed. Regarding this
point, the relation between the two quantities was examined for the measurement results
obtained at the 164 measurement points. The result is shown in Figure 14, in which it is clearly
seen that LAeq and LCeq are highly correlated.


Figure 14: Relationship between LAeq and LCeq of WTN.


6. Practical methods for determining WTN and residual noise


6.1 Determination of LAeq,T of WTN
As previously mentioned, the time-averaged SPLs of WTN were obtained by paying close
attention to the influence of the background noise in all measurements in this study. This work
was very laborious and time consuming and therefore the correspondence between the exact
value of LAeq,T and 90% percent levels LA,90,T or 95% percent levels LA,95,T was examined by
using the measurement results obtained in this study. Two examples of the correlation between
LAeq,10min and LA,90, 10min are shown in Figure 15, in which highly correlations are seen. Such an
investigation was made for the measurement results for 55 points around 8 wind farms and the
following relationship has been found.


LAeq,10min LA,90,10min + 2.6 LA,95,10min + 3.1 [dB] (1)


Consequently, LAeq,T of WTN can be estimated by measuring LA,90,T or LA,95,T.


(a) W01 (one 1.98 MW WT) (b) W02 (seven 2.5 MW WTs)
Figure 15: Two examples of the correlation between LAeq and LA,90.
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6.2 Determination of residual noise
Also when measuring residual noise level under the condition without WTN, it is laborious and
worrying to eliminate the influence of background noise. In such a case, it is convenient and
practical to measure either LA,90,T or LA,95,T. Two examples of the correlation between the two
quantities examined in two control areas are shown in Figure 16. Such an investigation was
made for the measurement results for 18 points in 6 control areas and the following relationship
has been found.


LA,90,10min LA,95,10min + 0.5 [dB] (2)


(a) Control area C02 (b) Control area C03
Figure 16: Two examples of the correlation between LA,90 and LA,95 in the control areas.


7. Other research topics in the study program
7.1 Social survey
At the same time of the field measurements of WTN, questionnaire surveys by interview
method have been conducted in the 36 areas around wind farms and the 18 control areas for
comparison. The questionnaire contains the items regarding the residents�general conscience
about their living environment, annoyance due to WTN, sense of value toward wind turbine
facilities, subjective health status and face-sheet.


As a result, it has been found that the effect of WTN is most serious at night, the response of
highly annoyed by WTN tends to increase with increasing LAeq (doze-response relationship)
and decreases with increasing the distance from the wind turbines. The details of the survey
will be presented in two papers at inter-noise 2013 congress [8,9].


7.2 Auditory experiments on low frequency sounds
In WTN problem, the influence of low frequency components is a matter of controversy.
Therefore, a series of laboratory experiments on human audibility of low frequency sounds and
psycho-acoustical effects of WTN has been conducted as an important theme in the study
program [10-13]. Through these experiments, it has been confirmed that the low frequency
components contained in WTNs in immission areas are hardly audible/sensible [11,12],
loudness of WTN can be well assessed by A-weighted SPL in the same way as in the
assessments of general environmental sounds [13], and amplitude modulation contained in
WTN increases noisiness and regular fluctuation sensation occurs when the amplitude
modulation depth becomes 2 dB or more [5].


8. Conclusions
To summarize the results obtained in the study program for WTN by putting emphasis on noise
measurement and analysis;
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(1) In the field measurements, the effect of wind should be reduced as far as possible by using
wind-screen with sufficient wind shielding effect. As a system, we devised a double wind-
screen set.


(2) The measurement points should be located on the side facing to wind turbine(s) in the yard
of the residence under investigation. The microphone should be positioned near the ground
so that the effect of wind could be reduced.


(3) Since the operation of wind turbine(s) varies according to the change of natural wind
condition, a measurement should be conducted for a long term; at least five days.


(4) Since WTN tends to increase annoyance and cause sleep disturbance in the nighttime, the
noise assessment should be made mainly for this time interval.


(5) As the main noise indicator, time-averaged A-weighted SPL should be adopted in principle.
At the same time, 1/3 octave band SPLs should be analyzed to examine the contents of
tonal components.


(6) In the reference time interval, the recordings for ten minutes in every hour during the time
when the wind turbines are under the rated operation condition. As the representative
values for the time interval, the energy-mean of the SPL values in every ten minutes should
be calculated for the reference time interval.


(7) As a practical method of assessing WTN, 90% percent A-weighted SPL (LA,90,T) or 95%
percent levels (LA,95,T) may be measured. In these cases, LAeq,T can be approximated by
equation (1). In the measurement of residual noise without WTN, LA,90,T or LA,95,T should be
measured. The difference between these two indicators can be approximated by 0.5 dB.


(8) In the analysis, background noises such as road vehicle noise, aircraft noise and various
creatures� and insects� sounds should be eliminated by paying careful attention. In cases
where the insects� sounds are dominating (in summer and autumn), high-cut filtering with
1.25 kHz cut-off frequency should be applied to eliminate high frequency components which
is apt to be dominant in the assessment of A-weighted SPL.


(9) Amplitude modulation can increase annoyance of WTN and it should be assessed. As an
method for this aim, we contrived a method using the difference between the A-weighted
SPL obtained by FAST time-weighting and that by the SLOW time-weighting, and
calculating the width of the 90 percent range of the level difference as a measure indicating
the amplitude modulation depth. In almost all cases, amplitude modulation is contained in
WTN, and therefore the effect of this component should be considered when setting any
noise limit for WTN.


(10) In the study program, the effect of tonal components contained in WTNs has not been
sufficiently investigated. Regarding this problem, the validity and applicability of ISO 1996-2
should further be examined by psycho-acoustical experiments.


In Japan, Environmental Impact Assessment has become mandatory for the construction of
wind power plants from October 2012 and the Ministry of the Environment has began drafting a
guideline for the assessment of WTN. The results of this study program will be useful for this
work.
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Summary


A set of tools used by DELTA for wind turbine noise measurements helps simplify the complex
work flow of standardized measurements. We will describe our practical experience in
interfacing to turbine control systems, microphone mounting and windscreen, synchronization
of multiple signal sources, wireless microphone connections, wind binning challenges,
robustness of data recording, post-processing tools and tone analysis, as well as system
calibration and certification. In addition, operating training requirements and check lists and
system configuration management play an important role in ensure quality measurements. A
deep understanding of various noise standards is required to ensure conformance to local
requirements. Finally, custom built software that helps simplify the process will be described.


1. Introduction


Wind turbine noise measurements must fulfill some relatively complex standards and the
measurements must also be closely correlated to meteorological conditions and turbine
operational parameters. This means that a practical measurement system must also measure
a significant number of turbine process parameters. As part of its consultancy DELTA has
developed a number of tools to simplify the process.







2. Applicable Standards


Although there are international standards such as IEC for wind turbine noise, many countries
have their individual rule sets, hence making it more difficult to standardize equipment and
processing algorithms for wind turbine measurements. This results in a standardized acoustic
front end with back-end processing routines to accommodate the various local requirements.
Ironically, Denmark with its important position in both wind turbine development and
deployment has its own set of rules, pre-dating the current IEC standard.


3. System Architecture


Figure 1. Considerable logistics are involved in current wind turbine measurements.


3.1 Acoustic Front End


Measurements to IEC 61400 are specified to use a microphone mounted on a reflecting ground
plane to give a deterministic position and influence of the mounting surface. Wind noise, by
definition is a major challenge, and specially developed and calibrated wind screens are used.
The calibration factors for the windscreen are also entered into the measurement system
(hereafter referred to as WMS, Wind Turbine Measurement System), with individual correction
tables for each channel.


Often microphones are placed at fairly long distances from the turbine and from each other,
resulting in significant cabling and set-up issues. This led to the development of a wireless
microphone system, which met significant challenges in achieving reliable transmission over
distances of up to 150 meters. After working with multiple manufacturers of wi-fi routers,
devices used in the transportation industry were chosen.







Power is not always readily available which means that fairly heavy batteries must be used to
meet the demands of the wireless routes, and other associated equipment.


Figure 2. Two microphones placed on reflecting surfaces on the ground covered by
windshields. The Wi-Fi transmission antennae are also shown.







Figure 3. Close-up of a wireless node.


3.2 Meteorology mast


A 10 meter wind mast is used to log wind speed real time. Devices are available with both
analog and digital outputs, where the analog output is often a pulse modulated signal which
must be digitized, linearized, scaled, and calibrated properly. In addition, there is some
unknown, but relatively small latency, in the data acquisition. Calibration transfer functions are
entered into the WMS system to linearize the output of these devices.







Figure 4. Meteorology mast


3.3 Wind Turbine Process parameters


normally are transmitted on a RS-232 interface. Therefore a generic parser, which relatively
easily could be configured to match the data format of specific parameters, was developed.
The table driven configuration tool, which assigns channel names and performs generic offset
and scaling, covered many needs, but some custom program development was still required.
Again, data from the turbines has an undefined latency, though we generally perceive it to be
below 1 second. This must be seen relative to the shortest observation window of 10 s for wind
binning.







Figure 5. Wind Turbine Parameters Front Panel as transferred and scaled from the digital
output of the turbine DCS system.


Figure 6 Typical Wind Turbine power curve with the white area showing the permitted operating
range for noise measurements.


3.4 Data Processing and Storage


Fortunately data storage has become extremely inexpensive, and one of the best investments


adequate disk bandwidth and storage capability. It is our experience that portable USB 3
drives are robust since they are designed for laptop use, and readily can handle 80 to 120
Mbytes/s transfer rates. For even higher performance, at a cost, external USB-3 flash drives
can attain up to 400 Mbytes/s, which is far beyond most requirements, but has the advantage
of disk access not being a major performance factor.


Raw data goes through multiple stages of processing, providing real time monitoring, both by
listening to a given channel, or viewing selectable waveforms, and their associated spectra
(both 1/3 octave and FFT). In parallel, the data is synchronized and time-stamped using the
TDMS format, which is a very high performance wave storage format that also is robust, in







terms of surviving crashes. Parallel to the synchronized raw waveform storage, the FFT and 1/3
octave spectra are computed and streamed to disk, typically using integration periods that
match the wind binning period of 10 or 60 s. From a robustness standpoint, these data are
written serially to a simple text file, which then at the end of the measurement process is
converted to an appropriate spread sheet format.


In parallel with all of these, a number of wind turbine and wind speed derived parameters,
including estimated hub height speed, and turbine power, are computed using pre-loaded
power curves for the specific wind turbine. Scatter plots of live or logged parameters may also
be viewed during the measurements, where a choice of over 20 parameters may be plotted
against each other. Here the use of the TDMS format (developed by National Instruments) is a
big advantage in that it allows multiple processes to safely access the same data file, even as it
is being written to at high speed.


Figure 7. Real Time scatter plot of turbine parameters (any combination of parameters can be
monitored).







Figure 8: Real Time Histogram used to monitor the distribution of measurements in the various
wind bins.


3.5 Post-Processing


The averaged FFT spectra may be passed on to a variety of tools for tone analysis, all
depending on the relevant standard required. For ISO 1996 Annex 2 related tone analysis, the
spectra can directly read by noiseLAB which then performs the necessary analysis. Other
standards are supported to MATLAB
tone analysis technique, we have also built a significant knowledge of the robustness or
sensitivity of various techniques, which may be suitable for other papers and standardization
work.


Since every configuration or turbine farm is somewhat unique, the actual report generation,
consists of a collection of utilities plus some manual work to create the final report.


3.6 Tone Analysis


With a wide range of techniques available, it is important to use good engineering judgment in
the application of these. This starts with listening to the turbine, and understanding its tonality,
its level related to background and masking, and how stationary it is. It is crucial to choose
appropriate observation windows and analysis bandwidths to properly capture and characterize
the tonality. Therefore the good ear must be married to an understanding of signal processing
fundaments, where too narrow a bandwidth or too short an observation window (averaging
time) may give false spectral peaks which simply are an indication of a stochastic process, and
not related to the psycho-acoustics of tones. Likewise, if the tones are non-stationary, the
analysis bandwidth must be increased so that the observation window may be shorted to be
able to the tonality of a frequency or amplitude modulated signal. A good tradition embodied
in several standards is to start with the listening and evaluation, and then tune the analysis
settings as appropriate. Thus the role of engineering judgment and skill is far from replaced by
computer algorithms, which are then used to support the analysis.







Figure 9. Typical Tone analysis to ISO 1996 Annex 2.


3.0 Challenges
The question of time delays becomes interesting because significant propagation delays occur
acoustically due to the large distances from source to microphone. Therefore delays of half a
second are not unusual for large turbines. This raises an interesting, but unsolved issue with
respect to synchronizing this data with other data sources. In addition, microphone signals are
digitized by a high quality analog to digital converter running off its own crystal oscillator.
Typical oscillators run with 50 ppm accuracy, which gives up to 5 seconds drift in a 24 hour
period between independent digitizers. Since wind binning measurements often require long
measurement times, this clock drift can have an impact, but is mediated by time stamping the


f the PC and then realigning them in a
large FIFO. However, when clock drift is large, this can eventually lead to the crash of the PC
due to memory overflow. Also, as previously mentioned, unknown latencies occur on transfer of
turbine parameters from its control system.


Operator training is important due to the complexity of the standards and the measurement
process. This is supported by check lists, calibration processes, and a set of documentation
that makes it possible for the system to be independently certified to relevant standards.


4.0 Conclusions
The complexity of wind turbine measurements is handled by a toolbox of data acquisition,
analysis, data logging and post-processing tools, which also require significant training and
understanding of the standardized requirements. The timing issues described in the paper
which can give time scale offsets of more than 1 second, especially for longer measurements,
have no cost effective method of being addressed. Fortunately these drifts, if understood and
managed will generally be averaged out by the law of large numbers, although a 10 second







wind bin, which is based on asynchronous data sources, can have time based errors of multiple
seconds. We believe that within a few years, GPS synchronized sensors will become common
place hence removing some of the uncertainty in the time base, but obviously this demands
that all sources have stable clocks and deterministic latencies for their data acquisition and
transmission. But from a practical engineering standpoint, the fact that the turbines are
relatively stable in their medium term noise signature means that these errors do not lead to
critical issues. With care in all phases of the measurements and post-processing, the total
error budgets can be kept low compared to the relevant requirements.
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Summary
Broadband noise generated aerodynamically is the dominant noise source for a modern wind
turbine(Brooks et al, 1989; Oerlemans et al, 2007). In this paper, two main broadband noise
mechanisms, namely trailing edge noise and turbulent inflow noise, are examined in detail
using frequency domain noise prediction models based on Amiet's analytical theory.
Improvements are proposed to adapt the original model to wind turbines . First, a wall pressure
spectral model proposed recently by Rozenberg, Robert and Moreau that considers an adverse
pressure gradient flow (APG) is applied to the trailing edge noise model. This APG model leads
to a significant increase in the sound pressure level. Second, an empirical airfoil thickness
correction is proposed in the turbulent inflow noise model, which introduces a level reduction
that depends on leading-edge thickness, frequency and the ratio of the turbulence integral
length scale to the blade chord. The proposed model also includes Doppler effect for rotating
blades. Calculation results are validated by comparison with wind tunnel experimental data and
with measurements for a full size wind turbine. This model is also used to quantify the
amplitude modulation that can be a source of annoyance in the vicinity of a wind farm.


1. Introduction
Nowadays, wind energy application grows rapidly as a renewable, clean energy. While profiting
from wind energy, the noise produced by a modern wind turbine becomes a main problem for
the neighbourhood of a wind farm. The annoyance due to amplitude modulation (swish) and to
the low frequency noise is especially a concern for the people living close to a wind farm
(Styles et al, 2011).


Two main noise sources from modern wind turbines are turbulent inflow noise and trailing edge
noise (Oerlemans et al, 2007). The former is induced by the scattering of atmospheric
turbulence fluctuation at the leading edge of the blade, sometimes referred to as the leading
edge noise; the latter is due to the turbulent boundary layer passing by a sharp edge like the
trailing edge. Both noise mechanisms are broadband, and depend on the wind turbine size and
on the atmospheric turbulence conditions; the total noise level can be dominated by one or the
other.


The goal of this paper is to propose a theoretical noise prediction model, that can be used to
study different phenomena related to wind turbine noise (amplitude modulation, wind shear
effects, etc). The model is also intended to be coupled to an atmospheric propagation model for
the prediction of the far field sound pressure level (SPL). In this paper, a well known analytical
model proposed by Amiet (1975,1976) is chosen for the noise prediction. The original model is
based on a flat plate with semi-infinite chord. As an improvement, an empirical correction on
airfoil thickness for turbulent inflow noise is applied. Results show that increasing airfoil reduces
the turbulent inflow noise. Furthermore, a wall pressure spectra model proposed by Rozenberg
et al. (2012), which considers an adverse pressure gradient (APG) flow is validated and applied
to Amiet's trailing edge noise model. This wall pressure model will increase the sound pressure
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level to a certain level that depends on the flow conditions. The paper is organized as follows:
in section 2, a brief introduction to the Amiet's analytical model is given; in section 3, two main
improvements, namely, airfoil leading edge thickness and the APG model for the trailing edge
noise are explained in detail; section 4 shows the validation for the improved models against
the measurements of fixed airfoils; section 5 contains the results from a real size wind turbine
calculation validated against the measurements; the conclusions and acknowledgements are in
section 6.


2. Amiet's Analytical model for turbulent inflow noise and trailing edge
noise


In this section, Amiet's analytical models for both noise mechanisms are briefly introduced.
Section 2.1 is devoted to turbulent inflow noise and section 2.2 to trailing edge noise.


2.1. Amiet's model for turbulent inflow noise


An airfoil in a turbulent flow experiences a fluctuation lift loading (unsteady upwash) which will
result in the generation of sound. Considering the complex nature of turbulence and its
interaction with the airfoil, many previous researchers proposed their models based on some
common assumptions (Howe, 1978): 1. the incoming turbulence fluctuation is considered to be
small compared to the mean flow velocity; 2. the interaction between an airfoil and the turbulent
flow is inviscid so that the problem is reduced to solving linearized Euler equations. In Amiet's
model (Amiet, 1975), the turbulent gust properties are assumed unchanged while it is
convected by the mean flow, and its velocity fluctuation is represented in terms of chord-wise
and span-wise wave number, here, and respectively, (see Figure 1). The airfoil is


modelled as a flat plate with no thickness, where the chord is and the span is . The model
further assumes that the plate has semi-infinite chord and infinite span extension.


F i g .1 G e o m e tr y an d n o tati o n s u s e d i n the tu r b u l e n t i n f l o w n o i s e m o d e l .


If we write the incident gust in the Fourier domain in the form as:


, (1)


then the fluctuating velocity field is deduced as:


(2)


where is the velocity potential and is the Mach number, .
Substituting Equation (2) into the convective wave equation we obtain:


where


is half chord, is the acoustic wave number, and


with the free stream velocity. Solving for and using the relationship between acoustic
pressure and velocity potential, we can finally get the pressure fluctuating on the airfoil surface
as (Rozenberg, 2007):
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, (3)


with .


Assuming that the source behaves like a dipole source, and applying Lighthill analogy, the
power spectrum density of far field acoustic pressure is obtained from Equation (3) as (Amiet,
1975; Rozenberg 2007):


(4)


where is the air density, and is the sound velocity. is the observer


coordinate, is the airfoil response function, , is a modified distance


between the source and observer. is the turbulence energy spectrum. If we assume a
infinite span, , the function could be evaluated by a Dirac function, and thus
Equation (4) reduces to:


(5)


Equation (5) is referred to as the simplified equation under large aspect ratio assumption.


2.2 Amiet's model for trailing edge noise


Trailing edge noise is generated by the scattering of the turbulent boundary layer passing by
the trailing edge. Since the origin is the fluctuation of turbulent boundary layer, the derivation is
similar to that of turbulent inflow noise, here only the final result, the power spectrum density of
far field sound is cited as (Amiet, 1976; Roger et al. 2005):


(6)


(7)


which are the exact formula and simplified formula under large aspect ratio assumption
respectively. is the power spectral density of wall pressure, and is the span-


wise correlation length.


3. Model improvement: adverse pressure gradient wall pressure model and
leading edge thickness correction


3.1 Airfoil thickness correction for turbulent inflow noise


Roger and Moreau (2010) studied the influence of airfoil leading edge thickness on far field
sound pressure level. They show that an increase of leading edge thickness leads to the
reduction of turbulent inflow noise. We propose here an empirical correction based on the data
shown in Figure 6 of their publication. The reduction level in dB is calculated by linear
interpolation based on the these data:


(8)


where is the airfoil maximum thickness, and is the turbulent integral length scale. The
subscription stands for the value of reference experimental data, which is:
and .


3.2 Adverse pressure gradient wall pressure model for trailing edge noise


In Amiet's trailing edge noise model, one of the most important input parameters is the
spectrum of fluctuating wall pressure. An accurate estimation of this spectrum can be done with
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direct numerical simulation (DNS) or large eddy simulation (LES), but it is really time and cost
consuming. Amiet (1975), as a completion of his model, proposed an experiment based scaling
formula, that is, by scaling the measured wall pressure spectrum with certain variables, all the
spectra should collapses to a single curve. Later, Goody (2004) also proposed an improved
wall pressure spectrum model that considers Reynolds effect. However, all these scaling
models are based on zero gradient flow condition. For an airfoil, at trailing edge, it is often the
case that an APG flow exists. Rozenberg et al.(2012) proposed a further improved model
based on Goody's model, and takes into account the APG effect. He suggested that the wall
pressure spectrum can be presented as:


(9)


where the relevant parameters can be calculated as:


, with the boundary layer


displacement thickness, the boundary layer thickness, the momentum thickness, the
maximum wall shear stress along the airfoil surface, the ratio of the outer to inner boundary
layer time scale, and the strength of the adverse pressure gradient.


The model is validated in the original paper of Rozenberg et al (2012) against 5 different
experimental results. In this paper, it is further validated against the data from DTU report
(Bertagnolio, 2012). The experiments are launched in a wind tunnel with a symmetric airfoil
NACA0015. Test velocities are 30 m/s, 40 m/s, 50 m/s, and the angle of attack is 0, 4, 8, and
12 degree. The chord length c is 0.9 m, and the microphone at which wall pressure is recorded
is located at x/c = 0.894. Since no detailed boundary layer parameters are provided from the
experiment, XFOIL is used to calculate the necessary input parameters for the APG model. For
comparison, the test velocity of 30 m/s and 50 m/s at zero angle of attack case are considered.
The comparison result is shown in Figure 2.


F i g .2 W al l p r e s s u r e s p e c tr u m m e as u r e d b y B e r tag n o l i o ( 2 0 1 2 ) ( c i r c l e s ) , an d m o d e l e d b y the A P G m o d e l ( s o l i d l i n e ) an d
G o o d y ' s m o d e l ( d as he d l i n e ) r e s p e c ti v e l y .L e f t, U = 3 0 m /s ; r i g ht, U = 50 m /s .


4. Model validations against fixed airfoil measurements
4.1 Turbulent inflow noise validation


The model is compared to the experimental data from Paterson and Amiet (1976). Experiments
are conducted in a wind tunnel using NACA0012 airfoil. The airfoil dimension is 0.23 m chord
and 0.53 m span. The angle of attack is set to zero. The test velocities are 40, 60, 90, 120 and
165 m/s respectively, which corresponds to a free stream Mach number of approximately 0.12,
0.18, 0.27, 0.36, 0.5. The turbulence is generated by a bi-planar grid with a mesh size of
13.3 cm, the resulting turbulence intensity is of the order 4% ~5%, and the span-wise
correlation length scale is around 3 cm. The noise is measured at 2.25 m radius from the
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leading edge in the mid-span. Here the data from the microphone located directly above the
leading edge are used.


The calculation results for various test velocities using large aspect ratio formulation are shown
in Figure 3, with and without the leading edge thickness correction. The correction is most
necessary for low Mach number at higher frequency range.


F i g .3 S P L o f tu r b u l e n t i n f l o w n o i s e .S y m b o l s : m e as u r e m e n t f r o m P ate r s o n an d A m i e t ( 1 9 7 6 ) ;
s o l i d l i n e : w i tho u tthi c k n e s s c o r r e c ti o n ; d as he d l i n e : w i ththi c k n e s s c o r r e c ti o n .


4.2 Trailing edge noise validation


For the validation of trailing edge noise, the experimental data from Brooks and Hodgson
(1981) are considered. The test airfoil is again NACA 0012, with a chord of 0.61 m and a span
of 0.46 m. The test velocity chosen for the current validation is 69.5 m/s, and the angle of attack
is zero. The reference location is 1.8 cm upstream of the trailing edge and the receiver is
located 1.22 m away directly above the trailing edge in the mid-span. The span-wise correlation
length that is needed for Equation (6) and (7) is determined by Corcos's model (Moreau


and Roger, 2005):


with being an experimental constant, and being the convective velocity.


The results for wall pressure spectrum and far field SPL are shown in Figure 4. The results
from Goody's wall pressure spectrum model is also plotted for comparison with the APG model.
Again we can see that the adverse pressure gradient tends to increase the far field SPL, and
that the APG model provides better results than Goody's model.


F i g .4 C o m p ar i s o n b e tw e e n A P G m o d e l an d G o o d y ' s m o d e l ag ai n s te x p e r i m e n t.L e f t: w al l p r e s s u r e s p e c tr u m
c o m p ar i s o n ; r i g ht, f ar f i e l d S P L c o m p ar i s o n .
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5. Results and comparison against full size wind turbine measurements
5.1 Exact formulation and sub-critical gust effect


In section 2.1, the power spectral density is simplified under the assumption of large aspect


ratio. For the calculation of a wind turbine, since each blade is cut in segments on which the
noise models are applied individually, it is not guaranteed that this assumption is valid for all the
segments. Thus it is necessary to examine the validity of the large aspect ratio approximation
for a wind turbine.


A first test on "segment aspect ratio" is carried out with a fixed NACA0012 airfoil. The chord is
set to 0.5 m, and the span is set to 0.25 m, 0.5 m, 1.5 m and 2.5 m respectively, Mach number
is 0.2. The observer is located in the mid-span plane 2 m above the airfoil. The results for
trailing edge noise are shown in Figure 5, from which we can see that when the aspect ratio is
more than 3, the simplified formula provides really close results compared to those from the
exact formula. When the aspect ratio is less than 3, the main discrepancy between the two
appears for frequency less than 600Hz.


(a) (b)


(c) (d)


F i g .5 T r ai l i n g e d g e S P L c al c u l ate d b y the e x ac tan d s i m p l i f i e d f o r m u l af o r d i f f e r e n c e as p e c tr ati o r e s p e c ti v e l y .


The integration over in Equation (6) involves dealing with sub-critical gusts, that exists when


. A set of plots of with respect to airfoil response function with respect


to are shown in Figure 6. The parameters are: chord = 0.13 m, span = 0.13 m, Mach


number = 0.05 and 0.3 respectively, the test frequency is 1000 Hz. The angles indicated in
the figures are the observer angles in the mid-span plane, where 0o means downstream in the
airfoil plane and 90o means in direction normal to the airfoil. We observe that the airfoil
response function decreases rapidly for subcritical cases when the normalized span-wise wave
number increased. However, gusts with close to unity can have a significant effect on the


final results.
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To understand the importance of the subcritical gusts for different frequencies, the due to
all the super-critical gusts and all the sub-critical gusts respectively, as well as the sum of the
two are plotted in Figure 7. We can see that the sub-critical gusts are dominant at low
frequency (up to 100Hz), and decrease very fast at higher frequency range. Since for the
aspect ratio of 1, the simplified formula could provide satisfying results for most of audible
frequency range (200Hz and above), it will be used to calculate wind turbine noise in the next
section, even thought the sub-critical gusts are neglected consequently.


(a) vs , M = 0.05 (b) vs , M = 0.3
F i g u .6 A i r f o i l r e s p o n s e f u n c ti o n as af u n c ti o n o f an d f ar f i e l d tr ai l i n g e d g e n o i s e .B l u e l i n e : s u p e r - c r i ti c al g u s t,


r e d l i n e : s u b - c r i ti c al g u s t.


F i g .7 S P L o f tr ai l i n g e d g e n o i s e d u e to s u p e r an d s u b - c r i ti c al g u s ts , M = 0 .3 , c ho r d c = 0 .1 3 m , s p an L = 0 .1 3 .
O b s e r v e r i n the m i d - s p an 2 m ab o v e the ai r f o i l .


Doppler effect due to blade rotation is taken into account by relating the PSD of a moving
source to a fixed source at the same instant location (Schlinker et al, 1981):


where is the Doppler factor defined by , is the source frequency and is the


observer measured frequency.


5.2 Application on a wind turbine and validation against measurements


The comparison is made for a Bonus 300kW wind turbine using data from Zhu et al (2005). The
main parameters for this type of wind turbine and meteorology conditions are given in Table 1.
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T ab l e 1 B o n u s 3 0 0 k W w i n d tu r b i n e m ai n p ar am e te r s


Rotor
radius


Tower
Height


Rotor
angular
speed


Airfoil
profile


Chord
length


Wind speed
(10m height)


Observer
location


Ground
roughness


15.5 m 31m 3.7 rad/s
NACA
632xx


0.5m-
1.5m


8 m/s
40m down


wind
30mm


Wind shear effect is considered in the calculation by taking an experimental log law relation:


where is the velocity at height , is the reference velocity at reference height ,


taken as the hub height here, and (Zhu et al. 2005)


(10)


is the ground roughness. The turbulence intensity and turbulence integral length scale
are calculated by the relations given in Zhu (2005), as:


and


where is the same as defined in Equation 10. The turbulence energy spectrum is calculated
using the isotropic Von Kármán spectrum. Plot of the energy spectrum for integral length scale


= 100 m with various turbulence intensities and a turbulence intensity = 0.1 with various
integral length scales are shown in Figure 8.


(a) = 100 m (b) = 0.1
F i g .8 V o n K á r m á n tu r b u l e n c e e n e r g y s p e c tr af o r d i f f e r e n t i n te g r al l e n g th s c al e s an d tu r b u l e n c e i n te n s i ti e s .


The calculation procedures are the following: first, each wind turbine blade are artificially cut in
several segments, here, 10 segments of 1.5m length for each blade, so that the maximum
aspect ratio remains no larger than 1. According to the flow conditions at each segment, the
boundary layer parameters required by the APG wall pressure model are calculated by XFOIL
(version 6.96) and stored in advance. The noise models for turbulent inflow noise and trailing
edge noise are then applied for each segment, with thickness correction and Doppler effect
considered. The final total noise perceived by the observer is obtained by logarithm summation
over all the segments.


Figure 9 shows the sound power level from the calculation compared to the measurement. The
results are shown in 1/3-octave bands, A-weighted and averaged over one rotating period. It is
needed to say that the measured data includes all the noise mechanisms (stall noise, trailing
edge bluntness noise, etc) which are not considered by the models. According to our model,
trailing edge noise is dominant over turbulent inflow noise for this type of wind turbine under
these meteorological conditions. The agreement between the calculation and the measurement
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is acceptable in the frequency range of 600 Hz to 8000 Hz, but at lower frequency range, the
results shows up to 20 dB differences. Turbulent inflow noise level is rather low, which might be
due to the large turbulent integral length scale, that ranges between 120 m to 180 m. On the
right figure, it is shown that a decrease of turbulent integral length scale will increase the noise
level for a fixed turbulence intensity.


F i g .9 L e f t: C o m p ar i s o n o f tu r b u l e n t i n f l o w n o i s e an d tr ai l i n g e d g e n o i s e m o d e l s ag ai n s tm e as u r e m e n t.R i g ht: i n f l u e n c e o f
tu r b u l e n t i n te g r al l e n g th s c al e o n the tu r b u l e n t i n f l o w n o i s e .


The comparison for trailing edge noise using APG wall pressure model and Goody's wall
pressure model is shown in Figure 10. The results are shown in 1/3-octave bands. It is clear
that an adverse pressure flow condition greatly increases the trailing edge noise. By using APG
model, the results are much closer to the measurements. Figure 11 shows the thickness
correction for turbulent inflow noise. Under this atmospheric turbulence condition, more
precisely, when the turbulent integral length scale is much larger than the size of blade chord,
this correction is not significant.


F i g .1 0 C o m p ar i s o n b e tw e e n A P G m o d e l an d G o o d y
m o d e l f o r tr ai l i n g e d g e n o i s e .


F i g .1 1 T u r b u l e n t i n f l o w n o i s e w i th/w i tho u tl e ad i n g
e d g e thi c k n e s s c o r r e c ti o n .
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F i g .1 2 T o tal S P L v ar i ati o n d u r i n g o n e p e r i o d p e r c e i v e d atd i f f e r e n c e o b s e r v e r l o c ati o n . c o r r e s p o n d s to the o b s e r v e r at
d o w n w i n d d i r e c ti o n , an d c o r r e s p o n d s to the o b s e r v e r atr o to r p l an e o n the l e f ts i d e w he n f ac i n g d o w n w i n d d i r e c ti o n .


Figure 12 shows the total SPL variation during one rotating period, the observer is at a 40 m
distance from the wind turbine. From the result we can see that when the observer is upwind or
downwind direction (corresponds to and ), the perceived SPL is almost
constant; but for an observer located in the rotor plane direction (corresponds to
and ), even thought the overall SPL is much less, but the variation during one
period reaches up to 6 dB. These trends agree with the results from Lee et al(2013).


The directional feature of overall SPL averaged over one rotating period is shown in Figure 13.
The wind is coming from the left to the right. The pattern shows a dipole shape, as was shown
in many previous work (Zhu 2005, Lee et al, 2013), with a bit lower level in the rotor plane
direction, and a higher level in the wind direction.


F i g u r e 1 3 Di r e c ti v i ty o f o v e r al l S P L i n d B ( A ) .


6. Conclusions
Amiet's analytical model for turbulent inflow noise and trailing edge noise are extended by
considering an APG wall pressure model and a leading edge thickness correction respectively.
The extended models are first validated against fixed airfoil measurements, then applied to a
full size wind turbine. APG wall pressure model greatly improved the accuracy for trailing edge
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noise prediction, while for the turbulent inflow noise, the thickness correction does not seem
significant when the atmospheric turbulent length scale is very large. The results of total SPL as
a function of blade position are expected to give an explanation for the 'swish' effect. When the
observer is located at rotor plane direction, the amplitude modulation causes a strong 'swish';
while if the observer is located at upwind or downwind direction, the effect is hardly noticeable.
In the future, the model will need to be compared to a more detailed wind turbine experimental
campaign, since the comparison with data from the literature is not completely satisfying. Also,
the model will be coupled to a propagation model and a more realistic model of the atmospheric
boundary layer will be considered. Finally, other noise mechanisms that can give rise to rapid
time fluctuations such as stall noise will be investigated.
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Summary
The inland areas of southern Italy are characterized by the mountains presence of medium
height about 700-1000 meters above sea level, and with an average annual wind speed
between 5-6 m/s. In these areas were built many wind farms which are often situated close to
towns. The towns population it complains for the noise generated by the rotation of the blades
of wind turbines. The present work reports the results of acoustic measurements made inside
houses located near a wind farm. The acoustic measurements were carried out by open
windows (in condition of maximum noise) in different positions respect to the wind towers. The
acoustic measurements are carried out during the autumn season, the values of LAeq and L95
have been measured, for different wind speeds during the day and the night periods. It was
also possible measure the value of the background noise (the noise due to the wind when the
wind turbines are off) and assess the effects of background noise, the variation of the wind
speed compared to the noise generated when wind turbines were on. Were evaluated also the
conditions for which the wind speed generates a background noise superior to the noise
generated by the rotation of the blades of the wind turbines. For modern wind turbines the main
noise generation is the aerodynamic noise produced by the airflow around the rotor blades.


1. Introduction
In the southern Italy were built many wind farms, the success of this investments are spurred
by clean energy policies and generous subsidies, and for the good value of average wind
velocity during all year periods. The average mountains height is about 700 800 metres
above sea level. The wind farms in a first time were built away from town and village, but the
investment growth in wind energy has expanded the wind farm area, building them near
houses, so the problems associated with noise disturbance, by the people who live near wind
turbines have complained. In literature there are same paper in which are shown the result of
acoustic measurements of noise emitted by wind turbines [1], [2]. In this paper are reported the
results of acoustic measurements carried out with the aid of sound level meters placed in two
houses near a wind farm. The acoustic measurements were performed during the day time
(06:00 22:00) and during the night time (22:00 - 06:00), when the wind farm were operative,
and when the wind farm is not in use (blades stopped). The measurements also were carried
out with different wind speeds. The noise generated by the blades rotation and the background
noise (the environmental noise, when in the same conditions of wind speed, the blades are
stopped) was evaluated. The wind farm considered consists of four wind turbines of nominal
power 2.0 MW each, with three blades with diameter of 90 meters, the hub height of 80 meters.
The acoustic measurements were carried out in houses with open windows, because this is the
noisier condition. The wind farm is located in a little village between the Regions Campania and







Molise in the southern of Italy. This village has fifteen hundred inhabitants, with an average
height above sea level is about 700 meters. The prevailing wind directions is from south, while
it is frequently the wind from north, with the wind speed only for few times during the year is
higher than 25 m/s (this is a condition in which the wind turbines are stopped). Figure 1 and the
Figure 2 show the geographical position of this place, with the average wind speed [3]. While
Figure 3 shows a detail of the aerial view, with the position of the wind turbines, and the
position of the houses in which the acoustic measurements were carried out, and the distance
between the houses and the wind towers is about 200 metres. The ground is an agricultural
area with
hill top, while the houses are down. Figure 4 shows the four wind turbines during the winter
season.


Figure 1 Map of Italy, with the position of wind farm, and the average value of wind speed


Figure 2 Particular of south Italy wind map, and the area in which is installed the wind farm
examined.







2.0 Acoustic measurements
The acoustic measurements were carried out inside houses, with open window, during the
autumn season, because in this period the wind speed is greater than in other seasons. Two
sound level meter were used for measuring the same acoustic events; the sound level meters
were positioned in two rooms in two different houses. One room has the window toward East
side, the other room has the window toward West side. Figure 5 shows the particular of the
area with houses, with the indication of measurement points, one toward West side and the
other one toward East side. The sound level meters are of Class 1 type:
dB Solo Davis LD-824 . During the acoustic measurements
the sound level meters were put on a tripods at height of 1.6 m from floor, while the distance
from open window was 1.2 m, the dimensions of the window aperture were large 2,0 m and
height 1.2 m. The decision to use two measurement points (East side and West side, Figure
5), is due to these considerations:


- from window toward East side, are seen three wind towers (Towers n. 2,3,4);
- from window toward West side, is seen only one wind tower (Tower n. 1).


Furthermore the house used for the acoustic measurements to the East side (Figure 5)
overlook a common courtyard, where are other houses and some stables for cows, while the
house toward East side overlooking the open countryside. The acoustic measurements were
performed during the day time (06:00 22:00) and during the night time (22:00 - 06:00). The
sound level meters have been configured for the acquisition of the equivalent weighted sound
pressure level "A" LAeq, and the L95 statistical level, in order to detect the presence of tonal
components a spectral analysis of the minimum values was performed for frequency bands
normalized in 1/3 octave [4] [5].


Figure 3. Aerial view of the wind farm, with four wind turbines and the houses and the distance
wind towers - houses.


3.0 Acoustic measurements in day time
The acoustic measurements were carried out during the day time; the two sound level meters
were installed inside two different rooms with the windows one toward East the other one
toward West. During the acoustic measurements the wind speed was less than 12 m/s. Figure







6 shows a typical time history of acoustic events, while Figure 7 shows the 1/3 frequency
octave bands spectrum of minimum and average values. The analysis of the spectra of the
minimum level values, as shown in Figure 6, dos not indicate the presence of tonal
components, which are normally present in the spectra obtained by acoustic measurements of
blades rotation. During the acoustic measurements were present same disturbance noise
generated by trucks, tractors, cars (noise anthropogenic).


Figure 4 Particular of the wind farm during the winter season.


Figure 5 Particular of the area, with houses and the indication of measurement points at West
side and at East side.







Table 1 shows the value of LAeq, when the wind turbines are operating and when them are
stopped, the analysis of the acoustic measurements do not give useful information about an
evaluation of the increase of the noise due to the wind turbines, compared to the background
noise (wind turbines were stopped) for the presence of anthropogenic noise.


Table 1 Summary of the - East side window.


Measurement
step


Turbines operating Turbines stopped


Wind
speed


m/s


LAeq
dBA


Wind
speed


m/s


LAeq
dBA


1 12.0 45.5 5.3 45.0


3 7.1 45.5 6.0 45.0


4 5.0 39.0 5.0 38,5


Figure 6 East side. Typical time history of acoustical measurements (day time)


Frequency, Hz


Minimum spectra values


Frequency, Hz


Average spectra values


Figure 7 Spectrum frequency in 1/3 octave band center frequency, Hz.


3.1 Conclusion Acoustic measurements in day time
During the acoustic measurements the average wind speed is reported in Table 1, the average
value is not over 12.0 m/s. The component of noise due the rotation of the blades by wind
turbines is difficult to evaluate from the presence of the effect of noise anthropogenic (cars,


. Figure 6 shows the time history of acoustic measurements when
wind turbines are operating, the continuous peaks are due to noise anthropogenic. Figure 7







shows the spectrum frequency in 1/3 octave band center frequency (Hz), the minimum spectra
values give information about the presence of tonal component; for this type of wind turbines
and for the distance source receiver, the tonal component is absent.


4.0 Acoustic measurements in night time
One of the difficulties encountered during the day time measurements, has been the influence
of anthropogenic noise. Near the houses there were noise by trucks, tractors and various
mechanical means, activities related to the operation of the stables (milking machines, mills,
conveyors, mechanical equipment, tractors) and agricultural activities with the operation of
various mechanical means. For the assessment of the annoyance caused by noise due to the
wind turbines operation, and that of the background noise (residual noise when the turbines are
stopped), it has started an acoustic measurements campaign that have been agreed upon a
series of shutdowns and re-start of wind turbine blades and the subsequent measurement of
the noise level in houses during the night. The noise produced by the wind and the rotation of
the blades (ambient noise level) was measured; and when the blades were shut down only the
wind noise (background noise) was measured. Two sound level meters were used to measure
simultaneously the same acoustic event, one sound level meter was placed in a room with a
window open towards the East (Towers 2, 3, and 4 are seen) the other one was placed in a
room whose window turns to West (Tower 1 is seen). The acoustic measurements were carried
out in different meteorological condition: with different wind speed e with different wind
direction. During the acoustic measurements each wind turbine was stopped singularly, for a
time period necessary to evaluate the contribute of each wind turbine to the global noise, and
when all four wind turbines were stopped, the background noise (the noise due from blowing of
the wind) was evaluated. In fact some people that live nearby wind farm are annoyed by wind
turbine noise only when the wind speed in not height (about 10 m/s). The acoustic
measurements carried out during the night time, with the wind turbines (stopped and/or moved)
give us information about the background noise (noise due only from blowing of the wind), is
over the noise due to the wind turbines operations [6].


4.1 Acoustic measurements in night time with wind speed less 12 m/s
In this paragraph is reported the synthesis of acoustic measurements carried out with two
sound level meter, LAeq and L95 were measured in night time. During the night wind turbines
were stopped singularly and then started all together, so the contribute of each wind turbine
was evaluated to the global noise generation; and when all wind turbines were stopped, the
background noise was evaluated. The operative measurement conditions were:


- all turbines were operating from 20:30 to 00:00 (until the midnight);
- the turbine n. 2 was stopped from 00:00 to 00:30 (30 minutes)
- all turbines were stopped from 00:30 to 01:00, background noise was measured (30


minutes)
- all turbines were operating at 01:00.


For the window toward East side the Figure 9 shows the time history of sound pressure level
when the turbine were stopped, Figure 9 shows, after the 06:00, a series of peaks, they are the
wind gusts, and then the wind speed increases after 06:00. While Figure 10 shows the
particular of time history. For the window toward West side the Figure 10 shows the time history
of sound pressure level when the turbine were stopped, respect to the wind speed. While
Figure 10 shows the particular of time history in the time interval 23:00 02:00, in this figure is
possible evaluate the contribute to the noise generation due to the wind turbine n. 2, in fact
from 00:00 to 00:30 the wind turbine n. 2 is stopped and the reduction of sound pressure level
is about of 1.5 dB. Table 2 and Table 3 show the value of LAeq and L95 in different condition
of wind speed and wind direction; in the step n. 3 is reported the background noise (the
condition in which all turbines are off). This values are different from each position of
microphone measure, in fact for the same weather condition in the window toward East side
LAeq = 36.7 dBA, while for in the window toward West side LAeq = 28.8 dBA (Figure 4). The
step n. 2 is the condition in which the turbine n. 2 is off, this values are not less to the step n. 1







and n. 4, this are the acoustic measurements values obtained when wind turbines are all on;
the contribute dues by a single turbine, when it is stopped, to global noise is negligible. The
difference of noise level when turbines are all on (step n.1 e n.4), compared to the noise level
when all turbines are off, background noise (step n.3), is over of 5 dBA. This condition of wind
speed and wind direction is very annoyance. Inside the analysis of spectrum frequency in 1/3
octave band center frequency (Hz) Figure
11 shows the time history of the acoustic measurements of the West side window, only the all
wind turbines stop is appreciable.


Figure 9 East side. Time history of acoustical measurements.


Figure 10 East side. Particular of time history, with operative phases.


Table 2 - Summary of East side window, wind speed less 12 m/s.


step LAeq
dBA


L95
dBA


Average
wind


speed


Average wind
direction


1 Turbines all on
20:30 24:00


43.7 41,5 12 m/s South-west


2 Turbine 2 off
00:00 00:30


42.0 40.1 10.8 m/s South


3 Turbines all off
00:30 01.00


Background noise


36.7 32.5 10.5 m/s South-west


4 Turbines all on
01:00 06:00


45.8 40.9 10.7 m/s South-west







Figure 11 West side. Time history of acoustical measurements.


4.2 Acoustic measurements in night time with wind speed over 12 m/s
During the night the wind turbines were stopped singularly, and then the wind turbines started
all together, so the contribute of each turbine was evaluated to the noise generation; and when
wind turbines were stopped, the background noise was evaluated. The operative condition
measured, were:


- all turbines are operating (until the midnight);
- the turbine n. 3 was stopped from 00:00 to 00:30;
- the turbines n. 3 e n. 4 were stopped from 00:30 to 1:00;
- all the turbines were off from 01:00 to 01:30 (background noise);
- all turbines were on from 01:30 to 05:00;
- all the turbines were off from 05:00 to 05:30 (background noise);
- all turbines were on at 05:30.


Figure 12 East side. Time history of acoustical measurements.







Figure 13 West side. Time history of acoustical measurements


The steps n. 4 and n. 6 reported in Table 4 and Table 5, are the background noise
measurement (red line), this noise is due only to presence of blowing of the wind, in the time
history (Figure 12 and Figure 13) are shown some peaks due to the wind gust, in fact, for the
same step (4-7) the values of LAeq and L95 are different. This values are different for the
position of measurement points. The sound level is higher for the window towards East,
because the house in which the measurements were carried out, is oriented to the east, so that
side is more exposed to the wind gusts. The background noise sound levels are similar to noise
emitted by turbines when them are on. For the window at East side when the turbine n. 2 or
the turbines n. 3 are off, the sound pressure level decrease, while for the window at West side
(Figure 13)
reduction of sound pressure level, in fact from Figure 13 is appreciable only the stop of all
turbines (time interval between two red vertical lines).


5.0 Conclusions
In this paper is reported a first step of acoustic measurements in some houses near a wind
farm. The acoustic measurements were performed in the day time and in the night time, the
measurements were carried out with open window, because it is the more annoyance
condition. Two sound level meters were used, they were positioned in two different rooms, one
has the window toward East side, the other one has the window toward West side, in this
manner the same acoustic event was measured in two different point . The day time
measurements were influenced by the presence of anthropogenic noise (cars, tractors, human
v
anthropogenic noise component. While during the night time the anthropogenic noise
component is absent. Two wind speed condition are considered, one with wind speed less 12
m/s the other one with wind speed over 12 m/s. For wind speed less 12 m/s the difference
between the LAeq or L95 measured when wind turbines were on, respect the LAeq or L95 of
background noise (wind turbines off) is over 5 dBA, this difference is a very high value, we can
suppose that the noise emitted by blades rotation is over to the background noise (noise
produced only by blowing of the wind). For wind speed exceeding the 12 m/s the background
noise tends to be equal to the noise emitted by rotation of the blades, in this condition the
background noise masks the aerodynamic noise produced by the airflow around the rotor
blades. Other acoustic measurements were performed, but for space requirements will be
published in a next work.







Table 3 - Summary of the West side window, wind speed less 12 m/s.


step LAeq
dBA


L95
dBA


Average
wind


speed


Average wind
direction


1 Turbines all on
20:30 24:00


40.3 34.6 12 m/s South-west


2 Turbine 2 off
00:00 00:30


40.7 37.6 10.8 m/s South


3 Turbines all off
00:30 01.00


Background noise


28.8 25.5 10.5 m/s South-west


4 Turbines all on
01:00 06:00


40.0 37.2 10.7 m/s South-west


Table 4 - Summary of the East side window, wind speed over 12 m/s.


step LAeq
dBA


L95
dBA


Average
wind


speed


Average wind
direction


1 Turbines all on
22:00 24:00


55.8 39.9 16.5 m/s South-west


2 Turbine 3 off
00:00 00:30


41 36.2 14.0 m/s South-west


3 Turbines 3 and 2 off
00:30 01:00


43.2 33.7 12.0 m/s South-west


4 Turbines all off
00:30 01.00


Background noise


53.6 34.0 13.0 m/s South


5 Turbines all on
01:30 05:00


48.5 39.4 14.0 m/s South


6 Turbines all off
05:00 05:30


Background noise


46.5 41.2 17.0 m/s South


7 Turbines all on
05:30 07:30


55.6 43.5 19.0 m/s South







Table 5 - Summary of the West side window, wind speed over 12 m/s.


step LAeq
dBA


L95
dBA


Average
wind


speed


Average wind
direction


1 Turbines all on
22:00 24:00


43.1 38.3 16.5 m/s South-west


2 Turbine 3 off
00:00 00:30


39.1 36.5 14.0 m/s South-west


3 Turbines 3 and 2 off
00:30 01:00


39.6 36.5 12.0 m/s South-west


4 Turbines all off
00:30 01.00


Background noise


35.7 28.0 13.0 m/s South


5 Turbines all on
01:30 05:00


40.8 37.0 14.0 m/s South


6 Turbines all off
05:00 05:30


Background noise


37.0 32.7 17.0 m/s South


7 Turbines all on
05:30 07:30


45.4 39.5 19.0 m/s South
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Summary
In recent years, the noise from wind turbines has become increasingly controversial.
In Australia, continuing claims have been made that the noise causes direct health
impacts. The controversy has spread to Senate inquiries, court hearings, the general
media, social media and the community.


Although Australia has some of the most contemporary and onerous wind farm noise
guidelines in the world, representations made opposing the approval of wind farms
often include the following components:


Claims of unethical behaviour by acoustic engineers engaged by the
proponents to assess a wind farm proposal against those guidelines;
Criticism of the noise guidelines;
Criticism of the authority responsible for the guidelines;
Personal accounts of health issues adjacent to existing wind farms;
Claims that the health issues are related to infrasound from wind turbines;
Selective quotes from technical papers relating to infrasound and health;
Measurements of infrasound in the vicinity of wind farms.


Regulators are reacting by placing additional requirements on wind farm proponents,
such as minimum setback distances, assessment of special audible characteristics
and extensive background noise and compliance monitoring. These requirements
result in wind farms being the most analysed noise source in Australia, despite noise
levels being significantly lower than transport noise sources.







1. Introduction
There are approximately 60 operating wind farms in Australia, with a capacity of more
than 2,500 MW and there are an additional 90 wind farms being considered (Clean
Energy Council 2012). With this level of generation comes a need to ensure their
advantages are balanced against the amenity of the communities in the vicinity.


This Paper has been prepared to summarise the current state of environmental noise
assessments for wind farms in Australia. In particular, the paper provides a summary
of:


Current noise assessment standards and guidelines;
The common concerns raised during applications for proposed wind farms;
The reaction of regulators to the current controversy including additional
requirements for noise assessments, minimum setback distances between
turbines and residences and comprehensive post construction monitoring
regimes;
The reaction of professional acoustic bodies.


2. Current Noise criteria
In broad terms, the wind farm noise standards and guidelines used in Australian
jurisdictions are based on the ETSU-97 document (Department of Trade and
Industry 1997) and include the following common elements:


Objective standards which provide a base noise limit and a background noise
related limit;
A background noise and wind speed measurement procedure to determine the
applicable background noise related limits;
A noise level prediction methodology to enable a comparison of the predicted
noise level from the wind farm against the noise limits at each dwelling;
The required adjustments to the predicted noise levels to account for any
special audible characteristics of the wind farm noise;
A compliance checking procedure to confirm the operational wind farm
achieves the predicted noise levels at each dwelling.


Wind farm noise assessments in Australian jurisdictions are amongst the most
stringent and contemporary in the world. A summary of the criteria is provided in
Table 2.1.


The criteria summarised in Table 2.1 are similar to the limits for industrial noise in rural
areas (eg South Australian Environment Protection Authority 2007, New South Wales
Environment Protection Authority 1999) but specify significantly lower noise limits than
those which apply for transportation noise (eg New South Wales Environment
Protection Authority 2011, New South Wales Environment Protection Authority 2013).







Table 2.1 Summary of wind farm noise criteria in Australian States


State Assessment
Procedure


Criteria


South Australia South Australian
Environment Protection
Authority 2009


Base noise limit: 40 dB(A)
(in most areas)
Base noise limit: 35 dB(A)
(in exceptional Rural living areas)
Background noise limit margin: 5 dB(A).
The greater of the above limits applies


New South Wales South Australian
Environment Protection
Authority 2003


Base noise limit: 35 dB(A)
Background noise limit margin: 5 dB(A).
The greater of the above limits applies.


Western Australia South Australian
Environment Protection
Authority 2003


Base noise limit: 35 dB(A)
Background noise limit margin: 5 dB(A).
The greater of the above limits applies.


Victoria Standards Council New
Zealand 2010


Base noise limit: 40 dB(A)
(in most areas)
Base noise limit: 35 dB(A)
(in exceptional high amenity areas)
Background noise limit margin: 5 dB(A).
The greater of the above limits applies.


3. Representations Relating to Wind Farm Applications


Following the announcement of a proposal for a wind farm, it is common for those
opposed to the wind farm to form an action group. These groups are often well
resourced and often engage a lawyer and/or an acoustic engineer to assist with
representations or to give presentations at public meetings.


In addition to the appropriate scrutiny applied to noise assessments, the
representations against approval of the wind farms often include the following
components:


The adequacy of the guidelines and standards to deal with the audible aspects
of wind farm noise. The concerns are often accompanied with claims of
unethical behaviour in conducting an assessment in accordance with the
guidelines and standards. Reference is often made to the difference between
the objective noise limits in the standards and the lowest background noise
levels in the environment as justification for the inadequacy.
The amount of infrasound produced by a wind farm and the alleged link with
adverse health impacts. The health impacts are accompanied by a range of
supporting studies (which often include personal accounts and social surveys)
without the context of evidence to the contrary, even when the evidence to the
contrary is provided by the relevant authorities. Recent representations shift
the issue away from a comparison with a perception threshold to a suggestion
that infrasound content at frequencies below 10 Hz (corresponding to the







frequency of the turbine blades passing the tower) is the cause of adverse
health impacts if it can be measured at any level.
The amount of low frequency noise experienced at dwellings in the vicinity of a
wind farm. Whil


inability of lightweight houses to deal with the low frequency noise content
from a wind farm and the resultant sleep disturbance.
Wind shear effects and the potential impact on excessive amplitude
modulation. Whilst the authorities do not require a specific assessment of the
potential for high wind shear conditions, representations regularly highlight this
as an inadequacy of the assessment and a high potential to result in sleep
disturbance effects. Representations regularly request the probability of
excessive modulation to be quantified.
Background noise monitoring data capture and analysis. Representations
regularly raise concerns with noise logger locations, insufficient data capture
and incorrect removal of adverse data from the background noise monitoring
regime. The response from authorities has been to seek extended monitoring
periods and more detailed sector (downwind) and time based (separation of
night and day) analysis. The increased data analysis results in the potential
for further representations, such as night time graphs providing higher criteria
than the 24 hour analysis, or the sector analysis not providing sufficient data
points. A low correlation co-efficient is also regularly highlighted as an
inadequacy of the monitoring process rather than an accurate indication of the
relationship between the wind speed and the noise at the monitoring location.
The use of representative turbines in lieu of a final selection at the pre-
approval stage of a project. Whilst the planning assessment process needs to
show that the criteria can be achieved, greater levels of assurance are often
sought by representors, despite conditions of approval which require a final
assessment after procurement and micro-siting. The validity of sound power
level data measured from a single turbine under IEC61400 in the absence of
the wake from other turbines is often raised as an inadequacy of an
assessment.
The issue of tonality has emerged following the presence of a tone at a wind
farm in Australia. Whilst the enforcement leverage of a 5 dB(A) penalty
resulted in measures to rectify the tonality at the wind farm, representors now
request detailed guarantees based on testing in close proximity to the
turbines. The response of the applicant is often to simply commit to a
procurement guarantee of no audible tones in close proximity to a turbine
rather than attempt to conduct an assessment of the potential for tonality at a
dwelling.


excessive modulation. Representations often request the pre-emptive
application of a 5 dB(A) penalty during the planning stage of a project to
account for the potential for excessive modulation.
Noise propagation models and inputs. Representations include requests for
adding the level of uncertainty to the predicted noise levels and accounting for
the influence of turbine wake on the sound power level inputs.
The wind mast locations and the application of their wind speed data across
the site is becoming a representation issue. This is often addressed by a wind







resource map, or a statement to the effect that the wind mast is located at a
point that represents the highest wind speeds on the site.
On a broader level, particularly with health related impacts, representations


es without providing the broader
context and/or other findings to the contrary. This is often despite clarification
from the author regarding the inability to apply the cited research to wind
farms.


4. Reaction of regulators


In response to the continuing controversy regarding wind farm noise, politicians,
government departments, planning authorities and peak bodies have been required
to consider the issue.


4.1 Commonwealth


4.1.1 Australian Parliament


It is generally accepted that environmental noise controls reside with state
jurisdictions (as summarised in Table 2.1). However, the Renewable Energy
(Electricity) Amendment (Excessive Noise from Wind Farms) Bill 2012 was
introduced into the Australian Parliament as a private members bill. The legislation
included the following:


For the purposes of this Act, a wind farm creates excessive noise if the level of
noise that is attributable to the wind farm exceeds background noise by 10 dB(A)
or more when measured within 30 metres of any premises:


(a) that is used for residential purposes; or


(b)


(c) where persons habitually congregate.


The legislation did not prescribe a measurement procedure, did not define the term
period or descriptor to be


used when measuring the wind farm noise. Therefore, the legislation could have
been interpreted as requiring that the noise from a wind farm not exceed the
background noise level by 10 dB(A) at any time. As the background noise in areas
surrounding wind farm developments in Australia sometimes reduces to levels lower
than 15 dB(A), this would have effectively set a noise criterion of less than 25 dB(A).


nd
Communications Committee held an inquiry. The Committee received more than 200
submissions and held a public hearing.


Ultimately, the legislation was defeated and therefore did not pass into law.







4.1.2 National Health and Medical Research Council


The National Health and Medical Research Council (NHMRC) is Australia's peak
body for supporting health and medical research; for developing health advice for the
Australian community, health professionals and governments; and for providing
advice on ethical behaviour in health care and in the conduct of health and medical
research.


In July 2010 the NHMRC issued a rapid review of evidence associated with wind
turbines and health (National Health and Medical Research Council 2010). The rapid
review included the following conclusion:


There are no direct pathological effects from wind farms and that any
potential impact on humans can be minimised by following existing planning
guidelines.


The NHMRC is currently conducting a more detailed assessment taking into account
the latest research.


4.2 New South Wales


Although New South Wales currently uses the South Australian 2003 Guidelines, the
Department of Planning and Infrastructure released Draft Wind Farm Guidelines
(Draft Guidelines) for comment in December 2011(New South Wales Department of
Planning and Infrastructure 2011).


The Draft Guidelines introduce procedural changes to the assessment of wind farms
including the requirement for an additional layer of assessment where a residence is
located within 2km of a proposed turbine. The additional layer of assessment
requires a preliminary noise assessment, on the basis of which, the proposed wind
farm can be refused prior to a full planning assessment being conducted.


The noise assessment requirements of the Draft Guidelines are generally in
accordance the South Australian 2003 Guidelines but additional components have
been included in response to concerns raised. The changes take account of the
influence of wind shear in stable atmospheric conditions and special audible
characteristics such as low frequency and excessive amplitude modulation. The
changes result in more onerous requirements.







4.3 South Australia


4.3.1 Parliamentary inquiry


A select committee of the Legislative Council of the Parliament of South Australia
was formed in March 2012 to investigate wind farms in accordance with the following
Standing Order:


That a Select Committee of the Legislative Council be established to investigate wind
farm developments in South Australia, with the following terms of reference:


(a) Separation distances between wind turbines and residences or communities;
(b) The social, health and economic impacts of wind generators on individual


landholders, communities and the State;
(c) The need for a peer-reviewed, independent academic study on the social,


health and economic impacts of wind generators;
(d) The capacity of existing infrastructure to cope with increased wind power;
(e) The costs and benefits of wind power in South Australia;
(f) The environmental impacts of wind generators and wind power generally;
(g) The siting of wind generators in South Australia;
(h) The approval process of wind farms in South Australia;
(i) The preparation of the State Wind Farm DPA; and
(j) Any other matter the Committee deems relevant.


The committee has received more than 200 submissions and continues to
investigate.


4.3.2 Changes to planning requirements


In October 2012, the South Australian Minister for Planning approved the Statewide
Wind Farm Development Plan Amendment (DPA).


The DPA explicitly envisages wind farms in all rural type zones in the state. In these
zones, wind farms are not subject to third party appeal rights unless a turbine falls
within 2km of a non-associated dwelling or township type zone. If a turbine falls within
2km, then third party appeal rights apply.


Wind turbine generators need to be setback at least 1km from non-associated
dwellings and tourist accommodation and at least 2km from townships.







4.3.3 Investigations by the South Australian EPA


The South Australian EPA has conducted studies into infrasound and low frequency
noise from wind farms. The conclusions of the studies include:


The contribution of wind turbines to the measured infrasound levels is
insignificant in comparison with the background level of infrasound in the
environment.


Overall, this study demonstrates that low frequency noise levels near wind
farms are no greater than levels in urban areas or at comparable rural
residences away from wind farms.


In the current climate, these conclusions have been subject to public debate and
criticism of the authors.


4.4 Victoria


4.4.1 Policy and Planning Guidelines for Wind Energy Facilities in Victoria


In July 2012 the Victorian Department of Planning and Community Development
issued the Policy and planning guidelines for wind farm developments in Victoria. The
Guidelines confirmed that the 2010 New Zealand Standard (Standards Council New
Zealand 2010) is to be used for noise assessments but also required a setback
distance between turbines and residences of 2km, unless the permission of the
owner of the residence is given.


4.4.2 Victoria Health Statement


In May 2013, Victoria Health released a document which included the following
conclusions:


The predominant sounds produced by wind farms are in the mid to high
frequencies. Wind farm sound, including low levels of low frequency sound,
may be audible to nearby residents.
Infrasound from wind farms is at levels well below the hearing threshold and is
therefore inaudible to neighbouring residents. There is no evidence that sound
which is at inaudible levels can have a physiological effect on the human body.
This is the case for sound at any frequency, including infrasound.


4.4.3 Victorian Civil and Administrative Tribunal


The assessment procedure for the proposed 16 turbine Cherry Tree Wind Farm
resulted in a hearing in the Victorian Civil and Administrative Tribunal (VCAT). VCAT
heard evidence for twenty three days from experts and lay witnesses. At the
completion of the hearing, VCAT determined that the proposed development would
comply with the noise standard prescribed by the planning scheme but adjourned the
hearing for six months to enable the parties to provide evidence relating to the impact
of the wind turbines on the health and wellbeing of people living in the general
vicinity.







5. Reaction of professional acoustic bodies


One of the criticisms levelled at acoustic engineers conducting environmental noise
assessments of wind farms is that the engineers are not fulfilling their requirements in
accordance with the Code of Ethics of the Australian Acoustical Society and/or the
Association of Australian Acoustical Consultants.


The criticisms were outlined in a technical note of the Journal of the Australian
Acoustical Society (Acoustics Australia Vol 40 No 2 August 2012), which elicited a
range of letters to the editor in future editions of Acoustics Australia.


To date, the Australian Acoustical Society has not provided any guidance to its
members regarding the ethics of assessing environmental noise in accordance with
the relevant standards and guidelines.


The Association of Australian Acoustical Consultants is currently in the process of
preparing a position paper on wind farm noise.


6. Conclusions
The assessment of wind farm noise in Australia is currently conducted in accordance
with standards and guidelines which set base limits of 35 dB(A) or 40 dB(A) in low
noise conditions and 5 dB(A) above the background noise level for higher wind
speeds. This approach is similar to the approach taken for industrial noise sources in
Australia. The noise levels are significantly lower than is accepted for transportation
noise.


The controversy regarding the potential health effects of wind farms has led to
additional requirements, such as minimum setback distances and more detailed
analysis of the noise characteristics. These additional requirements result in wind
farm noise being assessed in more detail than any other noise source in Australia.
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Abstract


The literature on recent original studies that relate wind turbine noise to annoyance is reviewed
with the aim of providing an overview of the validity of each approach in answering current
questions of policy. It is shown that the most useful types of study design for policy making are
cross-sectional studies and listening tests. However, one important study design, that is the
longitudinal study has so far not been used.


1. Introduction
Doubts have been raised in various publications (e.g. Hanning, 2010, Shepherd et al. 2011,
Nissenbaum et al. 2012) that current noise regulations are not adequate for wind turbine noise
because of its special characteristics such as omnipresence, periodic nature, patterns of
random occurrence and low frequency content. Adverse health effects are reported.


On the other hand, widely cited literature reviews such as Knopper and Olson (2011) and
MDEP (2012) conclude that the statistical evidence for health effects and annoyance from wind
turbine noise is insufficient.


In reviewing literature on recent original studies on health effects and annoyance from wind
turbines this article discusses the source of the gap between these contradictory findings.


2. Perception and affective response
When studying the response to wind turbine noise it is important to understand the conceptual
path from the noise source to the response by the listener as illustrated in Figure 1 (Pedersen,
2007). The sound with its physical, measurable properties enters the ear, which acts as a filter
resulting in the perceived stimulus. The perceived stimulus is processed by the brain at which
point a second filter process occurs when non-acoustical factors like mood, state of health,
context, emotion and background, influence the response to the perceived stimulus. There are
three measurement “points” identified in the schematic, M1 would be a microphone measuring
the physical properties of the sound, M2 would be conducted in the form of listening tests in a
laboratory. Examples for perception parameters are loudness, fluctuation strength and tone
audibility. M3 can be assessed through various study designs as detailed in the following
section.


At this point it is important to note though that annoyance is an attitudinal response in this
model and as such will always be influenced by all the involved factors. However, to arrive at
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meaningful noise regulations some objective measure has to be found on how certain aspects
of the noise tend to influence annoyance.


Figure 1 – From Pedersen (2007): The filter model of the sound path from source to response. Filter 1 denotes the
ear and filter 2 the brain. M1 –M3 denote the three measurement/assessment points.


3. Types of studies applied to WTN
The recent original studies on annoyance and health effects from wind turbines listed in Tab 1
can be categorised into epidemiological (cross-sectional) studies, case studies and reports, and
laboratory studies.


Epidemiological studies Article No of respondents


Sweden 2000 Pedersen (2011) 351


Sweden 2005 Pedersen (2011) 754
Netherlands Pedersen (2009, 2010, 2011), Janssen (2011)


Bakker (2012)
725


Makara Valley, New Zealand Shepherd (2011) 66


Lasithi, Crete, Greece Katsaprakakis(2012) 100


Ontario, Canada Krogh (2011) 96


Poland Mroczek (2012) 1277
Mars Hill/Vinalhaven, United
States Nissenbaum (2011) 79


Case Studies/Reports


Wind Farm Article


Deeping St Nicholas, UK Thorne (2011)


Falmouth, US Ambrose (2012)


Shirley, US Walker (2012)


Te Rere Hau, NZ Thorne (2011)


Vinalhaven, US Nissenbaum (2011)


Waubra, AU Thorne (2011)


Unknown Rand (2011)


Laboratory studies Topic


Lee (2011) Amplitude modulation dose-response


Legarth (2007) Auralization and Assessments of Annoyance from Wind Turbines


von Hünerbein (2010) Perception of noise from large wind turbines
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Table 1 – Recent original studies on health effects and annoyance from wind turbine noise (adapted from von
Hünerbein et al. (2013).


Epidemiological/social studies are typically questionnaire based postal studies which are often
designed to include (all) affected residents as well as an unaffected control group to make the
results comparable and objective. To avoid attitudinal bias (i.e. responses that are heavily
influenced by opinion or emotion) the topic under investigation is frequently disguised in a more
general questionnaire such as a “Quality of Life” questionnaire when the study is about the
health effects from wind turbines. It is judged to be advantageous that the questionnaire will be
completed in the respondent’s own environment as the non-acoustic factors detailed in Fig. 1
will be typical.
These types of studies are often criticised for not providing accurate information about the
noise environment. Concerns have been raised about a statistical skew of the results from
potential over-reporting by affected residents (MDEP, 2012). It is important to remember that
these types of studies are a snapshot in time. Where historical questions are asked the
information might be unreliable because of the respondent’s inability to accurately recall events.


These studies typically attempt to derive dose-response relations measured as the percentage
of people annoyed/affected as a function of exposure (see an example in Fig. 2, Pedersen,
2010a). Even very well designed studies are frequently criticised on the basis of over-reporting
bias and low statistical significance after moderation with other non-acoustical factors (e.g.
MDEP, 2012).


Another approach is the case study/report. These are often conducted in response to
complaints and examples can be found in Tab. 1. Different methodologies can be used but
often in-depth interviews are conducted at the respondent’s premises and sometimes there are
even noise measurements reported (e.g. Ambrose, 2012). As in the cross-sectional studies the
information is provided in the respondent’s home environment and therefore case studies often
result in detailed information on a particular site/respondent. In some cases the studies have
been conducted over a period of time but not before the wind turbines were built.


From Pedersen et al. (2010a)
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These studies are not designed to provide statistical information on the prevalence of
annoyance or health effects from wind turbine. They are quoted to be useful for awareness
raising of possible effects of wind turbines. These studies are often criticised for providing
insufficient evidence for a causal relation between the noise source and health effects (e.g.
Knopper & Ollsen 2011). Recruitment methods are also questioned (MDEP, 2012).


Only a small number of listening tests relating to affective response from wind turbine noise
have been published recently (Lee et al., 2011, Legarth, 2007, von Hünerbein et al. 2010, Vos
et al., 2010). Listening tests have the advantage of a closely controlled environment both in
terms of the presented sound stimuli and a reproducible listening environment. Systematic
investigations of different aspects of a sound are possible. The topic under investigation can in
principle be disguised (e.g. as an environmental noise study) to avoid attitudinal bias. The
participants can be chosen to be a representative sample of the population. Listening tests can
either request listeners for absolute ratings for annoyance or perceptual parameters like
loudness. They can also be comparative. An example of a comparative listening test would be
to adjust the volume of a reference sound to be as annoying as a test stimulus.


When interpreting the results of listening tests it is important to keep in mind that the listeners
have been taken out of their usual context. Therefore absolute annoyance ratings are not
comparable to ratings that would be expected in their own home environment. However, results
can be compared in relation to each other. Fig. 3 shows an attempt by Lee et al. (2009) to
derive a dose-response relation for amplitude modulated wind turbine noise. Statements can be
made about the relative influence of the two different parameters on annoyance.


Figure 3 – From Lee et al. (2009): Absolute annoyance ratings for stimuli with varying LAeq and modulation depth.


A common approach in defining regulations for wind turbines is to set absolute or relative noise
limits and where special noise characteristics like tonal noise occurs to add a "penalty" to the
measured noise. Comparative listening tests can be useful to establish the size of these
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penalties. The example in Fig. 4 compares annoyance of tones at different frequencies to the
annoyance of a tone at a "reference" frequency of 180 Hz in an attempt to establish whether
penalties for tonal components of wind turbine noise should be frequency dependent. It has
been found that comparative studies are often harder to interpret than studies that use absolute
ratings.
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Figure 4 – From von Hünerbein et al. (2010): Audibility threshold of tones at 6 different frequencies (blue), equal
annoyance to a 180 Hz reference tone at 5 dB audibility (green) and 10 dB audibility (red) of low frequency tones.
Black solid line: Hearing threshold according to ISO 389-7 (2005).


A restriction of listening tests is the time participants spend in the laboratory, which typically
ranges from half an hour to a few hours at most. Long testing times in the laboratory can result
in fatigue bias unless very carefully controlled. Effects resulting from realistic long term
exposure to wind turbine noise can also not be assessed.


Another difficulty lies in the study of effects of random exposure patterns that can occur in
situations of strong meteorological variability. To date, the lack of a sufficiently large data base
of recordings precludes the creation of a representative set of stimuli. The stimuli would also
have to be considerably longer than the typical 20 second to 1 minute stimuli used in Lee et al.
(2009) and von Hünerbein et al. (2010).


In contrast to cross-sectional studies and case studies, the control over the noise parameters in
listening tests allows to compare the correlation of different metrics with annoyance. The most
common metrics used for sound level in relation to wind turbines are LAeq and LA90. LDEN is also
used in some countries. Other measures are used for other sources of environmental noise
such as aircraft noise. It is still unclear whether these metrics based on the physical properties
of sound correlate better with annoyance than perception parameters such as loudness or
fluctuation strength, although a study by King (2012) has found that different loudness models
disagree significantly for the non-stationary wind turbine sound. It can therefore be speculated
that loudness would not be a suitable parameter.


4. Conclusions
Currently used study methods to evaluate the annoyance from wind turbine noise have been
compared with the aim of informing the discussion on policy making.


Cross-sectional studies have so far given the best available estimates of the percentage of
population with different degrees of annoyance in response to wind turbine noise and of the
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percentage of . They have therefore been widely quoted in the discussion on the adequacy of
noise limits. Case studies and reports are useful as an indication of which effects can occur.
Listening tests also have the potential of addressing a number of special noise characteristics
of wind turbine noise in an attempt to find relevant noise limits. To be representative these
studies need a much larger database of wind turbine noise recordings than is currently
available. The rationale in obtaining such a larger data base would be especially to answer
questions of the influence of amplitude modulation and source directivity.


A study type that has not been applied to wind turbines is the longitudinal (long term) study that
compares the responses of affected residents before and after wind turbines were built. These
types of studies have been conducted for other noise sources but they tend to be very
expensive. However, they have the potential of establishing a causal relation between the
introduction of wind turbines and annoyance as well as health effects.
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Summary
Numerical methods are gaining more importance in the analysis of flow induced
noise due to the increase in available computational power. The present work deals
with two different numerical schemes of noise prediction of small vertical axis wind
turbines using hybrid methods. As usual for hybrid aeroacoustic approaches, the flow
field and acoustic calculations are carried out in separate software packages. For
both schemes the time-dependent turbulent flow field is solved with Scale-Adaptive
Simulation. The two schemes then differ in how the location of the acoustic sources
and their propagation is calculated.
In the first scheme the acoustic source terms are computed according to Lighthill's
acoustic analogy which gives source terms located on the original CFD grid. These
source terms are projected onto a coarser acoustic grid on which the propagation is
calculated by solving the wave equation.
In the second scheme the Ffowcs Williams-Hawking (FW-H) method is used which is


and implements an advanced time formulation. The far field acoustic radiation is
calculated by extrapolation of the acoustic waves.
Both methodologies are compared with each other.







1. Introduction


In Germany wind energy will become more and more important due to the increasing
awareness of the need for environmentally sustainable power generation, especially
in light of the government decision to phase out all nuclear power plants by 2022
following the Fukushima nuclear accident in 2011. In 2012, 31 GW [1] wind power
was installed in Germany and shall be increased to 48 GW onshore and 13 GW
offshore by 2022 [2]. This will lead to the installation of more wind turbines in vicinity
of urban areas.
Therefore, it is important to improve the performance with respect to noise in order to
prevent noise pollution of residential areas. Beside the conventional large wind
turbines, small wind turbines are considered as a prominent solution for using wind
energy at small scales in urban areas. Exploring this area of application,
investigations so far have focused on vertical axis wind turbines (VAWT), which in
comparison to horizontal axis wind turbines are characterized by the following
advantages [3]:


Insensitivity to the wind direction, which avoids the need of a yaw system
Applicability in presence of turbulent streams
Manufacture of VAWTs is cheaper [4]


In the recent years, experimental and numerical investigations were realized in the
field of VAWTs by e.g. Simão Ferreira, who placed the focus on the research of
dynamic stall [5]. Mertens investigated the performance of an H-Darrieus in the
skewed flow on a roof [6]. Marnett studied a multiobjective numerical design of
vertical axis wind turbine components in his PhD thesis [7].


In order to analyze the flow field and the radiated acoustic field of a vertical axis wind
turbine, numerical simulations were performed in this work. Therefore, a transient
flow simulation was carried out by application of the commercial computational fluid
dynamics (CFD) software ANSYS-CFX [8]. Following that, two different in-house
codes were used for acoustic post-processing. The first code is the finite-element
multiphysics solver CFS++ [9, 22], which is based on Lighthill analogy and has
been developed at the Chair of Sensor Technology, University of Erlangen-
Nuremberg. The second one is called SPySI (sound prediction by surface
integration), which is predicated on the porous Ffowcs Williams-Hawking method.
This scheme was established by Scheit [10, 11] and extended by Heinemann [12] at
the Institute of Process Machinery and Systems Engineering, University of Erlangen-
Nuremberg.
Such tools for noise prediction can be very useful in wind turbine design in order to
optimize the system with respect to noise and aerodynamic performance.


2. Computational methods


In computational aeroacoustics (CAA) one can broadly distinguish two kinds of
numerical methods: direct methods and hybrid methods. In the case of the direct
approach, the compressible Navier-Stokes Equations, which completely describe all
motions in a fluid as well as the flow generated acoustic field, are solved directly. The







drawback of this method consists in the need of resolving the whole range of length
scales, which differ very strongly between the acoustic variables and the flow
variables. Fluid mechanics is basically a near-field problem with small length scales
compared to acoustics, which in general is a far-field problem. Due to the large
disparity of scales, the direct approach requires very high computational power and
therefore the application is limited to academic research and only for low Reynolds
numbers [13].
In comparison, the hybrid methods as used in this work - consist of two simulation
steps. Firstly, the turbulent flow field is simulated and aeroacoustic sources are
computed. Secondly, radiation of acoustic waves is calculated [14].


Fig. 1: Isometric (left) and top view (right) of H-Darrieus CAD geometry


2.1 Aerodynamic simulation


As a test case of the applicability of SPySI and CFS++ for vertical axis wind turbines,
the design of an H-Darrieus wind turbine is used as illustrated in fig. (1) in order to
compute the turbulent flow field with the finite-volume method solver ANSYS-CFX
14.0. The wind turbine consists of three symmetric NACA0018 airfoils, which are
uniformly distributed in circumference. Figure (2) shows the circumferential
computational fluid domain composed of a rotating and a stationary region, which are
connected by a transient rotor stator interface. The inlet of the fluid domain is located
on the left half of the outer circle and the inlet boundary condition was given by 5 m/s
wind speed. At the outlet, an opening boundary condition was defined at relative
pressure 0 Pa in order to allow backflow. The rotational speed of the airfoils was set


to 1364 rpm. The tip-speed ratio is defined by which gives a value of 2.







A hexahedral mesh was generated by ANSYS ICEM and consisted of 809000 nodes.
In order to ensure that the boundary layers at the blades and at the shaft are
adequately resolved, the mesh is strongly refined to obtain a normalized wall
distance .


Fig.2: Computational domain of CFD-simulation


As the aeroacoustic solver CFS++ uses the simplified Lighthill stress tensor (see


eq. 3) which assumes a constant density, a solution of the incompressible Navier-
Stokes-Equation (NSE) is required. Contrary, SPySI needs a compressible solution.


Both simulations are solved with Scale Adaptive Simulation (SAS) established by
Menter and Egorov [15, 16]. The SAS models are extended unsteady RANS models
which differ in the resolved scales of turbulence. URANS methods only resolve
unsteady, mean flow structures, which include coarse vortices. In contrast, SAS
resolves dissipation of turbulent kinetic energy to smaller scales and eddies better.
As spatial discretization scheme the bounded central difference scheme is used. The
time step of was chosen, which corresponds to [17] and to an
angle increment of 0.08 degrees. As initial conditions the result of a previous RANS
simulation was used. In order to assure a converged solution, flow quantities were
monitored. Stable conditions were found after eight complete revolutions. The total
time of both simulations was 1.7 s. After ensuring that the flow field was fully
developed, the last 30000 time steps were calculated for the acoustic simulation. At
every tenth of these flow field data was exported, which leads to 3000 time steps of


for the acoustic simulations.







2.2 Aeroacoustic formulation


The age of modern aeroacoustics is considered to begin with the seminal work of
Lighthill in 1952 [18] and 1954 [19] on aerodynamically sound generated by jet
engines. In his two-part paper he derived the concept of the acoustic analogy, which
states that the noise produced by a turbulent flow field is equal to the noise
generated by a distribution of quadrupole sources which can be calculated from the
instantaneous fluctuations of the velocity field in the flow. Subsequently, Curle (1955)
extended Lighthill s theory to take into account the influence of solid bodies [20]. In
many technical applications such as helicopter rotors, aeroplane propellers, fans and
turbines, moving solid surfaces are directly involved in the generation of noise. This
is considered by the extension of Ffowcs Williams and Hawking (1969) [21].


In order to calculate the sound pressure spectra radiated by the H-Darrieus, the two
acoustic analogies established by Lighthill on one hand and Ffowcs Williams and
Hawkings on the other hand are used and will be presented in the following.


The computation of flow-induced noise according to Lighhill analogy starts with his
famous inhomogeneous wave equation for the sound pressure


(1)


The left hand side is equivalent to the homogenous wave equation. The right hand
side which is the Lighthill tensor is the source term of the complete


inhomogeneous wave equation. It was derived by Lighthill directly from the
conservation of mass and momentum.


(2)


which consists of non-linear convective forces , deviations in the speed of


sound , , viscous forces and the Kronecker delta .


A further simplification of the Lighthill tensor can be accomplished in case of an
isentropic flow at low Mach numbers. In this case, viscous effects are negligible


and the term is only relevant for anisotropic media and can be considered
to be very small in air. Only the non-linear convective effects remain as sound


sources and one obtains


(3)


To obtain a spatial discretization suitable for finite element-methods, a weak
formulation of Lighthill s inhomogeneous wave equation is arranged. For this
purpose, eq. (1) is multiplied by an appropriate element shape function w, integrated


is applied [22].


(4)







In fig. (3) the computational domain is depicted on which Lighthill s equation is
solved using the finite element-method.


Fig.3: Schematic drawing of the computational domain


For this purpose, the computational domain is divided into a rotating domain with
the interface boundary and a stationary domain with the outer boundary .
The rotation of is defined by the operator , which characterizes the
rotation at time by an angle where denotes the angular speed of the
rotating subdomain . The reverse mapping is accomplished by the inverse operator


, so that the rotating area can be written as a function of time


(5)


A stationary frame of reference is used inside of As a result of the domain
decomposition, both subdomains are discretized on their own. For this reason
two disjoint domains with two solution functions are obtained.
The interface conditions applied at are accomplished by the so-called mortar
element method [23, 24], so that an exchange of sound waves between the grids of
both domains (which are in general non-conforming on ) is ensured. The additional
condition


(6)


guarantees continuity in the trace of both solution functions at the interface
with being a suitable test function. By introducing the Lagrange multiplier defined
by


(7)







continuity in the flux of is achieved. In eq. (7), denotes the outward normal
unit vector on . After that, the Lagrange multiplier is inserted into the third term of
eq. (4) to arrive at the weak formulation.
In order to calculate the sound pressure spectra radiated by a vertical axis wind
turbine, the numerical method based on FW-H acoustic analogy is presented in the
following.


The porous Ffowcs Williams-Hawkings method is based on an integral solution of eq.
(1). In comparison to the formulation of Lighthills equation not only the transient flow
velocity, but also the pressure and density data is needed. Furthermore, a surface
integral wrapped around the source region , which is defined by the scalar
function (see fig. 4),


(8)


has to be chosen. The Heaviside function , ,
, ensures that no boundary conditions have to be fulfilled on the


boundaries.


Fig.4: Boundary of a solid body inside the flow domain described by scalar function f


If one multiplies the Heaviside function with the basic equations in the
derivation of Lighthill analogy, one obtains


(9)


Equation (9) is known as the differential form of Ffowcs Williams-Hawking, which
expresses a generalized form of the Lighthill equation. Here, represents the







compressible stress tensor, corresponds to the flow velocity, symbolizes the
integration surface velocity and is the Dirac function, which is the derivative of
the Heaviside function. For calculation of radiation into free field eq. (9) can be solved
with the free- ,


(10)


where represents the ambient speed of sound and is the retarded time. Inside
SPySi [26] is implemented. For a stationary, porous
integration surface S, the solution can be written as


(11)


Here denotes the thickness noise and represents the physical mechanism of
displacement of the fluid in the flow field by solid surfaces such as turbine blades.
The term loading noise describes the physical mechanism of the force that acts on
the fluid as a result of the presence of the surfaces of the body. The quadrupole
distribution is denoted as .


If volume forces are neglected and an integration over the surface S is performed,
solutions for the thickness noise and loading noise are obtained:


(12)


(13)


The distance between the surface source and the observer position is represented by
and subscript defines scalar contraction with the integration surface normal vector
. The variables and are introduced by Di Francescantonio [27] as following:


(14)


To evaluate the acoustic signal run time between source and observer, there are two
possible algorithms: the retarded time approach and the advanced time approach. In
case of the advanced time algorithm


(15)


only one time step of CFD simulation data per acoustic evaluation is needed.
Contrary, the retarded time algorithm requires several time steps at different source
positions and therefore multiple time steps have to be in storage. SPySI uses the
advanced time algorithm.







3. Results and discussion


To illustrate the transient flow field obtained by the CFD simulation, the evolution of
the flow is presented in fig. 5. The left series shows the temporal evolution of the
velocity in stationary frame, the right series depicts the pressure (the wind arriving
from the left side in the pictures). As one can clearly see, there is strong vortex
formation in the wake of the Darrieus turbine. Due to the conversion of kinetic energy
to mechanic energy by the turbine, the mean flow velocity is reduced in an expanded
downstream region. Furthermore, one can identify vortex shedding at the trailing
edge of airfoils moving contrary to the wind (upper airfoils). At the airfoil in the upwind
region (airfoil bottom left, 0 degree), a dynamic stall on the inner surface is seen. This
stall induces formation of a vortex, which separates in the further temporal
development, where the airfoil moves parallel to the mean flow. Afterwards, the stall
at the inner surface arises directly again (airfoil bottom right, 0 degree), persists and
expands for a whole revolution until it separates again. A pressure stagnation point
remains at the leading edge at all times, except while separation of the stall vortex.


On the left side of fig. 6, the temporal evolution of the acoustic source terms, which
are computed on the original CFD grid, is depicted. On the right side, the acoustic
pressure calculated by CFS++ is illustrated. These images show the influence of the
previously described flow phenomena on the acoustics.
The mentioned pressure stagnation point at the leading edges induces a sound
source which is called leading edge interaction noise [28]. The second source region
to mention is the trailing edge at the airfoils moving upstream, where the vortex
shedding appears. Though these vortices are mostly dissipated by the time
subsequent blades arrive collide with them, a weak interaction can be noticed. The
vortex of the stall region at the inner side of the blades represents a further important
sound source. When the angle of attack increases to almost 180 degrees, the vortex
separates and a sound source region can be seen shedding from the blade [29].
Analogous observations can be made in the acoustic pressure images.
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Fig 5.: Temporal development of the velocity in stationary frame (left) and pressure
(right) in the rotating domain
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Fig. 6: Temporal development of the acoustic source terms (left) and acoustic
pressure (right) in the rotating domain







Fig. 7: Acoustic pressure in the whole computational domain


In figure 7 the acoustic pressure for the whole domain is illustrated. The sound
pressure is radiated as a dipole source. Behind the wind turbine, acoustic pressure
variations corresponding to the Karman-vortex street occur.


Fig. 8: Sound pressure level spectra of FWH and CFS++


In order to compare both methodologies qualitatively, the sound pressure level
spectrum obtained from simulations of FWH and CFS++ is depicted in fig. 8. In
general, there is a good agreement between both simulations. The first tonal peak
relates to the blade passage frequency of 68.2 Hz and the second peak to the
second harmonic of the blade passage frequency.







4. Conclusions
Numerical investigations of sound generation of an H-Darrieus wind turbine have
been performed in order to get a better physically understanding. To this end,
acoustic analogies of Lighthill and Ffowcs Williams and Hawking have been applied
to CFD simulation data. In summary, there is a good agreement between both
acoustic approaches. Separation-stall noise, vortex shedding noise at the trailing
edge as well as leading edge noise were identified as main source regions of the H-
Darrieus. Future investigations will focus on the impact of each of these sources on
the overall noise emission. Using these CFD and CAA tools aerodynamic and
aeroacoustic optimization can be accomplished with regard to the design of vertical
axis wind turbines.
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Summary


Wind turbines produce sound during their operation; therefore, jurisdictions around the
world have developed regulations regarding the placement of electricity generating wind
farms with the intent of preventing unacceptable levels of ‘community noise’ in their
vicinity. However, as survey results indicate that the relationship between wind turbine
noise and annoyance may differ from noise-annoyance relationships for other common
noise sources (e.g., rail, traffic), there are concerns that the application of general noise
guidelines for wind turbines may lead to unacceptably high levels of annoyance in
communities. In this study, previously published survey results that quantified wind
turbine noise and self-reported annoyance were applied to the predicted noise levels
(from turbines and transformers) for over 8000 receptors in the vicinity of 13 planned
wind power developments in the province of Ontario, Canada. The results of this
analysis indicate that the current wind turbine noise restrictions in Ontario will limit
community exposure to wind turbine related noise such that levels of annoyance are
unlikely to exceed previously established background levels of noise-related annoyance
from other common noise sources. This provides valuable context that should be
considered by policy-makers when evaluating the potential impacts of wind turbine noise
on the community.


1. Introduction


Annoyance is a well known potential impact of community noise exposure, (Babisch
2002; WHO Europe 2011). Therefore, it is not surprising that noise from wind turbines
has been correlated with annoyance in a number of studies (e.g., Bakker et al. 2012;
Janssen et al. 2011; Pedersen and Persson Waye 2004; 2007; Pedersen et al. 2009;
Pedersen 2011). In light of this, many jurisdictions have developed wind turbine siting
regulations (i.e., distance and noise limits) intended to limit community noise exposure
and resulting annoyance. These regulations have generally been developed based on
the assumption that annoyance from wind turbine noise will exhibit a similar dose-
response relationship as annoyance from other more common noise sources such as
rail, road and traffic noise.


However, a number of key differences between annoyance from wind turbines and from
other noise sources have been reported. For instance, people receiving an economic
benefit from the wind turbines report almost no annoyance from wind turbine noise even
though they are exposed to the highest noise levels {{898 Bakker, R.H. 2012;899
Janssen,S.A. 2011;902 Pedersen,E. 2009;876 Knopper,L.D. 2011;}}. In contrast, people
who do not receive an economic benefit from the turbines report higher levels of
annoyance at lower sound pressure levels than would be predicted for other community
noise sources (Bakker et al. 2012; Janssen et al. 2011; Pedersen et al. 2009). It has
been hypothesized that the differences in these dose-response relationships could be
driven by numerous factors including the modulating character of audible (and inaudible)
wind turbine noise and/or subjective factors such as visual impact, attitudes towards
wind turbines (e.g, see Bakker et al. 2012; Janssen et al. 2011; Pedersen et al. 2009),
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personality traits (Taylor et al. 2012; 2013) and conflict between the community and the
wind farm developers (Shepherd et al. 2011). Additionally, traditional noise dose-
response relationships for rail, road, and air traffic were derived using data from urban
areas, where residents may have less of an expectation of quiet/ more tolerance for
noise than residents of rural areas where turbines are typically constructed.


Due to these apparent differences, concerns have been raised by some that existing
wind turbine noise limits may not adequately protect residents living near wind turbines
from noise-related annoyance. This study explores these concerns by using a wind
turbine specific dose-response relationship previously reported by Pedersen et al.
(2009) and Bakker et al. (2012) to predict annoyance from wind turbine noise for over
8000 individual receptor locations (i.e., buildings, dwellings, campsites, place of worship,
institutions and/or vacant lots) located in the vicinity of 13 proposed or approved wind
power projects in the province of Ontario, Canada.


2. Experimental design


Publicly available noise assessment reports for 13 wind power developments that had
been approved since 2009 or were under Ministry of the Environment (MOE) review as
of July 2012 (see details in Table 1), were downloaded from the websites of the
individual projects. In each of these assessments, the standard method ISO 9613-2
(ISO, 1996) was applied to predict the total wind farm-associated noise that will be
experienced (outdoors) at existing or potential receptor locations (i.e., buildings,
dwellings, campsites, place of worship, institutions and/or vacant lots) within 1500 m of a
project associated wind turbine or within 1000 m of a project associated transformer
substation. The noise sources considered in the noise assessment modelling included
all wind turbines and transformer substations (if present) associated with the project as
well as any adjacent (< 5 km) existing or publicly disclosed proposed wind farms.
Although the noise produced by wind turbines tends to increase with increased wind
speed, all noise modelling in the reports was performed assuming the maximum noise
emission level for turbines based on manufacturer supplied emission levels. Therefore
only a single ‘worst-case’ noise level was provided for each receptor location with
respect to wind turbine contributed noise. In addition, all modelled noise contributions
from transformer substations included a 5 dB adjustment for tonality (MOE, 2008). In
total, the data assembled from these reports represented over 8000 existing or potential
receptor locations for which the anticipated wind farm related noise had been modelled.
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Table 1: Ontario wind power developments included in this study


Project (nearest
town)


Maximum
rated


electric
capacity per
turbine (MW)


Number
of


turbines


Number of
transformer
substations


Number of
receptors


considered
(participants


: non-
participants)


Conestogo Wind
(Arthur)


2.3 10 0 118 (6: 112)


Gesner (Duart) 2.0 5 0 136 (9: 127)
Grand Renewable
(Fisherville)


2.2 67 1
1310 (79:


1231)
Kent Breeze
(Thamesville)


2.5 8 0 292 (1: 291)


McLean's Mountain
(Little Current)


2.5 29 0 346 (0: 346)


Ostrander Point
(Picton)


2.5 9 0 13 (0: 13)


Port Dover Nanticoke
(Port Dover)


1.8 60 0 806 (20: 786)


South Kent (Tilbury) 2.2 124 2
2138 (263:


1875)
Springwood
(Belwood)


2.1 4 0 167 (3: 164)


St. Columban (Huron
East)


2.2 15 0 146 (5: 141)


Summerhaven
(Nanticoke)


2.2 58 1
2545 (132:


2413)
Whittington
(Whittington)


2.1 3 0 88 (3: 85)


Zephyr Farms
(Watford)


2.5 4 0 18 (0: 18)


The modelled sound pressure levels for each identified receptor from all of the noise
assessment reports were compiled in a single Excel™ file. For each receptor, the
distance to and identity of the nearest noise source (i.e. was the receptor closest to a
wind turbine or a transformer substation?) was also recorded. Subsequently, the
predicted Ontario noise level results were categorized as defined by Pedersen et al.
(2009) and Bakker et al. (2012): <30 dB(A), 30-35 dB(A), 36-40 dB(A), 41-45 dB(A), and
>45 dB(A). This categorization allowed for a direct comparison of the Ontario based
dataset to the survey results from Pedersen et al. (2009) and Bakker et al. (2012) in
which annoyance (for indoor and outdoor scenarios) in terms of the noise categories
listed above was measured on a 5-point ordinal scale made up of the following
responses: 1) do not notice; 2) notice, not annoyed; 3) slightly annoyed; 4) rather
annoyed; and 5) very annoyed. Levels of wind turbine noise related annoyance in
Ontario were then estimated by assuming that similar levels of annoyance would occur
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in Ontario at the same predicted sound pressure levels as reported in Pedersen et al.
(2009) and again in Bakker et al. (2012). In addition, in order to simplify presentation of
the results, Ontario receptor locations were also grouped based on distance to the
nearest wind turbine or transformer substation as follows: 0 to 550 m, 550 m to 1 km, 1
to 1.5 km, 1.5 to 2 km and > 2 km.


3. Results


3.1 Overall relationship between predicted noise level and distance to nearest wind-farm
related noise source


Predicted wind farm related noise levels (from turbines and transformers) were
compiled for 8123 individual receptor locations (Figure 1).


Fig 1. Modelled sound pressure levels (dB(A)) for participating
and non-participating receptors with respect to distance from
nearest noise source (wind turbine, ×, or transformer substation,


Although distance to the nearest noise source explained a large proportion (86%) of the
total variance in predicted sound pressure levels, it should be noted that predicted
sound pressure levels at a set distance varied by approximately 5 to 10 dB(A) and the
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distance at which a set sound pressure level was met varied by approximately 1000 m
(Figure 1). These variations reflect differences in the noise model inputs such as the
physical design and noise emission ratings of the turbines (and transformer substations,
if present) used in different projects and the total number of turbines (and transformer
substations, if present) in the vicinity (< 5 km) of the receptor location. Given that noise
levels can vary substantially at a set distance, these data highlight the inadequacy of
using ‘distance to the nearest turbine’ as a proxy for wind turbine noise exposure as has
been done in recent studies by Shepherd et al (2011) and Nissenbaum et al. (2012).
Likewise, we believe that these data highlight the value of noise-based rather than
distance-based wind turbine setback guidelines for minimizing community noise
exposure.


3.2 Predicted noise levels for ‘participating receptors’


Of the 8123 individual receptor locations considered in this study, 522 represent
‘participating receptors’ (i.e., locations for which the property owners have entered into a
legal agreement with the wind farm developer to permit the installation and operation of
wind turbines or related equipment on their property). The predicted noise levels at
these ‘participating receptor’ locations were generally higher than those predicted for
non-participating receptors (Figure 1). However, roughly 73% of these receptor locations
were still predicted to experience wind turbine related noise levels in compliance with
the WHO (2009) recommended night time community noise value (40dB(A)). Roughly
25% were expected to encounter noise in the 41-45 dB(A) range and less than 1.5% in
the >45 dB(A) range.


In previous studies, it has been shown that participating receptors who receive an
economic benefit from the presence of wind turbines are significantly less likely to be
annoyed by wind turbine noise than those who do not receive an economic benefit, even
though they tend to experience higher levels of wind turbine related sound and to notice
the sound of wind turbines more often (Bakker et al. 2012; Janssen et al. 2011;
Pedersen et al. 2009). For this reason, participating receptors are generally excluded
from the development of dose-response modelling linking wind turbine noise to
annoyance (Bakker et al. 2012; Janssen et al. 2011). Therefore, we did not include
these receptors in the predictions of wind farm noise related annoyance in Ontario.
However, it is anticipated that the levels of annoyance for participating receptors in
Ontario will be very low (or not at all) as has been observed in previous studies (Bakker
et al. 2012; Pedersen et al. 2009).


3.3 Noise levels and predicted rates of annoyance for ‘non-participating receptors’


By combining the values in Figure 1 with the self-reported rates of annoyance for non-
participants in both outdoor and indoor scenarios from Pedersen et al. (2009) and
Bakker et al. (2012), it was possible to predict potential levels of outdoor (Figure 2) and
indoor (Figure 3) annoyance related to wind turbine noise for non-participants in Ontario
with respect to distance.
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Fig. 2. Predicted levels of outdoor annoyance (%) from wind turbine
associated noise for non-participants based on distance from nearest wind
turbine noise source (turbine or transformer substation).


Fig. 3. Predicted levels of indoor annoyance (%) for non-participants based
on distance from nearest wind turbine noise source (turbine or transformer
substation).


It is interesting to note that even in the categories expected to experience the highest
noise exposure (i.e., less than 1 km to nearest noise source and outdoors), over 60% of
receptors were predicted to be ‘not annoyed’ and an additional 18 to 19% were
predicted to be ‘slightly annoyed’, while the remaining 17 to 18% were predicted to be
‘rather’ or ‘very’ annoyed (Figure 2). The level of annoyance predicted indoors for the
same receptors (i.e., less than 1 km to nearest noise source) was further reduced, with
approximately 7% predicted to be ‘rather’ or ‘very’ annoyed by wind turbine noise based
on these results (Figure 3). Further reductions in the predicted rates of annoyance were
observed as distance from the nearest wind turbine noise source increased.
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The proportions of receptors predicted to be ‘rather’ or ‘very’ annoyed (when indoors)
due to wind turbine and related noise, range from 1.2 to 7.3% depending on distance to
the nearest noise source (Figure 3). These proportions are comparable to or lower than
rates of noise-related annoyance reported for other more common noise sources such
as traffic noise. For example, in two nation-wide telephone surveys of more than 2500
Canadian adults each, approximately 8% of respondents reported being either “very or
extremely bothered, disturbed, or annoyed” by noise in general when they were at home
and 6.7% of respondents indicated they were either “very or extremely annoyed” by
traffic noise specifically (Michaud et al. 2005). Furthermore, Michaud et al. (2005) were
able to subdivide their results between large communities (> 100 000 residents) and
small communities (< 5000 residents) and in small communities that are typically
associated with low background noise levels, 11% of respondents were moderately to
extremely annoyed by traffic noise. Similarly, a national survey in the UK in 1999/2000
(Grimwood et al. 2002) found that 8% of the general population reported that they were
‘very’ or ‘extremely’ annoyed by noise (specifically traffic noise). These results suggest
that the predicted levels of wind turbine noise related annoyance (indoors) shown in
Figure 3 are at levels less than or equal to levels of noise related annoyance identified
by people in Canada and elsewhere from other, more common, sources of noise.


3.4 Limitations of this study


The main limitation of this study is that survey results from the Netherlands were used
to predict rates of annoyance for residents of Ontario, Canada. Certainly there may be
cultural issues that influence rates of annoyance differently in these locations. In light of
this uncertainty, it is encouraging that some researchers, including Health Canada (see
http://www.hc-sc.gc.ca/ewh-semt/consult/_2013/wind_turbine-
eoliennes/research_recherche-eng.php), have initiated studies to compare measured
and self-reported indicators of health to measured and predicted noise levels associated
with wind turbine installations at residences in Canada. It is hoped that these studies
may lead to a more definitive answer on annoyance levels in Canadians and whether
any linkages to health issues exist.


4. Conclusions


We investigated the impact of the current Ontario noise limits by comparing the noise
assessment results from 13 currently planned wind power developments in Ontario (for
a more than 8000 receptor locations) with survey results from the Netherlands regarding
annoyance and wind turbine related noise. For non-participating receptors it was
predicted that the rates of noise-related annoyance (when indoors) would not exceed
8%, with further reductions in the rates of annoyance at increased distances (i.e., > 1
km). As noted by Verheijen et al. (2011) noise limits for wind turbines represent “a trade-
off between the need for protection against noise annoyance and the feasibility of
national targets for renewable energy”. Based on this trade-off, Verheijen et al. (2011)
recommended a wind turbine noise limit of Lden = 45 dB(A) for the Netherlands, a value
that is consistent with the 40 dB(A) limit currently used in Ontario. This level of noise-
related annoyance is well within the range of common existing levels of community
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noise related annoyance in Canada (including traffic noise in small rural communities in
Canada) and elsewhere from a variety of noise sources. Therefore, we conclude that the
current noise restrictions in Ontario that determine the siting of wind turbines and
associated transformer substations are likely sufficient to limit community exposure to
wind turbine related noise in such a way that levels of annoyance will not exceed those
commonly experienced for non-wind turbine related noise sources. Furthermore, this
comparison highlights the fact that noise and annoyance are not issues that are unique
to wind turbines and we suggest that their impacts should be evaluated no differently
regardless of their source.
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Summary
The wind turbine aeroacoustics noise is defined as the aerodynamically generated noise


from rotating blades of wind turbine also recognized as wind turbine amplitude modulation
noise or Swishing sound, which is recognized as the most annoying noise to the residents
nearby wind farm, sometime can cause people sleep deprivation and even mental health
problem. This paper is intended to develop the technique to measure and analyse this
amplitude modulation (AM) noise both through measurement with post-data processing and
modelling method, which shows some good correlation in this work. The efforts will lead to
further understand this noise and make the future standard measurement of this noise possible,
hopefully followed with government proper regulation for effective amplitude modulation noise
control. Also as Off-shore wind energy growth, we need to understand what impact of the
amplitude modulation noise and rotor low frequency noise from Off-shore wind farm impact on
environment since the noise can propagate very long distance, especially with thermal
inversion effect. In the paper we will as first time take a look at simulation study on off-shore
wind turbine aeroacoustics to see its characteristics and possible parameters might be
considerable factors.


Background
When a wind turbine or wind farm is installed near a populated residential community, its


noise impact on the community, especially at night, is a great concern and can be a major
market entry factor. International Electro-technical Commission (IEC) 61400-11 specifies the
acoustic noise measurement standards, which the turbine noise is quantified as a sound power
level. Although it IEC noise measurement standards works well to control overall noise level
from a wind turbine including wind turbine aeroacoustics, it did not address the uniqueness of
wind turbine aeroacoustics so called Swishing sound, which is Amplitude Modulation (AM)
noise signal in time domain as its main characteristics. The envelop of AM noise has been


ise,
and was recognized the most annoying to people. Lundmark published a new method [Ref 2]
to measure the AM noise. The objective of this research effort is intended to develop a more
effective measurement method as shown in Figure 1 that can capture the uniqueness of this
AM noise then followed with correlation with the integrated wind turbine aeroacoustics
simulation [Ref1].


The most effective and cost saving solution to control and reduce wind turbine noise is in
the design stage. An integrated wind turbine rotor modeling and analysis tool validated with
measured data for aero-acoustics modeling capabilities is needed. This tool will be utilized to
perform turbine optimization through advanced airfoil/blade design and rotor control. A strategy
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and frame work for an integrated wind turbine model, including wind turbine simulation (such as
FAST, GH Bladed, or CHARM,), CFD (Computational Fluid Dynamics, such as Fluent), and
CAA (Computational Aero-Acoustics) utilizing the state-of-art technology to model the
airfoil/blade and rotor aero-acoustics, is laid out in Figure 2. The computed airfoil and rotor
noise in both time and frequency domains due to the airfoil and rotating blade, were presented
and compared to available wind tunnel data with anechoic chamber acoustic measurements
and the new acoustic array field measurement for validation and correlation [Ref 7].


Methods
With extensive wind turbine rotor aeroacoustics research Ref 1 to 11, we had developed


the good understanding on wind turbine aeroacoustics, AM noise and rotor noise. In Ref 2,
Lundmark has defined a way to measure and quantify AM noise. Maine Department of
Environmental Protection has issued a regulation with provisions for amplitude modulation


repetitive sounds that occur within a 10 minute measurement interval, each clearly discernible
as an event resulting from the development and causing an increase in the sound level of 5
dBA or greater on the fast meter response above the sound level observed immediately before
and after the event, each typically +-1 second in duration, and which inherent to the processor
operation of the development. All SDRS events characterized by event amplitude, Amplitude is
defined as the peak event amplitude minus the average minima sound level immediately before
and after the event, as measured at an interval of 50 milliseconds or less, A-weighted and fast
time response, i.e. 125ms. For each 10 minute measurement interval SDRS events shall be
reported by number of each observed amplitude integer above 5dBA. In this paper, for more
effective measurement of wind turbine AM noise, we propose a new method to capture the AM
noise and separate it from the rest of wind turbine noise, the following procedure in Figure 1 is
developed.


Wind Turbine Amplitude Modulation Noise Measurement and Data Analysis Method
Step 1: to measure the acoustic pressure in time domain at specified location, which is
about 45 degree in front of wind turbine at operation [Ref 4].
Step 2: to run the measured acoustic signal through high pass filter with cutoff frequency
200Hz to capture AM noise.
Step 3: to run dB(C) calculation to obtain instantaneous sound pressure level dB(C).
Step 4: to run Lundmark method [Ref 2] to get AM noise amplitude and blade passing
frequency.


Figure 1, Wind Turbine AM noise measurement and data analysis diagram
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It is expected that the wind turbine noise reduction should not be achieved through loss
of wind turbine performance in term of energy production. At the same time, it is understood
that wind turbine aeroacoustics sources have strong coupling with wind turbine aerodynamics
and blade dynamics including elastic effects. Thus the following integrated rotor modelling and
simulation should be utilized and validated with various fidelity models [Ref 1]. The Figure 2
shows the frame work and process where it is shown that airfoil noise should be validated by
wind tunnel test inside anechoic chamber, and wind turbine rotor aeroacoustics can be
validated with field test.


Wind Turbine Aeroacoustics Simulation Method
Step 1: to run BEM-Panel (such as FAST, CHARM or GH Bladed) to get section blade
inflow, run CFD to get pressure on airfoil/blade surface.
Step 2: to generate inputs to Flows Williams Hawking (FWH) solution method, the details of
methodology and implementation can be found in Ref 6.
Step 3: to run FWH solution to get acoustic wave at defined far field observer locations


Figure 2, Wind Turbine Aeroacoustics Simulation Method and Process
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Results


Following the measurement and modelling methods stated above, below are examples
of typical results. Figure 3 the figure on left shows the high pass filter is effective in capturing
the AM noise from measured wind turbine total noise, while right figure shows pretty good
correlation in key characteristics between measured data and simulation. The measured data
has some variations in amplitude might be related the unsteady wind with atmospheric
turbulence effect.


Figure 3, data after high pass filter and correlation with simulation result


The figure on left in Figure 4 shows the time domain spectrum of measured data after
200 Hz high pass filter, it is clearly shown the modulation in time where the low frequency
spectrum dominated the energy. Thus, the figure on right is shown that dBC Criteria is better fit
to evaluate the modulation signal.


Figure 4, Spectrum of data after HP filter in time domain


0 2 4 6 8 10 12
-0.8


-0.6


-0.4


-0.2


0


0.2


0.4


0.6


time, sec


raw mic data


data after high pass filter


0 2 4 6 8 10 12
-0.08


-0.06


-0.04


-0.02


0


0.02


0.04


0.06


0.08


simulation


data after high pass filter







5


The figure on left in Figure 5 shows that the dBC is quite noisy and not as good as dBA
to evaluate the AM noise before filter data, however, the figure on right show the dBC works
better than dBA to evaluate the AM noise.


Figure 5, the instantanours sound pressure level (A and C) before and after high pass filter


The figure on left in Figure 6 shows the correlation between measured data and
simulation, which shows good correlation in term of the main characteristics, but we also
noticed that measured data has more variations due to unsteady wind and turbulence that
caused variable rpm. The figure on right shows the spectrum of both measured data and
simulation, where the simulation lost some high frequency energy due to relative low resolution
in simulation.


Figure 6, AM noise correlation between measured after high pass filter and simulation
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In order to understand the offshore wind turbine aeroacoustics simulation study, the two
turbine models have been studied in this paper, one offshore, other onshore for comparison.


1. Offshore turbine: 5Mw with 140 meter diameter with 13 rpm at 8 m/s wind


2. Onshore turbine: 2MW with 100 meter diameter with 15 rpm at 8 m/s wind


For simplicity, we did not include blade tower effects in this study, but focus on rotor low
frequency noise and AM noise both at IEC microphone location and 10000 meter far-field. As
figure 7 shows below that both AM and low frequency rotor noise that the typical offshore wind
turbine has much higher acoustic amplitude than onshore wind turbine at IEC defined
microphone location, however, at far-field 10k meter away as we know offshore wind turbine
should be at least 10k meter away from the shore, both noise are negligible for offshore wind
turbine. Thus, from this study, it shows that offshore wind turbine at least 10k meter away is
not big concern for on shore acoustic environment. However, the following thermal inversion
effects on sound propagation as shown in Figure 8 might be significant consideration when it
happens.


Figure 7, Off-shore wind turbine AM noise and LF rotor noise simulation
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Figure 8, Temperature Inversions & Sound Propagation by Mike O'Connor


The above conceptual diagram shows how the influence of a temperature inversion can
sometimes cause distant sources of noise to sound much closer than they really are. All of the
curved lines on the diagram, those drawn in green, pertain to atmospheric conditions when an
inversion is present; the straight, gray dotted lines depict sound propagation during 'neutral'
atmospheric conditions when there is no inversion. The diagram does not pertain to windy
conditions, as wind has other effects on sound and inversions don't exist near the ground when
wind speeds are high.


Conclusions


A new method with high pass filter followed with instantaneous dBC computation has
been shown good results in capturing wind turbine amplitude modulation noise. Also different
from IEC microphone location, it is recommended to measure AM noise at 45 degree in the
front of wind turbine. Comprehensive wind turbine aero-acoustic simulation system is laid out
and shown good correlation with the measured data after 200Hz high pass filter for this case. It
is found that wind turbine aeroacoustics AM noise has strong coupling with in coming unsteady
wind with atmospheric turbulence. Hopefully this new method may help to establish the
standard measurement method of wind turbine AM noise for the industry, followed with
government proper regulation for better control of wind turbine AM noise. For the offshore wind
turbine aeroacoustics simulation in this study, It is also found the offshore wind turbine
aeroacoustics should have minimum impact to far-field on shore acoustic environment, unless
the temperature inversion effect on sound propagation might be strong factor when it happens,
but is not simulated in this study. Both temperature inversion effect and atmospheric
attenuation on offshore wind turbine aeroacoustics should be studied in future.
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Summary
To investigate the human auditory sensation to low frequency components contained in wind
turbine noise, we have been performing a series of auditory experiments by using a test facility
capable of reproducing low frequency sounds including infrasound. As the first experiment,
audibility of low frequency components contained in wind turbine noise (WTN) was tested by
changing the low frequency components by low-pass filtering with 10 different cut-off
frequencies from 10 Hz to 125 Hz. As a result, it has been confirmed that the low frequency
components in infrasound frequency range of general wind turbine noises can not be heard nor
sensed. As a succeeding experiment, hearing thresholds for low frequency band noises were
tested by changing the frequency band width in 7 variations. As a result, the critical spectral
characteristics in 1/3 octave bands for hearing threshold have been found. Furthermore, a
loudness test was performed by using an artificial noise modelling general WTNs, in which the
frequency characteristic of the test sound was changed by high-pass filtering in 9 steps from 16
Hz to 1 kHz. As a result, it has been confirmed that A-weighted sound pressure level is the
most suitable and convenient indicator for loudness impression.


1. Introduction
The authors have conducted a synthetic research program on wind turbine noise titled


man Impact of Low Frequency Noise from Wind Turbine
in the past three years from the 2010 fiscal year [1-3]. This research program


consists of field measurement, social survey on the response of nearby residents, and
laboratory experiments. Regarding the third topic, we have conducted a series of subjective
experiments regarding human audibility of low frequency sounds. In these experiments, hearing
thresholds for pure tones in low frequency range and hearing sensation to WTN have been
examined.


In the experiments on human audibility for low frequency components contained in WTNs,
actual WTNs recorded on sites and an artificially synthesized sound modelling general WTNs
were used. In Experiments 1 and 2, the frequency components of the test sounds were limited
in steps by low-pass filtering processing and audibility was examined. In Experiment 3, the
frequency components of the model sound were modified by high-pass filtering processing and
the contribution of the low frequency components to loudness sensation was examined.







Picture 1: Loudspeaker system and the
listener s position in the receiving room.
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Figure 1: Experimental system.


2. Experimental system
In this study, an experimental facility constructed for the experiments on human audibility to low
frequency sounds [4] was used. As shown in Figure 1 and Picture 1, it consists of a couple of
rooms and 16 woofers with a diameter of 40 cm (FOSTEX, FW405N, lowest resonance
frequency: 27 Hz) were installed on the partition wall between the two rooms. For the
production of mid/high frequency components up to 8 kHz, a wide-range loudspeaker was set
at the centre point of the 16 woofers. The cross-over frequency between the two systems was
set at 224 Hz. The listening position was set at a point of 3.5 m away from the centre position of
the loudspeakers. To correct the frequency characteristic of the total system, the digital inverse-
filtering technique was applied.


3. Experiment-1: Audibility to low frequency components contained in WTN
By using actual WTNs recorded on sites and a model noise, the audibility to their low frequency
components was investigated by applying low-pass filtering processing [5].


3.1 Experimental conditions


In this experiment, four test sounds shown in Table 1 were used. The sounds No.1, No.2 and
No.3 are actual WTNs recorded around the wind farms in Japan. The sound No.1 was recorded
at a point close to a wind turbine and had relatively high level (55 dB in A-weighted sound
pressure level). The sound No.2 is a typical WTN observed outside in residential areas around
wind farms. The sound No.3 is an example of WTN observed indoors. In addition to these
actual WTNs, an artificial sound with a frequency characteristic of -4 dB/octave (in band
spectrum) was used as a model noise representing general WTNs. The presentation level of
this model noise was varied at three steps of 35 dBA, 45 dBA and 55 dBA. Figure 2 shows the
sound pressure levels in 1/3 octave bands of these test sounds which were measured in the
absence of the listener at the position where the centre of the listener s head would be. In order
to investigate the audibility of the low frequency components contained in WTNs, the test
sounds were modified by low-pass filtering with different cut-off frequencies. As shown in
Figure 3, the center frequency (fcenter) was used as the nominal cut-off frequency in this study.
The cut-off frequencies were set at 125 Hz and the 1/3 octave series from 63 Hz to 10 Hz,
inclusive (10 in total). As an example, Figure 4 shows the original test sound No.1 and its
variations made in such a way mentioned above. These experiments were performed
according to the ethical code of The University of Tokyo.







Table 1: Test sounds used in this experiment.


Test sounds
Distance from the


nearest wind turbine
Measurement


point
A-weighted sound


pressure level


No.1 48 m outdoor 56 dB


No.2 436 m outdoor 44 dB


No.3 328 m indoor 27 dB


No.4
A model noise representing general
WTNs (- 4 dB/octave)


55 dB


No.5 45 dB


No.6 35 dB


3.2 Experimental procedure


In the preliminary experiment, it was found that the subject had a difficulty to judge the audibility
of the test sounds, especially in low frequency range. To reduce such a stress of the subjects
and to avoid their guess work, the MLS-signal modulation method [6] was applied in this
experiment. This method was originally developed for the measurement of sound propagation
characteristics and this is the first time to apply this method to psychological experiment. That
is, a test sound was modulated (ON/OFF) by one sequence of a binary MLS-signal (5th order,
clock period: 4 s, total time: 124 s). Figure 5 shows an example of the time pattern of the
modulated test signal. When the signal was turned ON/OFF, it was gradually risen/fallen with a
time of 0.5 s, respectively, to avoid click sounds.


The subject was asked to push the response button while he/she could hear or feel something
about his/her ears and to release the button when such sensations ceased. To investigate the
audibility judged by the subject, the cross-correlation coefficient between the MLS-signal used


for the modulation of the test sound and the subject s response (binary signal of on/off) was
calculated. Besides, the subject was asked to answer the subjective impression of his/her
judgement in three-step category (1: easily judged, 2: rather difficult to judge, and 3: could t
judge at all) after each test. Before the experiment, the subject was informed that the test
sounds might include some inaudible sounds and experienced trial tests.


In the experiment, the subject was asked to sit straight on a chair to keep his/her head near the
headrest. The total time to complete the listening test of 66 test sounds (the test sounds No.1 to
No.6; 10 modified sounds processed by the low-pass-filtering and original sound) was about
3.5 hours including rest times in between. In this experiment 10 subjects of age range from 21
years to 25 years (7 males and 3 females) with otologically normal hearing abilities participated.


Figure 2: Frequency characteristics of the test sounds (in 1/3 octave bands).
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Figure 5: Time pattern of a test sound modulated by the MLS-signal.
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Figure 3: Frequency characteristics of the low-pass filter.


Figure 4: Sound pressure levels in 1/3 octave bands of the original test sound and
its variations made by low-pass filtering.
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3.3 Experimental results


As mentioned above, the cross-correlation coefficient between the MLS-signal and the
subject s response was calculated and the maximum value between the time-lag of 4 s was
detected. By considering the subjects impression of his/her judgement, it has been decided
that the responses with a cross-correlation coefficient higher than 0.4 can be considered to be
audible/sensible . For respective test sounds, the ratio of the experimental results with cross-


correlation coefficients higher than 0.4 is shown in Figure 6. In these results, it is seen that the
sounds of over-all and those of 125 Hz cut-off frequency were 100% judged to be
audible/sensible , whereas the response of audible/sensible decreased as the cut-off


frequency became lower. It is also seen that there is a tendency that the audible/sensible
judgment increases as the level of the test sound becomes higher. It should be noted that even
the cases of the test sound No.1 recorded at a point close to a wind turbine and the test sound
No.4 (over-all level is 55 dBA in both cases), the ratio of the judgement of audible/sensible
was less than 30% under the condition of cut-off frequency of 20 Hz or lower. Regarding the
test sounds No.2 and No.5 which correspond to WTN often observed in the residential areas
around wind farms (over-all level was about 45 dBA), they were judged inaudible/insensible
under the condition of cut-off frequency of 25 Hz or lower. Furthermore, regarding the test
sounds No.3 recorded in a residential house around a wind turbine (over-all level was 27 dBA)
and the test sound No.6 (over-all level was 35 dBA), they were judged inaudible/insensible
under the condition of cut-off frequency of 31.5 Hz or lower.


From these results, it has been indicated that the low frequency components (infrasound and
low frequencies in audible frequency range) themselves are not audible/sensible .


4. Experiment-2: Hearing threshold for low frequency band noises
As an experiment following Experiment-1, hearing thresholds for low frequency band noises
were examined by changing the frequency band width in 7 variations.


4.1 Experimental conditions


In this experiment, the model noise used in the former experiment (over-all level was set at 55
dBA) was used again. In order to investigate the threshold of sounds of which frequency
components were limited to a certain frequency band, the model noise was modified as shown
in Figure 7 by low-pass filtering. The cut-off frequencies (see Figure-3) were set at the 1/3
octave series from 80 Hz to 20 Hz, inclusive (7 in total). To present the test signals at the sound
pressure level sufficiently higher than the hearing threshold, the lowest frequency of the signals


Figure 6: The ratio of the experimental results with cross-correlation coefficients
higher than 0.4.


Cut-off Frequency (Low-pass) [Hz]


P
e
rc


e
n
t


o
f


A
u
d


ib
le


/S
e
n
si


b
le


[%
]


0


10


20


30


40


50


60


70


80


90


100


10 12.5 16 20 25 31.5 40 50 63 125 O.A.


No.1 (56dB)


No.2 (44dB)


No.3 (27dB)


No.4 (55dB)


No.5 (45dB)


No.6 (35dB)







were limited at 8 Hz. The sound pressure levels were measured in the absence of the listener
at the position where the centre of the listener s head would be.


The test sounds were edited to have a duration time of 5 s. To avoid click sounds, the signals
were gradually risen/fallen with a time of 0.5 s, respectively. The experiment was performed by
changing the presentation level as shown by the vertical dotted lines in Figure 8. Within the
level range, the presentation levels of the test sounds were set at every 1 dB.


4.2 Experimental procedure


The adaptive method (simple up-down method) was applied in this experiment, and the subject
was asked to push the response button while he/she could hear or feel something about his/her
ears and to release the button when such sensations ceased. To avoid guess work by a subject,
the interval between the respective test sounds was varied at three steps of 1,5 s, 2,0 s and 2,5
s and they were chosen randomly.


For each experimental condition, five trials were performed. Each experiment started with the
descending series, in which the test sound was decreased stepwise every 2 dB from the level
set as the initial condition. These series continued until the level became one step (2 dB) lower
than the level at which the subject s response became negative (no response). Then, the
presentation level was further decreased by 7 dB and the ascending series started. In this
process, the presentation level was increased stepwise every 1 dB until the level became one
step (1 dB) higher than the level at which the subject s response became positive. After that,
the presentation level was further increased by 7 dB and the second descending series started,
in which the test sound was decreased stepwise every 1 dB. After completing these five series,
the lowest levels in the descending series at which the subject could hear or feel something
about his/her ears and the highest level in the ascending series at which the subject s response
changed to positive were averaged and it was determined as his/her hearing threshold level for
each test sound. In this experiment 10 subjects of age range from 21 years to 24 years (7
males and 3 females) with otologically normal hearing abilities participated.


4.3 Experimental results


As the experimental results, the mean values and the plus/minus standard deviations ( ) for
all of the subjects for respective experimental conditions are plotted in Figure 8, in which X-axis
indicates the cut-off frequency and Y-axis indicates the hearing threshold level. In this figure, 0
dB (Y-axis; hearing threshold level) means the level of each test signal made by limiting the


Figure 7: Sound pressure levels in 1/3 octave bands of the variations made by low-
pass filtering.
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frequency components of the model noise (over-all level : 55 dBA). The results show that the
hearing threshold became lower as the cut-off frequency became higher. In all the test
conditions, the standard deviations are kept constant at about 4 dB.


In Figure 9, the critical spectral characteristics of band-limited low frequency noises in 1/3
octave bands for hearing thresholds are shown. In this figure, the HTL-curve in audible
frequency range described in ISO 389-7:2005 [7] and the criterion curve proposed by A.T.
Moorhouse et al. [8] are quoted for reference. It is seen that the critical spectral characteristics
are tangent to the criterion curve in the frequency range from 20 Hz to 50 Hz.


To evaluate these critical spectral characteristics, the values in A-, C-, F- and G-weighted
sound pressure levels were calculated for the mean value of the hearing threshold for each test
sound. In the result shown in Figure 10, it should be noted that the values assessed by A-
weighted sound pressure level are almost constant at around 20 dB.
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Figure 9: Spectral characteristics of hearing thresholds of band-limited low
frequency noises.
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5. Experiment-3: Frequency weighting for loudness evaluation
As a complementary experiment to the previous experiments, a loudness test was performed
using the WTN model noise by changing its frequency characteristic.


5.1 Experimental conditions


As the standard stimulus (Ss), the WTN model noise used in the former experiments was used.
In the same way as in Experiment-1, the presentation level of Ss was set at three steps of 35,
45 and 55 dBA. In order to investigate the contribution of low frequency components to
loudness sensation, the comparison stimuli (Sc) were made by limiting the frequency
components of the model noise by high-pass filtering processing. The cut-off frequencies (see
Figure 3) were set at the 1/1 octave series from 1 kHz to 63 Hz and the 1/3 octave series from
31 Hz to 16 Hz, inclusive (9 in total). As an example, Figure 11 shows the model noise (over-all
level : 45 dBA) and its variations modified in the way mentioned above. For the experiment, the
test sounds were edited to have a duration time of 6 s. To avoid click sounds, the signals were
gradually risen/fallen with a time of 0.5 s, respectively.


Figure 10: Hearing thresholds (4 kinds of sound levels).
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Figure 11: Sound pressure levels in 1/3 octave bands of the original test sound and
its variations made by high-pass filtering.







5.2 Experimental procedure


As the test procedure, the method of adjustment by subject was applied. The experimental
system was shown in Figure 12. In each condition, the standard stimulus (Ss) was firstly
presented and secondly the comparison stimulus (Sc) was presented. After that, the subject
was asked to adjust the loudness of Sc to that of Ss by using a volume controller shown in
Picture 2. For the ascending/descending series in the case of Ss equal to 45 dBA, the level of
Sc was set at 30/60 dB, respectively. The couple of Ss and Sc was repeated until each subject
finished the adjustment. For each experimental condition, four trials (ascending/
descending/ascending/descending) were performed. The total time needed to complete the test
of 30 test sounds was about 3 hours including rest times in between. In this experiment, the
same test subjects in the previous experiments participated again.


5.3 Experimental results


As the experimental results, the mean values and the plus/minus standard deviations ( ) for
all of the subjects in respective experimental conditions are plotted in Figure 13, in which X-axis
indicates the cut-off frequency of Sc and Y-axis indicates the adjusted level in LAeq,6s. In these
figures, 0 dB (Y-axis; adjusted level) means the level of Ss. In the results, it is seen that under
the conditions where the cut-off frequency was set at 63 Hz or lower, the averaged level of
adjusted Sc is less than 1 dB and the standard deviations kept to be small less than 0.5 dB. On
the other hand, it is seen that in the cases where the cut-off frequency was set higher than 125
Hz, the adjusted level increased with the increase of the cut-off frequency. Under the condition
where the cut-off frequency was set at 1 kHz, the adjusted level was about 6 dB. After the
experiment, some subjects remarked that some test signals of which tone colour remarkably
differed from that of Ss and it was rather difficult to adjust the loudness of Sc to that of Ss.


The frequency characteristics of the test sounds evaluated to be equal loudness to Ss are
shown in Figure 14. In the result, it is seen that the low frequency components lower than 63
Hz did not contributed to loudness.


To find a proper frequency-weighting function, sound levels in A-weighted (LA) and C-weighted
(LC) and Zwicker s loudness level (LLz) were calculated for each adjusted level. The results are
shown in Figure 15, in which it is seen that A-weighted sound pressure level kept constant (55
dBA). In the results arranged by LLz, the plots for the sounds with cut-off frequencies higher
than 250 Hz lowered a bit. In the figures, it is also seen that the plots assessed by C-weighted
sound pressure level gradually decreased as the cut-off frequency became higher.


As a result, it has been confirmed that the frequency components in infrasound range and
those lower than a few tens Hertz in audible frequency range hardly contribute to loudness
sensation. Furthermore, it has been indicated that the A-weighted sound pressure level is an
appropriate indicator for loudness assessment of low frequency sounds like WTN.
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Figure 12: Experimental system for the loudness
matching test.


Picture 2: Volume controller
used in the matching test.
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Figure 13: Equal loudness (Adjusted levels). Figure 15: Equal loudness (evaluated by
sound levels).







6. Conclusions
In this study, human audibility of low frequency components contained in wind turbine noise
was investigated. As a result, the following findings have been obtained.
(1) The low frequency components (infrasound and low frequencies in audible frequency range)


themselves are not audible/sensible .
(2) The hearing thresholds of band-limited low frequency noises can be assessed by the


criterion curve proposed by A.T. Moorhouse et al. and these levels are almost 20 dB in A-
weighted sound pressure level.


(3) The frequency components in infrasound range and those lower than a few tens Hertz in
audible frequency range contained in general wind turbine noises hardly contribute to
loudness sensation.


(4) A-weighted sound pressure level is an appropriate indicator for loudness assessment of low
frequency sounds like WTN.
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Summary
The source of annoying low-frequency noise indoors is difficult to determine or diagnose,
especially if those performing an investigation cannot control potential sources that
complainants attribute to it. In this paper, a methodology for monitoring indoor noise level, self-
reported annoyance, noise direction of arrival (DOA) and weather data, simultaneously, is
described and applied to two wind farm noise annoyance test cases. Residents/complainants
were asked to rate their personal level of annoyance via a computer-interface where they could
also leave a comment. The DOA was recorded using a three-microphone array that was
actuated when residents rated their annoyance level on the computer. By using this
methodology, personal annoyance can be related to the DOA, thus determining the direction
from which the noise attributed to annoyance is coming from, aiding in the identification of its
source. Measurements were performed using low-frequency microphones having flat frequency
response down to 0.5 Hz. To ensure accuracy of the noise measurements for all frequencies of
interest, a specialised low-frequency microphone calibrator was used.


1. Introduction
Various studies have examined the relationship between wind farm noise and annoyance,
where the latter can be related not only to acoustical factors but also to visual, emotional and
economical factors. In comparison with other environmental noise sources such as road, rail
and aircraft, annoyance due to wind turbines was found at lower sound pressure levels
(Pedersen and Waye, 2004; Doolan, 2013).


The wind speed and atmospheric stability have an important effect on sound generation,
propagation and consequently annoyance. For example, under certain conditions during the
night, the atmospheric boundary layer can become stable causing a higher wind speed at hub
height than at the ground, which may lead to a situation of high sound power emission from the
turbine and low masking background noise at an observer (van den Berg, 2004). Under such
conditions the pitch thumping (repetition rate around 1 second which coincides with the blade
passing frequency) may become noticeable and annoy residents living around the wind farm.


The subjective sensations such as 'pulsating', thumping and 'swishing' are commonly used for
describing annoying wind turbine noise (Pedersen and Waye, 2004). This suggests that
annoyance is not dependent on sound pressure level only but also on detailed spectral
characteristics.







Positively relating annoyance with sound directly from a wind farm, or any source where direct
control is impossible, is challenging. What is required is a measurement system that is able to


may include important characteristics that can be averaged out during normal statistical
processing methods (such as the creation of 1/3 octave band spectra), it is important to record
the audio signal to allow the application of a variety of post processing techniques. Such a
measurement system was developed recently by Doolan and Moreau (2013). This system was
able to successfully relate noise level in a home with personal annoyance level; however, the
system was preliminary and many improvements are required to improve its usefulness.
Specifically, it is desirable to be able to understand the role of local wind speed and direction on
noise level and annoyance. Additionally, the direction from which the sound approaches a


understand how the noise level varies over long periods of time (when the resident is annoyed
and not annoyed) to see if certain weather or other conditions are related to noise level and
annoyance.


The aim of this paper is to present preliminary results from an improved noise and annoyance
measurement system. Two sets of measurements are presented obtained in two homes
situated at different distances from a wind farm. Preliminary data are presented that shows
simultaneous self reported degree of annoyance, weather conditions, power spectral density,
and un-weighted Leq, 2min.


2. Experimental design


2.1 Instrumentation


The measuring system consisted of 4 GRAS low frequency microphones type 40AZ together
with GRAS preamplifiers type 26CG and GRAS CC supply type 12AL, with flat frequency
response down to 0.5 Hz. A National instruments 9234 data acquisition module with sampling
frequency of 51200 kHz and 24 bit resolution was used to acquire the data. The microphones
were calibrated in the frequency range from 0.1 to 100 Hz prior to the measurements using
GRAS low frequency calibrator type 42AE. Additionally, calibration was checked just prior to
the measurements at 1 kHz and 94 dB with a piston-phone. Microphone sensitivity values from
both calibrations were in agreement. Continuous 1/3 octave band noise levels (linear) were
recorded every two minutes and saved to the hard drive of the computer. The 1/3 octave
bands were calculated using the entire two minute sample length, ensuring low levels of
uncertainty. When a resident reported their personal annoyance level using the computer
program (described below), the 2 minute audio sample was not converted to 1/3 octave bands
but saved directly to the hard drive of the computer for further analysis.


2.2 Software for annoyance logging


Self reported annoyance was obtained via a GUI (graphical user interference), shown in Figure
1 below, running on a computer placed outside of the room containing the microphone.
Residents were asked to rate their annoyance with 'Not Annoyed', 'Slightly Annoyed',
'Moderately Annoyed' and 'Very Annoyed'. They were also encouraged to leave a comment
regarding weather conditions, noise characteristics etc.







Figure 1: GUI for collecting annoyance ratings and comments.


2.3 Measurement location


Measurements were undertaken at two households; Household A is located approximately 2.5
km west of Waterloo wind farm (capacity of 129 MW) in South Australia and Household B is
located approximately 8 km east of the same wind farm (see Figure 2 below). The wind farm is
visible from Household A but not from Household B.


Figure 2: The households positioning relative to the wind farm indicated by blue lines.
(the terrain image courtesy of Google)







2.4 Microphone set-up


In both households, one microphone was placed in an unoccupied room on the side of the
house facing the wind farm. The other three microphones were arranged into an array outside
of the house in order to determine direction of arrival (DOA) of noise. At Household A the
microphones were placed 3.5 m apart and were covered with 90 mm spherical foam wind caps.
The array was placed 5 m from the facade. At Household B the microphones were positioned 2
m apart and were covered with double layer wind caps. The first layer consisted of a 90 mm
foam wind cap and second one was a 450 mm diameter spherical or hemi-spherical windcap
made out of foam and fur as seen in Figure 3 below. The microphone with the spherical wind
cap was positioned 1.5 m from the ground. The other two were placed on a steel plate, 1 m in
diameter. The array was constructed 30 m from the facade of the house.


Figure 3: Top: microphone array at Household A (the second microphone from the right
is not part of the array). Bottom: microphone array at Household B.


The arrays were situated so that its most sensitive side, the direction where the wave fronts are
parallel to the array, was facing the wind farm. If the sound arrives from the direction of the
wind farm, the signal on each sensor will be in phase and thus the array output is maximum.


The spacing between the sensors and frequency resolution are related via , where d is the
spacing between the sensors and is the sound wavelength. When the ratio exceeds 1, grating
lobes appear meaning that no unique direction of arrival can be determined. On the other hand,
when the ratio approaches 0, the beam-width is increasing, eventually also reaching the point
where no unique direction of arrival can be determined, since the array directivity pattern
becomes omni-directional.







Figure 4: Directivity (linear) on a unit circle for a 3 sensor linearly spaced array
spacing. The black curve represents 0°, red curve 30° and blue curve 330° steering
angle. The 0° is defined as the broadside i.e. the direction where the wave fronts are
parallel to the array.


According to the sensor spacing (2 m and 3.5 m) the low frequency limit of the array located at
Household A is 85 Hz and the low frequency limit of the array at Household B is 50 Hz. The
directivity pattern at those frequencies is shown in Figure 4. The angular resolution becomes
substantially worse when approaching 90° or 270° respectively due to the widening of the main
lobe.


2.5 Weather monitoring


The weather conditions at Household A were monitored at 1.5 m height while at Household B
they were monitored at 1.5 m as well as 10 m height. Wind speed and wind direction were
recorded every 5 min.


The operational states of the wind farm during testing were not made available to the authors at
the time of writing, but there is a good possibility of this data being made available at a future
date.


3.0 Preliminary results


3.1 Household A


The results from Household A were taken during the period 8/5/2013 to 10/5/2013. During that
time, 7 self reported annoyance measurements were collected. One was rated as 'Very
Annoying', one as 'Moderately Annoying' and five as 'Slightly Annoying'. Comments
accompanying each annoyance rating are presented in Table 1.







Table 1: ratings and corresponding comments for Household A.


Annoyance rating Comments


'Very Annoyed'


Thumping/rumbling noise
which can be heard over
television. Feel head
pressure pulling the same
rhythm as thumping.


'Moderately Annoyed'
Can hear rumbling and feel
pressure in ears. Wind
direction north-east.


'Slightly Annoyed'


Rumbling noise. Not much
wind at the turbines but
strong breeze at the house.
Feel pulsing in head and
pressure in ears. Turbines
are slowly turning.
Very slight rumbling. Wind
direction north


Wind speed and direction as well as two minute Leq, 2min measurements are shown in Figure 5.
The wind speed was in the range from 0-5 m/s. The wind direction was mainly north-east apart
from on the afternoon of 9/5/2013, where the wind direction was more variable.


Figure 5: Top: wind direction and wind speed. Bottom: Leq, 2 min level with annoyance
rating. From left to right the annoyance ticks are spaced as follows: 8/5 6.56PM, 8/5
9.26PM, 8/5 11.06PM, 9/5 5.46AM, 9/5 12.06PM, 9/5 9.46PM, 10/5 10.46AM. Household A.


Interestingly, the times when the person was 'Very Annoyed' or 'Moderately Annoyed' do not
coincide with the highest Leq,2min and consequently with highest wind speed. They are both in
the zone of 70 dB, which is approximately 10 dB lower than the highest Leq, 2min recorded.


The highest noise levels are evident in the low-frequency and infrasonic region as can be seen
in Figure 6 below, where the pressure fluctuations in those regions are highly correlated with
the Leq, 2min in Figure 5. As Figure 6 and Figure 7 show, the nnoy contain very
weak tonal components whereas the other signals do not contain tones or have much weaker







ones.
S M


Figure 6: Narrow band power spectra density comparison between 'Very Annoyed,
'Moderately Annoyed' and 'Slightly Annoyed'. The re


the dashed black line shows the measurement system noise floor.
Frequency resolution is 0.1 Hz.


Figure 7: Narrow band power spectral density comparison between 'Very Annoyed,
'Moderately Annoyed' and 'Slightly Annoyed'. The re


and the dashed black line shows the measurement system noise floor.
Frequency resolution is 0.1 Hz.


The comparison in Figure 8 shows that according to the ISO:226-2003 median hearing
threshold curve, the 23.3 , 28 and 28.8 Hz frequencies are well below the perception threshold.







Figure 8: 1/3 octave bands annoyance in comparison to the median hearing threshold as
listed in ISO:226-2003.


3.2 Household B


At Household B the measurements were taken during the period from 22/4/2013 to 28/4/2013
(results split into 2 figures; Figure 9 and Figure 10). During that time, 8 recordings were
obtained among which one was rated 'Very Annoyed', two 'Moderately Annoyed', two 'Slightly
Annoyed' and three 'Not Annoyed'.


Figure 9: Top: wind direction and wind speed. Bottom: overall sound pressure level with
annoyance rating. From left to right the annoyance ticks are spaced as follows: 22/4
9.35AM, 25/4 2.35AM.







Figure 10: Top: wind direction and wind speed. Bottom: overall sound pressure level
with annoyance rating. From left to right the annoyance ticks are spaced as follows: 26/4
3.20AM, 26/4 6.25AM, 27/4 8.25AM, 28/4 12.35, 28/4 8.20AM, 28/4 10.45AM.


From the comparison between the upper and bottom left graph in Figure 11 one can see that a
typical 'Not Annoyed' curve is in fair agreement in terms of SPL, in the 1.6 to 4 Hz frequency
region, with both the 'Very Annoyed' curve and the typical 'Moderately Annoyed' curve. The
main difference is the existence of tonal components (0.8 Hz, 1.6 Hz, 2.4 Hz and 3.2 Hz) which
can clearly be seen in Slightly Annoyed @ 25/4 2.35 AM' but are absent in the 'Not Annoyed'
curves.


Figure 11: Narrow band comparison between 'Very Annoyed, 'Moderately Annoyed',
'Slightly Annoyed' and 'Not Annoyed'. Left and right columns show the same signals in
different frequency regions for better clarity; 0 20 Hz and 20 -35 Hz respectively. The


system noise floor. The tonal components in noise floor measurement are believed to be
due to the characteristics of the anechoic room and not the measurement system.
Frequency resolution is 0.1 Hz.







The 'Slightly Annoyed @ 25/4 2.35' curve contains very distinct tonal components, in both
frequency regions, where some peaks have a SNR of around 20 dB (3.2 Hz and 4 Hz). It is
interesting that this is measurement was taken when there was low background noise level due
to a drop in wind speed. It is possible that this reduction in wind speed and background noise
reveals other noise sources that may be wind turbine noise; however, without conformation of
the operation state of the wind farm, we can only speculate that the source of these peaks in
the narrow band spectra are due to the wind farm.


Figure 12: 1/3 octave bands annoyance in comparison to the median hearing threshold
as listed in ISO:226-2003.


In any case, all levels in the infrasonic and low-frequency region are well below the median
hearing threshold as it can be seen in Figure 12, thus making it unlikely that they are audible.


The DOA measurements were taken for each household; however, the differences between
measurements taken at varying Annoyance levels were at frequencies below the resolution
limit of the arrays. Therefore no direction data is available.


4.0 Conclusions


Noise levels and personal annoyance ratings were measured for two residents who lived at
households next to a wind farm in South Australia. The major conclusions are:


1. The Leq, 2min is well correlated with local wind speed.


2. Noise levels in the infrasound and low-frequency bands are well below the ISO226-2003
median perception threshold, making them unlikely to be audible by a person with
normal hearing.


3. Annoyance measurements do not directly correlate with the highest noise levels.


4. Some measurements show peaks in the infrasonic and low-frequency bands. In one
case, these peaks appear to be revealed when local wind speed drops to a low value.


5. Without information concerning the operational state of the wind farm, the wind farm
cannot be confirmed as the source of noise at low-frequency.







6. Since tonal components appear at very low and infra-sound frequencies their direction of
arrival could not be resolved by arrays whose low frequency limits were 50 Hz and 85 Hz
respectively.


According to the small data set collected in this preliminary study, no further conclusions can be
drawn. In the future, measurements should be carried out with a bigger population and the
methodology should preferably take into account the hearing conditions of the participants, their
view on wind turbines and health aspects. It is likely that non-acoustical moderating factors are
playing a role in the perceived annoyance of residents to wind farm noise (Doolan, 2013).
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Summary
ISPRA, in collaboration with the Sapienza University of Rome, have carried out a
study on perceptions, opinions and attitudes of citizens in relation to the planning,
implementation and working of wind power systems. The study area has involved
four municipalities in the South of Italy, including the munici
Puglia (Foggia). The research activities have been divided in two main phases: a first
phase of empirical research based on interviews, and the second phase of survey by
means questionnaire distribution to a sample citizens in the above mentioned
municipalities.


Puglia at the aims to acquire piece of information on people perception of noise
produced by working wind power systems. Moreover, in order to correlate the
qualitative judgments resulting from this survey with the real noise impact in the
interested areas, a noise measurement campaign has been carried out at two
dwellings considered significant in terms of noise level exposure.


1.Introduction
This study consists in a research related to the perceptions and attitudes of local
communities about installation and working of wind power plants.
Nowadays these matters have a particular relevance, especially for the signal of
"ambivalence" that emerged in the public opinion against the same technology,
considered both as an important contribution against the increase of the greenhouse
effect decreasing the production of pollutants, and, conversely, as an additional
factor of environmental and social impact or as an element for a economic
speculation.
The research has interested some municipalities in the province of Foggia (Italy,
Puglia Region) and it was built on two main points: the first one characterized by the
use of interviews to local qualified witnesses (key informants); the second one by a
survey which has involved a sample of population of the municipalities of Orsara di
Puglia and Sant'Agata di Puglia. Both of these points was aimed at identifying and
assessing the positive and negative aspects of wind technology considered more
relevant by the local communities.
Among the possible factors of annoyance have been considered also the noise
associated to the operation of the turbines, a phenomenon which also has a special
meaning in relation to the rural context in which the turbines themselves are usually
placed. For a deeply discussion of this topic, limited to the municipality of Sant'Agata,
an area with high density of wind turbines, a survey was distributed and a noise
monitoring campaign has been carried out in some dwelling near wind farms.


2. Sociological survey
2.1. The noise in the interviews As already mentioned, the sociological
investigation is divided into two different parts and, at the same time, correlated each
other. In fact, the explorative phase, mainly based on qualitative methods - analysis
of documents, especially interviews with qualified local authorities, in reference to
four common (besides the two already mentioned, also the municipality of Troìa and
Faeto)1- in addition to its autonomous significance for the reconstruction stakeholders
in the interested areas, the definitions of situations, trends, open issues and possible


1
N°24 subjects has been interviewed, divided into three categories: a) witnesses of the "civil society",


b) witnesses "politico-administrative" and c) experts in the fields and managers/developers of systems.







solutions, has allowed to focus the main concepts and dimensions to be inserted into
the questionnaire for the survey; at the same time, the results of this assessment
allow an additional and deeply interpretation of the interviews.
Regarding to the issue of noise produced by operational wind farms, basing on the
interviews, it does not emerge as a priority issue. However, it is present and
highlighted as "real" and not negligible in some of them. For example, among the
witnesses interviewed, a farmer says literally that "when the wind turbines rotate you
cannot sleep and you get nervous, then the animals suffer and they hear that noise
ten times more than a human being"; a former teacher, currently farmer, living at a
few hundred meters from the turbines, about the impact of noise, said of annoyance
produced by a unusual noise with particular modulations that, because of its
typical characteristic - when the wind is strong - it is not neutralized by the near
conifer another farmer highlights that the bigger noise by night, just like a
plane, because the turbine rotate fast" and if the new installations are a little bit quiet,
given that no one makes maintenance ... with the time passing a damage occur and
the noise increase ; whereas a student in electric power engineering that living in
country side, near wind farms, confirm that we are subjected to noise emitted
by wind turbines, even if legislation limit values are fulfilled All the contacted
witnesses are dealing with farms activities and they are living in rural areas near wind
power plants. Contrarily, an expert in this field think that only the old mono-blade
wind turbine are noisy. In fact, with the 2,5 MW wind turbines no noise is heard .


2.2. The survey First of all, within the considered area in the exploratory phase, we
selected two municipalities to carry out the investigation. The choice was on Orsara
di Puglia and Sant'Agata di Puglia, municipalities having equivalent dimensions, both
with a population between 2,000 and 3,000 inhabitants (Sant'Agata population size
slightly less than the other one but with more land area) and with a direct, although
diversified, experience with wind technology. Sant'Agata, starting even before Orsara
to install wind farms (the first plant has been connecting to the network since October
1997), is mainly characterized by the improve of wind power installed during the late
years and it has reached the 170 MW.
The data collection was carried out through a semi-structured questionnaire, used
under self-filled in questionnaire, with delivery and direct withdrawal by the research
staff, addressed to a representative sample of the local population. The reference
population for the sampling of the entire selected area have been identified in
residents aged between 18 and 81 years and have totaled 3,979 units. For the
preliminary determination of sample size, the population size of the two municipalities
have indicated the opportunity to adopting a calculation formula, correction factor
inclusive, for finite populations (see Corbetta, 1999, p. 323-324). Under the
established conditions, the sample size is equal to 350 units.
It has been decided to carry out a random sampling for layers, built on two
classification criteria: the living municipality and residence in areas of greater or
lesser perceptibility of wind farms. Regarding the stratification criterion, it was
decided to identify the areas where a direct sensorial perception of the presence of
wind farms is clear (proximity, direct visibility, a more or less strong noise). In this
way, they become part of the layer most exposed (defined layer "VR" - by
"visibility" and "noise") also living in streets that, although located at considerable
distances from the wind turbine plants, for their placement, they are exposed
undergo a visual and/or noise impact by wind turbines.







The operation of classification has determined the distribution of the layers of the
population (N) and the sample (n) represented in the following Table 1.


Table 1. Stratification layer of the population


The above mentioned questionnaire is designed taking care to balancing consider
the three categories of factors: personal , psycho-social and contextual -
essential in empirical studies on the attitude towards the renewable energy
technologies. Following are the schematic sections of the questionnaire:


Socio-personal data (citizenship, birthplace, living place, residence time, sex,
age, educational level, marital status, employment status, income);
Information and participation (associations, unions, citizen participation in the
life of the municipality, politico-ideological orientation, information channels
used);
Social and environmental problems (general problems which affecting the
planet and the municipalities);
Energy sources (general and particular knowledge on renewable energy,
information channels, judgment on the sources);
Opinions on wind power (attitude towards wind energy problems, judgment
about local wind power experience, information on that kind of source,
judgment about installation procedures of the wind power plants, citizen
participation, positive or negative predicted and founded effects, desirable
minimum distances of the plant by the dwellings and the workplace).


The questionnaire was distributed in two steps: between the end of June and the first
half of July in Orsara di Puglia and between the 15th of October and the first week of
November 2012 in Sant'Agata di Puglia. The sample actually achieved was 332
units, 188 belonging to the sub-sample of Orsara and 144 for S a di Puglia.
Here, we will give an account of the results of the investigation limited to the subject
of the noise generated by working wind turbine.


In the questionnaire, the noise impact is explicitly present in only two questions:
in the first, which is part of a attitude scale about positive and negative aspects
on wind technology (in general), it is asked if there is an agreement or
disagreement regarding to the statement that wind turbines produce an
insufferable noise who is living near the wind farms for;
in the second, whether, among the negative effects of personal experience
with the wind power, the sample has verified the presence of a disturbing
noise during operating wind turbines .


Before taking into account the answers, it is appropriate to set out very briefly what is
the attitude towards wind turbines emerging from the survey, both regarding the wind
power source in general, and the plants locally installed.


Layers N % n
Orsara VR 438 11,0 38
Orsara NON_VR 1803 45,3 159
Sant'Agata_VR 532 13,4 47
Sant'Agata_NON_VR 1206 30,3 106
Total 3.979 100,0 350







A large majority of the total sample expressed a positive opinion on wind energy
technology, with about 60% of the cases (a better judgment is given only to solar,
with 75% and hydropower, with more than 61%). The Table 2 shows the consensus
percentages attributed to some renewable energy and we can see how the non-
renewable sources, instead, the worth of judgments are very low (especially on
nuclear and coal).
Regarding the attitude on the local wind farm, as shown in Table 2, there was a
similar response between the two sub-samples on negative judgment (for both we
are over 39%); they are slightly different about a positive judgment (40% for citizens
of Sant , about 35% for Orsara).


Table 2. Judgment of installed wind turbines plants (N=295)


The two questions specifically dedicated to noise inserted into the questionnaire, are
as following:
The first - as already mentioned, is part of a scale of attitude. it is intended to detect
the degree of agreement/disagreement with a statement on unbearable noise
produced by wind turbines for those who lives near them. Please note that the
question, like the rest of the set ones, is not directly related to a local power plants
but it regards the problems of wind energy in general. The Table 3, which aggregates
the variable by reducing itself to three (agreement, disagreement, indecision), shows
a framework in which prevails the consideration of noise as a serious problem for
those who lives near a wind farm: only 15.4% expressed disagreement (and the two
sub-samples in this case is substantially consistent). We have to note, however, the
sign , which is chosen by 63.7% of the Orsara
citizen sub-sample, while Sant Agata does not go beyond 43.8 (in this portion of the
sample is recorded almost 40% undecided).


Table 3. Agreement/disagreement about statement on unbearable noise for people
living near wind farms (N=311).


Wind power plants
product a


unbearable noise
for those who lives


near them


Municipalities


Total
Orsara di


Puglia
Sant gata
di Puglia


disagreement 14,7% 16,4% 15,4%


Indecision 24,6% 39,8% 30,9%


agreement 60,7% 43,8% 53,7%


Total 100,0% 100,0% 100,0%


P=0,007


Municipalities


Judgment
about


Orsara
di Puglia


(%)


Santagata
di Puglia


(%)


Total
(%)


Positive 35,3 40,0 37,3


Negative 39,4 39,2 39,3


Neither positive
nor negative 25,3 20,8 23,4


Total 100,0 100,0 100,0







The second question is related to the concrete experience of the singles interviewed
about the wind power systems installed in their municipality: the subject was able to
verify the presence of an annoying noise during operational wind turbines? Table 4
reveals a significantly different behavior of the two sub-samples. Even noting that a
large majority of both is expressed for the no , regarding the affirmative answer, the


Agata is just over 10%, compared to over 28% of Orsara.


Table 4. Annoying noise verification during the operation of the wind turbines (N=327)


Annoying noise
verification during


the operation


Municipalities


TotalOrsara di
Puglia di Puglia


Yes 28,3% 10,5% 20,5%


No 71,7% 89,5% 79,5%


Total 100,0% 100,0% 100,0%


Following is shown the cross of these two variables relating to noise with the


, putting the table for the whole sample beside


the one referring to the sub-sample Sant'Agata.


Table 5 examines the connection between general judgment of unbearable noise and


distance of residence from the wind farms. The hypothesis that a greater proximity to


wind turbines could have influenced the overall judgment on the noise does not seem


to be confirmed by the data in a unique way: both the table 5.a) and the table 5.b)


have the highest proportion of agreement with the statement on noise in the class of


intermediate distance, verily with values very similar (although slightly higher) to


those of the class between 0 and 1 km; also, while in the whole sample can be seen


that the agreement is significantly more pronounced for the first two classes of


distance respecting to the group of residents more "distant" (> 5 km), this difference


is attenuated in the sub-sample of Sant'Agata (Table 5.b)); by virtue of a lower


proportion of agreement of 12-13 percentage points compared to the sample, with a


much greater presence of undecided between the first two classes of distance;


finally, to confirm at least the non-uniqueness of possible relationship


distance/attitude, we can notice a sort of paradox :


among who lives less than a kilometer there is the highest percentage of people


which they choose this mode and it seems to be an inverse relationship between


distance and disagreement. Then, as much as close you are to the wind farm and


more there is a no-sharing of unbearable noise of the wind turbines (although a


minority), whereas we could expect the opposite.


This could be explained by a familiarization with the technology, certainly more


Agata.







Table 5. Agreement/disagreement with the statement on the unbearable of noise


respect the distance from wind turbines.


a) Entire sample (N=310) sample (N=128)


Wind power
plants product a


unbearable
noise for those
who lives near


them


Distance from wind farm


Total


fino a 1
km


Tra 1
km e 5


km


più di 5
km


disagreement 21,1% 13,9% 14,7% 15,5%


Indecision 22,8% 27,2% 42,1% 31,0%


agreement 56,1% 58,9% 43,2% 53,5%


Total 100,0% 100,0% 100,0% 100,0%


p=0,041


The distance parameter seems to show a clearer correlation, by the personal


experience of the interviewed in wind power, on the presence of a disturbing noise


during operational wind turbines. Table 6 (both 6.a and 6.b) describes how the


distribution of Yes and No is significantly influenced by the variable distance it


should be added, however, as has already been mentioned in connection with the


Table 4, that in both towns there is a significantly different approach - although


holding the coherence of the relationship - showen by the rates whom emphasize the


recorded noise annoyance significantly lower that the sub- Agata:


from 20.1% related of the two municipalities we get to 10.5% of Sant'Agata, as


average data, and from 36.1% to 26.7%, in the class of distance 0-1 km.


Table 6. Verification of operational wind farms noise annoyance with the distance of


receivers:


a) Entire sample (N=326) sample (N=143)


p=0,002
p=0,005


Wind power
plants product
a unbearable


noise for those
who lives near


them


Distance from wind farm


Total


fino a 1
km


Tra 1
km e 5


km


più di
5 km


disagreement 20,0% 16,7% 14,5% 16,4%


Indecision 36,0% 37,5% 43,6% 39,8%


agreement 44,0% 45,8% 41,8% 43,8%


Total 100,0% 100,0% 100,0% 100,0%


Verification
noise


annoyance
by wind
farms


Distance from wind power
plant


Total
by


1 km
range
1km - 5 km


more
than
5 km


Yes 26,7% 6,3% 6,2% 10,5%


No 73,3% 93,8%
93,8


% 89,5%


Total
100,0


% 100,0%
100,0


% 100,0%


Verification
noise


annoyance
by wind
farms


Distance from wind farm


Totalby
1 km


range
1 km - 5 km


more
than
5 km


Yes 36,1% 18,9% 13,2% 20,2%


No 63,9% 81,1% 86,8% 79,8%


Total
100,0


% 100,0%
100,0


%
100,0


%







3. Noise monitoring campaign
At aims to support the results of the above mentioned sociological inquiry referred
with noise measurements which quantify the population exposure to noise levels, the
working group ISPRA has carried out a acoustic monitoring campaign in the period
from 15/10/2012 to 15/11/2012, in two receivers near wind farms installed in the


The measurements have allowed the calculation of significant acoustical parameters
in accordance with the methodological criteria laid down by Italian legislation on
noise pollution protection.
In particular, the analysis of the data has allowed the construction of the daily curves
of the A-weighted equivalent sound level (LAeq in dB) divided by periods such as
daytime (06:00 a.m.-10: 00 p.m.) and night (10:00 p.m.-06: 00 a.m.) and obtained
removing abnormal and exceptional events (eg due to car alarms, rain), for the
measurement period October-November 2012.


3.1 Individuation of the measurement points and noise parameters At aims to
carry out the acoustic monitoring have been chosen two sites inside the municipality
boundary of Sant'Agata di Puglia, which were considered to be significant in terms of
proximity and visibility of the wind farm, wind speed profile and for exposure levels
expected at the receiver. In particular, the measuring point n.1 is located at a
residential receiver near a wind farm installed in the place of Cesine, whereas the
point n.2 is located in the place of Ciommarino.
Here following the dislocation of the instrumentation at the chosen measuring points:


at the point n.1, the sound level meter was positioned at a height of 1.5 from
the floor of a balcony, at a distance of 1 meter from the most exposed façade
of the house and about at 1 km from the nearest wind turbine of the frontal
wind farm.


at the point n. 2 the sound level meter was positioned at a height of 1.5 meters
from the floor of a balcony, at a distance of 1 meter from the most exposed
façade and about 500 meters from the nearest wind turbine of the frontal wind
farm.


The used monitoring system belongs to a stand-alone type, with a control unit that
acquires the sound signal continuously throughout the measurement time period.
The instrumentation has been chosen according to the following minimum
requirements provided by the regulations of the sector, as following:


sound meter and acoustic calibrator by class 1, conforming to the
specifications of IEC 61672-1:2002;


windshield;


control unit with battery backup.


For the meteorological data acquisition, has been used a Weather Station able to
measure the following parameters:


rain (mm);


wind speed;


wind direction;


temperature.







Regarding to the measured acoustic parameters, the time history of LAeq based on a
time of 1 second has been recorded.


3.2 Analisi dei dati acustici e risultati The results of the data analysis for the point
n.1 are shown in the following Table n.7 and Figure n.1.


Table n.7 Site n.1 LAeq in the reference time (TR at daytime and night) from
17/10/2012 to 02/11/2012.


Point n°1 (Cesine)
LAeq,TR [dB(A)]


Day
(6.00 a.m.-10.00 p.m.)


Night
(10.00 p.m.-6.00 a.m.)


17/10/2012 36,2 30,9
18/10/2012 34,9 31,7
19/10/2012 35,8 28,4
20/10/2012 34,1 30,7


21/10/2012 36,3 28,9
22/10/2012 36,8 29,9
23/10/2012 37,0 29,6
24/10/2012 35,6 26,7
25/10/2012 37,2 33,5
30/10/2012 34,8 26,2
31/10/2012 41,1 35,6
02/11/2012 44,4 43,1


Figure n.1 Site n.1 Histogram of LAeq in the reference time (TR at daytime and
night) from 17/10/2012 to 02/11/2012.


The results of the data analysis for the point n.2 are shown in the following Table n.8
and Figure n.2.







Table n. 8 Site n.2 LAeq in the reference time (TR at daytime and night) from
16/10/2012 to 11/11/2012.


Point n°2 (Ciommarino)
LAeq,TR [dB(A)]


Day
(6.00 a.m.-10.00 p.m.)


Night
(22.00 p.m.-6.00 a.m.)


16/10/2012 44,9 40,3


17/10/2012 39,0 32,6
18/10/2012 34,9 32,5
19/10/2012 38,8 33,1
20/10/2012 39,1 33,6
21/10/2012 35,4 34,3
22/10/2012 38,2 33,8
23/10/2012 35,8 34,0
24/10/2012 37,8 32,6
25/10/2012 38,7 33,9
26/10/2012 41,5 33,4
30/10/2012 39,7 32,4
31/10/2012 43,1 37,5
01/11/2012 45,7 38,1
02/11/2012 44,2 43,5
03/11/2012 46,2 39,5
11/11/2012 41,5 35,0
12/11/2012 45,9 40,3
13/11/2012 48,2 44,9


Figure n. 2 Site n.2 Histogram of LAeq in the reference time (TR at daytime and
night) from 16/10/2012 to 13/11/2012.


It should be noted that all days with unfavorable weather conditions for noise
propagation or when abnormal events of exceptional nature happened, as significant







as well frequently throughout the day, have been rejected, to make unusable the data
recorded.
From the tables and the trends have been shown in the figures above reported, we
can notice, for both measurement sites, quite low levels of environmental noise.
In particular, in the month of October (16/10/2012 - 31/10/2012), we recorded:


At the point n.1, a LAeq average in daytime of 36.5 dB (A) and 30.2 dB (A) for
the night time.
At the point n.2, a LAeq average in daytime of 38.5 dB (A) and 33.6 dB (A) for
the night time.


These values are justifiable because this period has been characterized by weather
and anemometer conditions with low wind speed at receiver.
Regarding the month of November, the available data show the highest levels of
environmental noise because in this period, the wind speed for the receivers under
investigation, has been more significant (wind speed average about 10 m/s).
In particular:


for point n.1 we have only one data recorded in the day 02/11/2012 which
shows a daytime LAeq of 44.4 dB (A) and 43.1 dB (A) at night time.


At the point n.2 we have an LAeq average in daytime of 45.3 dB (A) and 40.2
dB (A) in the night time.


Moreover to have noise reference levels to compare our measurements, it should be
noted that the Italian legislation sets limits for environmental noise as a function of
the destination land use. In our case, referring to the land classification provided by
the Italian law D.P.C.M. 14/11/1997, which give limit values for different class of land,
assuming the measurement sites in question belonging to a class III (of mixed type
area), the limits value assigned for this site are 60 dB (A) for daytime and 50 dB (A)
for the night time. Therefore, from a comparison, the measured values are conform to
the above regulatory limits.
In conditions of no-winds (average speed of 0 m/s) and in conditions of wind turbines
at rest, the daytime environmental background level LR has been also measured and
the results are: for point n.1 LR is 31.3 dB (A); whereas for point n.2 LR is 37.6 dB.
These values appear to be much lower than the calculated environmental daytime
LAeq already shown in the previous tables. However, a comparative analysis
between the two variables should be carried out with reference to homogeneous
classes of wind speed.
Moreover, experiences of previous measurement have shown that the difference
between levels of overall environmental noise and the background noise is drastically
reduced with increasing wind speed, becoming predominant the contribution of the
wind detected at the microphone level.


4.0 Conclusions
The analysis of the data recorded at the two receivers during the monitoring
campaign in October-November 2012, has shown an overall environmental noise
levels characterized by a low average noise levels, even lower than those provided
by environmental legislation.
In the other hand, we have to also consider the comments and the noise perceptual
assessment of the population emerged by the ISPRA sociological study.







In fact, this study reports that in cases of stratification of the population particularly
exposed to wind f Orsara, there
are cases of complaints and sensitivity to the noise produced by working wind farms
that, as said above, probably can be attributed to the annoy relate to the periodical-
frequency of the sound signal linked to the rotation of wind turbine blades, rather than
the produced environmental overall sound pressure levels.
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Summary
Swedish EPA noise guide-lines suggest that equivalent A-weighted noise levels must
not exceed 40 dBA at residents. In the planning of new wind farms and their location
it is hence crucial to estimate the disturbance it may cause to nearby residents. Wind
turbine noise emission levels, which are used for calculation of noise immission at
nearby dwellings, are guaranteed by the wind turbine manufacturer only under ice-
free conditions or for clean blades. If the real emission levels, for some time periods,
are higher than the guaranteed values an increased risk of disturbance can occur.


The purpose of the project is to evaluate the effect on wind turbine noise
emission due to ice accretion. This is done by trying to quantify the ice accretion on
the rotor blades and correlate it to any change in noise emission. The rotor blades
are to be considered the primary noise source. Ice accretion on rotor blades is
consequently assumed to be the main influence on noise character.


A field study is performed in two parts; as a long-term measurement based on
the method out-lined by IEC 61400-11, and as a short-term measurement in strict
accordance with IEC 61400-11. With this outline of measurements, noise emission
levels for the case of icing conditions and ice-free conditions (reference conditions)
as well as background noise levels are obtained.


Analyses are performed, which set out to correlate ice measurements with wind
turbine performance and noise emission. Data reduction procedures are performed
according to IEC 61400-11.The apparent sound power levels are evaluated. The
analyses are performed both for the case of icing conditions and for the case of ice-
free conditions. A statistical evaluation of icing events is carried out for measured
free-field sound pressure level (SPL).


The results show that ice accretion on wind turbine (rotor blades) may lead to
drastically higher noise emission levels. The sound power levels according to IEC
61400-11 show an average increase of 10.6 dB at 8 m/s. However, increases are
shown to occur at all wind speeds from 6 m/s to 10 m/s. These increases may be
caused by very small amounts of ice accretion. Statistically, increases in
momentaneous (1-minute averages) SPL of 8 dB or higher, relative ice-free
conditions, are to be expected 3 % of the time during the winter or 1 % of the time
during one year for the wind turbine studied.


Taking into account the guide-line value of 40 dBA at residents, as is
recommended by Swedish EPA, the increased levels of wind turbine noise due to







(the risk) of ice accretion may force the power production to a halt to avoid
disturbances for these time periods. Another solution could be to install a deicing
system, which would most likely reduce this problem to some extent.


1. Introduction
1.1 Background Although the benefits of wind power being many, and with the
environmental aspect perhaps being the largest, there are also consequences. Wind
turbine noise, and its effect on physical and mental health is frequently debated.
Swedish EPA noise guide-lines have been established, suggesting that the
equivalent A-weighted noise level (caused by wind turbines) may not exceed 40 dBA
at residents. To keep wind turbine noise levels from exceeding 40 dBA, different
types of measurements and calculations may be performed before and after a wind
farm has been built:


immission measurements (at resident)
emission measurements (at wind turbine)
immission calculation (noise propagation calculation)


The first and second types require in situ measurements, thus there must be one or
more wind turbine(s) acting as measurement object(s). These may therefore only
verify actual noise levels. The method of measuring noise emission, is out-lined in
international standard IEC 61400-11 [IEC].


The third type aims to evaluate noise levels at a resident by calculating how the
noise propagates. Calculation models used are often considering the atmospheric
conditions (wind direction and speed, atmospheric pressure, air humidity etc) as well
as the topography surrounding an actual or an imaginary wind turbine. This may
require an in situ measurement to verify the actual noise emission, but may also be
calculated by using the guaranteed noise levels (sound power levels) provided by the
wind turbine manufacturer. The latter proves to be important when planning new wind
farms and the location of the individual wind turbines.


The wind turbine noise levels (sound power levels) provided by the wind turbine
manufacturer, is often only guaranteed under ice-free conditions or for clean blades.
This is most likely because of the risk of higher noise levels, which would exceed the
guaranteed levels for example for icing conditions. Since the guaranteed noise levels
may have been used when planning the location of a wind turbine/farm, ice accretion
on wind turbine may lead to increased wind turbine noise levels at nearby residents,
exceeding 40 dBA for these time periods.


1.2 Purpose and limitations The purpose of the project is to evaluate the effect on
wind turbine noise emission due to ice accretion. This is done by trying to quantify the
ice accretion on rotor blades and correlate it to any change in noise emission. The
rotor blades are considered to be the primary noise source. Ice accretion on rotor
blades is hence assumed to be the main influence on noise character. The project
has the following limitations:


1/3 octave band analyses are not part of this project. Neither are any other
frequency analyses.
Analyses of tonality are not part of this project.
Analyses of the immission of wind turbine noise at longer distances from the


wind turbine are not part of this project.







1.3 Method A field study is performed in two parts. These are:


a long term measurement based on the method out-lined by IEC 61400-11
a short term measurement in strict accordance with IEC 61400-11


The goal is to obtain noise emission levels for the case of icing conditions and ice-
free conditions (reference conditions) as well as background noise levels. By
gathering data during the field study, an analysis sets out to correlate ice
measurements with wind turbine performance and noise emission. Measured sound
pressure levels (SPL) of wind turbine noise are corrected for the influence of
background noise. The apparent sound power levels are evaluated. This is
performed for the case of icing conditions as well as for the case of ice-free
conditions. A shorter statistical evaluation of icing events is carried out.


2. Field Study
A long-term noise measurement set up similar to that of IEC 61400-11, and which
can withstand harsh weather conditions, enables a study of the entire icing process,
from full power production to a standstill. If weather conditions allow, ice accretion on
wind turbine, and the rotor blades in particular, can cause severe losses in the power
production which may drop from maximum to zero in a matter of hours.


Complementary short-term noise measurements are carried out in strict
accordance with IEC 61400-11. The purpose is to get a reference of ice-free
conditions as well as verification and validation of the long-term measurement data
which are performed on a stand 2 m above ground. Both short-term as well as long-
term measurement use the same measurement position relative to wind turbine, and
differ only in instrumentation setup (see Sections 2.4 and 2.5).


The use of an ice detector system which makes concurrent (time synchronized)
measurements parallel to the noise measurements allows for an objective
quantification of the ice accretion. They do not actually measure the amount of ice on
the rotor blades themselves. Although an assumption is made that there exists a
strong correlation between the ice detector indications and the actual amount of ice
on the rotor blades.


2.1 Measurement object The measurement object is a Vestas V90 wind turbine.
This turbine features a horizontal axis, and has a maximum electric power production
capacity of 1.8 MW. The maximum production capacity of a Vestas V90 wind turbine
is normally 2 MW but the measurement object has been regulated to a production
maximum of 1.8 MW. Between the two types, it is only a matter of differences in
software configuration. Some basic information about the Vestas V90 wind turbine is
given in Table 2.1. The manufacturer guaranteed sound power level of this perticular
wind turbine is 104 dBA, this is for clean and ice-free rotor blades.


Vestas V90-1.8 MW (2.0 MW)
Rated (max.) output power 1.8 MW
Cut-in wind speed 4 m/s
Rated wind speed 12 m/s
Cut-out wind speed 25 m/s
Lowest operating temperature -20 °C
Power control type Active
Axis orientation Horizontal







Rotor diameter 90 m
Nominal rpm 14.5 rpm
Operational interval rpm 9.3-16.6 rpm
Tower height 95 m
Total height 140 m


Table 2.1 Concise specification of a Vestas V90 wind turbine.


2.2 Measurement site The topography of the measurement site in the nearest 1 km
is hilly, however closer to the measurement object it is more flat. Under normal
conditions the site features a mixture of low pine forest and/or bushes, lower
vegetation (rough grass) closer to the measurement object. During measurements,
however, the site is covered in approximately 1.5 m of snow with very smooth
surface, covering smaller bushes and trees (see Figures 2.1 and 2.2). No sand or
water surfaces. The measurement site roughness length is set to 0.05 m. There are
no larger reflecting structure(s) nearby. Since snow has covered the trees,
background levels due to vegetation noise is expected to be low.


2.3 Measurement position From a statistical point of view, the dominating wind
direction for the wind turbine of interest is from the north-west. Converted into
degrees (°), with north being the reference (0 °), this wind direction would correspond
to 315°. Hence, the measurement position is chosen to be south-east of the wind
turbine. The basic layout of the measurement position is displayed in Table 2.2.


Horizontal distance to turbine, R0 138 m
Slant distance to turbine, R1 163 m


Table 2.2: Measurement layout parameters, notations according to IEC 61400-11.


2.4 Long-term wind turbine noise measurement As previously mentioned, the
acoustical measurements consist of two separate measurement setups. To gather
long-term noise data a Sigicom Infra Master system logs the SPL in the
measurement position. For a time period starting on December 1 2011 and ending on
March 23 2012, noise data are logged continuously as:


equivalent A-weighted sound pressure level (SPL), LAeq (dBA), in 1-minute
(time) averages as a total of 163,140 data points


The long-term measurement setup is displayed in Figure 2.4. A microphone is
mounted on a stand, approximately 2 m above ground, and is connected to an
Sigicom Infra Master system which logs the measured SPL data. A primary (cell
foam) and a secondary (Rycote) wind screen is used. Both are of spherical shape.
The influence of the wind screens (primary and secondary) on the measured SPL is
recorded to be around 0.8 dB.


2.5 Short-term wind turbine noise measurement The short-term noise
measurement is carried out in strict accordance with international standard IEC
61400-11. Of interest is the A-weighted SPL (dBA) at reference position. The short-
term measurement is carried out during a time period starting on February 20 2012
and ending on February 23 2012. The short-term measurement logs data as:







-weighted sound pressure level (SPL), LAeq (dBA), 1-second (time)
averages as a total of 4,166 data points (1-minute averages)


The short-term measurement setup, and its immediate surroundings, is displayed in
Figure 4.1.5. As for the long-term measurement, the influence of the wind screens
(primary and secondary) on the measured SPL is recorded to be around -0.8 dB.


Figure 2.1: Long-term noise measurement setup and the immediate surroundings.
The Sigicom Infra Master system is covered by snow and is not visible.


Figure 2.2: The short-term measurement setup and the immediate surroundings.
A photo of the microphone and wind screens on the measurement board, the


microphone is connected to a Norsonic AL140 sound level meter.


2.6 Background noise measurement Background noise measurements are
performed via the long-term measurements. The measurement object has for various







reasons been at standstill, which enables for extraction of background noise data
during these time periods.


2.7 Wind turbine production data Along with the noise measurement data,
concurrent (time synchronized) wind turbine data are provided by wind turbine control
system as a continuous log of wind speed and direction at rotor hub, electric power
production and rotor rpm. These data along with a so called power curve (see Figure
3.1), provided by the wind turbine manufacturer, establishes a relation between noise
emission and power output. The wind turbine data are


measured (active) electric power, Pm (kW)
wind speed measured by the nacelle anemometer, VH (m/s)
wind direction, nacelle (°)
rotor rpm3, nrotor (min-1)


These data are available in both 1-minute and 1-second averages, to comply with the
two different measurements covered in Sections 2.4 and 2.5.


2.8 Ice data Ice and temperature data are provided by a weather mast located
approximately 70 meters from the measurement object. The measurements are
performed continuously at a height of 58.3 meters above ground. Data are logged in
10 minute averages. The data contain:


ice accretion data, mice (g)
temperature data, TC, TK (°C, K)


Ice data is registered by a Combitech IceMonitor. It consists of a vertical metal rod,
which at its base is mounted on a weight/pressure transducer. The rod is subject to
icing when weather conditions allow, and may rotate freely around its vertical axis. As
ice accretes on one side of the rod, it is possible for the wind to make it rotate. The
bearing is electrically heated for a constant temperature of 1°C. Table 2.3 presents
the specifications of the IceMonitor.


Sensor surface area 0.05 m2


Measuring range 0-50 kg or 0-100 kg
Accuracy ±50 g
Lowest operating temperature -40 °C


Table 2.3: Combitech IceMonitor specifications.


2.10 Weather data Weather conditions, such as atmospheric pressure and air
temperature, effects the performance of wind turbines. Hence, [IEC 61400-11]
suggests a standardization of the measured wind speed with respect to both these
parameters to reference conditions. A weather station near the measurement site,
provides long-term data of the atmospheric pressure and the relative air humidity.


The data contain:


atmospheric pressure, p (kPa)
relative air humidity, (%)







3.0 Analysis
To enable processing of large amounts of measurement data, the analysis is
performed solely in MATLAB. Table 3.1 displays the imported raw data types, along
with their respective notations (according to IEC 61400-11) and units.


Measurement data type Notation Unit Avg.time
Time t min, s 1 min, 1s
Equivalent A-weighted sound pressure level (SPL) LAeq dBA 1 min
Measured active electric power Pm W 1 min
Wind speed at hub height VH m/s 1 min
Nacelle direction nacelle ° 1 min
Rotor rpm nrotor min-1 1 min
Ice accretion mice g 10 min
Air temperature TC, TK °C, K 10 min
Atmospheric pressure p hPa 10 h


Table 3.1: The raw data types imported to and analyzed in MATLAB.


3.1 Time synchronization To time synchronize the different kinds of data,
adjustment to the same averaging times is necessary. Table 3.1 shows the averaging
times of the different kinds of measurement data before treatment. The target
averaging time is 1 minute. The data points are assigned a certain date and time,
which indicates the end of an averaging time period.


The measurement data which have longer averaging times than the target
time of 1 minute, is treated with linear interpolation to fill out empty time points. Since
some of the SPL data, LAeq, have shorter averaging times than the target time, these
need to be adjusted by logarithmic averaging.


The data type series are checked to determine the earliest and the latest
common time points for which there is a complete set of data. The redundant,
incomplete, data are removed and the time synchronized data are compiled into
matrix form.


3.2 Measured electric power and wind turbine power curve According to IEC
61400-11, there exists a strong correlation between the measured electric power and
the measured sound pressure level (SPL), and hence the sound power of the wind
turbine, in the power production range of 5 95 % of rated power. For the
measurement object, having a rated power of 1.8 MW this corresponds to


a measured electric power, Pm, of 90 1710 MW


Time periods of the wind turbine not running, may be used to evaluate background
noise levels.


The wind turbine power curve holds the correlation between the wind speed at
hub height and the electric power production. The standard power curves of a Vestas
V90-2.0 MW, along with the power curve of the measurement object, a Vestas V90-
1.8 MW, are shown in Figure 3.1. The latter is used in the subsequent analysis. The
power curves are provided by the wind turbine manufacturer (Vestas) as discrete
values at integer wind speeds. To find points on the power curve in-between the
discrete values, a linear interpolation is performed.







Figure 3.1: Power curves of Vestas V90-2.0 MW and Vestas V90-1.8 MW.


3.3 Wind direction, wind speed and binning As partly discussed in Section 2.3 the
wind direction, according to IEC 61400-11 and the measurement position chosen in
the field study, is optimally 311 ± 15°.


In accordance with IEC 61400-11, for the cases of the turbine actively
producing electric power wind speed is binned at around integers from 6 to 10
m/s.Each bin is set to be 1 m/s wide.


Wind speed bin, k, (m/s) Wind speed range (m/s)
k = 6 5.5 VH < 6.5
k = 7 VH < 7.5
k = 8 VH < 8.5
k = 9 VH < 9.5


k = 10 VH < 10.5
Table 3.2: Wind speed bins and the corresponding wind speed range.


Wind speeds at 10 meters height.


3.5 Wind sensitivity ratio As previously mentioned, ice accretion on wind turbine
rotor blades may decrease its performance, resulting in power production losses of
various magnitudes. This problem is commonly referred to as a degradation of the
wind turbine power curve. A degraded power curve means that the measured electric
power production is less than expected taking into account wind speed and other
atmospheric conditions at the time of measurement. Hence, the quotient between
measured electric power, Pm, and power production under reference conditions, PD


may be a good indicator of degraded power production, Pm / PD.







By using the standard power curve for a specific wind turbine together with the
measured electric power production, one may obtain the corresponding wind speed
under reference conditions. If taking into consideration the air temperature and
atmospheric pressure at the time of the measurement, and by utilizing the wind
speed correction according to IEC-61400-11, one may compare the performance of
the wind turbine from an atmospheric conditions point of view.


For the purposes of this study, the wind sensitivity ratio (WSR) is introduced
as VH / Vn, where Vn is the measured wind speed at hub height and VH is the wind
speed at hub height derived from the standard power curve (corresponding to Pm)
standardized to the atmospheric conditions at the time of the measurement.


VH / Vn < 1
VH / Vn = 1
VH / Vn > 1 e


Table 3.3: Simplified interpretations of the wind sensitivity ratio (WSR).


3.6 Analysis of apparent sound power level The analysis of the equivalent A-
weighted SPL data may be separated into three categories, depending on the type of
investigation:


Turbine operating under ice-free conditions
Turbine operating under icing conditions
Turbine not operating - background noise


The measured equivalent A-weighted SPLs are corrected for the influence of
background noise according to IEC 61400-11. Since the difference is greater than
6dB, this is performed by logarithmic subtraction. Further, the SPL is corrected for the
influence of the wind screens (primary and secondary), see Sections 2.4 and 2.5.
The apparent sound power levels for each wind speed bin are calculated according
to IEC 61400-11. The SPL measured during the long-term measurement, under
approximate free-field conditions, are correlated to those measured during short-term
measurements, with the microphone on a measurement board, and has for the
calculation of noise emission levels been adjusted by a factor to be in accordance
with IEC 61400-11.


4.0 Results & Discussion


4.1 Difference in apparent sound power levels As the purpose of the project, the
effect on noise emission from wind turbines due to ice accretion on rotor blades is
calculated. This is done by using the long-term measurement data, acquired by using
a Sigicom Infra Master system. These measurement data contain only the equivalent
A-weighted sound pressure level (SPL). Hence, no frequency data are available.


Various filtering criteria are applied to non-acoustic data to enable an evaluation
of the ice accretion on the wind turbine. Further, the correlations between the
measured data are investigated. Subsequently, SPLs are determined for time periods
of icing conditions, as well as for ice-free conditions. It is assumed that during the
long-term measurements the circumstances are unaltered/identical regarding







Measurement equipment, setup and position
Measurement site (background noise, reflecting objects etc)
Measurement object (without changes to configurations etc)


These assumptions enable a simple subtraction of apparent sound power levels
between time periods with icing conditions and time periods with ice-free conditions.
This is believed to be the most accurate calculation, regarding the circumstances of
the measurement. Section 3.6 provides the measurement data. Table 4.1 shows the
resulting difference in apparent sound power levels. It shall be noted that these
sound power levels are evaluated only for data in accordance twith IEC 61400-11
regarding wind direction.


Results
Bin, k, (m/s)


6 7 8 9 10
LWA,k Ice-free conditions 100 100.2 100.3 100.3 100.2
LWA,k Icing conditions 109.4 110.7 110.9 110.0 108.2
Difference (dB) 9.4 10.5 10.6 9.7 8.0
Table 4.1: The difference in apparent A-weighted sound power level due to ice


accretion on wind turbine (rotor blades).


4.3 Statistics To determine the possibility of higher measured SPL of 50 65 dBA, an
analysis is performed using histograms for the data from the long-term measurement,
free-field conditions. This analysis includes all data collected during the long-term
measurements, including data for wrong wind directions according to IEC 61400-11.
For ice-free conditions the corresponding value is approximately 47 dBA, which
equals a noise emission level around 100 dBA when analyzed according to IEC
61400-11. If evaluating over the entire long-term measurement period, and since a
single data point represents one minute of measurement time (averaging time) the
results may be converted into percentile time data. Table 4.2 displays the results.


Range of measured SPL # of data points % of total # of data points
Measurement time 156800 100 %
0 dBA to 65 dBA 86777 55.3 %
50 dBA to 65 dBA 16089 10.3 %
55 dBA to 65 dBA 4283 2.73 %
60 dBA to 65 dBA 741 0.47 %


Table 4.2: Statistics of higher noise levels during the long-term measurement, when
the wind turbine is running.


If assumed that the long term measurement period equals winter-time, and that all
icing occurrences appear during winter-time, then for an entire year one would expect
noise levels of 60 dBA or higher during 0.1% of the time, and 55 dBA or higher during
0.8% of the time.







4.4 Case study January 18-19, 2012 As an example of a short-term study of an
icing event, January 18-19, 2012 is an excellent choice. During just a few hours the
wind turbine (measurement object from Section 2.1) goes from a maximum
production rate to a standstill as the ice accretes. Simultaneously, the measured
equivalent A-weighted SPL increases while the wind sensitivity ratio (WSR)
decreases (see Figure 4.1).


This show that very high noise levels of around 60 dBA SPL is possible for a
relative increase of ice of only 200 g. As the wind turbine approaches a standstill,
noise levels are as high as 65 dBA. Also evident is the behavior of the WSR for ice-
free (around unity), as well as for icing conditions (well below unity). Further, one may
conclude that the correlation between IceMonitor indication and measured SPL
proves to be stronger for short-term measurements of icing events.


Figure 4.1: Noise emission, ice accretion and wind sensitivity ratio as function of time
during an icing event of January 18-19, 2012. Ice accretion, as indicated by


IceMonitor, is to be interpreted as a relative scale.


5.0 Conclusions
From the results presented in Section 4, one may conclude the following:


1. Ice accretion on wind turbine (rotor blades) may leads to drastically higher
noise emission levels compared to the case of normal, ice-free wind turbine
running conditions. These can result in an average increase of around 10 dB
for all wind speed bins from 6 m/s to 10 m/s. In severe icing conditions an
increase of noise emission of up to around 18 dB may occur, for small
periods of time. This is however, associated with large amounts of ice, which
usually leads to a production standstill.







2. Occurrences of higher levels of noise, in the range of 50 to 65 dBA SPL, are
not common. If assuming that all wind turbine icing events have been
registered during long-term measurement, noise levels exceeding 50 dBA
are to be expected 10,3% of the time during the winter. This corresponds to
3% of the time during one year.


3. Taking into account the guideline value of 40 dBA SPL at residents, as is
recommended by Swedish EPA , the increased levels of wind turbine noise
under icing conditions may force the power production to a halt to fulfill the
noise limits set by the EPA.
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S um m ary


T hecom plex flow inadual-rotor,horizontal-axisw ind turbineand itseffectonnoisegeneration
isinvestigated. T he case isstudied using com putationalfluid dynam icsasw ellasw ind tunnel
testing. T he ideabehind thisdesign isto continue to extractm orem echanicalenergy from the
w ind stream w hich hasalready passed through the first frontalrotor by having asecond
identicalrotoron the otherside ofthe m ain shaftofthe w indm ill.T he design isam odification
to the existing com m ercial3-bladed single rotorw ind turbinesused in w indm illfarm s. T he
current design nearly doublesthe electricpow eroutput generated from asim ilarsingle rotor
w indm illbutatthe expense ofincreasingthenoise generated by the evolvingw akes.T he w ake
from each blade in the first rotorpassesthrough the spacing betw een each tw o rearrotor
bladesw hile the undisturbed w ind stream isintercepted by the rear rotor bladesthus
generating anotherw ake system w hich isresponsible forthe increased noise levelfrom the
turbine. T he strength and pattern ofthe w akesare determ ined forlow and high w ind speeds
w hicharecorrelated tothenoisegeneration. A sm allscalem odelw asalsobuiltand tested ina
subsonicw indtunnel.







1.Introduction Itisw ellknow nintheartthatw ind turbinesconvertw ind energy into


electricalenergy but they are know n fortheirrelatively low efficiency.T hus,there are


som e conventionalsolutionsthat enhance the efficiency and perform ance of these


turbines. Am ong these conventionalsolutionsfound in the literature isa m achine for


converting w ind energy into electricalenergy com prising in com bination ahousing;


propellersat the forw ard and rearw ard endsofthe housing m ounted on shaftsfor


rotation upon acom m on horizontalaxisofrotation; post m eanssupporting acentral


extent of the housing for rotation in ahorizontalplane to face into the w ind; an


alternatorw ithin the housingform ed ofapow ertake offm em bercoupled to one shaft


and arotorcoupled to anothershaftforcounterrotatingw henthepropellersrotatefor


thereby generating electricity; centrifugalpitch controlm echanism sfor varying the


pitch ofthe propellersasafunction ofthe propellerspeed;transm ission m echanism s


forvaryingthe speed ofrotation ofthe rotorand pow ertake offm em berasafunction


ofthe w ind speed; brake m echanism sfor proportionately restraining the propellers


againstrotation;and an aero governoroperatively coupled w ith the brake m echanism s


forcontrolthereofin response to the speed ofthe w ind asdeterm ined by the aero


governor[M cCom b].


Anotherconventionalsolution disclosesaw ind turbine having first and second rotors


m ounted on acom m on horizontalaxison atow er. T he rotorsrotate in the sam e


direction and drive an electricalgeneratorby afluid orbelt. Alternatively,the electrical


generatorm ay be positioned betw een the rotors,at the top ofthe tow er.M eansthat


determ ine the w ind direction and strength,to enable ashaft to be rotated about an


uprightaxis(the tow er)so the rotorsface the w ind.T he rotorshave blades,the blades


ofthefrontrotorbeingshorterthantherearbladesby upto75% [T readw ell].


In anotherconventionalsolution,there isprovided adualrotorw ind turbine according


to the present invention including a rotatable drive shaft,a first rotor assem bly


connected to the drive shaft,asecond independently-rotating rotorassem bly coupled


tothedriveshaftrearw ard ofthefirstrotorassem bly,afirststagegeneratorcoupled to


the drive shaft,asecond stage generatoroperatively connected to the second rotor


assem bly,ahousing w herein the generatorsare situated,arotary base,and atail.In


use,the rotary base allow sthe tailto optim ally position the rotorsforcollecting w ind.







W ind rotatesthe firstrotorassem bly,causing the drive shaftto rotate and operate the


first stage generator.W ind passing through and directed offthe first rotorassem bly


rotatesthe second rotorassem bly,independent ofthe first rotorassem bly,operating


thesecond stagegenerator[M iller].


T he above conventionalsolutionsdo nothave high efficienciessince the rearrotorslie


in the w ake ofthe firstrotor,and thusthe rearrotorsare beingcounterproductive.For


thisreason,thereshould beprovided anadjustabledualrotorw ind turbineinw hichthe


relative angulardisplacem ent betw een the frontand rearrotorbladesisautom atically


adjusted to prevent the rearrotorfrom harvesting any counterproductive w ake ofthe


firstrotorand receive only the free undisturbed stream ofw ind and thusincreasesthe


outputpow erofthew holeunit[Asfar].


2.DescriptionoftheDevice


T he proposed w ind turbine unit underinvestigation isahorizontalaxisw ind turbine


w hich hasadjustable and rotatable dualrotors. T hisunit w illhave increased and


optim um pow erefficiency. Asshow n in Fig.1,the unitconsistsofatow er,tw o sim ilar


rotorshaving identicalblades,tw o shafts,agearbox,asw iveljoint,and am eansfor


adjustingtherelativeangularpositionbetw eenthetw orotors.


T he rotorsare positioned opposite to each otherand are separated by the centralunit


housingthe gearbox,generatorand controlcircuit. Each rotorhasitsow n shaftw hich


hasacom m on axis. T he tw o shaftsm ay be coupled togetherby asim ple clutch. T he


com m onshaftdrivesthegearbox w hichinturndrivesthegenerator.


T heclutchingm echanism engagesand disengagesautom atically suchthattherotorsare


free to rotate relative to each otherw hen the clutchesare disengaged. T he clutch


engagesand disengagesw hile searching forthe best angularposition ofthe rearrotor


relative to the front rotorforagiven w ind speed. T he com bined generated pow eris


m easured w henthetw orotorsareengaged through theclutch and them easured value


istakenasbasisforthedecisiontostay engagedifthepow erism axim um .







3.Experim entalW ork


A sm all scale m odel w as built and tested in the subsonic w ind tunnel in the


Aerodynam icslab at Jordan U niversity of S cience and T echnology (see Fig. 1) for


verification ofthe proposed concept. T he w ind tunneltestsection is60x60 cm and has


avariable fan m otorspeed w ith am axim um airspeed of22 m /sec. IthasaP itottube


and a turbine w heel air speed m easurem ent w ith digital readout including air


tem perature.T w o identical 3-bladed rotorsw ere used each having a27 cm diam eter.


T he rotorsare m ounted on one threaded 9-m m shaftw hich iscoupled to aperm anent


m agnet 12-volt electric generatoron the farend ofthe sam e shaft dow nstream .T his


arrangem ent w aschosen in orderto m inim ize the effect ofthe w ake ofthe relatively


large size ofthe generatorascom pared to the rotorsize ifitw aslocated betw een the


tw o rotors. A 12-volt sm alllight bulb (45 W atts)w asused asthe resistance load to


absorb thegenerated pow er. T hetow er placed therotorshaftinthem iddleofthetest


section w ith aheight of30 cm .Am bient tem perature and pressure conditionsw ere


recorded as25 Celsiusand75.8 cm Hg.


T estingstarted w ith only the frontrotorattached to the generatorshaftasareference


pointforallm easurem ents.T he w ind tunnelisturned on and the airspeed isincreased


instepsof2m /seceach.T hegenerated pow erism easured astheproductofthevoltage


and the current in the outside circuit. N ext,the rear rotor isintroduced to the


generatorshaftw itha12cm distancebehind thefrontrotor. Inordertom im ictheslow


m otion of the real rotor,electric pow er w as supplied to the generator w ith a


controllable voltage from astabilized pow ersupply. N orm ally,ifthisrotating speed


controlm ethod isnotused,the rotorspeed increasesasthe tunnelairspeed increases.


T he voltage supplied to the generatorisincreased to m aintain the sam e R P M ofthe


rotor.T he pow ersupplied isequalto the pow ergenerated atthisslow steady rotation


and istaken asam easurem ent ofthe pow eroutput ofthe assem bly. R esultsw ere


com pared to testsw ith only asingle rotorm odel.T he pow erproduced from the tw o-


rotorturbinew asnearly doublethatofthesinglerotor.







Fig.1. T estingofT heDual-R otorW ind T urbineinthesubsonicw indtunnel.


4.Com putationalandN um ericalR esults


T w oidenticalrotorsw eresim ulatedinauniform freestream havingaw ind speedof10


m /sec,theCFD softw areusesvirtualw indturbinew ithdim ensions1x5x1 m ,steptim e


=0.001 seconds,andfram efrequency = 50 Hz,Figs.2(a)-2(e)] and [figs3(a)-3(e)]. T he


tw orotorsw ereallow edtorotateasaresultoftheforcesgeneratedoneach. After


reachingasteady state,theflow patternw asrecordedand stream linesdraw nona‘top


view ’ oftheassem bly ,fig2(a)-fig2(e)vorticity cutplane,fig3(a)-fig3(e)voricity


visualizationfield







(a)


(b)


(c)







(d)


(e)


Fig.2.dualrotorw indturbinevorticity cutplane.







(a)


(b)


(c)







(d)


(e)


Fig3 .vorticity visualizationfieldofthedualrotorw ind turbine


5.0 R esults:


T heresultsshow ninfigures2.a– 2.e confirm edthethatthew akesgeneratedfrom the


firstrotorpassinbetw eentherearrotorbladesanddoesnotinterfereorhittherear


bladesthusallow ingfullutilizationofthefreestream energy attherearrotorlocation,


thearrow sindicatesthedirectionofthevorticity . Consequently,thenoisegenerated


from thisconfigurationisnearly doubled.


asshow ninfigures3.a-3.ethew akegoesin-betw eentherotorbladesanddoesnothit


thebladesdirectly ,thew akeregionsareafterthesecond rotor,theregion betw een


therotorshavethelow estvorticity values,redcolorindicateshighvorticity values.







6.0 Conclusions:


T hedualrotorw indturbinecanbeusedtogenerateelectricity w ithhighpow er


conversionefficiency.


T om axim izetheextractedpow erfrom thew indturbine,thew akegenerated


from firstrotorshouldnotinterferew iththesecondrotorblades,butin


betw eentherotorblades.


T hevorticity generated inthefirstrotordonotaffectthesecond rotor.


T hedualrotorw indturbinecanbeusedforlow speedranges,forhighspeed


rangesthew akegenerated infirstrotorw illinterferew iththesecondrotor


blades,andthenacounterproductiveeffectw illbegenerated.


S incethedualrotorw ind turbinecanbeusedinlow speeds,itw illbeagood


solutionfortheregionsw ithlow w ind speedranges.


T hew indturbinebladesshould bealignedequally inthesam eorientationto


allow thew akegenerated inthefirstrotortogoinbetw eenthesecondrotor


blades,otherconfigurationm ay perm itthew aketogopartially inbetw eenthe


rotorblades.


R eferences


J.M cCom bs,“ M achine forConverting W ind Energy to ElectricalEnergy” ,U S P atent #


5,506,453,issued in1996.


E. T readw ell,“ Dual R otor W ind T urbine w ith different sized R otors” ,U K P atent


ApplicationGB 2347178A,publishedin2000.


W .M iller,“ DualR otorW indT urbine” ,U S P atent# 6,945,747,issuedin2005.


K.Asfar,“ S m artDualR otorW indT urbine” ,P atentApplication2013.








5th International Conference
on


Wind Turbine Noise
Denver 28 – 30 August 2013


Aeroacoustic Noise Mitigation Investigation for Wind Turbine
Blades


Michael Asheim Colorado School of Mines1


E-mail: masheim@mines.edu


Patrick Moriarty National Renewable Energy Laboratory1


Email: Patrick.Moriarty@nrel.gov
David Munoz Colorado School of Mines2


Email: dmunoz@mines.edu


Summary
As wind turbine rotors continue to grow, one of the constraints designers face is the noise
limitations of the blades. The blade aeroacoustic noise sources scale by the 5th and 6th powers
of the local flow velocity which forces designers to limit the rotational speed of machine to keep
the noise at warranted levels. Past studies suggest that the interactions between the unsteady
flow and the trailing edge seems to constitute the largest portion of the overall sound levels.
Modifications to the trailing edge geometry will change how the fluid interacts with the trailing
edge and can be used to change the resulting noise emission.


In a collaborative research effort between the National Renewable Energy Laboratory and the
Colorado School of Mines a study investigated the effect passive trailing edge devices have on
the overall noise emission of an industrial scale wind turbine. Through adding devices to
sharpen the trailing edge of the test turbine, a noise reduction of nearly 1 dBA was measured.
The use of TE brushes reduced the overall noise level on the turbine by over 2 dB with a 3-4
dB reduction seen at higher wind speeds.


1. Introduction


The need to increase power performance and reduce noise of wind turbines has resulted in
increased research activity surrounding noise mitigation strategies. These include design
modifications to the airfoil geometry, turbine operational changes and the addition of
aeroacoustic noise mitigating devices. A majority of the noise generated by the blades comes
from the interactions of turbulence with the trailing edge of the blades. This also means that
there is greater potential for aeroacoustic noise emission reduction through the modification of
the trailing edge geometry. This paper will explore the theory and methodology that lead to the
investigation of reducing aeroacoustic noise emissions through the use of trailing edge (TE)
geometry modifications.


1 National Renewable Energy Laboratory, 15013 Denver West Parkway, Denver CO 80401
2 Colorado School of Mines, 1600 Illinois Street, Golden CO 80401







2. Experimental design
2.1 Background


The need to improve both the aerodynamic and acoustic performance of the blade has pushed
trailing edges to be as sharp as possible. Results from a JOULE II project also showed that
reducing the trailing edge thickness greatly reduced the tonal aeroacoustic emissions that are a
result of the vortex shedding behind the blunt trailing edge[1].


Figure 1: Bluntness Trailing Edge Noise Reduction due to Trailing Edge Sharpness[1]


Blake showed that the acoustic intensity of the trailing edge noise emissions is proportional to
the cos3 of the angle between the local flow streamlines and the angle of the trailing edge[2]. He
showed that the acoustic radiation efficiency of the noise emission off the trailing edge is
maximized when the trailing edge is orthogonal to the flow streamlines, as it is for most wind
turbine blade designs.
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Figure 2: Geometry Corresponding to Equation 1[2]







Modifying the trailing edge angle to reduce the acoustic emission efficiency has lead to the use
of serrated trailing edges, which has been verified both in the wind tunnel and on operational
turbines in the field. In the SIROCCO project, serrations were examined with the use of an
acoustic phased array of ~150 microphones [3]. The measurements seen in figure 3 show 1/3
octave bands of three different blade configurations. Through this project, it was seen that the
serrated blade realized a 3.2 dB broadband reduction in aeroacoustic noise. The Sirocco blade
was designed with special aeroacoustically quite airfoil design. Unfortunately the results of the
measurements showed only marginal benefits from changing the airfoil shape (~0.5 dB
broadband noise reduction), but the sirocco blade would benefit additionally from the use of TE
devices to reduce the noise further.


Figure 3: SIROCCO Noise Reduction Evaluation through the use of Acoustically Optimized
Airfoils and TE Serrations


The German National Lab, DLR, has also investigated the use of trailing edge brushes to
reduce the noise emissions of the turbine blades. In this experiment, Herr was able to see a
broadband noise reduction of up to 10 dB on a flat plate test section[4], which is potentially a
much greater reduction than those possible from trailing edge serrations.


The main focus of this paper is testing of trailing edge brushes would perform on an
operational wind turbine in the field.







2.2 Methodology


In order to investigate trailing edge brushes on a turbine blade, the blades of the CART2, the
two bladed Controls Advanced Research Turbine, located at the National Wind Technology
Center (NWTC), were modified to include brush trailing edges.


Figure 4: CART 2 Test Turbine at the NWTC


The CART 2 is a two bladed, variable speed 600 kW Westinghouse HAWT. The hub height for
the machine is 36.5 meters and if flies 21 m long blades. The turbine has variable speed
operation in region II wind speeds, is torque controlled in region 2.5 and is pitch controlled in
region 3. The main rotor spins with a max of 43 rpm, which equates to a max tip speed of 93
m/s (Mach number of 0.273). The blades of this turbine have a relatively thick trailing edge on
the outboard 35% of the blade [from 7.62 mm (0.3” or 1% chord) to over 19.05 mm (0.75” or
1.6% chord) at 65% rotor radius]. The high tip speed and thick trailing edge make this the
loudest turbine on site at the NWTC and a suitable candidate for noise mitigation testing.


The acoustic measurements made were conducted under the guidelines of the IEC 61400-11,
“Wind Turbine Noise Systems: Acoustic Noise Measurement Techniques” [5]. This
measurement technique requires the blades to be in the same aerodynamic and aeroacoustic
configuration. This means that both blades need to be modified in the same way in order to get
an averaged sound power level for each configuration tested. Although the measurements
were performed in line with what is generally accepted as the standard measurement
technique, it will have some inherent errors in the data due to the non repeatable atmospheric
and wind inflow conditions. In order to reduce this uncertainty, multiple measurements were
made on multiple days throughout the measurement campaign and the results shown below
represent an average over all measurements for a given configuration.


3.0 Preliminary results
3.1 Baseline Measurement and Sharp TE configuration







The first set of tests performed on the CART2 looked at the effects of sharpening the trailing
edge of the blade, which is relatively thick. In order to reduce the noise level due to the TE
bluntness noise, sharpening “tacos” were applied to the trailing edge (TE) of the blades, as
seen in figure 5. This has the benefit of creating blade trailing edge thickness ratios that are
more consistent with modern wind turbine design (TE thickness to chord ratios of under 0.2%).


The trailing edge thickness was changed for the outboard 35% of the blade. At the tip the TE
thickness was reduced from 7.6 mm (0.30”) to 1.5 mm (0.06”). This TE sharpening treatment
continues inboard to 65.5% radius where the TE thickness was reduced from 16 mm (0.63”)
down to 1.5 mm (0.06”). The results of the background corrected baseline and sharp TE case
are shown in figure 6.


Figure 5: Sharpening Metal “Tacos” applied to outboard 35% of the blade







Figure 6: Background Corrected Noise Curves vs Wind Speed


The addition of trailing edge “tacos” to the CART 2 blades shows a noticeable reduction in the
noise levels of the turbine, bringing the overall background corrected sound power levels down
from 111.7dBA to 110.8 dBA, an overall reduction of nearly 1dB.


3.2 Brushed Trailing Edge Measurements
The investigation into the use of trailing edge brushes began by adding a brush made of 0.025
inch diameter (0.635 mm) polypropylene fibers to the trailing edge of the outboard 35% of the
blade span.


Figure 7: TE brushes installed on CART 2 Turbine


The brushes were tested at a length of 15% relative chord. Figure 8 shows the result of adding
brushes to the blade.







Figure 8: Comparison between TE configurations


The maximum level for this rotor operating with brushes was about 109.1 dBA, but the max
level is also reached at a much lower wind speed. This might be explained by added self noise
of the brush fibers rubbing together. This effect is most pronounced in the lower wind speeds,
where the rotational speeds are lower and background noise less .


After the main noise peak, the brushes offer a 3-4 dB reduction of the overall sound power level
over most of the higher wind speeds.


4.0 Conclusions


The result of the trailing edge brushes is encouraging for future research. The brushes were
able to reduce the maximum rotor level by 2.6 dBA compared to the baseline blade or a
reduction of 1.7 dBA compared to the sharpened TE case.


More interesting is the relative shift of the acoustic levels for a given wind speed. The blade
with the brushes is louder in the IEC measurement position at lower wind speeds, when the
background noise levels are lower. The brushes begin to have a beneficial acoustic effect after
10 m/s hub height winds.


Additional work needs to be done to optimize the fiber diameter and length to use for optimal
aeroacoustic noise mitigation
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Summary
One problem when performing environmental noise assessments for wind farm permitting is
that there is no consideration of the frequency of occurrence of best or worst case propagation
conditions. For example, it is intuitive to think that residents that are downwind of a wind farm
for 5% of the year would be less annoyed than residents that are downwind for 50% of the
year, everything else being equal. One approach to address this problem is to calculate the
annual average Ldn, based on a distribution of noise emission and propagation classes using
real weather statistics. In this example scenario, the annual average noise immission was
calculated using one year of weather statistics and example wind turbine generator (WTG)
sound power levels. Noise predictions were performed for 28 classes using the
Harmonoise/IMAGINE approach to estimate the annual average Ldn. Prediction results were
compared with conventional modelling best practices using ISO 9613. It was found that
significant differences could exist depending on the approach and that further work should be
performed to validate prediction methods and approaches for accurate wind turbine noise
assessment.


1. Introduction
In British Columbia, environmental noise from proposed wind farms is currently evaluated
based on assumed worst case conditions using ISO 9613 (ISO 1996). However, it is generally
accepted that human annoyance due to environmental noise is based on long term conditions
and that annual average noise levels are preferred to assess environmental noise (ANSI 2007,
European Commission 2002, ISO 2003), including noise from wind farms (Janssen et al. 2010).
Wind farm noise immission is highly variable due to time-varying noise emission and weather
conditions (because of long propagation distances).


The real weather conditions from the below example scenario indicated that worst case
conditions would only occur for about 3-4% of the year, prompting the audition of an approach
that would take varying conditions into account. Some have proposed assessing wind farm
noise using annual average levels based on varying noise emission (van den Berg 2010).
Others have discussed incorporating varying propagation conditions for wind farms (Sorensen
et al. 2009) and for other environmental noise sources (Eurasto 2006) to produce annual
average levels. There is an ISO standard that describes a more detailed approach for statistical
assessment of predicted noise levels in different propagation conditions (ISO 2009).
Considerable efforts were made in this area by the European Harmonoise and IMAGINE
workgroups (Nota et al. 2005, Beuving and Hemsworth 2007), with the development of a point-
to-point Harmonoise propagation model (Van Maercke 2004) now implemented in commercial
outdoor sound propagation software. The earlier developed Nord2000 prediction method has
provided similar results to Harmonoise (Gunnar and Jacobsen 2008) and is also now
commercially available for predicting noise in varying propagation conditions. Nord2000 has
been validated for wind turbine scenarios under downwind and upwind conditions, over flat and
non-flat terrain, with distances up to 1500 m (Plovsing and Sondergaard 2011).







This paper summarizes one case study investigating results produced by different available
approaches with ISO 9613 and Harmonoise/IMAGINE predictions.


2. Emission and propagation classes
Time varying parameters that may significantly affect noise immission levels from wind farms
include:


WTG sound power
Wind speed
Wind shear
Wind direction
Solar radiation
Cloud cover
Turbulence
Ground conditions (dry, wet, ice cover, snow cover, etc.)
Temperature
Relative humidity


Wind speed affects the strength of wind and temperature gradients and the sound power
produced by the WTG’s. These variables are related by wind shear since they are assessed at
different heights; the wind speed at a height of 10 m can be used to rate the wind class
(Beuving and Hemsworth 2007) and the wind speed at the wind turbine hub height is used to
best determine the WTG operating condition. WTG sound power levels are rated according to a
“derived” wind speed at a 10 m height, assuming a standardized roughness length (IEC 2012).
Therefore, the actual wind speed at 10 m should be assumed to be different.


Adequate assessment of noise levels in each emission and propagation class combination
would require thousands of predictions per source-receiver pair. Some have suggested that the
evaluation of 9 or 25 propagation classes are necessary to obtain accurate results (Heimann
and Salomons 2004, Plovsing 2007). Others have suggested that important variables such as
turbulence are not being adequately assessed even with state-of-the-art engineering methods
(Maijala 2011). The IMAGINE workgroup proposed that only four propagation classes would be
required to obtain accurate predictions of annual average noise levels for strategic noise
mapping according to the parameter D/R, the product of the propagation distance (D) and
inverse ray curvature (1/R). Van Maercke outlined an approach to classify meteorological data
into the four groups summarized in Table 1 (Van Maercke 2006a) and included a further
adjustment for long range sound propagation mentioned in the release notes for version 2.012
of the Harmonoise P2P software (Van Maercke 2006b).


Table 1: IMAGINE propagation classes M1 to M4 using propagation distance (D) and ray curvature (R)
Propagation Class D/R Range D/R Representative


Value
Description


M1 < -0.04 -0.08 Unfavourable
M2 -0.04 to 0.04 0.00 Neutral
M3 0.04 to 0.12 0.08 Favourable
M4 > 0.12 0.16 Very favourable


Three time varying inputs are required to estimate D/R in Van Maercke’s approach: wind speed,
wind direction and cloud cover. Solar radiation is assumed based on the cloud cover rating.
Following this approach and ignoring the variation in turbulence, ground conditions,
temperature and relative humidity, the number of required scenarios would then be the product
of the four propagation classes and number of WTG emission classes. For the assessed
example, sound power data was available for seven emission classes (at 10 m height derived
wind speeds from 3 m/s to 9 m/s), corresponding to 28 unique classes per source-receiver pair.







3. Site specific conditions and proposed wind turbines
This example scenario includes two WTG’s at the same theoretical coordinates, with hub height
84 m above the ground, and one receiver, at 4 m above the ground, separated by 1000 m of
flat, soft ground.


The proposed A-weighted sound power levels at each measured source emission condition are
shown in Table 2. It was assumed that the sound power would be zero at wind speeds below
2.5 m/s (the reported WTG cut-in speed was 3 m/s) and that it would be the same as the 9 m/s
sound power at wind speeds above 9 m/s.


Table 2: Example WTG sound power level data (dBA) at different 10 m height derived wind speeds (m/s)
3 4 5 6 7 8 9 10


97.9 100.4 104.3 106.3 107.0 106.1 105.3 105.3


A one year period of meteorological data measured on site was analyzed to determine the day
and night frequency of occurrence of different conditions. Data was collected in 10 minute
intervals, including wind speeds, wind direction, temperature and relative humidity. Wind
speeds were measured at two heights, one more than 60% of the proposed turbine hub height
and the other more than 15 m below it, meeting UK Institute of Acoustics (IOA) best practice
(IOA 2013). Actual wind speeds at a height of 10 m were calculated using the 10 minute wind
shear value and 10 m height derived wind speeds were calculated based on the actual speed
at hub height using the standard roughness length. Solar radiation and cloud cover were not
measured. Therefore, (not simultaneous) monthly cloud cover data from a neighbouring city’s
weather station was used to estimate the occurrence of clear and cloudy skies on site. The
data was split into day and night periods using 7:00 am and 10:00 pm cut-off times and not
actual sunrise and sunset data.


A number of noise significant weather observations were made after analyzing the weather
data:


1. With a cut-in speed of 3 m/s, the WTG’s would not operate for 22-23% of the year, as
shown in Figure 1.


Figure 1: Histogram of 10 m height derived wind speed (m/s) corresponding to WTG operating conditions.


2. The wind farm site would normally operate directly upwind of the receiver, as illustrated
by the statistics for wind direction and actual 10 m height wind speed downwind
component (during conditions when the 10 m height derived wind speed was greater
than 2.5 m/s) in Figure 2. There was a downwind component for 26% of the day and
24% of the night.







Figure 2: Wind rose and 10 m height actual wind speed component (m/s) histogram showing the lack of project
site downwind conditions, with downwind conditions corresponding to a direction of 0° and a positive wind speed
component.


3. Overcast conditions occurred for approximately half of the year, reducing the occurrence
of favourable (during the night) and unfavourable (during the day) propagation
conditions.


4. ISO 9613 results
ISO 9613 predictions were performed using Cadna/A software in 1/1 octave bands. The ground
absorption was set to G=0.5 per the IOA wind turbine noise best practice guide (IOA 2013).
Table 3 summarizes the predicted Leq for each 10 m derived wind speed operating class.


Table 3: Predicted Leq and day/night percentage occurrence per 10 m height derived wind speed (m/s) source
emission class.


3 4 5 6 7 8 9


Leq 25 dBA 27 dBA 31 dBA 33 dBA 34 dBA 33 dBA 32 dBA
p,day 13% 13% 11% 11% 9% 7% 13%
p,night 15% 15% 13% 10% 7% 5% 12%


A worst case 24 hour period would consist of the WTG operating with a 10 m derived wind
speed of 7 m/s for 24 hours continuously, resulting in day and night Leq of 33.6 dBA and an Ldn


of 40.0 dBA.


The annual average Leq, based on the percentage occurrence of each emission class
throughout the year of meteorological data, was calculated to be 29.9 dBA for the day period
and 29.6 dBA for the night period, resulting in an annual average Ldn of 36.0 dBA.


5. Harmonoise/IMAGINE (H/I) results
The Harmonoise P2P software version 2.016 was used to calculate the excess attenuation for
four propagation conditions in 1/3 octave bands, following Van Maercke’s approach1 and using
the representative D/R values for each class from Table 1.The calculation results accounted for
refraction, ground effect (80 kPA*s/m2) and air absorption (15 °C and 70 % RH). Additional
corrections were made for distance and varying sound power using a spreadsheet. Tables 4 to
6 summarize the results per noise immission class and Figure 3 provides a histogram of
predicted immission levels in 1 dB bins.


1
The only deviation was that cos was not squared in the calculation of B







Table 4: Predicted Leq (dBA) for varying 10 m height derived wind speed (m/s) source and propagation (M1 to M4)
classes.


0 3 4 5 6 7 8 9


M1 0 23 26 30 32 33 32 31


M2 0 27 29 33 35 36 35 34


M3 0 27 29 33 35 36 35 34


M4 0 28 30 34 36 37 36 35


Table 5: Percentage occurrence of source (10 m height derived wind speed, m/s) and propagation (M1 to M4)
classes during the day.


0 3 4 5 6 7 8 9 Sum


M1 5% 7% 8% 9% 8% 7% 13% 56%


M2 7% 5% 3% 2% 1% 0% 0% 18%


M3 1% 1% 0% 0% 0% 0% 0% 3%


M4 0% 0% 0% 0% 0% 0% 0% 0%


WTG OFF 23%


Table 6: Percentage occurrence of source (10 m height derived wind speed, m/s) and propagation (M1 to M4)
classes during the night.


0 3 4 5 6 7 8 9 Sum


M1 6% 9% 10% 8% 6% 5% 11% 55%


M2 1% 1% 0% 0% 0% 0% 0% 2%


M3 1% 1% 1% 0% 0% 0% 0% 2%


M4 7% 5% 3% 1% 1% 1% 1% 18%


WTG OFF 22%


Figure 3: Histogram of predicted noise immission levels (dBA) based on the occurrence of source and
propagation classes.


According to these results, “worst case conditions”, let’s say within 2 dBA of the maximum
predicted level, i.e. 35-37 dBA, would occur for 3.3% of the day and 4.4% of the night. The
annual average Leq would be 29.9 dBA for the day period and 30.0 for the night period, giving
an annual average Ldn of 36.4 dBA.


6. Discussion
The following observations were made after analyzing the results:


1. The “worst case result” was significantly higher using the H/I method (37 dBA) compared
to the ISO method (34 dBA). Harmonoise is presumably accurate for wind turbine noise
prediction (Plovsing and Sondergaard 2011) but detailed validation studies have not
been performed, whereas numerous studies have been performed comparing







measurements to ISO 9613 predictions, with good overall agreement found (IOA 2013).
It would make sense that Harmonoise would predict a more extreme worst case result
since it is intended to cover a large range of propagation conditions. Whether that is
useful for an environmental assessment or not depends on whether it is considered
accurate and on the frequency of occurrence of extreme propagation conditions.


2. It is somewhat amusing to see that the ISO 9613 and Harmonoise/IMAGINE annual
average results were identical, as summarized in Table 7. However, they were the same
for different reasons. The ISO annual average results were controlled by the occurrence
of different 10 m height derived wind speeds while the H/I annual average results were
also significantly affected by the occurrence of M1 propagation conditions. For example,
it appears that the H/I results would have been 1 dB lower if a fifth propagation class for
“very unfavourable” conditions was included (with D/R less than -0.12). Another way to
look at it is to note that the H/I results would have been 2-3 dBA higher than the ISO
9613 annual average results if the wind directions were 180 degrees different, as
summarized by the last column in Table 7. This comparison provides only one data point
and is not predictive for other projects.


Table 7: Summary of annual average results using ISO 9613 and Harmonoise/IMAGINE (H/I) methods.


Metric ISO 9613
worst case


ISO 9613
annual average


H/I
annual average


H/I
annual average
(with opposite


wind directions)
Ld 34 30 30 32
Ln 34 30 30 32
Ldn 40 36 36 39


3. That the H/I results for M2 and M3 were identical (and M4 only 1 dBA different) may
indicate a limitation in the usefulness of the D/R metric to delineate four unique
propagation classes as originally intended by the IMAGINE project. Perhaps a correction
for source/receiver height is also required in addition to the propagation distance to
ensure that the four propagation conditions adequately cover the range of potential noise
classes important for the production of annual average levels.


4. The analysis could be improved by:


a. Using a greater number of propagation classes
b. Using simultaneous cloud cover data
c. Using actual sunrise and sunset times to separate day and night weather data
d. Further examination of the calculation of the A and B (lin. and log.) propagation


constants from meteorological data
e. Comparing results with Nord2000 results
f. Performing field measurements to validate predictions


5. The use of the method outlined in ISO 13474 to produce a cumulative distribution of
(exceedance/percentile) noise levels may be desirable in cases where an operating wind
turbine farm’s compliance is established using a statistical value. The environmental
assessment would then be able to proactively estimate whether compliance would be
likely or not with an “apples to apples” comparison. This would presumably require the
assessment of more than four propagation classes, increasing the complexity of the
study.


7. Conclusions
There appears to be a lot of scrutiny being placed on wind turbine environmental noise
assessments these days (in North America at least), with perhaps much of it warranted.
However, this author has seen regulatory bodies ask for a much higher level of detail than ever







requested on other much noisier industrial and transportation projects. Assessing noise levels
under different propagation conditions could help to address concerns or at least assist with
establishing the sensitivity of the project with respect to noise. However, the Harmonoise
propagation model doesn’t currently have the industry acceptance of ISO 9613 and has not
been validated with comprehensive field measurements addressing wind turbine noise relevant
factors.


Prescribing annual average noise limits and performing sound emission annual averaging
along with ISO 9613 noise predictions seems to be the logical next step in providing a more
accurate picture of potential wind turbine noise impacts. It appears that incorporating varying
propagation conditions into these assessments will require more field validation work before
being considered industry best practice.
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Summary
With the increasing number of operational wind turbines, the number of noise
measurements required to demonstrate compliance with planning conditions is rising
as well. Noise limits are often set relative to wind speed and therefore the
assessment of noise from wind turbines requires simultaneous noise and wind speed
measurements. For financial reasons, smaller and single turbine sites are often not
equipped with a meteorological mast. If no mast mounted anemometry is available,
wind speed can either be taken from nacelle anemometer or derived from the power
output combined with the power curve for the respective wind turbine type.
In the presentation, noise measurements referenced to nacelle anemometer data will
be compared with the same measurements correlated with derived power curve wind
speed, and measured wind data from a separate met mast or other remote sensing
devices. The influence of incorrect filtering of wind data for shadow effects (mast
and/or nearby wind turbines) on the noise assessment will also be presented. The
advantages and disadvantages of the various methods are discussed.


1. Introduction
In countries where wind turbine noise limits are set relative to wind speed, it is
essential to obtain the correct wind speed during wind turbine noise measurements in
order to verify whether the noise limits set out in planning conditions are being met or
exceeded. In the UK, ETSU-R-97 The Assessment and Rating of Noise from Wind
Farms is generally used to assess wind farm/turbine noise at the nearest noise
sensitive properties at the planning stage. In this document the method for deriving
noise limits is to undertake a survey of the background noise at locations
representative of each affected property and set the limits relative to the prevailing
background noise with a margin of + 5 dB, if predicted wind turbine noise levels are
greater than 35 dB LA90,10 min. The prevailing background noise is calculated from a
regression curve calculated from the measured noise correlated with wind speed
measurements at the wind farm site. Lower fixed limits apply for day- and night-time
for very low noise environments. Since the wind turbine noise and the noise limits are
wind speed dependent, the knowledge of the correct wind speeds is important for
any wind farm noise assessment.


Where reference is made to wind speed, it is also essential to define the height to
which the wind speed refers, in order to compare measurements taken before and
after the wind farm is built, and to compare noise measurements with turbine noise.







Wind speed in wind turbine sound power level documents is often given with
reference to 10 m height. This is often arbitrarily referred to as 'measured at 10 m
height' or similar whereas, in fact, the quantity it refers to is hub height wind speed
'standardised' to 10 m height wind speed using a logarithmic wind profile and a
roughness length of 0.05 m. ETSU-R-97 generally refers to 10 m height wind speed,
however, since the publication of Van den Berg's The sound of high winds: the effect
of atmospheric stability on wind turbine sound and microphone noise (Van den Berg
2006) it has been generally acknowledged that extrapolating wind speed measured
at 10 m height to hub height wind speed underpredicts the actual wind speed as it
does not consider site-specific wind shear and atmospheric stability. This has now
been taken into account in the recently published UK Institute of Acoustics' Good
Practice Guide to the Application of ETSU-R-97 for the Assessment and Rating of
Wind Turbine Noise (GPG 2013) which describes the preferred method for wind
speed derivation to be the one that references noise limits to 'standardised' 10 m
height wind speed derived from wind speed measurements at hub height in line with
the way source noise levels are described.


Not all operational wind farm sites have tall meteorological masts installed to monitor
wind speed and direction during the wind farm's operational life. Therefore
alternatives have to be found when assessing wind farm related noise at residential
properties against wind speed dependent noise limits. Various methods of measuring
or deriving wind speed are described below.


2. Methods of Wind Speed and Direction Measurement
2.1 Meteorological Mast


A well sited meteorological mast with an anemometer and wind vane at hub height
should give representative measurements of wind speed and direction experienced
by wind turbines on the site. However, care needs to be taken of wake effects from
the wind turbines, and turbulence and shadow effects caused by other obstacles
upwind of the anemometer. The measured data needs to be filtered appropriately.


If the mast is lower than the turbine hub height, the hub height wind speed can be
calculated from measurements at two different heights by calculating the wind shear
exponent between those two heights and deriving the hub height wind speed using
an exponential wind profile.


The hub height wind speed can subsequently be 'standardised' to 10 m height wind
speed by using the standard roughness length of 0.05 m. The calculation methods
can be found in IEC 61400 Wind Turbines - Part 11: Acoustic noise measurement
techniques Ed.3 (2013) amongst others (IEC61400-11Ed3).


Smaller schemes may not have a permanent met mast on site or, in some cases,
planning permission for a tall mast may have expired before the wind farm was built
and therefore no tall met mast data is available. Unless noise limits are explicitly
referenced to measured 10 m height wind speed, a 10 m met mast should not be
used. Standardised and measured same height wind speed are not directly
comparable. Occasionally, measured 10 m height wind speed may be converted to
standardised 10 m wind speed with average wind shear values from a long period
(minimum of 1 year) but this method has its own pitfalls and will not be discussed
further in this paper.







2.2 Hub Height Wind Speed from Power Curve or Nacelle Anemometer


Most large wind turbines have cup or ultrasonic anemometer mounted on the
nacelles, mainly for the turbine controller to establish cut-in and cut-out wind speed
and for pitch regulation of the blades where applicable. This data is usually available
in 10 minute averages from the turbine manufacturer or the site operator. This
method may be inaccurate unless it can be determined with certainty, whether the
anemometer output is corrected for the presence of the passing blades in front of it.
Certainly during shut-down periods for background noise measurements a blade
stationary in front of an anemometer gives false readings.


More accurate is the method described in (IEC61400-11Ed3) for derivation of wind
speed from a measured or calculated power curve during wind turbine operation.
This requires obtaining the electrical output of the turbine during operation. However,
this method is not suitable for wind speeds outside the 'allowed' range, i.e. at the
lower and higher end, when the slope of the power curve gets too shallow. For higher
wind speeds than that when the turbine approaches full rated power, this method
provides no meaningful wind speed values. For data points above the 'allowed'
range, however, the wind speed can be taken from the nacelle anemometer which is
to be calibrated in-situ against the power curve derived wind speeds.


This method requires a measured or calculated power curve (in particular smaller
wind turbines may not have a power curve available) and operation in the
corresponding settings to the supplied power curve. If the turbine is running in a
different mode during the survey, for example due to a technical fault, this method
may no longer be applicable. If the turbines are operatied in noise reduced modes for
reasons of mitigating the noise impact, a power curve for such a mode is required.


2.3 LiDAR and SoDAR
LiDAR (Light Detection And Ranging) and SoDAR (Sonic Detection And Ranging)
have established themselves as stand-alone wind speed and direction measurement
devices. They have the advantage that they can measure wind speed and direction
at a wide range of heights unlike anemometry mounted on met masts whose height
cannot be changed without taking down the met mast or rearranging beams, so that
hub height wind speed can usually be measured directly. They are mobile and can
be placed on the wind farm site in a location where influence from the wind turbines
and other obstacles can be minimised.


3.0 Preliminary results
3.1 Comparing two cup anemometer mounted on a met mast at the same height
It may seem obvious but it should be pointed out that data from any anemometer
mounted on a beam at any other height than the very top, needs to be filtered to
remove wind directions corresponding to it being in the shadow of the mast. The
following graph shows two anemometer mounted at the same height with clear
shadowing effects. Wind speed measured in the shadow affected wind direction is
shown to be too low compared to the wind speed from the unaffected anemometer. If
the wind flow on the anemometer is not affected, the ratio of the two anemometer
should be 1 for all other wind directions. The effect of the tower on the anemometer
in its shadow can clearly be seen in Figure 1. The anemometer were mounted facing
north and south.
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Figure 1: Shadow Effect of Tower on Anemometer


The met mast location plays an important role for the correctness of the wind data.
Poor siting (in the wake of wind turbines, near tall obstacles etc.) and wear and tear
of the bearing can cause further effects on the measured wind speed.


3.2 Comparing SoDAR wind measurement with cup anemometer on met mast and
anemometer mounted on wind turbine nacelle
On another wind farm site a SoDAR device from Secondwind, the Triton wind
profiler, was set up alongside a met mast which has been in operation since before
the wind farm was built. Neither of the instruments had been calibrated since the
installation, which is why the Triton was used to check the performance of the cup
anemometers. The Triton was sited in accordance with the specification of the
manufacturer for comparison of Triton with met tower measurements (Walls 2010).
The data showed a great spread in sectors where the met mast was downwind from
a wind turbine and those were excluded from the correlation. After this filtering, the
data showed a good correlation with slight underreading from the anemometer.
However, this was more accurate than the wind speed reading from the nacelle
anemometers as will be discussed below.
The Triton wind speed was correlated with the nacelle anemometer of the wind
turbine closest to the residential property where the noise study was undertaken. The
rationale behind using data from this turbine was that the noise emission of the
closest turbine would have the greatest influence on the measured noise level at the
property. The Triton position was approximately equidistant from the met mast and
the wind turbine. Both may have experienced some wake effects from another
turbine further upwind. Firstly the data was only filtered for periods of turbine shut-
downs as the nacelle anemometer was not considered accurate for those periods
due to blade effects mentioned earlier. This resulted in a regression curve rather than
a linear correlation with the difference between Triton and the nacelle anemometer
being about 1 m/s for wind speeds below 14 m/s (nacelle anemometer reading lower)
which decreased for higher wind speeds until it matched up at 17 m/s. This upper
part was outside the normal measurement range so that for the purpose of the wind
farm noise assessment, the discrepancy was 1 m/s. Subsequently sectors where the







wind turbine or the Triton were in the wake of another wind turbine were also
excluded from the correlation which resulted in a linear regression. At lower wind
speeds the same 1 m/s difference was found, however at 10 m/s the nacelle
anemometer was reading 1.5 m/s lower and at 12 m/s the difference had increased
to 2 m/s.
Figure 2 shows measured wind farm noise with standardised 10 m height wind speed
derived from the SoDAR measurements. Figure 3 shows the same noise data with
standardised wind speed derived from the nacelle anemometer of the closest wind
turbine and Figure 4 shows the data with wind speed derived from the average of all
wind turbine nacelle wind speeds over the operational range.
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Figure 2: Wind Farm Noise Assessment with SoDAR wind speed
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Figure 3: Wind Farm Noise Assessment with Wind Speed from Nacelle Anemometer of the
closest Wind Turbine
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Figure 4: Wind Farm Noise Assessment with Average Wind Speed from all Nacelle
Anemometer


It can be seen that the data cloud does not differ significantly between Figure 3 and 4
but that there is a clear change of shape between the SoDAR and the nacelle
anemometer wind speeds. The data range is smaller, it looks more compressed. The
difference between averaging and the single nacelle anemometer is 0.2 dB at the
most. The wind farm site consisted of three wind turbines on 50 m hubs. Results for
large wind farm sites will probably differ as it is expected that the wind speed across
a larger site may vary more.


Figure 5 shows the curve of the three assessment charts in one chart for easier
comparison.
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Figure 5: Wind Farm Noise Assessment with Wind Speed derived with three different Methods







The maximum difference of derived noise levels per integer wind speed between the
regression curve for nacelle anemometer and SoDAR derived wind speed is 4 dB at
wind speeds of 6 and 7 m/s, usually the critical wind speed range for compliance and
complaints measurements.
So far this assessment has only been carried out for one wind farm site consisting of
three medium sized wind turbines. Therefore no general statements can be made.
More wind farm sites of various sizes and layouts are being assessed and results will
be presented at the Wind Turbine Noise Conference. An updated paper will be
available for download after the conference at:
http://www.hayesmckenzie.co.uk/publications.html


4.0 Conclusions
It has been shown for one wind farm site, that the results of the average measured
wind farm noise correlated with wind speed differ for two different wind measurement
methods. Not much difference has been found for this specific site between using
average nacelle anemometer wind speed of all three wind turbines and using the
nacelle anemometer wind speed of just the wind turbine closest to the noise
measurement location. However, it is expected that for more complex and larger
wind farm sites the difference will be more noticeable. A maximum increase of 4 dB
of the prevailing wind farm noise at standardised 10 m height wind speeds of 6 and 7
m/s has been found when comparing results with nacelle anemometer derived wind
speeds against SoDAR derived wind speeds. However, further investigation will be
carried out including other wind farm sizes and wind turbine types to find out whether
this result will be repeated.
Furthermore assessments with wind speed derived from the power curve versus
wind speed measured at hub height, either from the nacelle anemometer or a stand-
alone device, will be included in the presentation and in the final paper published on
the Hayes McKenzie website. The effect of measuring wind speed at 10 m height or
using standardised 10 m height wind speed on the measured wind farm noise
regression curve may also be reviewed.


Disclaimer


It should be noted that the author is not, and does not claim to be, a specialist in
meteorology or wind assessment. This paper is a description of observations made
during wind farm noise measurements with various means of wind speed derivation.
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Summary
Wind turbine noise is a key factor when designing a wind farm layout in a noise
constrained area. GL Garrad Hassan has developed a methodology by which a turbine
layout can be optimized for energy yield while simultaneously ensuring that modeled
sound levels at all nearby receptors are compliant with local regulations. This involves
the application of sound propagation modeling to the field of wind farm design.


The two overarching goals of layout design are minimising risk and maximising return
on investment. Proper consideration of turbine noise during the layout design stage is
crucial to achieving both these goals. For given costs, maximizing return on investment
is often synonymous with maximizing the energy yield of a wind farm. Therefore, the
turbine layout is designed to produce maximum energy yield while maintaining
compliance with noise limits. Environmental regulators generally require that wind
turbine sound pressure levels at all receptors in the vicinity of a wind farm do not
exceed prescribed limits, which vary by jurisdiction. Penalties for exceeding these limits
can be severe, including curtailed operation or even removal of turbines. Accurate noise
modeling is necessary to minimize this risk.


In the approach developed by GL GH, environmental noise propagation is modeled
using the ISO 9613 methodology. WindFarmer software is used as a tool to enable the
modeling of noise and the consideration of the many other factors relevant to wind farm
design including topography, wind speed variations, ground cover, and wake effects.
Noise model inputs such as atmospheric attenuation and ground factor should be
chosen to be accurately representative of the site and, in case they vary significantly on
a seasonal basis, should be conservative in terms of noise propagation to meet
regulatory limits.


A case study including a wind farm layout design in Ontario, Canada is presented in this
paper to demonstrate that if noise is not evaluated when optimizing the layout of a wind
farm, then it is easy to produce a layout which is not compliant with noise regulations.
The effect of noise constraints on a wind farm layout will be highly site specific, and
more significant if the more noise constrained part of the site also has a relatively good







wind resource. Noise reduced turbine variants should be considered on a site specific
basis using wind farm design software.


1. Introduction When developing a wind farm, industry uses wind farm design
software to determine the specifications for and layouts of the various elements of a
project, such as the turbines, the collector system, the substation, and access roads.


Perhaps the most important element to be designed is the turbine layout. The
simultaneous goals of layout design are minimising risk and maximising return on
investment. Maximizing return on investment means reducing the cost of each kWh of
electricity generated, and is therefore linked to the capability of maximizing the wind
farm’s energy yield, while designing a configuration which reduces construction and
operation costs to the highest degree possible. Important considerations when
designing for optimal energy yield include site topography, ground cover, and turbine
wake effects.


There are also constraints which must be met when designing the turbine layout.
Human related and biophysical setbacks must be respected. The costs of the collector
system and roads should be minimized. Environmental effects such as acoustical and
visual impacts must also be considered. Regulators generally require that wind turbine
sound pressure levels at all receptors in the vicinity of a wind farm do not exceed
prescribed limits, which vary by jurisdiction. Penalties for exceeding these limits can be
severe, including curtailed operation or even removal of turbines. Accurate noise
modeling is necessary to minimize this risk.


Wind farm design quickly becomes a complex problem requiring the consideration of
many inter-related criteria and constraints. Wind farm design software is an essential
tool because it facilitates simultaneous consideration of all relevant factors.


This paper focuses specifically on the methodology developed by GL GH to consider
wind farm acoustical impact in conjunction with all other constraints, while concurrently
optimizing the turbine layout for energy production. WindFarmer software is used to
model noise propagation from the wind farm while creating a turbine layout which meets
regulatory requirements and is cost effective, buildable, and optimized for energy.


Significant noise sources at a wind farm generally include the turbines and the
substation, all of which can be considered by WindFarmer. Acoustical impacts from
existing and future neighbouring wind farms should also be evaluated. In some cases,
other industrial noise sources should be modeled as well, for example, the electrical
infrastructure associated with other types of power plants.


Wind farm sound level limits at receptors are often set relative to reference wind
induced background sound levels. As an example, the wind turbine sound level limits for
receptors in rural areas in Ontario, Canada, are shown in Figure 1 [1]. In this case, the
sound level limit is expressed in terms of the hourly A-weighted equivalent sound







pressure level Leq. The reference wind induced sound level is expressed in terms of the
hourly ninetieth percentile sound pressure level L90.


Figure 1 – Example summary of sound level limits for wind turbines


Also shown is an example of how a turbine’s apparent broadband sound power level
can vary with 10 m wind speed. Noise regulators, such as Ontario’s Ministry of the
Environment, commonly require “worst case” wind shear assumptions to be considered
which are more conservative than those described in IEC 61400-11 Ed. 2 [4]. Therefore,
wind turbine noise modeling is often only carried out using the highest turbine sound
power level (105 dBA in the example shown in Figure 1). Predicted sound pressure
levels at nearby receptors are then compared to the lowest noise limit (40 dBA in the
example). Effectively, in many jurisdictions (such as Ontario), when determining the
regulatory compliance of a wind farm layout, the only relevant sound pressure level limit
is the lowest limit, and the only relevant turbine sound power level is the highest level. In
Ontario, site specific background sound levels are generally not considered when
carrying out a noise impact assessment.







Noise modeling to ensure regulatory compliance is an essential part of wind farm design
in many areas. There are several reasons why a certain region may be more
noise-constrained than another, including:


A lower effective sound pressure level limit in the project’s jurisdiction;
The presence of many dwellings or other points of reception close to the project;
The presence of one or more existing neighbouring wind farms in the vicinity of
the project.


In Ontario and many other jurisdictions, acoustic sound measurements for wind farms in
operation are undertaken as per Ontario's Compliance Protocol for Wind Turbine Noise
- Guideline for Acoustic Assessment and Measurement [2]. If a project is deemed
non-compliant during operation, mitigation measures would be applied to the wind farm
in order for it to meet its regulatory and permit obligations.


Designing a compliant layout in such a region requires expertise in noise modeling as
well as knowledge of the relevant regulations, in addition to an understanding of the
many factors previously discussed. Therefore, wind farm design software with strong
noise modeling capabilities is an essential tool for wind farm designers.


2. Case Study


For the design and optimisation of a wind farm layout, GL GH use the software package
WindFarmer. This software is developed in-house and sold commercially, and offers the
possibility to input the sound power levels for all sources and calculate the sound level
at any point in the workspace area. Noise propagation is typically modeled using the
ISO9613-2 standard [5], where ground attenuation is modeled with the General or
Alternative method, according to the specific site characteristics. Details on how the
ISO9613-2 is implemented in WindFarmer are available in its theory manual [3].


A case study is presented herein to better illustrate how wind farm design software can
be used to optimize the layout of a wind farm in a noise constrained area.


The purpose of the current analysis is to define the turbine layout. As discussed in
Section 1, there are many factors which will affect the placement of the turbines. Here,
for simplicity, only two factors are considered. The turbine layout will be optimized for
energy production while ensuring that the layout is compliant with local noise
regulations.


2.1 Project Description The hypothetical ProjectX wind farm is based in Ontario,
Canada, as seen in Figure 2. The project is to consist of twelve turbines of type Turbine
Type X. Project components will be installed on privately-owned agricultural lots which
have been leased by the project developer.







Figure 2 – Ontario, Canada, the jurisdiction of the case study.


The terrain can be described as simple with gently sloping hills. The Project Area is
dotted with residential farm houses and related buildings. The development pattern is
typical of most rural areas in Southern Ontario with dwellings built near the roadways.


A constraints analysis has been completed to establish proper setbacks from various
natural features such as water bodies, wetlands and woodlands, as well as built
features. The land area available for turbine placement has been defined and loaded
into WindFarmer as a Shapefile. A thorough investigation of the region has resulted in
the identification of 203 points of reception (“receptors” or “dwellings”) at which wind
turbine noise limits apply. As described in Section 1, in Ontario, the wind turbine noise
limit at a point of reception is effectively 40 dBA. Receptor height ranges from 1.5 m to
7.5 m. The locations of all receptors can be seen in Figure 3.


There are two existing wind farms in the area. ProjectA is located to the south and west,
and consists of fifteen Turbine Type A turbines. ProjectB is located to the north and
consists of seven turbines. The impacts of these neighbouring projects on energy
production and receptor sound levels must be considered as part of the ProjectX layout
optimization process. The neigbouring wind farms can be seen in Figure 3. Also shown







is a map of the existing wind turbine noise, which is entirely the result of contributions
from ProjectA and ProjectB.


Figure 3 – ProjectX available area (red boundaries), locations of noise receptors
(blue house icons), and existing wind farms ProjectA (turbine icons, south) and
ProjectB (turbine icons, north)


This area can be considered to be noise constrained due to the large number of
dwellings in the area as well as the presence of the two neighbouring wind farms.
Therefore noise considerations are expected to have a significant influence on the
turbine layout.


2.2 Noise Model Description For this case study, the ISO9613-2 General noise model
is used to be compliant with the Ontario regulations. All turbines are modeled as point
sources at hub height. Turbine octave band sound power levels are defined as
described in Section 3.3. Sound level attenuation is calculated by octave band.


A global value of 0.7 has been assumed for the ground factor other than at a small
number of receptors, where a ground factor of 0 has been applied to illustrate the
significance of receiver ground factor.


Atmospheric attenuation coefficients have been evaluated considering the local
characteristics and using the formulas defined in ISO 9613-1 [6]. Since there are large







variations during the seasons, the most conservative situation, in terms of noise
propagation, has been considered for the layout design and optimisation.


The meteorological correction factor and all additional attenuations, such as attenuation
due to foliage, have been set to 0 dBA.


2.3 Noise Source Description The octave and broadband sound power levels of
Turbine Types A, B, and X have been provided by the manufacturers and are based on
measurements made in accordance with IEC 61400-11 Edition 2 [4]. As described in
Section 1, turbine noise modeling in many jurisdictions must be carried out using the
maximum turbine sound power level. Table 1 shows the sound power levels of each
turbine type. Noise regulations often dictate that a penalty must be applied to tonal
noise sources. However, these turbines are not considered tonal as per the definition in
[4].


Table 1- Turbine sound power levels


Octave Band Sound Power Level [dBA] Broadband
[dBA]


Frequency [Hz] 63 125 250 500 1000 2000 4000 8000


Turbine Type X 86.0 91.6 97.5 98.3 99.9 97.2 93.5 77.9 105.0


Turbine Type X noise
reduced variant


85.1 89.8 95.3 94.8 95.9 94.8 90.7 78.0 102.0


Turbine Type A 86.9 93.3 97.0 99.3 98.6 95.5 87.6 80.4 104.4


Turbine Type B 87.6 96.1 99.8 98.6 93.7 89.2 84.3 78.3 104.0


Also shown are sound power levels for a noise-reduced variant of Turbine Type X. This
variant produces significantly less noise than the standard turbine. However, for a given
wind speed, it also produces less power than the standard version.


Other noise sources, such as substation transformers, are not considered in this case
study.


2.4 Turbine Layout Optimization This analysis is carried out using WindFarmer which
uses an advanced optimization algorithm which is adapted to the particular challenges
associated with wind farm design. The algorithm used avoids local minima and delivers
a maximum of ProjectX energy yield, while also being compliant with the given
constraints.


The site boundary defines the physical area available for turbine placement. Every
ProjectX turbine must be within the site boundary. In this case, as a result of the
constraints analysis, it has been determined that there are two unconnected areas in
which turbines can be placed, as seen in Figure 3. The larger boundary area is







approximately 5 km long and 1.5 km wide. There are no exclusions zones beyond the
constraints mapping described above in this specific test case.


The minimum space allowable between any two turbines is defined by an elliptical
exclusion zone around each turbine. At this site, the wind rose is fairly omnidirectional,
with a tendency for stronger winds towards the southwest and west. Therefore, an
elliptical exclusion zone with a long axis separation of 5 rotor diameters, a short axis
separation of 4 rotor diameters, and a long axis bearing of 240 degrees has been
applied. This turbine exclusion zone can be seen in Figures 5 to 7.


Layout design often requires that other aspects are considered, for example visual
impact or set-back distances. In this case no further constraints to those mentioned
above have been considered.


In the case described herein, the wind speed variation across the site is predicted by
WindFarmer’s built-in simple flow model. One particularly important factor in
determining the wind farm layout and energy production is the turbine wake effect. A
wind turbine removes energy from the wind, resulting in lower wind speeds in the
downwind region. This negatively affects the energy output of a downwind turbine.
Therefore, turbine wake effects should be minimized. This is generally accomplished by
increasing the spacing between turbines, or with a proper selection of the turbine
locations.


Layout optimization of ProjectX has been carried out for three scenarios. The first
scenario uses the standard version of Turbine Type X with the noise limits as described
previously. (In Scenario 1, one noise-reduced turbine is specified, by necessity, as
discussed in Section 3). The second scenario uses the noise reduced variant of Turbine
Type X with the same noise limits. The third scenario was carried out for comparison
purposes only and uses the standard version of Turbine Type X with no sound level
limits at nearby receptors. Additional combinations of standard and noise reduced
turbines are also possible although this has not been investigated here. Scenarios 1, 2
and 3 are summarized in Table 2.


2.5 Results Figure 4 shows the mean wind speed variation across the ProjectX
available area. The variation in wind resource is a key driver of the turbine layout.







Figure 4 – Variation of mean wind speed across the ProjectX available area


Figure 5 shows the optimized layout of ProjectX for Scenario 1, which uses the standard
version of Turbine Type X and complies with the sound level limit all receptors.


Figure 5 – Optimized ProjectX turbine layout for Scenario 1


Figure 6 shows the optimized layout of ProjectX for Scenario 2, which uses the noise
reduced version of Turbine Type X.







Figure 6 – Optimized ProjectX turbine layout for Scenario 2







Figure 7 shows the optimized layout of ProjectX for Scenario 3, which uses the standard
version of Turbine Type X but does not comply with the sound level limit at all receptors.


Figure 7 – Optimized ProjectX turbine layout for Scenario 3


Table 2 shows the estimated net annual energy yield of ProjectX for the three optimized
layouts. The energy yield values are given as a percentage of the optimized energy
yield when noise is not considered.


Scenario Turbine Type
Layout noise
compliant?


Energy yield
[% of Scenario 3]


1
11 Turbine Type X


1 Turbine Type X noise-reduced variant
Yes 98.1


2 12 Turbine Type X noise-reduced variant Yes 88.6


3 Turbine Type X No 100.0







3. Discussion and Conclusions The key factors driving the wind farm layout in
this case study are the wind resource, turbine wake effects, and noise constraints.
As seen in Figure 4, the eastern part of the available area experiences greater mean
wind speeds compared to the western portion of the site. When considering the wind
resource alone, the layout optimiser would tend to produce layouts with more turbines in
the east. This can be seen in Figure 7, which shows the optimization of Scenario 3. Five
turbines have been placed in the southeast. However, since noise was not considered
during the Scenario 3 optimization, the sound pressure level produced by the wind
turbines is predicted to be above the limit of 40 dBA at ten receptors, with a maximum
predicted level of 45.5 dBA. This layout is not compliant and would likely not be
approved by the local regulatory agencies.


As seen in Figures 3 and 5, the eastern part of the available area is noise constrained to
a greater degree due to several nearby dwellings and a relatively high concentration of
ProjectA turbines to the south. As a result, although the wind resource is better in this
region, when noise limits are considered during optimization, only two turbines of type X
can be located in the eastern part of the site. In Scenario 1, Figure 5, more turbines are
forced to be in the less windy but less noise constrained western part of the site. This
results in greater wake losses because the inter-turbine spacing is lower.


At a small number of receptors, a receiver ground factor of 0 has been applied to
illustrate the importance of this optimization input. For example, as seen in Figure 6, the
receiver region ground factor is defined as 0 for the receptor in the middle of ProjectX.
As a result, the area near this receptor is significantly more noise constrained, and the
turbines are placed further away.


The small available area to the north has a relatively good wind resource but is severely
noise constrained due to the close vicinity of ProjectB as well as several dwellings. The
addition of a single standard Type X Turbine anywhere in this area results in sound
levels at nearby receptors which exceed the limit. Therefore, in order to make use of
this area, only a single noise reduced turbine can be placed here. This has been done
for Scenarios 1 and 2. In reality, due to the additional balance of plant costs associated
with placing a single turbine in a relatively isolated location, it may be more
cost-effective to leave this area empty. Further analysis would be required to arrive at
an informed decision.


When the noise reduced variant of Turbine Type X is considered for all ProjectX
turbines, the optimizer places four turbines in the eastern part of the site, as seen in
Scenario 2, Figure 6. Compared to Scenario 1, Figure 5, noise is not as significant of a
constraint. The lower sound power level of this turbine type allows for a greater number
of turbines to be placed in the east, and will result in the exposure of these turbines to a
better wind resource. Wake losses will also be lower due to the greater inter-turbine
spacing.


As seen in Table 2, the wind farm is estimated to produce approximately 2% less
energy as a result of the noise constraints at this site. This is a significant amount of







energy in the context of total investment. When the noise reduced turbine variant is
used at all locations, the reduction in estimated energy yield is over 11%. In this case,
the benefit of having less stringent noise constraints associated with a quieter turbine
does not offset the decrease in energy output resulting from the less productive
noise-reduced power curve.


A reasonable next step in this analysis would be to investigate combinations of standard
and noise reduced turbines. For example, there may be a layout consisting of nine
standard turbines and three noise reduced turbines which produces more energy than
Scenario 1. Combinations of standard and noise reduced turbines are common in actual
wind farms. In some cases, multiple noise-reduced options are available, each with a
different maximum broadband sound power level. This allows further refinement of the
layout.


The two existing neighbouring wind farms, ProjectA and Project B, have a significant
effect on the ProjectX turbine layout, the wind farm’s energy production, and sound
levels at nearby receptors. Similarly, ProjectX will have a negative effect on the energy
output of ProjectA and ProjectB. However, since ProjectX is being developed later than
the other two projects, it will not affect their compliance with noise regulations. In order
to receive regulatory approval in Ontario, and many other jurisdictions, the developers
of ProjectX must include existing wind farms when carrying out a noise impact
assessment. The responsibility lies with later developers to ensure sound level
compliance.


As seen in Scenario 3, Figure 7, if noise is not considered, then the optimizer can easily
produce a layout which is not compliant with noise regulations. Therefore noise should
always be carefully considered during layout optimization. In general, the effect of noise
constraints on the optimized layout will be highly site-specific, and more significant if the
noise constrained part of the site also has a relatively good wind resource.


Noise propagation models are continuing to be developed. As improved models
become available, they should be incorporated into the wind farm design process to
facilitate the placement of turbines in compliant locations. It is in the best interest of the
wind energy industry to use accurate models with low levels of uncertainty.
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Summary
An acoustic array for measurement of wind turbine noise has been designed in a
collaborative effort by the National Renewable Energy Laboratory and University of
Colorado Boulder. The array is built upon 63 electret condenser microphones in a multi-
arm logarithmic spiral pattern, a single calibrated B&K precision condenser microphone,
in-house designed analog electronics, and an integrated National Instruments data
acquisition system. Noise source maps are generated using a delay-and-sum
beamforming algorithm with diagonal elimination in the cross-spectral matrix. The
uniqueness of this array design over currently available commercial products is its lower
frequency range and weather-proof design allowing for long term observational
campaigns.


The array has been deployed since late 2012 at the upwind side of the CART-2 research
turbine at the National Wind Technology Center. The turbine has a highly instrumented
rotor and accompanying meteorological tower enabling noise correlations with both
detailed turbine operational characteristics and atmospheric conditions. An active
acoustic source has been used to calibrate the array and characterize its performance.
Simulated point-source data has been used to compare these results to expected results.
The array is shown to have a 3-dB beamwidth of 5.89 meters for a 450 Hz source at the
center of the rotor, 56 meters from the center of the array. Turbine noise data has been
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collected over a range of operational conditions, including wind speeds from 7 to 22 m/s
and rotor speeds of up to 42 RPMs (6-second averages). Data from these measurement
campaigns have been analyzed at frequencies from 300 Hz to 8 kHz.


1. Introduction Acoustic arrays are implemented in order to remotely infer the
location and strength of sources in an acoustic field. They rely on signals from multiple
microphones in order to deduce these spatial characteristics. Arrays have been used both
in wind tunnels [1,2] and in the field [3,4] for measurements of noise from locomotives,
airfoils, aircraft and aircraft subsystems. However, relatively few studies have been
conducted using these devices for measurements of wind turbine noise, particularly on
full scale turbines. Oerlemans et al. have conducted such a study in the Netherlands using
an array of their design [4,5]. An array has been designed for the purpose of conducting
similar research at the National Wind Technology Center (NWTC) in Boulder, Colorado.


This paper discusses the design and use of a multi-arm, logarithmic spiral acoustic array
by the National Renewable Energy Laboratory for measurement and characterization of
wind turbine generated noise. This design process is a continuation of the elliptical array
design work done by Simley [6]. A description of the array system design process is
presented, including array shape design, mechanical design, design of electronics and
the data acquisition system, and development of post-processing software. System
testing and calibration methods are detailed. Finally, results from the initial data
acquisition campaign are offered and discussed.


2. Acoustic Array Design


2.1 Design Requirements The National Renewable Energy Laboratory (NREL) requires
an acoustic array with several specific characteristics for their experimental purposes.
First, in order to facilitate ease of deployment and use, the system has been designed
fully weatherproof for sustainable, safe storage in the field. It must be robust to the
expected conditions at the NWTC, including snow, rain, high wind and wind-borne debris,
and temperatures between about -20°F and 100°F. With the design capable of operating
under these conditions, the system can be left entirely assembled in the field for the vast
majority of a testing campaign, greatly reducing experimental setup time.


In addition, it was desired that the array be capable of resolving relatively low frequency
sources in turbine acoustic output. The low frequency capability of the array can be
quantified by its main beamwidth in the plane of the turbine rotor, which scales with
wavelength and inversely with array size. In order to reduce the main beamwidth and
improve the resolution of the array, the array is significantly larger than commercially
available products. For this reason, it has been designed and constructed in-house at the
NWTC.


2.2 Array Shape Design The array shape is a zero-redundancy, multi-arm logarithmic
spiral layout. The shape was designed in an iterative process based the procedures
outlined in Underbrink [7]. The shape is stretched in the streamwise direction to
compensate for the viewing angle of about 42° from the turbine hub. The stretching ratio
of 2.25 provides improved vertical resolution yet feasible array size. Finally, in practice,







the shape is rotated with its semi-major axis aligned with a point 65% the rotor radius
from the hub on the side of the downward passing blade. The stretching and pointing
adjustments are in accordance with the methods of Oerlemans et al. [4].


The resulting shape consists of 7 spiral arms each with 9 elements as shown in Figure 1,
giving a total of 63 array elements. The performance of the array is characterized using
simulation of an ideal, single-frequency point-source in the rotor plane. This provides a
visualization of the array point spread function (PSF) as shown in Figure 1, as well as an
analytical tool for determining the beamwidth and sidelobe levels and locations. Figure 2
shows the array beamwidth at the hub location as a function of frequency.


Figure 1: Nominal array shape (left) and point spread function of the design for a 1 kHz
point source at the hub of the CART-2 research turbine (right). The circular outline
represents the blade tip swept curve of the CART-2 research turbine. Note that X, Y, and
Z are in the cross-stream, downstream, and vertically upward directions respectively.


Figure 2: 3-dB full beamwidth of the array versus frequency at a range of 56 meters and
elevation angle of 42°.


Figure 2 shows that, as expected, at very low frequencies the array resolution is relatively
terse. At 450 Hz, the array has a 3-dB beamwidth of 5.89 m. This resolution does not
allow for high precision resolution of noise sources. It does, however, allow for separation
of noisy regions, such as nacelle noise from noise near the blade tips.


2.3 Electronics and Data Acquisition Hardware A block diagram of the signal path
and data acquisition system is shown in Figure 3. The system utilizes 63 Panasonic WM-
64BC electret condenser microphones. Because this particular model was discontinued







after finalization of the design, several channels now utilize PUI Audio POM-2242P-C33-
R electret condenser microphones. The two models are electrically and geometrically
similar, and the difference in sensitivity of 3-dB is compensated for by calibration.


The microphone signal is amplified in two stages. The first is a differential, BJT based
amplifier, which is powered by a DC voltage provided by the second amplification stage.
This amplifier outputs a differential signal and is located only several inches of wire from
the microphone for improved signal-to-noise ratio. The amplifier is built upon two BC857B
PNP transistors. The second stage is a differential to single-ended, non-inverting, op-amp
based amplifier with a gain of approximately 220. This stage utilizes two NE5532 op-amp
ICs. The two stages are connected by 100 feet of 2-conductor, shielded cable.


The 63 signals are then passed to an integrated National Instruments (NI) data acquisition
(DAQ) system. The DAQ is comprised of four, 16-channel NI PXIe-4496 DAQ modules
and a PXIe-8108 controller. Each module has a resolution of 24 bits and is capable of
simultaneous sampling. A sampling rate of 25 kHz was chosen in order to reduce the size
of data files. The resulting Nyquist frequency of 12.5 kHz is sufficient for our interest in
low fr -aliasing filters were applied to the incoming
signals and are automatically set to the Nyquist rate.


A Brüel & Kjær 4189 precision microphone was positioned in the inner section of the array
as a reference signal. It is calibrated with a 94 dB signal at 1 kHz using a Brüel & Kjær
4231 calibration source. The reference signal is then passed to an NI-9233 USB DAQ
card, which is also sampled at 25 kHz and anti-alias filtered. The signal is not sampled
simultaneously with the array signals, but the lag was shown to be less than 0.06 seconds.


Figure 3: Block diagram of the microphone electrical hardware. Black arrows represent
signals/data and red arrows represent power.







Finally, in order to synchronize the array measurements with the instrumentation data
from the turbine, an NI PXI-6682 GPS module is used to timestamp all data. This allows
for accurate correlation of noise data to atmospheric conditions and turbine operational
parameters.


2.4 Field Hardware
inner array, which contains between four and five elements of each spiral arm, and the
modular outer array. See Figure 4. The inner array is built from 80/20 aluminum extrusions
supporting a laser-cut plywood topsheet. The frame is secured by six rebar stakes, each


The modular array elements are each placed on laser-cut, circular plywood mounts of
diameter 0.56 m and thickness 13 mm. The mounts are laid flat surrounded by a dirt-
mortar mix to minimize edge scattering effects. The dimensions of the modular element
mounts are based on recommendations of international standard IEC 61400-11 [8],
though the diameter was reduced from the recommended 1 m to 0.56 m for convenience.
The recommendation of 1 m diameter is for analysis of frequencies as low as 20 Hz,
whereas our analysis does not examine frequencies below 300 Hz. A simple scaling with
wavelength implies that 0.56 m will be sufficient for accurate prediction of pressure
doubling effects.


Each microphone was placed using an analog survey transit to within 11 cm of the
designed location. The microphones coordinates were then measured using an
Automated Precision Inc. Tracker3 laser spatial analyzer to an accuracy of
direction, and these coordinates were used for beamforming.


Figure 4: Inner, fixed array structure (left) and outer, modular array element (right).


2.5 Weatherproofing The microphones are mounted on the outside of a waterproof,
-4 water ingress.


See Figure 5. The microphone wires are sealed with a waterproof silicone adhesive. The
differential amplifier electronics are housed within each of these


small enclosures. Waterproof Micro-Con-X connectors produced by Conxall utilize rubber
washers to maintain the waterproof integrity of the box. Custom cabling by the same
manufacturer provides the signal path from each microphone to the central data
acquisition enclosure. Note that the nominal design and IEC standards call for the use of
wind screens, though these were not present during the initial data acquisition campaign







due to time constraints. Hemispherical, 90 mm diameter wind screens will be
manufactured from spherical, ACO Pacific outdoor wind screens and included in the final
construction.


The data acquisition hardware is enclosed in a
large aluminum enclosure. It is approximately


to
house the second-stage amplification boards,
power supplies, and the National Instruments
PXI data acquisition (DAQ) chassis. All
hardware inside the chassis is either bolted
directly to the backplane or mounted on DIN
rails. Micro-Con-X connectors provide the
corresponding waterproof signal path into this
enclosure from each microphone. The
Ethernet and 120VAC power connections use
a similar waterproof connector. An electric
heater is mounted inside the enclosure to act
as a dryer and dehumidifier for condensation
during diurnal thermal cycling.


At the t several final modifications must be made to the
enclosure ventilation system to allow maintained deployment at the NWTC. Air
circulation must be maintained between the enclosure and the ambient air to provide
sufficient cooling for the enclosed electronics. The enclosure is equipped with a fan that
draws air into the bottom of the chassis and exhausts at the top through hooded inlet
ducts. The edges of these hoods will be waterproofed with aluminium tape extended
sufficiently far below the exhaust vents that moisture will not be blown back into the
enclosure by strong winds in a rain storm. Additional protection from water ingress
through the exhaust hoods will be provided by spring-loaded baffles that seal on weather-
stripping when the cooling fan is not operating.


2.5 Data Acquisition and Beamforming Software The data acquisition software has
been developed in Labview for seamless integration with the PXI DAQ hardware. The
software simultaneously samples the 63 array channels as well as the reference
microphone (not simultaneously). The software also enables the PXIe-
anti-aliasing filters and reads a timestamp from the PXI-6682 GPS module. All of these
features simultaneous sampling, reference microphone calibration, anti-alias filtering,
and GPS timestamping have been verified on an individual basis.


The beamforming software is written in Matlab and implements a traditional frequency
domain delay-and-sum algorithm. Frequency domain implementation improves the speed


over the analogous time domain algorithm [6]. The diagonal
elements of the cross-spectral matrix are nulled for reduction of the effects of microphone
self-noise and electrical noise. Beamforming is typically performed on 6-second sections
of data, averaging the effects of between three and four full rotor rotations. The averaging
time is reduced or increased based on the consistency of atmospheric conditions.


Figure 5: Microphone electronics waterproof
enclosure and mount (right) and contained
differential amplifier (right).







The software compensates for the effects of sound convection by assuming a constant,
identical wind speed and direction between the microphone and scan location, as in [2,3]
and based on the geometrical convection analysis of Soderman et al. [9] extended to
three dimensions. The merit of this method is tested and discussed in Section 4.2.


3. Field Testing and Calibration


3.1 Active Source Testing The complete array system has been tested using a
controlled, active acoustic source in a known loc measured
by one of two methods: Initially, by using an analog surveying transit, and in later tests
with a digital Automated Precision Inc. Tracker3 spatial analyser for improved accuracy.
The survey transit provides a knowledge of the source location to within an estimated 71
cm in each direction. The spatial analyser, on the other hand, provides an accuracy of
approximately 0.05 The measured location is then compared to the noise maps
generated by the beamforming software. The acoustic
signal for both testing campaigns is generated using the
sound function in Matlab and amplified using a Fender, 15-


bass guitar amplifier. This setup provides
both the flexibility and power required for the purposes of
these tests.


The initial active source test of the array consists of a matrix
of ten spatial locations and three acoustic signals 1.5 kHz
and 3.2 kHz pure tones and a broadband signal. The
spatial locations are spread throughout the rotor swept
region of the Northwind 100A turbine at the NWTC as
shown in Figure 6. A hydraulic platform lift was used to
raise the source to each of the lettered regions U, D, L, R,
and C (up, down, etc.). The source was then moved from
the left side of the platform to the right side, denoted by the
numbers 1 and 2. The nominal spatial locations are based
on analog survey transit measurements, which hold approximately 71 cm of uncertainty
in each direction. The relative distance between positions 1 and 2 in each region is also
verified by tape measure, which gives higher precision information for comparison to
noise map results.


The size of this test matrix lends itself to a statistical description of results. Data was
recorded for 90 seconds for each of the three signals for each of the ten locations. The
data is broken into six-second sections for beamforming. This gives a total of fifteen, six-
second data segments for each frequency and location.


Averaging over all 150 1.5 kHz data sets, a mean position error the absolute
discrepancy between surveyed position and noise map maximum power location of 77.4
cm exists, and at 3.2 kHz the mean error is 84.8 cm. The standard deviations in noise
map maximum power location at 1.5 kHz and 3.2 kHz are 25.1cm and 32.9 cm,
respectively. Finally, the mean absolute error in relative distance between positions 1 and
2, averaged over all five regions, was 19.5 cm for the 1.5 kHz source and 12.9 cm for the


Figure 6: Spatial locations of
acoustic source for array
system testing.







3.2 kHz source. The latter result suggests that the magnitude of error in position versus
surveyed position is greatly influenced by the uncertainty in surveying data, which was
estimated at 71 cm.


Broad band signals were analyzed by the beamforming software over third-octave bands
centered about 1.5 kHz and 3.2 kHz. Results hold similar standard deviations between
measurements, but the mean absolute error is approximately double. This is likely due to
the fact that the same broadband signal was repeatedly used, so the noise would logically
result in a consistent error between subsequent measurements.


The above results, along with a qualitative comparison of experimental noise maps to
simulation results as in Figure 7, signify that the array and associated software are
functioning properly. Errors on the order of several tens of centimeters at a range of 30
meters are deemed acceptable and are attributed to atmospheric conditions during
testing. Wind speeds varied between 2 and 6 m/s during these speaker tests and are not
taken into account in these noise maps. The effects of atmospheric conditions are
discussed further in Section 4.2.


Figure 7: Noise maps generated for experimental data (left) and simulated point-source
data (right) for a 1.5 kHz source at location R1.


3.2 Array Calibration Method To compensate for the amplifier gains and microphone
sensitivities of each channel, a weighting factor for each signal is included.
[10] suggested method involves the derivation of a complex weighting that corrects both
amplitude and phase, with phase corrections aiding the imperfect knowledge of
microphone location. Our method of microphone location measurement provides


in each direction.
This is less than 1/16th of a wavelength for frequencies up to about 16.7 kHz, which is
well beyond the range of our analyses. Microphone location errors of this magnitude
should cause minimal detriment to beamforming according to the work of Simley [6], and
thus our calibration corrects only for amplitude.


An active acoustic source is used for calculation of the weights for each channel. The
speaker is placed in the far field of the array and located using the Tracker3 laser spatial







analyzer. A pure tone acoustic signal at 500 Hz is generated and recorded in several 45
second sections of data. The signal is the dominant signal in the acoustic field, with an
SNR of approximately 45 dB above adjacent frequencies. Atmospheric attenuation at this
frequency is less than 0.5 dB over the range of the array [11] and is neglected. An FFT
of the data from each channel is taken in blocks of 1000 samples and averaged over a
sufficiently large span of data. The relative magnitudes of each signal are then adjusted
for range from the source and normalized to the sensitivity of the reference microphone.


This method also allows for investigation of the weather-readiness of the field equipment.
Figure 8 shows the relative sensitivity of each microphone at the deployment of the array
in November 2012 and the sensitivities as of May 2013. Microphone boxes were left in
the field through the interim period. The comparison illuminates several notable facts. The
first is that microphones 1, 20, 21 and 22 had degraded signals, with microphone 20 being
nearly out of commission. It was found that the silicone seals was faulty on these
microphone boxes, and moisture was present.


Also notable is the significantly increased sensitivity of channels 27, 53, and 62 after the
winter season. This is not likely attributed to electronics, but potentially due to degradation


-mortar edge treatment. Edge scattering effects may have
caused a standing wave condition on the surface of the circular microphone mounts,
affecting the strength of the received signal. This hypothesis must be investigated further,
however. Plans are in place to improve the durability of edge treatments.


Figure 8: Channel sensitivities relative to channel 2 at deployment of the array versus
relative channel sensitivities after the winter season.


4. Turbine Noise Data


4.1 Experimental Setup and Instrumentation The array has been deployed since late
2012 on the westward side typically upwind--of the CART-2 research turbine at the
National Wind Technology Center in Boulder, Colorado. The turbine is a modified, two-







bladed Westinghouse WWG-0600 machine rated at 600 kW. It has a hub height of 36.4
m and a blade-tip radius of 21.3 m. The rotor operates upstream of the tower.


Instrumentation on the turbine and in surrounding area provide turbine operational data
and atmospheric condition data sampled at 400 Hz and synchronized with GPS time
signals to within a millisecond. Available operational data includes, but is not limited to,
nacelle yaw position, rotor azimuth and rotational rate, individual blade pitch angles, and
the tilt of the rotor with respect to vertical. Atmospheric conditions available include wind
speed and direction at the hub height, top of the rotor, and bottom of the rotor,
temperature, and barometric pressure.


The array is located with its center approximately one hub height from the rotor plane. Its
semi-major axis aligns with a point 65% the distance from the hub to the blade tip on the
downward passing blade under nominal wind conditions. The reference microphone is
placed on the inner array platform 32 cm from the nearest array element and 37 cm from
the edge of the platform. It is placed in a hemispherical, 16 cm-diameter wind screen.


4.2 Data Acquisition Campaign Since deployment in November 2012, 38 minutes of
turbine noise data has been acquired using the array. Data was taken in 45 second
segments over the course of several days. 6-second-average wind speeds present in the
data span the range from the low-speed cut-in wind speed to 88% the high-speed cut-out
wind speed of the turbine 8 m/s and 22 m/s, respectively. Rotor speeds ranged from 15
to 42 RPMs, effectively covering the operational range of the turbine. Data was acquired
with the turbine in a feathered position during similar wind conditions for spectral
comparisons.


Preliminary analysis of the data reveals several notable characteristics. The first is an
unexpected offset, primarily in the vertical direction between the expected location of both
mechanical and aerodynamic noise sources, and the locations observed in noise maps.
This is discussed further below. The second notable characteristic is the tonal
noise caused by the teeter pin of the turbine, which is located at the junction of the two
blades. This source has been observed at frequencies between approximately 0.8 and
1.1 kHz. It is generally a very pure tone, which has the benefit of helping to characterize
the vertical offset observed.


As discussed in Section 2.5, the beamforming software compensates for sound
convection by assuming a constant wind velocity between scan locations and the
microphones. Figure 9 shows noise maps for 0.8 kHz nearly the exact frequency of the
teeter noise for this dataset with and without this compensation. An FFT of the signal
shows that the teeter noise has an SNR of about 10 dB above adjacent frequencies. The
convection model improves the result by 64 cm in the X-direction and 4.8 meters in the
Z-direction. Note that in this particular dataset there was a misalignment of 36° between
the rotor-normal and the wind direction, with wind direction rotated counter-clockwise as
viewed from above, which explains the correction in the X-direction.







Figure 9: Noise maps for data with 800 Hz teeter noise. The cross hairs represent the
nominal location of the teeter pin. The X-direction is horizontal in the plane of the rotor, and
the Z-direction is vertical. The average wind speed is 17.21 m/s. The average misalignment
angle is 36°, counter-clockwise as viewed from above.


Knowledge of the location of the teeter pin and its relation to the array is precise, and
assumed location error cannot account for the offset shown above. It is thusly apparent
that the atmospheric model used is not yet sufficient, as an error on the order of four
meters is still present after its implementation. The remaining error is attributed to the
wind shear profile and turbulence refraction, neither of which are accounted for. This claim
is supported by the absence of this error in the results of speaker testing, where there
was little wind.


Whereas the teeter noise, when present, dominates the frequency regime just below 1
kHz, trailing edge noise is readily viewed in the regime of 3.2 kHz. Downward passing
blade noise is dominant for the majority of data, similar to the results of Oerlemans [2,3],
and attributed to convective amplification and source directivity of trailing edge noise.
However, in some cases the blade tip noise was dominant on the upward passing blade.
Initial analysis, based on five observed cases of this noise map characteristic (6-second
averages), points to a potential association with misalignment angles between wind
direction and the rotor-normal direction above about 20°, with the wind direction rotated
counter-clockwise as viewed from above. Further investigation is required to verify this
definitively. Figure 10 shows two noise maps for third-octave bands centered at 3.2 kHz.


Finally, it was noted that the noise source apparent in Figure 10 just below the center of
the rotor is present over a frequency range from about 1 kHz to 6 kHz. This is potentially
a blade-wake turbulence interaction with the tower or a reflection of blade noise off of the
tower. It is not likely due to blade-tower-interaction noise, as this is typically very low
frequency and not prevalent in upwind turbines [12]. This phenomenon will be
investigated further.







Figure 10: Noise maps for third-octave bands centered at 3.2 kHz. A wind speed of 16.4
m/s and misalignment angle of 2.1° (left) and a wind speed of 16.8 m/s and misalignment
angle of 31.3° (right), both counter-clockwise as viewed from above.


5. Conclusions


The array described in this paper is designed for measurement and localization of wind
turbine noise. A performance analysis based on active acoustic source testing shows an
accuracy of point-source localization on the order of a few tens of centimeters. A non-
negligible amount of noise-map variation with atmospheric conditions was observed in
both speaker tests and turbine noise data. Implementation of compensation for sound
convection helped this matter, removing approximately half of the offset in either direction
for the case discussed. Though, a more robust atmospheric model could still significantly


Initial turbine noise data analyses show that
mechanical noise in the nacelle, and particularly teeter-pin squeak, dominates the
relatively low frequency output. With increased beamforming frequency, the relative
strength of aeroacoustic noise near the blade tip dominates, typically observed on the
downward passing blade.
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Summary


Amplitude modulation (AM) is a periodic variation in the sound pressure level (SPL) of wind
turbine noise caused by directivity and convective amplification of aeroacoustic sources. It is


is audible at distances exceeding a kilometer from wind farms. An
AM acoustic signal can be characterized by its envelope waveform, which can be found by
calculating the root-mean-squared pressure over finite-length sections of acoustic data. Envelope
waveforms have been shown to be periodic at the blade passing frequency. This implies that the
phase of an AM envelope waveform is tied directly to the rotational position of the turbine rotor.
It should therefore be possible to use turbine control mechanisms to force destructive
interference between AM envelope waveforms from several turbines, resulting in a minimal net
AM level in a chosen direction.


This paper details an AM mitigation technique based on control of the relative phase of turbine
rotor positions. A wind farm is viewed as an ad hoc phased-source array that can be controlled
to direct minimal AM signals in specified directions, such as toward residential or wildlife regions.
The merits of such a method are explored based on experimentally determined AM
characteristics and fundamental mathematical analysis. A method is developed for designing a
phasing scheme based on turbine locations and the locations
simplifying assumptions are involved in the derivation of the algorithm, including sinusoidal
envelope waveforms, constant and equal rotor speeds between turbines, and a perfectly planar
wind farm. The limitations of the technique are discussed, and provisions for practical
implementation are offered. Simulations of nominal system performance based on a
representative turbine acoustic field are discussed.


1. Introduction The noise caused by wind turbines has become increasingly problematic
with growth in the wind energy industry. In particular, it has been shown that noise from wind
farms is especially irritating to local residents when compared to other types of noise pollution.
Pederson et al. [1] showed, based on a sample of 240 residents near wind turbines, that the


y wind turbine noise was far greater than the
results of dose-response relationships that have been established for road traffic noise, aircraft
noise, and railway noise. In other words, it is apparent that wind turbine noise is more irritating
for a given A-weighted sound pressure level (SPL) than the other three source types.
Furthermore, the qualitative descriptions of aerodynamic noise swishing and pulsating were


1 University of Colorado, Department of Aerospace Engineering Sciences, 429 UCB, Boulder CO 80303
2 National Renewable Energy Laboratory, 15013 Denver West Parkway, Denver CO 80401







among the three most frequently used descriptors of irritating characteristics (the other was


periodic variation in the broadband SPL of wind turbine noise due, at least in large part, to the
directivity of trailing edge noise from the blades and due to convective amplification [2]. A semi-
empirical acoustic simulation of trailing edge noise from a moving turbine rotor lead to this
conclusion and was in good agreement with experimental measurements. There is also evidence
showing that differential loading caused by varied wind speed across a rotor may contribute to
such a periodic variation [3]. Note that all three cited causes of AM noise levels relate to blade
position and are periodic with blade passing frequency (BPF). This periodicity was shown
definitively for directivity and convective amplification effects by Oerlemans et al. [2].


Lee et al. [4] conducted a listening test of a smaller sample than Pederson et al. [1] but dealing
specifically with the perception of wind turbine AM noise. Acoustic signals over a range of AM
levels were generated by mixing a manufactured, representative unmodulated turbine signal with
a modulated signal at five different ratios. The results clearly showed that increase in AM level
leads to increased mean annoyance rating by the subjects. Zwicker et al. [5] attest that the
fluctuation strength an experimentally determined measurement of human perception of
general modulated broadband noise is highest between modulation frequencies of 1 and 8 Hz.
Wind turbine blade passing frequencies are on the order of 1-3 Hz [6], which illustrates why the
phenomenon has such an effect on humans. This is not to say that removal of AM from wind
turbine noise would eliminate the irritation caused by turbine noise, but these studies suggest
that it would be a vast improvement. The difference between the sound of a faucet dripping and
the sound of a heavy rain draws an intuitive parallel.


The proposed method of mitigating the AM level is based on vector destructive interference of
AM envelope waveforms of individual turbines. Envelope waveforms are the temporal variation
in RMS pressure in the acoustic field of a turbine (SPL is a logarithmic measure of RMS
pressure). The technique borrows from the established methods and analysis used in phased
array signal processing. A wind turbine farm is viewed as an ad hoc source array, with the source-
elements being the individual turbines. Whereas established techniques often involve
electromagnetic waves or acoustic waves, the turbine farm can be effectively modeled as an
array of sources emanating AM envelope waveforms. The phases of these waveforms are
controlled by adjustments to the relative phases of rotor azimuths, and a phasing scheme is
designed to direct minimal AM levels in chosen directions.


This paper discusses a method of designing a nominal phasing scheme based on the location of
turbines in a farm quiet
minimized. The implementation of this phasing scheme using turbine control mechanisms is only
briefly discussed, but an argument for the feasibility of such implementation is made. Finally,
simulation results from a reduced complexity model are used to show the potential of the
proposed method using a representative turbine noise field.


2. Preliminary Considerations


2.1 Rotor Azimuth and AM Phase On a fundamental level, the rotor-phasing method of AM
mitigation assumes that the phase of an AM envelope waveform can be adjusted by control of
the relative phase in rotor azimuth between turbines. This requires that the phase be directly tied
to the rotor azimuth. Oerlemans et al. [2] showed this to be true based on both simulation and
experimental data. Figure 1 shows the SPL as a function of rotor azimuth for their experimental
and simulated acoustic data. Three distinct peaks are apparent in their results, driven by three
blade passages. The periodicity of the waveforms in this figure with the blade passing frequency
(BPF) and the similarity of waveforms between the three shown periods support the hypothesis
that envelope waveform phase is tied directly to rotor azimuth and can be controlled via rotor







azimuth. This hypothesis is also supported logically by the mechanisms that drive AM directivity
and convective amplification which are a function of rotor azimuth.


Figure 1: Variation in A-weighted SPL with rotor rotational azimuth averaged over numerous
experimental measurements (left) and corresponding simulation results (right) for 45° increments


in azimuth about the turbine tower axis . The azimuth is measured counter clockwise from the
downstream direction as viewed from above. Credit for this figure goes to S. Oerlemans and J. G.
Schepers [2].


2.2 Directionality of Modulation It is shown in Figure 1 that the phase of AM modulation varies
with radial direction from the turbine. The most prominent case of this variation shown is a phase
difference of approximately 180° with a difference in azimuth angle of 45° about the turbine tower
( ). (Note that azimuth here is not the same as rotor azimuth, as discussed above.


he turbine
rotor.) This feature may become problematic depending on the position of the desired quiet
regions, particularly as the quiet regions approach the location of the wind farm. A geometrical
analysis illustrates this.


Consider the simple case where the AM envelope waveforms of
two turbines are to be phased to minimize AM levels at a single
location perhaps a home. A turbine cross-wind spacing of 5 rotor
diameters has been shown to yield array losses typically less than
10% [7], so this spacing will be used as representative of a
modern wind farm. A turbine rotor diameter of 94 m was studied
by Oerlemans et al. [2] and is assumed here. Figure 2 shows the
case where a house is located 541 m upwind of the two turbines.
Without going into detailed analysis at this time, it is intuitive that
the two rotors should be phased to produce approximately 180°


at this location. However, if this directionality is not taken into
account, an additional 180° phase would result for this particular
layout, causing constructive interference of the AM waveforms.
That is, if the rotors are phased with the intention of forcing
destructive interference at the residence but without
consideration of directionality, the phase offset due to the
azimuthal dependence of AM shown in Figure 1,


will result in an additional 180° phase and
constructive interference.


Figure 2: Geometrical layout
that causes inadvertent
constructive interference of AM
envelope waveforms from two
wind turbines.







The depth of SPL modulation peak minus minimum SPL also varies with azimuth. As is
discussed further below, a signal of relatively low modulation depth will be less effective at
cancelling modulation of larger depth. A similar geometrical analysis could show that this will play
a role in the level of AM envelope waveform cancellation that occurs, for example, between
azimuths of 304° and 259°.


The effects of such directionality will become less severe at larger distances from the wind farm,
at different azimuths, and for tighter turbine spacing. It is apparent, though, that the directional
phasing and variation in modulation depth of AM envelope waveforms must be taken into account
in order to effectively design a phasing scheme for a turbine farm.


2.3 Effects of Wind Speed and Spatially Variable Wind Conditions Wind conditions will
affect the AM signal that reaches any given point in the acoustic field of a turbine. Consider a
quiet region location in the cross-stream direction relative to a turbine. An acoustic signal that
would reach this location in still air will propagate to a location downstream due to sound
convection. For a constant wind speed of 25 m/s the cut-out wind speed for the GE 2.5 MW
series [8] and a speed of sound equal to 340 m/s, the angular offset associated with this
convection is 4.2° downwind of the cross-stream direction. Figure 1 shows that, in either
crosswind direction, this will not cause a significant difference in AM envelope waveform phase
or modulation depth. In addition, the initial simulations described in Section 3.2 show that AM
levels only increase about 0.2 dB from the minimum level at an angular offset of 4.2°. Based on
the above considerations, the effects of wind speed on rotor phasing design are assessed as
minimal.


Turbine farms are often expansive and will have variations in wind speed and direction
throughout. This affects the presently considered design problem in two ways. The first is that
variations in wind direction will result in variation in nacelle yaw angles between turbines and, in
turn, the directional differences in AM characteristics described above. Second, variation in wind
speed throughout the wind farm may result in variable rotor speeds and, thus, blade passing
frequencies, significantly complicating the presently considered method. This second concern is
aided by the current trend towards pitch-regulated turbines [7], whose rotor speeds reach a
constant level for winds above their rated wind speed. The rotor speed and blade passing
frequency will therefore be the same between turbines of the same model when the wind speed
is above the rated speed. For the present analysis, small blocks of adjacent turbines are
considered. It is assumed that the wind speed and direction do not vary appreciably over the
geographical span of the hypothetical turbines, so both of these issues are neglected. In practice,
the nacelle yaw azimuth and rotor speeds will need to be taken into account. This may be
realizable by implementing a supervisory control algorithm that adaptively selects groups of
turbines under similar wind conditions for rotor phasing. However, this topic is beyond the scope
of this paper.


2.4 Addition of AM Envelope Waveforms AM envelope waveforms comprise the temporal
variation in RMS pressure of a broadband signal. The proposed method of mitigating AM levels
is based on destructive interference of AM envelope waveforms. However, RMS pressures from
two sources, e.g., two turbines, do not add linearly. This is shown by consideration of the
definition of RMS pressure given by Equation 1.


Eqn. 1


Here, is the time domain acoustic pressure signal and is an averaging time window large


enough to capture the acoustic signal. For the purposes of AM analysis, will be taken as 50


ms, which is the period of a 20 Hz signal. The root-mean-squared operator acting on is non-
linear, confirming that RMS pressure from two sources will not be the sum of the RMS pressures
resultant from each source.







Now, consider the mean-squared (MS) acoustic pressure the square of Equation 1, or the
pressure variance resultant from addition of two sources .


Expanding the squared term out yields


Noise from modern, large turbines is dominated by broadband, aerodynamic noise induced by
turbulence in the atmosphere and in the boundary layers surrounding the blades [7]. Because of
the stochastic nature of turbulence [9] it is reasonable to assume that the acoustic signals from


the two turbines is uncorrelated, so the cross-correlation term above is zero.


The MS acoustic pressure is then given by Equation 2.


Eqn. 2


The above argument could be extended to more than two turbines. RMS acoustic pressure from
multiple sources do not add linearly, but the MS pressure from multiple turbines does add linearly.


Lundmark [10] showed that variation in RMS pressure is primarily sinusoidal at the BPF. The
effects of BPF harmonics are ignored for the remainder of this investigation, but are a topic that
will be investigated in the future. Consider a sinusoidally varying RMS pressure level from a
single turbine. The envelope waveform at a point in the acoustic field can be generally described


by the form of Equation 3, where is the DC value of the RMS pressure, is the amplitude of


the modulation about the DC value, and is the blade passing angular frequency ( ).
Finally, is a phase term.


Eqn. 3


The MS acoustic pressure for this signal is the square of Equation 3. Expending the square and
invoking the trigonometric identity for the square of a cosine yields the MS acoustic pressure
temporal variation described by Equation 4.


Eqn. 4


Note that the MS pressure variation contains not only a DC and fundamental frequency term, but
also a double frequency term. Equation 4 is used in the present analysis to predict the resulting
AM levels in the acoustic field of multiple turbines. As was just shown, the MS acoustic signals
of two sources add linearly. Consider, for simplicity, a two-turbine case. Furthermore, assume
the envelope waveforms described by Eqn. 3 for each turbine are identical at the location being
considered, aside from the phase, i.e. and . If the two rotors are phased


to cause or 180° offset for the fundamental BPF, e.g. and , the resulting, net
MS acoustic pressure variation is given by


Eqn. 5


Here, it has been included that a phase of 180° negates a sign, and a phase of 360° is equivalent
to a phase of 0°. Thus, the 180° rotor phasing causes a cancelation of the fundamental frequency
term on the right hand side of Equation 4, but a doubling of the DC term and constructive







interference of the double-frequency term. The resulting RMS pressure temporal variation is
described by the square root of Equation 5, given in Equation 6 below.


Eqn. 6


This result is tested by creating two representative AM signals that are modulated 180° out of
phase. A BPF of 1 Hz and a modulation depth of 3.5 dB are used. 3.5 dB is approximately the
median modulation amplitude depth by Oerlemans et al. [2], though it is not A-weighted here. For


generality of this analysis, the temporal variation in has been normalized by the mean
value. This AM signal is generated by modulating a pseudo random number sequence of
variance 1 by Equation 7. The two modulated signals are then summed, and is
calculated for 50 ms segments of the simulated data,
envelope waveform. An acoustic sampling rate of 200 kHz is used to increase the number of


samples over which is calculated.


Eqn. 7


A second envelope waveform is generated using Equation 6 with and ,
which is referred to as the theoretical envelope waveform. The mean value of each
envelope waveform is subtracted from the respective waveforms to remove the DC
component, as in [10], and an FFT is taken. The FFT is normalized for the number of
samples over which it is calculated and converted to a dB scale that gives the peak SPL
minus the minimum SPL. The resulting frequency content for the simulated and
theoretical envelope waveforms are given in Figure 2 and show good agreement.


Figure 3: Frequency content of simulated (top) and theoretical (bottom) envelope waveform
resultant from the destructive interference of two constituent envelope waveforms of normalized


amplitude (mean . A blade passing frequency of 1 Hz and a modulation depth of 3.5 dB
were used for the two constituent envelope waveforms.


The noise in the top plot of Figure 3 decreases with increased sampling frequency due to
averaging over a higher number of samples. The ramp-like approach to the peak in the bottom
plot of Figure 3 is non-physical and becomes tighter with increased frequency resolution.


Figure 4 shows the spectral content of resultant envelope waveforms for constructive interference
and destructive interference of two constituent envelope waveforms. Net envelope waveforms







are generated using Equation 4, summed and square-rooted. The same envelope waveform
structure described above is used, and again the DC component of the envelope waveforms are
removed.


Figure 4: AM envelope waveform frequency content for constructive (top) and destructive (bottom)
interference of two constituent envelope waveforms. A blade passing frequency of 1 Hz and a
modulation depth of 3.75 dB were used for the two constituent envelope waveforms.


Figure 4 illustrates several characteristics of the non-linear addition of RMS pressure. The first is
that the envelope waveform modulation depth resultant from constructive interference of two
constituent envelope waveforms is identical to that of the constituent waveforms when measured
in dB, as noted by Bowdler [11]. However, the mean SPL is increased by 3 dB (not shown). In
the case of destructive interference, the fundamental BPF component of the AM envelope
waveform has been completely eliminated, but a component at double the BPF is present a level
decreased by 3.33 dB.


The proposed method will therefore greatly reduce the modulation in SPL at locations of
destructive interference of envelope waveforms. The residual modulation will, at best, have a
component at double the BPL but a significantly reduced modulation depth. If the two envelope
waveforms are not of the same modulation depth, Equation 4 shows that the resultant net AM
will have a component at the BPF as well as double the BPF. Note that all of the presented
analysis assumes that a phasing of 180° is optimal, which is not necessarily the case.


3 Phasing Design and Simulation


3.1 Choice of Turbines A wind farm may be broken into cells of several turbines in order to
simplify the design process. This increases the potential for simplifying conditions such as
reduced variation in wind conditions throughout a cell and minimal AM directionality effects, as
discussed in Section 2.2. To begin the phasing design process, one must chose the turbines to
include in a given cell.


Several design trade-offs are present in choosing the size of a cell. The choice depends not only
on the wind farm layout, but also the relative location of the desired quiet regions. On one hand,
a small cell say, two adjacent turbines provides the highest correlation between wind
conditions at the two turbine locations. The two turbines then have the highest chance of holding
the same nacelle yaw angle and rotor speed. The AM directionality effects will also be minimized.
Because of the latter benefit, small cells may be the best choice if a quiet region is relatively close
to the wind farm, particularly in the streamwise direction. Though, if directionality effects are
properly taken into account, this feature may be circumvented.







Using only two turbines in a cell has the drawback of reduced flexibility. If multiple, widely
dispersed quiet regions surround the farm, a two-turbine cell may not effectively reduce AM at all
locations. If the cell is designed to direct a null at a single quiet region, the beampattern of the
cell the modulation depth of the net AM envelope waveform throughout the acoustic field
determines the AM level that is present at the remaining quiet regions. Using more than two
turbines increases flexibility in this respect. Several mathematical formulations of the multi-
turbine, multi-quiet region problem have been considered. However, no analytical or numerical
solution has been found at this time, so this is left for future research.


Finally, established array design methods are considered. Several trends are noted in [12] that
are taken into account, although modified for this application. First, the beamwidth of the
mainlobe in the beampattern of an array is inversely proportional to the number of sensors, or in
our case sources, in the array. This argument is made in consideration of a mainlobe being a
peak, but it is geometrically similar to the consideration of a mainlobe null. Furthermore, the
beamwidth of a linear array is broadest in the direction aligned with the array axis. As we are
seeking a broad beamwidth null in order to minimize AM at and near a quiet region, two-turbine
cells most closely aligned with the quiet region are used for the simulations below.


3.2 Beampattern for a Single Two-turbine Cell A simulation of the acoustic field of two
turbines is conducted. A single quiet region is included, and the turbines are phased such that
the two constituent AM envelope waveforms are 180° out of phase at the point specified for the
quiet region. Sinusoidal envelope waveforms of equal mean-value and modulation depth are
generated by the turbines. Directionality effects are neglected for simplicity. Acoustic signals are
attenuated as the inverse of the range from the turbines [13], but frictional losses are neglected.
A speed of sound of 340 m/s was used. A blade passing frequency of 1 Hz and modulation depth
of 3.5 dB are used. Cylindrical propagation is assumed because the envelope waveform
wavelength of 340 m is larger than the turbine dimensions.


Figure 5 shows the layout of the turbines and quiet region used for the simulation, as well as the
resulting AM field. The quiet region is set approximately in the cross stream direction and nearly
aligned with the two-turbines. Note that due to neglecting the effects of AM directivity, much of
the AM field will be different in practice, particularly in the streamwise direction and near the
turbines. The difference in azimuth for the quiet region as viewed from the two turbine locations
is only 8° in this case, so directionality effects at the quiet region should be minimal (see Figure
1).


Figure 5:
quiet region, where the two constituent envelope waveforms are phased at 180°. Wind is in the
positive Y direction.







The resulting modulation depth at the quiet region location is reduced from 3.5 dB to 1.84 dB.
The depth was not reduced to 0.17 dB as in Figure 4 because of the difference in range to the
quiet region from the two turbines. That is, the signal from the turbine at location (0,0) is
approximately half as strong at the quiet region as the signal from the second turbine. This effect
is reduced as the quiet region becomes further from the turbines, as can be readily viewed in
Figure 5. This illustrates another design trade-off: If the quiet region were located in a direction
perpendicular to the line connecting the two turbines, its range from either turbine would be
equal. The AM cancellation would then be far more effective at close ranges, but directivity
effects would become significant and the beamwidth would be decreased, reducing the area
over which the modulation depth is minimized.


4.0 Conclusions


A preliminary investigation had been conducted into the potential for using phased array
techniques to mitigate AM of acoustic signals from a wind farm. By forcing destructive
interference of the AM envelope waveforms from multiple turbines, the modulation depth of the
total signal is significantly reduced. For two identical envelope waveforms phased at 180°, it was
shown that a residual modulation remains at double the blade passing frequency but a
significantly reduced modulation depth from 3.5 dB to 0.17 dB in the case presented. The
tradeoffs involved in designing a phase scheme for a turbine farm were discussed, and an initial
take on design strategy was presented. The modulation depth throughout the acoustic field of
two turbines the beampattern for this ad hoc source array was shown by simulation,
illustrating that range attenuation causes mismatched signal amplitudes and reduces the
effectiveness of AM cancellation relatively close to the turbines.


Ultimately, it is concluded that the method has the potential to mitigate effects of AM and reduce
annoyance caused by wind turbine noise. However, the intricacies discussed herein show that
the phasing design process is not a simple one, and that conditions such as directivity of AM and
varied wind conditions throughout a turbine farm present significant challenges to the process.
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Summary
The primary purpose of a wind farm is to produce electricity and it is the objective of
a developer to design a wind farm which optimizes the potential yield and maximizes
the financial return. However, site restrictions and planning constraints, one of which
is noise, affect the total installed capacity and layout of a wind farm, and needs to be
considered carefully.


This paper introduces the subject of wind farm
perspective, from finding suitable land, to submitting a planning application. Initially a
suitable location is assessed for favourable conditions such as wind resource,
adequate grid infrastructure, and access for abnormal loads, then the wind farm is
designed in accordance with constraints which include: archaeology; ecology;
landscape and visual impact; local residences and other technical constraints.


Operational noise from a wind farm is only one factor affecting the constraints due to
local residences, but it has a strong influence in determining the capacity and layout
of a wind farm. The assessment of wind farm noise is completed following relevant
guidance in accordance with planning policy. Another factor that is discussed is the
influence of cumulative wind farms on the design of a wind farm in relation to noise,
depending on their status in the planning process.


1. Introduction
RES are a renewable energy company that not only develop wind farms but also
other forms of renewable energy technology (solar photovoltaic, solar thermal and
biomass) for the provision of heat and power. RES has a portfolio of more than
6 GW constructed and several thousand megawatts under construction and in
development. Given this experience, the purpose of this paper is to provide
information to the acoustics community on how wind farms are developed and where
noise fits into the development process. Something which can be misunderstood by
those not involved in the area is that noise is not the primary driver in wind farm
design. This paper outlines what the key design drivers actually are and why a wind
farm is designed the way it is.


The paper commences by looking into the location of a wind farm through site
selection by providing details of the environmental and technical areas, such as wind







resource, proximity to grid, proximity to exclusion zones, location in relation to
habitations etc, that need to be considered.


Following site prospecting/selection is a discussion on the design of a wind farm with
regards to site specific development which covers all the necessary constraints that
feed into the environmental assessment, including: visual and landscape
assessment; ecology; archaeology; agriculture; electromagnetic links; highways and
noise.


Further information in relation to noise is continued with reference to the appropriate
assessment methodology, how this influences the design of the wind farm, and the
affect other wind farms have in the design of a new wind farm.


2. Site Selection
Site selection typically comprises a desk based study carried out against key site
criteria, for example the wind resource; proximity to the electrical grid; proximity to
airport exclusions; proximity to habitations etc. Sites are identified by site
prospecting and determining which the best candidates for development are.


For example, the outcome of an England & Wales site selection process is shown in
Figure 1.


Figure 1 England & Wales Site Selection







Once a number of potential sites have been identified, the sites are assessed and
ranked in order of priority based on environmental, technical and policy
considerations. The most promising of the sites require a site visit and preliminary
discussion with both the landowner and the planning authorities.


There are a number of environmental considerations which include visibility from
surrounding areas, the proximity to habitation, shadow flicker, electromagnetic
effects, TV interference, flora and fauna, impact upon land use and land use
designated areas, for example Sites of Speci in the UK.


Technical considerations include wind resource which is used to refer to the amount
of useful wind available at a site. The economic viability of a wind project is dictated
by the resource assessment and hence it is critically important. As wind farm
economics are dominated by mean wind speed and the wind turbine layout is
dominated by wind direction. To obtain this resource information, in order to aid the
wind farm development activities high resolution wind maps are produced using
mesoscale modelling. A mesoscale model can provide estimated long-term mean
wind speeds with good accuracy and simulate the long-term wind climatology
effectively. An example of predicted wind maps are shown in Figure 2.


Figure 2 Mesoscale model for UK


Availability of suitable land is another technical consideration, as a large, open land
area is required, given typical turbine spacing of 100 - 400 m). The location needs
to be well exposed and not too steep, and ground conditions need to be suitable, for
constructing foundations etc.


Good access is required since long site access tracks are expensive, and corners,
buildings etc. can cause problems for lorries carrying blades. Also grid connection
needs to be considered taking into account the proximity of an existing grid network
and sufficient capacity to accommodate generation.







Policy considerations include knowledge of the consenting process, the timescales
involved in consenting wind farms in different regions and assessing the impact of
policy on technical and environmental considerations.


After considering all relevant environmental and technical considerations a developer
will make a decision as to which sites to develop further. The selected sites begin
the core part of the development process which consists of resource & energy yield
assessment, environmental assessment, and planning. Concurrent to the site
development is a continuous process of public consultation through public meetings,
information leaflets and websites.


3. Wind Farm Design
An initial site layout for the turbines is designed to optimise the energy yield from the
site by maximising the beneficial topographical effects and minimising wake effects
while staying within the various constraints, and consequently layout design is an
iterative process.


The complexity of the optimisation process is indicated by the wind rose. Modelling
wind flow across the site takes into account site conditions to create a suitably
spaced layout. Depending on the wind rose the required spacing between turbines
within rows and between the rows varies, due to wake effects between turbines with
regard to loss of energy and turbulence created in the wakes. For omni-directional
winds, layout optimisation algorithms are required, a typical layout and wind rose is
shown in Figure 3. For a unidirectional wind rose (shown in Figure 4) the turbines
will be positioned in rows; within the rows turbines are positioned reasonably close (3
rotor diameters) while the rows are spaced farther apart (>5 rotor diameters).


Figure 3 Wind rose and optimum layout for a site with an omni-directional wind rose







Figure 4 Wind rose and optimum layout for a site with a unidirectional wind rose


3.1 Wind Resource


Wind speeds on site are typically measured for at least 12 months to observe
seasonal variation. However in order to determine the wind speed over the life time
of the wind farm a technique is employed called Measure-Correlate-Predict (MCP) to
predict long term wind resource (RES, 2004).


3.2 Energy Yield


A wind farm energy yield is calculated from the power curve (& thrust curve for
wake losses), wind distribution, wind shear, air density (power linearly proportional to
density), and turbulence (impact on wake losses and power curve). Energy losses
are calculated from wake losses, topographical effects, availability of turbines and
electrical grid, electrical line losses, and turbine control losses. Additional losses like
wake sector management, noise curtailment, and icing related shutdowns may be
required on site by site basis. An uncertainty assessment is the done to quantify and
highlight the various risks affecting the energy yield.


3.3 Environmental Assessment


For larger wind power projects, usually over 5 MW, the wind farm developer is legally
required to produce an Environmental Impact Assessment (EIA). This environmental
assessment evaluates the effect of the proposed wind farm on the landscape and
environment, and it also allows the developer to design suitable mitigation measures
to mitigate any impacts the wind farm might have.


One of the main environmental considerations is the Landscape and Visual Impact
Assessment (LVIA) which describes and evaluates the landscape character and
visual amenity of an area and assesses the potential impact of the wind farm on the







physical landscape characteristics and visual amenity of the study area. Figure 5
shows a wireframe and photomontage visual and landscape assessment.


Figure 5 Visual and landscape assessment: Wireframe & Photomontage


The visual context of the site is described using a Zone of Visual Influence (ZVI)
established to indicate where the site and proposed turbines are likely to be visible
(coloured areas define turbine visibility) from. An example of a ZVI is shown in
Figure 6.


Figure 6 An example for Zone of Visual Influence (ZVI)







An ecology study of flora and fauna addresses the potential impacts of the wind farm
on the habitats and species in the study area. Areas of national or local interest are
identified, along with protected species, breeding and migrating birds.


An archaeological and cultural heritage assessment is undertaken in advance of
submitting a planning application for the proposed wind farm. This assessment
examines the known archaeology and built heritage and an assessment is made of
the likely significant effects of the wind farm development upon archaeology and
cultural heritage.


An electromagnetic links assessment is carried out for the likely impacts of the wind
farm on communication systems that use electromagnetic waves as the transmission
medium (e.g. television, radio or microwave links).


An aviation assessment is carried out for the likely impacts of the wind farm on the
operational requirements of various aviation or weather related stakeholders which
make extensive use of radar systems.


The Highways and Rights of Way assessment deals with effects arising from the
predicted levels of traffic movements associated with the wind farm including public
rights of way. The main transport effects are associated with the movements of
commercial Heavy Goods Vehicles (HGVs) and abnormal loads to and from the site
during the construction phase of the wind farm.


Assessment of the potential impacts of the wind farm on existing baseline conditions
which include geology, geomorphology, soils, minerals, ground contaminants and
hydrogeology are also completed. The potential hydrological (i.e. surface water)
effects of the construction, operation and decommissioning of the wind farm
development is also assessed. The assessment techniques used are aimed at
identifying hydrological constraints on the layout of the wind farm, including areas in
which development should be avoided and areas in which hydrological mitigation
measures are required.


Under certain combinations of geographical position, time of day, time of year &
meteorological conditions, the sun may pass behind the turbine rotor and cast a


contrast between light and shade is most noticeable. To a person within that room
the shadow, depending on its intensity, may appear to flick on and off, giving rise to
an effect referred to as shadow flicker . The wind farm is designed so that the
distance to nearest properties is adequate so there is minimal impact from shadow
flicker in accordance with appropriate guidance.


Noise can have an effect on the environment and on the quality of life enjoyed by
individuals and communities. The effect of noise is therefore a material consideration
in the determination of planning applications. An assessment of the acoustic impact
of the wind farm is completed according to the recommendations & guidelines


1996) in the UK. The aim of these guidelines is to ensure noise levels will offer a
reasonable degree of protection to the acoustic amenity of residents who are in
proximity to the proposed wind farm.







3.4 Constraints Map


Through the process of different constraints and adverse impacts being identified and
evaluated there is an iterative approach to the design of the wind farm. The wind
farm is designed to avoid environmental constraints and typical separation distances
are as follows:


Bridleways 200m
Gas Pipe lines 1.5 x hub height
Overhead High Voltage Power Lines-3 x Rotor Diameters.
Footpaths 50m
Roads toppling distance
Bats ~1 x rotor diameter + 50m
Scheduled Ancient Monuments typically toppling distance
Blanket Bog avoid
Habitations approx 10D
Electromagnetic Interference (EMI) depends on constraint
Hydrology 70m (30m for ditches)


Figure 7 shows the results of such constraints and consequently the limitation to the
locations of turbines for the wind farm.


Figure 7 Combined Constraints Map







4. Noise
Following completion of designing a layout based on all the constraints defined by
distance as shown in Figure 7, this normally results in a layout which does not have
any noise issues, and consequently the design of a wind farm does not typically
depend on noise. However the proposed wind farm layout is checked for noise in
accordance with appropriate guidance on assessing wind farm noise, which in the
UK is ETSU-R-97.


The ETSU-R-97 guidance makes it clear from the outset that any noise restrictions
placed on a wind farm must balance the environmental impact of the wind farm
against the national and global benefits that arise through the development of
renewable energy resources. The principle of balancing development needs against
protection of amenity may be considered common to any type of noise control
guidance.


The basic aim of ETSU-R-97, in arriving at the recommendations contained within
the report, is the intention to provide:


farm neighbours, without placing unreasonable restrictions on wind farm
development or adding unduly to the costs and administrative burdens on wind farm
de


ETSU-R-97 provides a robust basis for assessing the noise impact of a wind farm
and has been applied at the vast majority of wind farms currently operating in the UK
An article published in the Institute of Acoustics Bulletin Vol. 34 No. 2, March/April
2009 (Institute of Acoustics, 2009), recommends a methodology for addressing
issues not made explicit by, or outside the scope of, ETSU-R-97 such as in relation
to wind shear or noise propagation modelling. This article was authored by a group
of independent acousticians experienced in wind farm noise issues working for both
wind farm developers, local planning authorities and third parties.


More recently the Institute of Acoustics has brought out a Good Practice Guidance
(IoA GPG, 2013). The Good Practice Guide provides guidance on all aspects of the
use of ETSU-R-97 and, effectively, reaffirms the recommendations of the Acoustics
Bulletin article with regard to propagation modelling and wind shear.


4.1 Assessment Methodology


To ensure adequate assessment of the potential impacts of the operational noise
from the proposed wind farm the following steps are undertaken in accordance with
relevant guidance.


The baseline noise conditions at each of the nearest neighbours to the wind farm are
established by way of representative background noise surveys. The assessment of
background noise levels at potentially sensitive neighbouring locations requires the
measurement of not only noise levels, but concurrent wind conditions, covering a
representative range of wind speeds. These wind measurements are made at the
wind turbine site rather than at the properties, since it is this wind speed that will


To establish the baseline
conditions, sound level meters and associated apparatus are set-up to record the







required acoustic information at a selection of the most noise sensitive dwellings
geographically spread around the proposed site and are likely to be representative of
other houses in the area.


The noise levels incident at the nearest neighbours due to the combined operation of
all the wind turbines for the proposed wind farm using a sound propagation model
are estimated giving due regard to: the locations of the wind turbines; the locations of
the nearest, or most noise sensitive neighbours; the intervening terrain; & the likely
noise emission characteristics of the wind turbines. The ISO 9613 Part 2 model is
used (ISO, 1996), this being identified as most appropriate for use in such rural sites
(ETSU, 2000), and recommended for use in the Institute of Acoustics Good Practice
Guidance. The specific interpretation of the ISO 9613 Part 2 propagation
methodology has been employed as in the Institute of Acoustics Bulletin article
(Institute of Acoustics, 2009). An example of the predicted noise levels at nearby
properties is typically presented as shown in Figure 9.


Figure 9 Example of a Predicted Noise Footprint


With due regard to relevant guidance or regulations the acoustic assessment criteria
is derived. ETSU-R-97 states that different limits should be applied during quiet
waking and night-
outdoor amenity, while the night-time limits are intended to prevent sleep
disturbance. The general principle is that the noise limits should be based on
existing background noise levels, except for very low background noise levels, in
which case a fixed limit may be applied.







The evaluation of the acoustic impact is undertaken by comparing the estimated
noise levels with the assessment criteria. An example of the comparison of predicted
noise levels with limits is shown in Figure 9.


Figure 9 Comparison of predicted noise levels against limits


If the noise limits were exceeded then noise becomes a critical constraint and the
proposed wind farm layout, or turbine type, needs re-evaluated so that the wind farm
is designed to comply with appropriate guidance on wind farm noise.


4.2 Cumulative Consideration


In acoustic practice it is generally accepted that where a difference in noise
immission levels due to each noise source is greater than 10 dB(A) there is negligible
cumulative effect and the smaller source can be ignored. Therefore, conversely, a
cumulative impact of any magnitude can only be possible if both wind farms produce
predicted noise levels within 10 dB of each other at the assessed property.


ETSU-R-97 recommends that the derived noise limits applicable at nearest house
locations shall relate to the cumulative effects of noise from all wind turbines that may
affect a particular location.


Depending on the status of the cumulative wind farm, this will determine how it is to
be assessed. These include whether or not the proposed wind farm has had a
planning application submitted and is waiting to be determined, or if it has been
consented. If the wind farm is at a preplanning stage it would not be considered
because an application may never be submitted or the layout may change before
going to planning. Existing wind farms would be considered in the same way as
consented wind farms.







For wind farms not yet determined, but with a planning application submitted, the
method to assess these wind farms would be to predict noise immission levels at the
assessed properties due to the third party wind farm, and then complete a cumulative
noise assessment by combining predicted noise levels due to the proposed wind
farm and the third party wind farm, and compare these cumulative predictions to the
appropriate noise limits.


If a wind farm has been granted planning consent, as a worst case assumption, it
may be postulated that this wind farm could produce higher noise levels than
predicted for that site, i.e. produce noise levels that are at maximum equal to the
consented noise limits. For this situation the critical property is identified and this will
be the property that can have noise levels at the limits which the third party wind farm
has been conditioned to. Consequently all other properties would have lower noise
levels otherwise the critical property would be in breach of noise limits, therefore the
noise levels at the other properties are predicted by inferring the predicted noise
levels from the most critical property.


The process as of assessing cumulative noise impact is overly conservative at
ensuring that the ETSU-R-97 derived limits at each nearby house are adhered to, as
some houses cannot be downwind of all wind farms at the same time. As such a
directional assessment is typically completed to show more realistic noise levels at
the most critical properties.


The issue with attempting to design a wind farm to account for cumulative wind farms
is that the status of these wind farms could change unless they are already
consented or exist, in which case the wind farm must be designed so that noise limits
are not exceeded considering worst case assumptions.


5. Conclusions
A developer is responsible for designing a wind farm considering all constraints, of
which noise is only one factor. This paper provides an insight into the process of
wind farm design and how noise only plays a small part of the design process.


Key design constraints that feed into the environmental assessment include visual
and landscape, ecology, archaeology, agriculture, electromagnetic links and
highways, and from the different constraints and adverse impacts a wind farm is
designed.


Noise is evaluated according to the appropriate guidance and legislation, and the
wind farm redesigned where necessary to account for noise. Consideration also
needs to be given for the status of cumulative wind farms, and how these affect the
design of the wind farm in relation to noise.
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Summary:


This paper is a family case study looking at the adverse health effects of living in close


proximity to wind turbines and transformers. It reviews the wind farm project,


complaints of the family and their neighbours, and the results of testing by private and


official agencies for low frequency noise (LFN), electromagnetic fields and electrical


phenomena associated with wind turbines and transformers. It also looks at the impact


of perceived self-efficacy on health. The findings and conclusions point to LFN and


perceived self-


Introduction:


I am a Family Physician with a practice in Orangeville, Ontario, Canada, a rural area 60
miles north of Toronto. In March 2006, a significant number of wind turbines (45) were
erected in a community 30 miles north of Orangeville. The transformer station was
located 7 km away from the wind turbines and is as close as 360 metres to existing
farms and their residential and animal buildings. This project was part of the Ministry of


phase out coal fired electricity. This paper details some of the impacts, both human
and environmental, of the wind turbines and transformers and is presented in the form
of a family case study.
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The Wind Turbine Project:


The developer conducted an environmental impact study to assess the feasibility of


wind turbines as an alternative source of power located in a rural community. Following


a series of community meetings, the project was approved by the Ontario Ministry of


the Environment (MOE) and a construction company was selected to build the wind


turbines. The developer, Canadian Hydro Developers, contracted with local farmers to


have the wind turbines and a transformer station located on their property. In return,


the farmers received remuneration annually based on a lease agreement with the


developer.


In 2008, after 2 years of complaints from members of the community, the Ministry


determined that the transformer did not meet the applicable noise limits. As a result, 2


new step up transformers were installed in the transformer station to replace the


original transformer.


In the Fall of 2008, an additional 88 wind turbines were installed so that the completed


development included 133 wind turbines and a transformer station containing 2 step up


transformers.


The Subject Family (The W Family):


This paper presents details of the impact of the wind turbines and their transformers on


the W family and their farm. The father (TW), age 63, the mother (CW), age 61, and


their daughter (KW), age 23, have lived on the property for 26 years. I have been their


family physician for 12 years. For the most part they had been enjoying reasonably


good health.


Adverse Health Effects Experienced by the Family:


Just shortly after the wind turbines were put into operation, the family began to


experience health problems. Initially, they all suffered from sleep disturbances, having


difficulty falling asleep and staying asleep. The significantly severe sleep deprivation


was associated with mental and physical exhaustion, severe anxiety, an inability to


focus and concentrate and a generally decreased capacity to cope with the stresses of


everyday living. TW suffered the most in terms of the complexity and intensity of


symptoms. CW had less severe symptoms than her husband. Their daughter, KW,


had fewer physical symptoms but more severe emotional issues than her parents.


The daughter became profoundly depressed with suicidal ideation and thoughts of self-


harm. She responded only marginally to counselling and medical treatment and
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continued to be symptomatic as long as she resided in the family home. Unfortunately,


However, the onset of her depression and anxiety clearly coincided with the beginning


of the operation of the wind turbines.


The father developed debilitating headaches. He was aware of vibration throughout his


whole body, especially in his chest. He also experienced severe anxiety associated


with shaking and palpitations. TW started to have vertigo at night and developed


tinnitus both of which disappeared when he went fishing for three days and resumed


when he came home. In fact, if he was away from home for more than two days he


slept better and generally felt less anxious and physically healthier. However, his


symptoms would all return as soon as he came home.


The mother suffered from anxiety as well and both parents were very distressed to


ly.


Environmental Impacts:


The W family run a goat and cattle farm. Previously, the animals were healthy and the


farm prospered. Once the wind turbines began, the goats were much less successful


with respect to milk production. The cattle were much less fertile, had difficulty breeding


and the herd was reduced from 23 to 8 cattle within 5 years. The veterinarian states that


their farm animals have experienced undiagnosed reproductive failure and


approximately 1/3 of their breeding animals are not pregnant.


Other Related Stresses:


in buying the farm because of the proximity to the wind turbines and the problems


experienced by the W family. The transformer station is located 490 meters from the


house. In fact, there are 3 other families located near the transformer station. Two of


the neighbours were also having similar issues, one family located 360 meters from the


transformer station. Their symptoms appeared to be just as intense. The third


neighbour is receiving financial compensation from the developer and there is no


evidence that complaints to the Ministry have been filed.


However, fortunately, one of the neighbours with complaints now resides in another


home and only comes to their farm to do chores. They do not eat their meals or sleep


at the farm and their symptoms appear to have resolved. The W family do not presently


have this luxury and are not able to eat or sleep in another location.


This financial stress serves to aggravate the situation even further.
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Confounding Variables:


Clearly, one possible cause of these impacts relates to the proximity to the wind


turbines and transformer station and the low frequency noise (LFN) produced by both.


However, there is now considerable evidence of a dose-response relationship for


adverse health effects due to exposure to the electromagnetic frequencies (EMFs)


emitted by transformers as well as electrical phenomena associated with transformers,


including dirty electricity, neutral to ground and stray voltage.


The W family had an independent assessment of the electrical energy patterns


detectable in their house. The technician found very erratic wave patterns and when he


asked to have the power supply shut off, he was told it had already been cut.


Despite these confounding variables, the overall impact of low frequency noise (LFN)


from both the wind turbines and the transformers is still the most likely cause for the


adverse health effects since the impacts are experienced equally by others who are


situated close to the wind turbines but not close to a transformer.


A recently released report [Health Hazard Investigation of a Transformer Station (2013)]


produced by Wellington-Dufferin-Guelph Public Health (the area in which the W family


resides) reviewed the scientific literature re: wind turbines and transformers and


adverse health effects. It also looked at 2 families, including the Ws and one of their


neighbours, their specific complaints and studies/testing done locally by official and


private researchers.


The findings of the report indicate that the levels of EMFs and electrical phenomena


related to the transformers were as expected. They did not exceed safety


standards/guidelines in the homes and the immediate vicinity and could not be


implicated as the cause of the complaints. It did state that the animals are much more


sensitive than humans to the neutral to ground and stray voltage and that their problems


might be attributable to the electric patterns associated with the transformers.


The report concluded there is no evidence from the literature that either electric or


magnetic fields or dirty electricity or stray voltage (which has been measured) present a


health hazard or are a direct cause of their symptoms. However, while the report


referenced sleep disruption, stress and noise annoyance, there was no discussion of


the serious medical consequences of these effects which occur via the indirect pathway.


that some of the described
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-


circumstances) as a possible factor. Another term to describe lack of self-efficacy is


-efficacy impacts mental and physical health and


can be associated with depression, anxiety and helplessness. Certainly, the individuals


in this case study were frustrated by the lack of response by the MOE to their


complaints and felt helpless to alter their circumstances (short of abandoning their


home).


The impact of the lack of self-efficacy is supported by


document on the Social Determinants of Health (2008). It states:


matter of life and death. It affects the way people live, their consequent chance of


the wind facilities are imposed and planning rights have been removed from local


municipalities.


Conclusions:


1. The W family experienced mental and physical symptoms that almost certainly


were caused by their proximity to wind turbines and the transformer station.


2. The most likely cause of their adverse health effects was exposure to LFN.


3. The EMFs and electrical phenomena associated with transformers, including


dirty electricity and neutral to ground and stray voltage, were not detected at high


enough levels to be implicated as a cause for the reported complaints.


4. However, stray voltage conduction likely creates higher currents in animals and


makes them more sensitive than humans. As a result, some of the effects on


animals may be attributable to stray voltage from the transformers as well as


LFN.


5. In assessing the feasibility of locating wind turbines and transformers in close


proximity to residences, broader determinants of health such as perceived self-


efficacy should also be taken into consideration.


6. Wind farms in rural communities would best be located a considerable distance


from human and animal habitation (e.g. 2000 meters as a guideline for prudent


avoidance).
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Summary
The South Australian Environment Protection Authority has advised that tonal


audibility at residences near wind farms should not exceed 0 dB when assessed in


accordance with IEC 61400-11. Following the commencement of operation of a Wind


Farm, an investigation was undertaken into a complaint regarding the character of


wind farm noise which was received from a resident and that related to specific wind


speeds and directions. This paper outlines the comprehensive tonality assessment


undertaken at the house using the tonal audibility test in IEC 61400-11, but which


considered all wind speeds and directions. An audible tone was detected at a


frequency of approximately 124 Hz, occurring at night and during upwind conditions,


which corresponded to the conditions identified in the complaint. The tone was found


to relate to the gear meshing frequency of the turbines. Modifications were


subsequently made to the turbines and then further tonality testing undertaken that


demonstrated that the tone was rectified and met the 0 dB criterion for all


measurement periods.


1 Introduction


Hallett Hill Wind Farm is the second stage of the Hallett Wind Farms located near


Hallett, South Australia, and commenced operation in late 2009. Relatively soon after


commencement, a complaint was received from a resident living approximately


1.5 kilometres from the nearest turbine at the wind farm.


In response to the complaint, a detailed tonality assessment was undertaken to


assess compliance with the tonality criterion imposed by the South Australian
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Environment Protection Authority (SA EPA). An audible tone was detected at a


frequency of approximately 124 Hz, typically occurring at night and during upwind


conditions, which corresponded to the conditions identified in the complaint.


The tone was found to relate to the gear meshing frequency of the turbine gearbox. A


number of turbines were shut down at night in the interim period to ensure that


compliance was being achieved with the noise criteria, while a permanent solution


was developed. Permanent modifications, in the form of tuned mass dampers, were


subsequently made to the turbines to enable the tonality criterion to be met at all


times.


This paper describes the tonality assessment methodology employed at the


residence near Hallett Hill Wind Farm, and outlines the results of the assessment. It


also:


Highlights that the current IEC 61400-11 tonality assessment methodology


intended to be employed at wind turbines may need to be expanded if it is to be


applied at residences.


Compares the tonal audibility criteria applied at Hallett Hill Wind Farm to that


applied to other industry and to wind farms in other Australian States.


2 Hallett Hill Wind Farm


2.1 Site description


Hallett Hill Wind Farm is located south of Hallett, South Australia, and comprises


34 wind turbines of the same make, each rated at approximately 2 MW. The turbines


run north to south along a ridge line, with the turbine hubs elevated approximately


250 to 300 metres higher than the nearest residential properties in the valley below.


The wind farm is managed by AGL Energy Limited (AGL).


2.2 Applicable wind farm noise criteria


The Hallett Hill Wind Farm is subject to the requirements of the South Australian


Wind farms environmental noise guidelines (SA EPA, 2009) referred to in this paper


as the Guidelines. The Guidelines require that the Leq noise level from the wind farm


(measured in the field as an L90 level) does not exceed the greater of:


40 dB(A), or


the background noise level plus 5 dB(A).


2.3 Tonality criterion at residence


Noise that is tonal in character has a relatively high level of acoustic energy over a


narrow frequency range that is not masked by noise at surrounding frequencies.


Tonal noise is relatively common, with vehicle engines, aeroplanes and bird


vocalisations all common examples of tonal noise experienced at residences.
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It is well recognised that tonal noise is more annoying than broadband (non-tonal)


noise. In recognition of the increased annoyance caused by tonal noise the


Guidelines state that the noise level measured from the wind farm should be


tonality as a c No


specific test procedure or methodology to apply the penalty is identified as the


mandatory test procedure within the Guidelines, but IEC 61400-11 (IEC, 2006) is


provided as an example of a suitable procedure.


IEC 61400-11 provides a method for calculating a tonal audibility a), with an


audibility of 0 dB indicating a tone is just audible to the average listener, but does not


suggest a value of tonal audibility that would be considered acceptable. Contact was


made with the SA EPA to determine a suitable criterion to use, and it was advised


that wind turbine noise should achieve a tonal audibility of no more than 0 dB at


nearby residences.


2.4 Nature of complaint


A complaint was received from a resident located approximately 1.5 kilometres east


of the turbines at Hallett Hill Wind Farm. The property was the nearest non-financially


involved residence to the wind farm. The complaint related to night time periods of


relatively low wind speed, and suggested the issue may be greatest when the wind


was blowing from the east (turbines upwind with respect to the house).


Previous noise measurements conducted at the residence demonstrated that the


wind farm was operating in compliance with the relevant noise criteria, although


these measurements did not include a specific assessment of tonality.


A tonality assessment undertaken by others at a different residence, nearby but


slightly closer to the turbines, did not identify a tone. Two assessments of tonality had


also been undertaken at the turbines with one assessment identifying an audible tone


and the second not. However, the previous assessments at both a residence and the


turbines had closely followed the IEC 61400-11 Edition 2.1 methodology, and


therefore all considered only a small number of measurements under downwind


conditions. There was a possibility that the results of the previous assessments were


not directly applicable to the complaint as:


the lowest wind speed previously assessed for tonality (6 m/s at 10 m height)


was potentially higher than the wind speeds noted in the complaint


the complaint suggested that noise under upwind conditions was subjectively


more annoying, when the standard uses downwind measurements.


3 Tonality assessment methodology


3.1 IEC 61400-11 Edition 2.1


The IEC 61400-11 tonality assessment methodology applies at the turbine and is not


intended to be applied at a residence. This meant that the assessment methodology
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needed to be adapted in some areas for it to be relevant at a residence and for it to


cover the range of wind speeds and directions to which the complaint referred.


At the time of the assessment, IEC 61400-11 Edition 2.1 was the relevant version of


the Standard. This methodology involves calculation of the tone level for possible


tones in selected 10-second spectra and calculation of the masking noise level in the


critical bandwidth around the tone. Tonal audibility is then calculated as the


difference between the tone level and the masking noise level, adjusted by a


frequency dependent audibility criterion.


IEC 61400-11 Edition 2.1 has specific data collection requirements that limit the data


to be assessed at the turbine. The two one-minute periods nearest to each integer


wind speed from 6 m/s to 10 m/s (at standardised 10 m height) are assessed.


Additionally, only downwind (±15°) measurements are considered in the assessment.


For every possible tone, the tonal audibility values determined for each of the 12 10-


second periods at each integer wind speed are then energy-averaged to determine


the overall tonal audibility for the tone at that wind speed.


3.2 Adapted methodology at residence


When planning the assessment of tonality at the residence near Hallett Hill Wind


Farm, the results of the previous assessment of tonality at a residence (undertaken


by others) and a tonality assessment at a site turbine (undertaken by the authors)


were reviewed. The measurements at the turbine had detected an audible low


frequency tone during only one low wind speed measurement. High frequency tones


had also been detected at several higher wind speeds. This suggested that wind


speed was one variable that may alter the emission of audible tones and a wide


range of wind speeds would need to be considered in the assessment.


It could be reasonably expected that a reduction in the tonal audibility from the wind


turbines would occur between the turbine and the house, due to increased masking


noise at the residence. The testing at the turbine was therefore not able to confirm


whether any tone was audible at the residence 1.5 kilometres away, which is the


location where the 0 dB tonal audibility criterion applied.


On review of the previous tonality assessment undertaken at a different residence it


was noted that a number of the periods selected nearest to each integer wind speed


were during the daytime. This included the periods selected for the wind speed


closest to the speed where an audible tone had been detected at the turbine. The


authors suspected that masking noise at the residence during the daytime would be


higher than at night due to both lower daytime windshear and greater extraneous


noise from vehicles and human activity. On this basis it appeared necessary for the


testing to include night time measurements, although the level of daytime audibility


was also of interest.


To respond to the complaint, a methodology was developed in consultation with AGL


(the wind farm managers) that applied the IEC 61400-11 tonal audibility test to a
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significantly larger dataset including no limitation of the wind speeds and directions


assessed.


3.3 Measurement methodology at residence


A Class 1 sound level meter was deployed outdoors at the residence for a period of


10 days, with the aim of capturing data over a wide range of wind speeds and


directions, at varying times of day. The microphone was located at a height of 1.5 m


above ground and fitted with an approximately 90 mm diameter windshield. The


sound level meter was configured to log the noise level also continuously record a


16-bit audio signal with sampling rate of 16 kHz for the entire 10 days of


measurements.


The captured audio signal at the residence was then analysed using a Hanning


window with 2 Hz frequency resolution in general accordance with the IEC 61400-11


tonality assessment procedure using MATLAB R2009a software (MathWorks, 2009).


The differences in the adopted assessment procedure relative to the reference IEC


61400-11 method were:


For each consecutive two-minute period over the whole 10 day period, the tonal


audibility of any possible tone was calculated as the energy-average of the 12


10-second tonal audibility values. The departure from the standard being that


IEC 16400-11 Ed. 2.1 required a total of only two minutes of data to be


assessed at each integer wind speed.


All wind speeds and directions were considered in the assessment. This is


different from IEC 61400-11 Ed. 2.1, which requires that only integer speeds


from 6 to 10 m/s are assessed, at measurement locations directly downwind of


the turbine.


Reference was made to hub height wind speed rather than standardised 10 m


height wind speed used in IEC 61400-11 Ed. 2.1, to maintain consistency with


the Guidelines.


3.4 Removal of extraneous tones


The above methodology provided over 7,000 two-minute periods where the tonal


audibility had been calculated at the residence. It was immediately apparent that


approximately half of the two-minute measurements at the residence contained


audible tones a > 0 dB) at some frequency, mostly due to tones from vehicles and


birds. It was recognised it would be impractical to listen to every single measurement


with an audible tone to determine whether the source of the tone was the turbines or


an extraneous source.


To identify the audible tones that were potentially a result of noise from the wind


farm, the approximately 24 hours of audio that had been stored at a turbine during


sound power measurements was also analysed in consecutive two-minute periods.


The frequency of any identified tone at the residence was then compared to the







Tonality assessment at a residence near a wind farm Page 6 of 18


frequencies at which tones were identified at the turbine, to determine if the turbine


was a possible cause of the tone.


For every two-minute period where the frequency of a tone at the residence matched


that of a tone radiated from the turbines, the captured audio file at the residence was


listened to in order to determine the source of the tone. Any tone that was a result of


an extraneous source was discounted from further assessment.


3.5 Conditions contributing to tones


Once the a > 0 dB) detected at the residence and identified as due


to the wind farm had been identified, further analysis was undertaken to determine


trends in tone occurrence with wind speed, direction and time of day, and


combinations of all these variables.


4 Assessment results


4.1 Detected tones at residence


Figure 1 provides a comparison of the frequencies of tones detected at the residence


near Hallett Hill Wind Farm against the frequencies of tones detected at the turbine,


for 0 to 500 Hz. These measurements were undertaken in November 2010. Results


are presented as percentage of time that the tone was audible a > 0 dB) rather


than the number of detections of an audible tone, to remove the influence of differing


measurement duration at the turbine and residence on the results. Note that Figure 1


includes audible tones arising from both the wind farm and extraneous sources.


Figure 1 Occurrence of audible tones at the residence and turbine


Audible tones were detected at the residence at many of the frequencies at which


tones were detected at the turbine. However, the source of the tone at the residence


did not always match that at the turbine. Taking the 100 Hz tone as an example, this


tone was detected more regularly at the residence than at the turbine. At the turbine


this tone appeared to be associated with turbine yaw, but at the house the source
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was a motor near the logger or occasionally vehicle noise, but was never due to


noise from the turbines.


Of the tones detected at the residence only some 124 Hz, 222 Hz, and 1130 Hz


tones (not shown on Figure 1) were attributed to the turbines. The clear majority of


the tones attributed to the turbines were the 124 Hz tone, with detection of the other


tones rare at the residence. Note that the frequency of the tone referred to as the


124 Hz tone was primarily concentrated at 122 Hz and 124 Hz, with occasional


occurrences at 120 Hz, 126 Hz or 128 Hz.


The other tones that were detected at the residence that did not match the frequency


of those detected at the turbine were the result of vehicle movements (both local and


distant), aeroplanes overhead, a water pump and farm machinery. Bird vocalisations


also resulted in a large number of higher frequency tones at the residence.


In total, audible 124 Hz tones attributed to Hallett Hill Wind Farm were detected at


the residence for 456 two-minute periods out of a total of 7,065 measurements, or


6.5% of the measurement period. This number of audible tones detected at the


residence provided the ability to investigate the conditions under which the tone was


audible. The analysis of the 124 Hz tone considered wind speed, wind direction and


time of day. While trends against both wind speed and against time of day were


visible, neither variable alone was the clear cause of tonal audibility. It was only when


an analysis including both variables was conducted that a clearer relationship to the


complaint became apparent.


The occurrence of tonal audibility against both wind speed and time of day is shown


in Figure 2, where occurrence is the percentage of time that a tone is audible a >


0 dB) out of the total number of measurements for that particular wind speed and


time of day combination. From Figure 2, it is clear that the 124 Hz tone was normally


audible at wind speeds of approximately 5 to 6 m/s during the night. The tone was


however rarely audible during the day, or at other speeds during the night. The


audibility of the other two tones (222 Hz and approximately 1130 Hz) showed


similarly small patterns of distribution; detected predominantly at night and at a small


range of wind speeds.


The wind directions under which the tone occurred were also analysed. There was a


hint in the results that the tone occurred most under easterly winds, although tones


were detected under most wind directions.


Figure 3 presents the level of tonal audibility of the 124 Hz tone at the residence.


They are presented as the number of two-minute detections in each 0.5 dB wide


audibility bin centred at each half decibel. Note that the 0 dB bin is only 0.25 dB wide,


considering tones with audibility from 0 dB to 0.25 dB. The audibility of tones at


matching frequency but attributed to an extraneous source are also shown. These


primarily resulted from vehicle movements, both local and distant, and occasional


aeroplanes.
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Figure 2 Occurrence of 124 Hz tone at the residence with wind speed and time of day


Figure 3 Level of tonal audibility of 124 Hz tone at residence


Figure 3 shows that the maximum audibility of the 124 Hz tone at the residence was


about 7 dB. However, the vast majority of the audible tones had an audibility of 4 dB


or lower.


4.2 Application of tonality penalty


At the time the tone was detected, the SA EPA had not specified how the 5 dB(A)


tonal penalty should be applied to the measured overall noise levels at a residence.


A number of approaches were possible:
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Apply it only to those 10-minute data points where it occurred, given the


relatively low occurrence, and reassess compliance with the criteria based on a


modified regression curve. Compliance would need to be reassessed


considering upwind and crosswind conditions rather than just downwind as is


strictly required by the Guidelines.


Apply a fixed 5 dB(A) penalty to the overall average measured level (under


downwind conditions) at each wind speed at which the tone was detected.


The first approach would have resulted in the wind farm remaining compliant with the


criteria even with the audible tone, due to the relatively low occurrence of the tone


and the fact that it occurred mainly under upwind through to crosswind conditions


when overall noise levels were already lower than under downwind. However, it was


recognised that this would not have resolved the original complaint.


The second approach would result in the wind farm being borderline non-compliant


with the noise criteria at the residence at the speed at which the audible tone was


detected.


AGL decided that, as the complaint appeared to relate to tonality, modifications


should be made to the turbines in order that the 0 dB audibility criterion was achieved


at the residence. This was undertaken as it was considered a more appropriate


response to the complaint and provided a conservative approach to the manner in


which a tonality penalty might be applied.


5 Solution


The turbine supplier identified that the tone related to the gear meshing frequency of


the turbine gearbox. Development of the modifications to the turbines went through a


number of stages that are broadly discussed here. A permanent solution was


installed in late 2011 with testing confirming then that the 124 Hz tone was not


detected with audibility greater than 0 dB at the residence.


5.1 First stage installation of foam


The turbine supplier suggested that previous testing at turbines of this model had


indicated that installation of 50 mm thick foam lining inside the nacelles of the


turbines would mitigate tonal noise emissions. Linings were therefore immediately


installed in the nacelles of the turbines after the detection of the audible tones at the


residence and the assessment of tonal audibility repeated to determine whether the


mitigation had been successful. The follow up test indicated that installation of the


foam linings had removed the occurrences of audible 222 Hz and 1130 Hz tones at


the residence, but the audibility of the 124 Hz tone was not significantly altered.


5.2 Second stage temporary turbine shutdowns


When the follow up testing indicated the 124 Hz tone was still audible the nearest


turbines to the residence were immediately shut down at night for wind speeds of


around 6 m/s, while a more permanent engineering solution was developed.
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While the initial analysis of tonal audibility of the residence was not particularly


suggestive of a trend in results with wind direction, a stronger trend towards higher


audibility of the 124 Hz tone during easterly winds was apparent during the testing


following installation of the foam linings. A higher level of tonal audibility under


easterly winds matched the observations of the resident regarding times of


annoyance.


Ten days of testing was subsequently undertaken at a turbine in general accordance


with the IEC 61400-11 Edition 2.1 methodology. This included installation of the


microphone on an acoustically reflective ground board. The significant deviation from


the standard was that like at the residence, all 10 days of audio was analysed for


tonality, rather than just the two one-minute blocks nearest to each integer wind


speed.


Figure 4 presents the average tonal audibility of the 124 Hz tone at the turbine with


wind speed and direction. Note that 0º corresponds to upwind conditions with respect


to the measurement location, 180 degrees downwind, and +/- 90 degrees to either


side of the nacelle. Average tonal audibility has been calculated as the logarithmic


average of all occurrences within each bin where a 124 Hz tone was detected,


including occurrences with audibility lower than 0 dB.


Figure 4 Average tonal audibility of 124 Hz tone at turbine with wind speed and direction


Analysis of the results at the turbine against wind speed and direction confirmed that


tone audibility was greatest at speeds of 6 to 7 m/s (hub height). It was rarely audible


a > 0 dB) at lower speeds, or at speeds between approximately 8 m/s and 12 m/s,


but was sometimes audible at higher speeds. Of note, the tone was never found to
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be audible at high wind speeds at the residence, most likely due to the increased


ambient masking noise at those high wind speeds.


We note that IEC 61400-11 Ed. 2.1 requires the assessment of tonal audibility at


wind speeds of 6 to 10 m/s at 10m height, which equates to 8.3 to 13.9 m/s at hub


height. The wind speed that the tone was most audible (6 to 7 m/s at hub height),


was therefore below the range of wind speeds that tonality was required to be


assessed under the IEC 61400-11 Ed. 2.1 standard. The limited range of wind


speeds required to be assessed for tonality was a shortcoming of IEC 61400-11 Ed.


2.1.


The measurements at the turbine confirmed radiation of the tone was strongest to


one side and upwind of the turbine, and weakest to the other side and downwind.


The difference in average tonal audibility between the best and worst case directions


was in the order of 7 dB. This information was used to further fine tune the turbine


shut downs at the site, to shut down more turbines when the residence was to the


worst-case direction from those turbines, but keep other nearer turbines on when


those turbines could provide more broadband noise to mask the presence of the tone


from more distant turbines.


5.3 Final stage permanent solution (tuned mass dampers)


The 10-day measurements conducted at the turbine also provided information


regarding the likely propagation path of the tone, and a baseline against which future


improvement could be judged. The turbine supplier undertook a series of vibration


measurements on the turbine and with that additional information trialled a number of


solutions to control tonal noise emission from the turbine. The installation of two


tuned mass dampers to the torque arms of the gearbox was the final solution


selected for installation on all of the turbines on site.


Following installation of the tuned mass dampers to all turbines we repeated the


tonality testing at the residence, where it was found that the 124 Hz tone was not


audible during any 2 minute period during 40 days of tonality assessment. From our


discussions with the resident we understand that an improvement in character of the


turbine noise was noted following installation of the tuned mass dampers.


6 Further comments and analysis


6.1 Comparison to other tonality assessment criteria


The tonal noise criterion applied to wind farms in South Australia, such as Hallett Hill


Wind Farm, is strict by Australian standards. The tonality assessment criteria applied


both to wind farms in other States and to other industries are less stringent than the


0 dB audibility criterion applied at Hallett Hill Wind Farm.


In Victoria, NZS 6808:2010 (Standards New Zealand, 2010) is now applied to new


wind farms, which references the detailed tonality assessment methodology from
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Annex C of ISO 1996-2:2007 (ISO, 2007). This methodology is broadly similar to that


specified in IEC 61400-11 Ed 2.1 although differs slightly in practice.


One key difference is that ISO 1996-2 specifies acceptable tonal audibility values,


applying a sliding penalty to tones with audibility greater than 4 dB, with a maximum


penalty of 6 dB applicable for tones with audibility greater than 10 dB.


Figure 5 provides a comparison of the frequencies of audible tones detected at the


residence near Hallett Hill Wind Farm using both the ISO 1996-2 and IEC 61400-11


Ed. 2.1 methodologies. The results are presented as the percentage of two-minute


periods for which an audible t a > 0 dB) was detected at the frequency. It can


be seen that the results are relatively similar, although the ISO 1996-2 methodology


results in a 2% higher occurrence of tones at 122 and 124 Hz.


Figure 5 Tones detected at residence using two different methodologies, 0 to 500 Hz


Figure 6 presents the level of tonal audibility of the 124 Hz tone at the residence


using both the ISO 1996-2 and IEC 61400-11 Ed. 2.1 methodologies on the same


data set. Review of the number of dections at each level of audibility suggests that


for this tone, the ISO 1996-2 methodology typically increases the level of audiblity by


approximatly 1 dB, when compared to the level calculated using IEC 61400-11 Ed.


2.1. However, we note the difference in audiblity between the IEC 61400-11 Ed. 2.1


and ISO 1996 methods does vary, with experience assessing other tones suggesting


that for some tones the IEC method might report an average level up to 2 dB higher


than the ISO method.
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Figure 6 Tonal audibility level of 124 Hz tone at residence using two different methodologies


Given that the maximum penalty that would be applied under ISO 1996-2 is 3.5 dB,


and that no penalty would be applicable to the detections at 4 dB or lower, the


tonality criteria applied at Hallett Hill Wind Farm is considerably more stringent than


would be applied to wind farms assessed in Victoria under ISO 1996-2.


It is common for industrial noise policies in use in Australia to prescribe adjustment to


the measured noise level where tonality is a characteristic. However, industrial noise


criteria in Australia prescribe the application of a penalty on the basis of an A-


weighted one-third octave band difference assessment rather than the more detailed


narrow band audibility tests required for wind farms. These one-third octave band


assessments would typically impose a penalty for tonality if the A-weighted level of


any one-third octave band exceeds the level in both adjacent bands by 5 dB or more.


In NSW, a difference of 15 dB or more is required for any low frequency tones in one-


third octave bands below 160 Hz (NSW EPA, 1999).


The measured two-minute one-third octave band spectra at the residence near


Hallett Hill Wind Farm were calculated to compare the A-weighted level in the 125 Hz


band to that in the adjoining 100 Hz and 160 Hz bands. It was found that the


maximum difference due to the 124 Hz tone from the turbines was 5 dB but that this


occurred in only one period. For the remainder of the periods, the difference was


4 dB or lower. This demonstrates that the tonality assessment criteria applied to wind


farms are significantly more stringent than that applied to other industry within


Australia.
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6.2 Modulation of tone


During the tonality assessment at the residence it was noted that the 124 Hz tone


was not steady in nature. Listening to audio collected at the turbine it was clear that


the tone was the modulated at blade pass frequency, but still exhibited some


randomness in level, possibly due to variation in loading on the gearbox due to wind


gusts. The blade pass modulation of the tone and directivity of the tone at the turbine


suggested that the tone was radiated off the blade, and the turbine supplier later


confirmed this through measurements.


The modulation of the tone at the residence was at a similar level to that at the


turbine but was more random in nature, and could not be described as blade pass


modulated. The modulation at the residence is believed to be due to a combination of


the following factors:


A number of out-of-phase turbines contributing to the audible tone at the


residence meant that modulation from the individual turbines resulted in more


random total level at the residence.


Relatively small differences in frequency in the tonal contributions from each


turbine resulting in a more rapid beating effect in the tone level at the residence.


For example, a tone at 122 Hz from one turbine and at 124 Hz from another


turbine could potentially result in a 2 Hz modulation at the residence.


Figure 7 presents a power spectral density of the 124 Hz tone, when measured at the


turbine. A Hanning window with frequency resolution of 0.05 Hz and averaging time


of 2-minutes was used for the analysis. A number of side bands all spaced at blade


pass frequency from the main tone and each other are evident, which indicates that


the tone is blade pass modulated. Note that as mentioned earlier, the tone referred to


as the 124 Hz tone was typically radiated at frequencies of between 120 Hz and


128Hz, which varied with wind speed. In the example given in Figure 7, the tone is


being radiated at 122.5 Hz.


In a study into subjective reactions to steady and beating low frequency tones,


tones than of the corresponding beating tone by 3-5 d


The modulating nature of the tone at Hallett Hill Wind Farm may have resulted in


increased annoyance relative to a steady tone. This was noted when the authors


were listening to collected audio files that contained wind turbine tones. A sliding


penalty beginning from 4 dB audibility, as specified by ISO 1996-2 may not be an


appropriate adjustment to reflect potential increased annoyance due to an amplitude


modulated tone. On the basis that the difference in annoyance due to an amplitude


modulated tone is about 4 dB, the application of a sliding penalty from 0 dB may


better reflect the increased annoyance. A sliding penalty from 0 dB would also better


reflect the increased annoyance with increasing tonal audibility than the fixed 5 dB(A)


penalty currently imposed in South Australia.
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Figure 7 Power spectral density of 124 Hz tone at turbine showing multiple side bands
spaced at blade pass, which indicate amplitude modulation of the tone at blade pass
frequency.


7 Recommendations


7.1 IEC 61400-11 Edition 3


Almost a year after the successful mitigation of tonal noise from the turbines at


Hallett Hill Wind Farm, the updated version of the IEC Standard was released,


IEC 61400-11 Ed. 3 (IEC, 2012). The key difference in tonality assessment


procedures between Edition 2.1 and Edition 3 is that Edition 2.1 only considered the


two minutes of downwind data gathered nearest to integer wind speeds of 6 to 10


m/s, while Edition 3 considers all downwind data gathered over a similar wind speed


range (0.8 to 1.3 times the wind speed at 85% rated power). The use of all data


within this wind speed range, rather than only a small sample of data to determine


the tonal audibility, is a significant improvement in the new version of the standard.


The average level of tonal audibility over a large number of measurements provides


a far more consistent and repeatable measure of the tonal noise emissions.


While ideally the new standard might have required the assessment of a wider range


of wind speeds and directions, the new standard does state that the range of


measurement conditions may be expanded if necessary.


Like Edition 2.1, we believe several deviations are needed from IEC 61400-11 Ed. 3,


when the regulatory authority requires application of the standard at a residence


rather than a turbine. While an excellent approach for characterising emissions at the


source (the aim of IEC 61400-11 Ed. 3), the averaging of all 10 second periods at a
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given wind speed may hide a tone at a residence which is audible only under certain


wind directions or at certain times of the day.


Compliance assessments in Australia utilise 10-minute averaging during


measurements of overall LA90 noise levels. For this reason, we suggest that tonality


assessments undertaken at residences using IEC 61400-11 Ed. 3 also use a 10-


minute averaging period. Any penalty applicable to an audible tone from a wind farm


can then be applied to the corresponding 10-minute LA90 data point as necessary.


We note that the 10 minute averaging of measurements presents some difficulties


when compared to the 2 minute measurements used by IEC 61400-11 Ed. 2.1.


Firstly, it is more difficult to find a short period of extraneous noise in a 10 minute


audio sample than 2 minute sample. Secondly, a short period of extraneous noise


can easily alter a 10 minute audibility result enough for it to be no longer


representative of the actual level of turbine tone audibility. This may result in


exclusion of excessive periods of measurements from analysis, or a tonal audibility


value that is not reflective of that actually caused by the wind farm. Both of these


issues can be overcome through exclusion of extraneous noise on a 10 second basis


before averaging to get 10 minute levels. This can however be a time consuming


process when several weeks of 10 second periods have been gathered at a


residence.


We have recently applied this adapted IEC 61400-11 Ed. 3 method as part of a


tonality assessment at a residence near a wind farm. Comparison of the two-minute


tonal audibility value using Edition 2.1 and the 10-minute averaged results using


Edition 3 indicate a similar outcome in terms of maximum and average level of


audibility at the residence from application of the two standards.


7.2 Application of a tonality criteria for wind farms


Another finding from the Hallett Hill Wind Farm tonality assessment is that regulatory


authorities may need to provide more detail as to how the nominated tonality penalty


is to be applied to any detected tones from wind farms.


AGL decided to take a conservative approach to the application of a tonality penalty


at Hallett Hill Wind Farm and require the 0 dB criteria to be achieved at the residence


at all times. However, when tones of 1 or 2 dB audibility are detected for less than


1% of the time, application of a 5 dB penalty to all measurements under downwind


conditions does not appear a reasonable adjustment to reflect the potential increase


in annoyance.


Additionally, the application of the same 5 dB penalty to a tonal audibility of 1 dB and


to a tonal audibility of 6 dB does not appear to adequately represent the difference in


subjective response that may occur between these two scenarios. An alternative


approach which is adopted in ISO 1996-2 is the application of a sliding penalty that


increases as the tonal audibility increases. This sliding penalty is likely to better


account for increased annoyance than a fixed 5 dB penalty.
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Finally, application of a consistent penalty to all industrial facilities would appear


equitable and should be considered. Application of a consistent approach would be


more reasonable than the current situation in Australia where wind farms are subject


to significantly more stringent tonality criteria than other industrial facilities.


8 Conclusion


This paper provides a summary of a method for the assessment tonal audibility at


residences around a wind farm. The methodology was developed to investigate a


compliant received from a resident living adjacent to a wind farm, which was in


relation to the character of noise emissions from the site.


The assessment was based on the tonal audibility test provided in IEC 61400-11 Ed.


2.1. However, all 10 days of data gathered at the residence was assessed for


tonality, rather than only the 2 minutes of data nearest to each integer wind speed


which would normally be assessed using the standard.


The assessment indicated that a tone at 124 Hz which originated from the turbines


was audible at the house, and that this tone was most audible upwind and to one


side of the turbines, rather than downwind where tonality would normally be


assessed. Audible tones were restricted to typically the night time, and to a small


number of wind speeds. The wind speed at which the tone was most audible and


causing annoyance at the residence was below the wind speed range normally


assessed using IEC 61400-11 Ed. 2.1 (6 to 10 m/s at 10 m AGL).


Tuned mass dampers were subsequently installed on the turbines and further tonality


testing was undertaken. That testing demonstrated that the tone met the 0 dB tonal


audibility criterion for all measurement periods at the residence.
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Summary
To maximise the energy output of wind farms whilst still meeting the relevant noise


regulations, it is important that an accurate environmental noise prediction method be


used when designing a new wind farm. This paper compares compliance


measurements from operational wind farms to the prediction results from the


commonly applied noise model. When comparing noise modelling results to


compliance measurements it is important to recognise that there are a number of


different measurement methods and even noise descriptors used when determining


compliance levels near wind farms. The difference in measured levels (and therefore


modelling accuracy) from the use of different compliance measurement methods is


presented. Additionally, this paper examines the influence of wind speed and


direction, wind shear, temperature gradient and turbulence on wind farm noise levels,


and the importance of these factors in the accuracy of noise modelling. Overall, the


findings suggest that the accuracy of current prediction methods for wind farm noise


is reasonable, and that there is not a significant risk of under-prediction.


1 Introduction


Predictions of environmental noise from wind farms are important component of the


planning stage for new facilities to be located near to noise sensitive receivers. The


noise limits defined by regulatory authorities will often constrain the layout and


number of turbines that can be sited within the wind farm, which will in turn constrain


the potential power generation capacity.


An understanding of the accuracy of environmental noise predictions is critical for


any assessment of wind farm noise. Overly conservative predictions may needlessly


reduce the capacity of facilities, and make achieving national renewable energy


targets more difficult. Under-prediction of noise levels may result in non-compliance


with the noise limits, leading to forced reductions in power output to achieve the limits


that would not have been considered during project financing.
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This paper presents a summary of the results of recent studies conducted by the


authors into noise prediction accuracy for wind farms. It is primarily focussed on the


accuracy of the ISO 9613-2 methodology (ISO, 1996) as this is the method most


widely used for the prediction of wind farm noise in Australia. It also includes a


discussion of the:


effect of topography on prediction accuracy


influence of different meteorological conditions on prediction accuracy including


wind speed/direction, wind shear, temperature gradient and turbulence.


Noise levels presented in this paper are A-weighted noise levels as predictions and


measurements of A-weighted levels are required for compliance for with noise criteria


within Australia.


2 Noise measurement process


2.1 Measurement procedure


The accuracy of noise predictions for wind farms will depend on the manner in which


wind farm noise is measured at receptor locations away from the wind farm. Different


methods of measuring wind farm noise will result in variations in measured noise


levels. It is therefore important that noise predictions are undertaken with an


understanding of the measurement procedure to be employed when assessing


compliance at the operational wind farm.


The measurement procedures employed most commonly in Australia and New


Zealand are defined in:


New Zealand Standard NZS 6808:1998 (Standards New Zealand, 1998).


New Zealand Standard NZS 6808:2010 (Standards New Zealand, 2010).


South Australian Wind farms environmental noise guidelines (SA EPA, 2009).


Both NZS 6808 and the SA Guidelines require the measurement of A-weighted


L90,10min noise levels (or L95,10min noise levels in the case of NZS 6808:1998) over a


typical period of two to four weeks to obtain sufficient data across the range of wind


speeds from cut-in to rated power. The measured noise levels are plotted with wind


speed and a polynomial regression curve fitted to the data to determine the


combined wind farm and background noise level. If required to demonstrate


compliance, the wind farm noise level is calculated through the logarithmic


subtraction of the pre-construction background noise levels from the combined noise


levels.


A key difference between the above documents is that the SA Guidelines require


compliance to be demonstrated based on data collected in the worst case wind


direction for each measurement location. That is noise levels measured during winds


within 45° of the downwind direction from the nearest turbine(s). While


NZS 6808:2010 states that consideration of specific wind directions may be required
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in certain situations, standard practice is to consider noise levels measured under all


wind directions. A previous study by the authors of this paper found that, at sites


within Australia, measured wind farm noise levels under the SA Guidelines were 0.2


to 1.5 dB(A) higher than those measured under NZS 6808:2010 (Cooper, Evans &


Najera, 2012).


It should also be noted that two relatively recent Australian documents have specified


the use of the Leq rather than L90 metric for compliance measurements:


Australian Standard AS 4959:2010 (Standards Australia, 2010).


Draft NSW Planning Guidelines: Wind farms (NSW DPI, 2011).


Due to difficulties associated with the measurement of Leq wind farm noise levels,


both documents require the Leq level to be determined through the measurement of


L90 with the addition of a fixed value from 1.5 to 2.5 dB(A). The L90 wind farm noise


level is determined through similar procedures to those employed in the SA


Guidelines and NZS 6808:2010. Previous measurement evidence indicates that the


difference between the Leq and L90 wind farm noise levels is no higher than 1.5 dB(A)


(Cooper, Evans & Najera, 2012), but even a correction of that magnitude will directly


impact on the measured compliance level and therefore accuracy of noise


predictions.


This paper primarily considers the measurement methodology of the 2009 SA


Guidelines. The presented prediction accuracy results can be applied to the other


methodologies, as long as appropriate adjustments are made.


Internationally, noise measurement procedures vary from those employed in the


2009 SA Guidelines. For example, in Ontario there is a requirement for complaint


situations that Leq,1min levels are measured directly at the receptor, with audio


recording and on/off measurements used to assist in filtering out the influence of


background noise (Ontario Ministry of the Environment, 2009). In the UK, ETSU-R-97


(UK DTI, 1996) only specifically requires the measurement of wind turbine noise (as


an L90,10min) level at critical wind speed conditions, where the margin of compliance is


likely to be lowest.


These differences in the Ontario and UK documents would not be expected to


significantly alter the measured level with respect to the Australian procedures in


cases where measured noise levels are controlled by wind turbine noise (and not


background noise). The noise prediction accuracy presented in this paper can be


broadly applied to these documents, with due consideration of differences between


Leq and L90 noise levels.


In some other countries, measurement of wind farm noise at receptor locations is not


specifically required. In Denmark, noise from operational wind farm sites is assessed


by measuring sound power levels at the turbine and using agreed calculation


procedures to determine the noise levels at receptor locations (Danish Ministry of the
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Environment, 2011). This removes the problem of background noise influencing


measurement results at receptors but an understanding of prediction accuracy is still


important.


2.2 Influence of background noise


A factor that complicates the measurement of wind farm noise at receptor locations is


the influence of background noise on measurement results. As wind farm noise


levels are often close to the background noise level in the environment, it can be


difficult to obtain accurate measurements with which to determine the accuracy of


previous noise predictions. In effect, measurements at receiver locations are of the


combined wind farm and background noise level rather than solely the wind farm


noise level.


Guidelines used in Australia and New Zealand allow for the logarithmic correction of


measured L90 levels with the wind farm operating by measured pre-construction


background noise levels to provide a reasonable estimate of the wind farm noise


level. However, pre-construction noise measurements are often undertaken well in


advance of post-construction measurements on wind farm projects and can


significantly vary across years and between seasons (Delaire & Walsh, 2009).


Corrected levels can therefore not always be taken as a reliable estimate of the


actual wind farm noise level.


In order to minimise the influence of background noise in our previous study (Evans


& Cooper, 2012a) each measurement site was selected such that it was as far away


as possible from potential sources of background noise (e.g. trees, occupied


dwellings), and such that the noise level at the site was typically controlled by turbine


noise. In addition, only wind speeds where the L90 noise level appears to be


consistently controlled by turbine noise were considered in our analysis. These wind


speeds have been selected based on analysis of the measurement data and


observations made on site during the measurements.


As an example, Figure 1 presents measurement results for one measurement site


(Site B3 in Table 1), indicating a wind speed range of 4 to 12 m/s where the


measured noise level is controlled by turbine noise. This is evident due to the small


spread of the measurement data when compared to wind speeds where background


noise causes significant variation between measured levels at the same speed. It


was also noted during repeated visits to that measurement site that, within this wind


speed range, measured noise levels were controlled by wind turbine noise. Note that,


at lower wind speeds, there are a number of measurements where the turbine clearly


cut-out due to low wind speed during the measurement period.


When a site has wind speeds at which the noise levels are turbine-controlled,


collected data has suggested that the measured noise levels are repeatable and


there is no significant variation in noise level over time. For example, compliance


measurements have been repeated at Site B3 on three occasions over a period of
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approximately four years. The measured noise levels across the turbine-controlled


wind speed range between these periods varied by less than 1 dB(A) from that


presented in Figure 1, when assessed under the 2009 SA Guidelines. Note that this


variance may increase where NZS 6808 measurement procedures are used as the


proportion of wind in particular directions may vary between measurement periods,


whereas the 2009 SA Guidelines require only particular wind directions to be


considered.


Figure 1 Example of measured noise levels versus wind speed with turbine-controlled wind


speed range, Site B3


3 Noise prediction accuracy


In 2012, the authors presented a study into the accuracy of wind farm noise


predictions from a number of noise models (Evans & Cooper, 2012a). The study


considered 13 measurement sites at six different wind farms with differing


topographies between the wind farm and the measurement locations. The wind farms


also had varying layouts with some comprising turbines on a ridgeline above the


receivers and others a grid of turbines.


Only the predictions undertaken using the ISO 9613-2 methodology are presented


here as it represents one of the most widely used noise prediction models for wind


farms. It is recommended as a suitable noise prediction method by both the SA


Guidelines and NZS 6808:2010.
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3.1 Noise model


The noise model for each wind farm site was created in the SoundPLAN Version 7.0


software (produced by Braunstein + Berndt GmbH). The noise model for each site


included the following:


1 m or 10 m spaced topographical contours


turbine coordinates provided by the site operator


measurement locations determined by handheld GPS


receiver points set at 1.5 m above ground height


sound power levels for the turbines measured at one or two turbines at each


site in general accordance with IEC 61400-11 Edition 2.1 (IEC, 2006)


average temperature of 10°C and humidity of 80%


search radius of 20 km in the SoundPLAN calculation module.


Two different ground absorption values were used at each site for the comparison


completely reflective ground (G=0) and 50% absorptive ground (G=0.5).


Sound power levels for typically two of the turbine models installed at each site were


measured in general accordance with IEC 61400-11 Edition 2.1. Minor deviations


from the Standard were not considered likely to affect the measured sound power


levels. At the sites where sound power levels for two turbines were measured, the


difference between the two was less than 1 dB(A) at any particular wind speed, with


the average sound power level used for those sites.


The measured sound power levels were compared against the measured


environmental noise levels at each of the sites. At every site, the change in


measured noise level across the turbine-controlled wind speed range demonstrated


good correlation with the change in sound power level across that range. This


suggested that there is no increase in the propagation of noise from the turbines to


the measurement locations due to changes in the wind speed, but this is further


discussed in Section 5.1.


As an example, Figure 2 compares the measured noise levels for Site B3 against the


measured sound power levels (reduced by approximately 60 dB) for the turbines at


that wind farm. Similar results were obtained for all of the measurement sites.


3.2 Comparison of predicted and measured noise levels


Table 1 presents the difference between the predicted and measured wind farm


noise levels for each of the 13 sites (Evans & Cooper, 2012a). The differences are


shown as the predicted noise level less the measured noise level such that positive


numbers represent over-prediction and negative numbers under-prediction. A


description of the topography between the measurement location and the nearest


turbines is also presented. Note that flat sites have a height difference of less than


10 m between the turbine base and measurement site, and that the steady


downward slopes may still have slight convex features over certain areas.
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Figure 2 Comparison of measured noise levels and measured sound power levels at Site B3


Table 1 Difference between predicted and measured wind farm noise levels


Site


Approximate
distance to


nearest turbine,
m


Topography description


Predicted
measured,
ISO 9613-2


G=0


Predicted
measured,
ISO 9613-2


G=0.5
A1 1000 Steady downward slope 5.8 2.2
A2 800 Steady downward slope 5.4 2.2
A3 800 Concave downward slope -0.4 -3.5
B1 1500 Concave downward slope -0.7 -3.8
B2 1000 Slight concave slope 1 -2.4
B3 1000 Concave downward slope -0.4 -3.4
B4 3000 Concave downward slope -0.3 -4.8
C1 600 Flat 2.9 1
C2 300 Flat 2.9 0.1
C3 700 Flat 2.6 -0.6
D1 300 Flat 3.2 0
E1 1200 Flat 2.5 -1.2
F1 700 Flat 2.1 -1
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Note that the sound power levels and predictions are for Leq noise levels but are


compared to measured L90 noise levels as this is standard practice in South


Australia. The measured L90 noise levels would need to be increased by a maximum


of 1.5 dB for locations where the measurement of Leq levels is required during


compliance.


Table 1 demonstrates that, with completely reflective ground (G=0), predicted wind


farm noise levels are generally conservative. It is only at Sites A3, B1, B3 and B4 that


this method marginally under-predicts noise levels and even then only by a maximum


of 0.7 dB(A). Note however that no correction for background noise was applied to


any of the measurements sites in the study. While sites were selected on the basis


that there appeared little influence of extraneous noise, actual turbine levels would be


lower than total measured noise levels.


With 50% absorptive ground (G=0.5), the accuracy of the noise predictions increase


for a number of sites (C, D, E and F), being within 1 dB(A) of the measured levels.


However, the chance of an under-prediction of the order of 2 to 5 dB(A) arises for


some sites. It should be noted that the maximum under-prediction of 4.8 dB(A)


occurs at a site located 3 km from the nearest turbine. At this distance, the under-


prediction would be of no consequence with regards to compliance with relevant


noise criteria.


Based on the comparison for the 13 different measurement locations, it appears that


topography plays an important role in the accuracy of predicted noise levels. This is


most clearly evident at measurement sites A2 and A3, which are located the same


distance away from, but on different sides of, the same small group of wind turbines.


The only significant difference between the two sites is the topography from the


nearest turbines to the measurement site. On one side (to A2) the ground slopes


steadily down from the turbine to the measurement location. On the other side (to A3)


the ground slopes sharply down from the turbine before levelling out towards the


measurement location (a concave slope).


The ISO 9613-2 method with 50% absorptive ground is typically within ±1 dB(A) of


the measured noise levels at Wind Farms C, D, E and F where the topography


between the turbines and house was best described as flat. Yet at Wind Farm B,


where the topography is concave between the nearest turbines and receivers, this


method can under-predict noise levels by up to 4 dB(A) at a distance of 1500 m. This


is despite topographical information being included in the computer noise models for


all sites included in this study.


The influence of topography on the accuracy of noise predictions is discussed further


in Section 4.


3.3 Receiver height


The predictions upon which the differences in Table 1 are based were carried out for


a receiver height of 1.5 m above ground. We note that in the UK, wind farm noise
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modelling is typically carried out based on a ground absorption of G=0.5 and


receivers set at a height of 4 m above ground (Institute of Acoustics, 2013).


The predicted noise levels for the 13 sites were recalculated with the receivers set at


a height of 4 m. For 50% absorptive ground (G=0.5), the predicted noise levels at a


height of 4 m were 1 to 2 dB(A) higher than those at 1.5 m. This can therefore be


considered a method of increasing the conservatism of the predicted noise levels


using this specific methodology. However, in the UK it is offset by a correction of


typically -2 dB applied to the sound power levels to adjust Leq to L90 (Institute of


Acoustics, 2013).


Note that there is no difference in predicted noise levels with receiver height for


completely reflective ground (G=0).


4 Influence of topography


As shown in Table 1, the intervening topography between turbines and measurement


locations appears to influence the accuracy of noise predictions, even in these cases


where topographical information is already included in the noise model.


The ISO 9613-2 methodology with G=0.5 appears to provide reasonably accurate


predictions for flat sites, and conservative predictions for sites with steady downward


slopes. However, the methodology appears to under-predict noise levels for sites


with concave slopes and the use of completely reflective ground (G=0) is required to


obtain reasonably accurate predictions. This finding is consistent with that of Bass,


Bullmore and Sloth (1998) who stated, with reference to the ISO 9613-2 method:


Where the ground falls away significantly between the source and receiver ... it


is recommended that 3dB(A) be added to the calculated sound pressure level.


It is important to note at this point that there is no obvious difference between the


ground at any of the measurement sites in Table 1 that would lead to a change in the


ground absorption properties. All sites are in typical rural areas and it would be


expected that a ground absorption factor of 0.5 or higher would be suitable for noise


predictions for noise sources at standard height. The effect of adopting a value of


G=0 is therefore to provide an approximate 3 dB adjustment to the predicted levels


rather than actually reflecting the ground absorption condition at the site.


Figure 3 and Figure 4 show the cross-sectional topography for Site A2 (steady slope)


and Site B1 (concave slope), two sites where a significant difference in prediction


accuracy was noted. It is clear that there is a direct line of sight from turbine to


receiver in both cases and that the topography was not providing any shielding in the


case of Site A2 where the ISO 9613-2 methodology over-predicted. A possible


mechanism for the increase in measured turbine levels relative to predicted levels at


Site B1 is a focussing effect from the concave slope.
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Figure 3 Cross-section from nearest turbine to Site A2 (steady slope)


Figure 4 Cross-section from nearest turbine to Site B1 (concave slope)
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The UK Institute of Acoustics (2013) has suggested that a correction of +1.5 dB(A)


be added to predicted noise levels using ISO 9613-2 with G=0, where the mean


height above ground of the direct line of sight from source to receiver (hm) meets the


following condition:


hm 1.5 x (abs(hs hr)/2)


hS: height of source above local ground


hr: height of receiver above local ground


This condition would be met for Site B1, B3 and B4 but not for A3. However, the


under-prediction at A3 using G=0 is relatively minor (0.4 dB).


Further work is required to refine noise modelling for wind farms here, including the


investigation of ray tracing models to assist in the prediction of wind farm noise.


However, based on current knowledge, the UK method would appear to provide a


reasonable method to reduce the chance of an exceedance of noise criteria at sites


with concave slopes.


Finally, we note that the predictions used in the assessment are all based on


measured sound power levels rather than manufacturer warranted sound power


levels. Our experience is that manufacturer warranted levels are normally higher than


measured levels, such that any modelling for new sites will incorporate an additional


margin of safety. On this basis, it appears unlikely that predictions for a new site


which use the ISO 9613-2 methodology and hard ground will be exceeded.


5 Effect of meteorological conditions


5.1 Wind speed and direction


While it has an important role in the noise emissions from wind turbines, wind speed


does not appear to have a significant influence on the propagation of turbine noise to


receiver locations. This is shown in Figure 2 where it can be seen that the increase in


noise levels at the measurement location closely match the shape of the turbine


sound power curve across the turbine-controlled wind speed range.


The authors undertook a study into changes in propagation with wind speed based


on simultaneous measurements undertaken at approximately 120 m, 500 m and


1 km from the end of a line of wind turbines (Evans & Cooper, 2012b). Figure 5


presents the decrease in turbine noise levels with wind speed between the 120 m


and 1 km measurement locations for both downwind (±45°) and upwind (±45°)


periods. It can be seen that the propagation loss is relatively steady with wind speed


although it does appear to increase by approximately 2 dB from 5 to 11 m/s for


downwind periods. This suggests that the upper end of the turbine-controlled wind


speed range at some sites (as highlighted in Figure 1 for Site B3) may be somewhat


influenced by the increased background noise, with noise models therefore slightly


more likely to over-predict noise levels at higher wind speeds. However, overall there
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does not appear to be a significant relationship between wind speed and noise


propagation.


Figure 5 Decrease in turbine noise levels with wind speed, 120 m to 1 km


The same study also considered propagation loss under different wind directions. As


can be seen in Figure 5, there was a substantial increase in propagation loss under


upwind periods relative to downwind. The study also found that propagation loss


under crosswind conditions was marginally lower than under upwind but still


considerably higher than under downwind (Evans & Cooper, 2012b).


While this indicates that downwind represents the worst case scenario for turbine


noise from a particular turbine, our first study found that there is only a marginal


difference of approximately 1 dB(A) between wind farm noise levels measured under


the SA Guidelines, which only consider downwind periods, and NZS 6808:2010,


which considers all wind directions (Cooper, Evans & Najera, 2012). This small


difference in measured levels between the downwind and all direction assessments


is a result of individual turbines being in different relative directions to a measurement


location, such that it is rare for all turbines to be directly upwind or downwind at the


same time.


5.2 Wind shear


Vertical wind shear refers to the change in wind speed with height above the ground,


with higher values of wind shear occurring during stable night time conditions. While
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wind shear is known to increase noise propagation for noise sources at relatively low


height, there is little evidence to suggest that it substantially affects the propagation


of noise from sources located as high as wind turbines. Søndergaard (2012) found


on noise propagation under Danish


conditions.


As a preliminary review of the effect of wind shear on noise propagation,


measurements were taken at a site approximately 1.5 km away from a wind farm.


The house was located relatively near to a meteorological mast recording 10-minute


average wind speed at several heights from near ground level to hub height, allowing


calculation of wind shear. The measured L90,10min noise levels were correlated with


wind speed for a 10-day period at the site and a polynomial trendline fitted to the


data. A good spread of shear values across the typical wind speed range enabled a


robust analysis via this method as it could be susceptible to error where higher shear


values were limited to particular wind speeds. As the site was subject to considerable


influence from background noise at times, only night time data collected between


11 pm and 5 am was used for the analysis.


Figure 6 presents the deviation of each measured L90,10min noise level from the


trendline referenced against the 10-minute average wind shear. While there is


considerable spread in the data, indicative that wind turbine noise did not always


control measured noise levels, the data suggests that there may be a slight decrease


in wind turbine noise propagation with wind shear. There does not appear to be an


increase in either propagation (or noise emission) given the data collected at the site.


Figure 6 Deviation of turbine noise levels from trendline with wind shear
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Further analysis is currently underway by the authors at sites where various height


wind speed measurements at the mast make wind shear determination possible, and


where noise levels are more often controlled by wind turbine noise. This data will be


published by the end of the year.


It is important to note that wind shear does have an important role in influencing the


background noise at a receiver location and therefore would potentially influence the


perception of wind turbine noise at receivers. During a period of higher wind shear,


the turbine sound power level that would normally be masked due to background


noise at the residence may be coupled with a period of low wind (and therefore low


background noise) at a receiver location.


5.3 Temperature gradient


Temperature gradient is another key factor on noise propagation for low height noise


sources but there is little data as to the potential effect on the propagation of wind


turbine noise. Under stable conditions, temperature inversions may occur.


The mast at the wind farm site discussed in Section 5.2 also provided 10-minute


average temperature gradient values from the bottom to the top of the mast, making


a preliminary analysis of the effect of temperature gradient possible. The night time


data collected included periods both under standard negative temperature gradients


as well as under temperature inversions. The inversions were found to closely follow


the periods of higher wind shear previously analysed in Figure 6 so it is considered


unlikely that temperature inversions would significantly increase noise propagation.


Figure 7 presents the deviation of each measured L90,10min noise level from the


trendline referenced against the 10-minute average temperature gradient for the


nearby mast. A negative value on the horizontal axis indicates a standard


temperature profile while a positive value indicates a temperature inversion.


There does not appear to be a strong relationship between temperature gradient and


wind turbine noise propagation at the site. There is perhaps a slight downward trend


as temperature gradients increase towards an inversion, indicating that noise


propagation from wind turbines may marginally decrease under inversions. However,


the relationship is not strong and the results suggest that temperature gradient does


not substantially affect noise propagation from the turbines.


It is important to note that as identified for the wind shear analysis, this site was


susceptible to influence from background noise at times. The further analysis of wind


shear data discussed previously will also include further analysis of temperature


gradient.
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Figure 7 Deviation of turbine noise levels from trendline with temperature gradient


5.4 Turbulence


Turbulence occurs in unstable atmospheric conditions and therefore is not normally


expected to be a factor increasing noise propagation for noise sources, as opposed


to wind shear and temperature inversions. An element of turbulence will always be a


natural part of the atmosphere immediately downwind of wind turbines. However, in


certain situations, turbines may be operating in the wake of other turbines leading to


inflow turbulence.


An investigation into sound power measurements conducted at a site where a turbine


was located in the wake of another turbine for particular wind directions (Cooper &


Evans, 2012) found that there was no substantive increase in noise emissions during


turbulence. While there was a relatively minor increase at low wind speeds, it was


theorised that this is offset by the actual reduction in the wind speed at the turbine


hub resulting from the turbulence. The increase in sound power levels at low wind


speeds did include an increase in low frequency noise levels, however not above the


low frequency noise levels produced by the turbines when operating in non-turbulent


conditions at medium to high wind speeds. There was no apparent change in low


frequency noise emissions of the turbines when operating in the wake of an adjacent


turbine at medium to high wind speeds.


Noise propagation under turbulent inflow conditions remains unresolved


(Søndergaard, 2012) but it is not expected to result in noticeable increases in noise


propagation. All of the measurements upon which the differences in Table 1 are


based would have included turbulence as they were conducted when the
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measurement location was downwind of the nearest turbines. Given that the noise


prediction methods were relatively accurate for these scenarios, it appears unlikely


that turbulence would increase noise propagation.


6 Conclusion


This paper presents the findings of studies conducted by the authors into the


accuracy of noise predictions for wind farms using the ISO 9613-2 methodology. A


study into the accuracy of predictions at 13 sites across six wind farms found that:


The ISO 9613-2 methodology is unlikely to result in significant under-predictions


of wind turbine noise at receiver locations with the use of an appropriate ground


absorption factor to adjust for apparent topographical effects.


In the case of a concave slope from turbine to receiver a ground absorption


factor of 0 should be used for predictions. The current correction factor


suggested by the Institute of Acoustics should also be considered where it is


warranted by the topography.


For flat sites, a ground absorption factor of 0.5 is likely to be more appropriate.


Further work is required to reduce the chance of considerable over-predictions


at sites with steady downward slopes. Under-prediction does not appear to be a


risk at these sites with current prediction methods.


A preliminary analysis of noise propagation under different meteorological conditions


was also undertaken. It appears that periods of high wind shear and temperature


inversion do not result in increases in noise propagation for wind farms, despite their


known effects on noise sources located close to the ground.


Overall, the accuracy of current wind farm noise models is good, especially


considering the uncertainty that exists in the prediction of other noise sources such


as road traffic noise and industrial noise. Based on investigations undertaken by the


authors, there is not believed to be a risk of significant under-prediction of wind farm


noise at receiver locations when good practice noise modelling procedures are


employed.
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Sum m a ry
The use of dB(A) for the assessment of large industrial wind turbines does not
address low frequency noise (LFN) or infrasound due to the filter characteristics of
the A-weighting curve. In seeking to address infrasound noise (typically identified as
between 1Hz and 20Hz) some acousticians for the wind industry have used dB(G)
and dB(Z) results. Both of these weighting curves exhibit significant roll offs in the
frequency domain below 6Hz that renders the use of such descriptors of no real
value in addressing infrasound of wind turbine noise. In my opinion the correct
procedure is to use Linear (unweighted) levels in both constant percentage 1/3
octave bands (to agree with current acoustical data) and narrow band analysis to
identify the wind turbine signature. For infrasound noise it would appear
consideration of the linear result over the bandwidth of 1Hz – 20Hz is appropriate and
low frequency noise when considered as a separate exercise should be expressed
as a linear level restricted to the bandwidth of 20 – 200Hz.


1.Introd uc tion
Wind farm approvals in Australia to date have used the dB(A) parameter with limits
typically specified at 35/40dB(A) or background +5dB(A) whichever is the greater.
The dB(A) parameter when used as the sole acoustic descriptor is inadequate for low
frequency noise and infrasound. The use of other acoustic parameters has been
proposed to discover low frequency noise and infrasound.
Various wind developers and industry lobby groups both in Australia and around the
world have been claiming that the report issued by the South Australian EPA and
Resonate Acoustics [1] is a scientifically valid document that has confirmed
infrasound associated with wind turbines is a non-event. A cursory examination of
the document as set out below suggests that it is a document that provides incorrect
conclusions to the wind industry and the community that are not supported by the
data.
The primary function of the document was to compare the levels of infrasound
measured within different environments including locations adjacent to wind farms.
The report provides dBG result and Linear octave band levels over the infrasound
region of 0.25Hz to 20Hz. The report did not quantify the human perception of
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infrasound from wind farms but provided measured levels of infrasound near wind
farms.
The report indicates that the use of the dB(G) parameter is an appropriate
measurement of infrasound from wind farms. After selective testing of a number of
sites, there is a claim that both rural and residential areas experienced dB(G) levels
higher than that associated with wind turbines.
As wind farms are normally placed in rural areas (and similarly in the US so are
scattered individual turbines) where ambient noise levels are relatively low, then
there is a fundamental problem with utilising noise criteria issued for suburban
environments where such environments are significantly higher than the background
soundscape experienced in rural areas.


2.d B(G)
The authors claim in Section 2.1 (of the Resonate Acoustics report) that the dB(G)
parameter is used to quantify sound that has a significant portion of its energy in the
infrasonic range.
Immediately following the first paragraph of Section 2.1, a figure is provided showing
the weighting characteristics of the G-filter, obtained from the ISO Standard 7196 [2].
The G-weighting function (see Figure 1) follows the procedure in the ISO Standard of
referencing the attenuation with respect to a level of 0dB at 10Hz. The filter shows
that there is amplification above the region of 10Hz to 25Hz, with a maximum of +9dB
at 20Hz. Between 1Hz and 20Hz the filter drops off at 12dB per octave, whilst below
1Hz and above 20Hz the filter drops off at 24dB per octave.


FIGURE 1: G-Weighting Filter from reference 1


At 6.3Hz, being a typical lower limit of some sound level meters that can provide 1/3
octave band results, the dB(G) filter has a value of 8dB below the reference level at
10Hz. Similarly at a frequency of 1Hz (that is typically near the blade pass frequency
of modern day turbines) the filter exhibits an attenuation of 43dB below the 10Hz 0dB
reference level.
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Using dB level expressed in a Linear (un-weighted) format, the frequency spectrum
from modern day wind turbines is predominantly elevated in the 0.7Hz to 6Hz region.
For example, later in the Resonate Acoustics report (Figure 29) there is a 1/3 octave
band spectrum chart limited to the frequency range of 0.25Hz to 20Hz (shown as
Figure 2). It is clearly apparent from Figure 2 that the dB(G) value does not cover
the majority of the infrasound region generated by turbines.


FIGURE 2: Figure 29 from reference 1


Examination of Figure 2 clearly indicates a significant degree of energy in the lower
portion of the infrasound band. When the spectrum is corrected by the dB(G) function
(Figure 1), the claim as to the dB(G) being a suitable descriptor for infrasound noise
for wind farms is incorrect.


Using the linear (un-weighted) data in Figure 29 of the Resonate Acoustics report,
that covers only the infrasound region of 0.25Hz – 20Hz, it can be seen that the
peaks associated with the blade pass frequency and the first few harmonics (when
measured in 1/3 octave bands) are higher than the peak at 16Hz.


Using the red line for ON at 2.10 AM inside the bedroom 2 for location 8 the data
appears to provide the results set out in Table 3 to reveal a Linear level of 67 dB,
whilst the dB(G) level is 53dB.


TABLE 1: Weighted Results for Figure 2


Weighting 1/3 Octave Band Centre Frequency (Hz)
0.8 1 1.25 1.6 2 2.5 3.15 4 5 6.3 8 10 12.5 16 20


Linear 58 49 49 63 57 60 53 52 53 45 35 33 38 43 33
G Weight 9 6 11 30 29 36 33 36 41 37 31 33 42 51 42
Z weight 28 24 26 43 40 46 41 41 48 38 31 30 36 42 32
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Comparison of the Linear spectrum versus the G-weighted spectrum in Figure 2
(from the Resonate Acoustics report) and Table 2 shows the inadequacy of the
dB(G) value to address infrasound from wind turbines.
The use of an overall level using Linear weighting over the infrasound region of 1 –
20Hz for the measurement of turbine noise covers the energy produced by turbines
in the infrasound region, whereas the dB(G) result does not reflect the significant
portion of the energy in the very low frequency infrasound range as shown by the
comparisons having little difference in the dB(G) value, whereas on a Linear basis
there is a significant difference.


In light of the above, the claim that the G-
weighting function “is used to quantify
sound that has a significant portion of its
energy in the infrasonic range” is wrong
for turbine noise. That position and a
number of issues relating to the Resonate
Acoustics report were discussed at a
technical meeting of the NSW Division of the
AAS in March 2013 [3].
The G-weighting filter impulse response
time is only about 120ms which is adequate
for measuring around 1Hz but the time
constants for 1/3 octave bands below 6.3Hz
are much longer (see Table 2). Using 1/3
octave band results to derive a dB(G) value
is automatically incorrect due to the too long
a time constant for industrial wind turbines
with blade-passing periods of approximately
1 second (BT=1). Similarly G-weighting
when derived from 1/3 octave band results
is completely inappropriate when coupled
with longer integration times (of 10 seconds)
[4] [5].
At the present time ISO 7196 indicates the
dBG may be appropriate for the
measurement of infrasound, although the
Standard does not refer to wind turbines in
the bibliography. Swinbanks [5] has
suggested that the overall slope of the G
function below 10Hz does reflect the
sensitivity of the inner hair cells to initial
external pressure excitation at the eardrum
and therefore follows the threshold of
hearing perception referenced in the
bibliography of ISO 7196.


TABLE 2: Impulse response
durations from reference 4
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Whether the dB(G) scale, which is based on single steady tones and not fluctuating
levels with harmonics, is suitable for wind turbines is not addressed in Resonate
Acoustics report as it was not a study into the perception of infrasound or specifically
wind farm noise.
However, residents detect the impact of turbines (presence of pressure in various
parts of the body) at levels below the “threshold of hearing”. Salt and Lichtenham [6]
have highlighted the outer hair cells, which are connected through a separate
nervous path, are not associated with “direct” hearing. Professor Salt has argued
(and has measured) the response of the outer hair cells and found they are more
sensitive to infrasound than the inner hair cells, particularly to very low-frequency
sounds [7].
As the dB(G) function significantly attenuates the majority of the energy produced by
turbines in the infrasound region the use of the overall Linear level for 1 – 20Hz
bandwidth is an appropriate measure of turbine infrasound levels and may be the
appropriate mechanism to address the inability of the dB(G) “hearing threshold” to
correlate with complaints re turbine noise (Appendix D of reference [8]).


3.d B(Z)
The April 2012 issue of the Acoustics Australia was a special issue on wind turbine
noise [9].
In relation to infrasound and the use of dB(Z) commencing on page 45 of reference 9
is a paper Measurement and Level of Infrasound from Wind Farms and Other
Sources (“the Sonus paper”) [10]. Statements have been regularly made by wind
industry representatives in Australia that the Sonus paper is a peer reviewed paper
and as such has been fully reviewed for its technical content [11].
The material contained in the paper is extracted from a report prepared in November
2010 by Sonus for Pacific Hydro [12] (the “infrasound report”) in that the graphs set
out in the paper are direct extracts from that report. My review [13] of the infrasound
report has identified a significant number of errors and omissions that cannot be
expanded upon in this article. Examination of Figure 3 (from reference 12) identifies
turbine 27 and a ‘cliff’ measurement location that is suggested to be a natural
infrasound environmental location. However Figure 4 is a Google earth map for 3
months before the measurements in reference 12 that identifies a significantly
greater number of turbines near the ‘cliff’ measurement location than shown in Figure
3 contained in the infrasound report. Attendance in the ‘cliff’ measurement location
found the location impacted by turbines not identified in Figure 3 yet as shown in
Figure 4 existed at the time of the ‘cliff’ measurements.
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Figure 3: Sonus report identifying one turbine


Figure 4: Google Earth, Map 1 three months prior to Sonus measurements
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To identify the errors in describing what was tested, where and under what conditions
as well, as the above photos that do not show all the turbines that exist at one wind
farm, the reader is referred to reference [13].
On page 47 of the Sonus paper measured levels utilising the G-weighting curve are
provided. The paper claims (as does the infrasound report) that there are various
natural and man-made sources which give rise to higher levels of infrasound than
that of wind farms when utilising the dB(G) curve.
However on going to the actual infrasound report it can be established that is not the
case by examining the 1/3 octave band results that have been graphed (to identify
individual frequencies) with some locations presented in tables.
If one plots the inside and outside noise levels set out in Tables 8 and 9 respectively
of the infrasound report (on the basis of the material that has been provided) it can
be seen that for frequencies below 3Hz the inside noise levels are greater than the
outside noise levels (see Figure 3), yet on a dB(G) basis it is claimed that the outside
level of 56dB(G) is reduced to an inside level of 50dB(G). The graphs indicate that
there are frequencies below 20Hz inside the dwelling where a significant portion of
the energy is below 6.3Hz. Utilising the reported results from Table 8 and 9 the 1/3
octave band data for 1Hz to 20Hz provides the levels set out in Table 3.
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FIGURE 5: Inside/Outside results from reference [12]
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TABLE 3: Calculated levels – Tables 8 & 9 of Infrasound report (Reference 12)


Noise Source
Measured


Level
dB(G)


Measured
Level


dB(Lin)


Measured
Level
dB(Z)


Measured
Level
dB(C)


Measured
Level
dB(A)


Inside Dwelling 50 64 50 35 -14


Outside Dwelling 56 61 51 41 -6


However, there is a problem with the material provided in the infrasound report and
the aforementioned Sonus paper in Acoustics Australia [11] as the meter being used
was a Svantek 957 meter with a Gras 40 AZ microphone having a frequency
response of ±1dB to 1Hz (page 45 of reference 13). Some Svantek meters (such as
the 912 and 912AE) provide a Linear spectrum but not the 957 meter used for the
Sonus paper.
Both the infrasound report and the Sonus paper provide spectrum graphs that
suggest they are linear results. The meter used for measurements does not provide
a linear spectrum. The capabilities of the 957 meter for selecting spectra for analysis
utilise A-weighting, C-weighting or Z-weighting.


FIGURE 6: Z-weighted – characteristics from reference 14


The Z-weighting filter shown in Figure 4 (from reference 14) for the SVAN 957 meter
provides an attenuation that shows the start of a roll-off around 70 Hz (-0.1dB at f1 at
80Hz) and whilst only being 1 dB down at 20 Hz, it is 23 dB down at 1.25 Hz.
Therefore the graphical presentations of the infrasound spectra provided in the
Acoustics Australia paper are in effect Z-weighted as those are the levels recorded
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by the meter. There is no identification in either the Sonus paper or the infrasound
report of any adjustments to the measured levels (to un-Z weight the values) if any
adjustment were made.


TABLE 4: AAS Paper – Table 2 Data corrected (reference 12)


(Limited 1/3rd Octave Bands 1-20Hz)


Noise Source
Measured


Level
dB(G)


Measured
Level


dB(Lin)


Measured
Level
dB(Z)


Measured
Level
dB(C)


Measured
Level
dB(A)


Clements Gap
Wind Farm at


85m
75 100 79 61 9


Clements Gap
Wind Farm at


185m
70 97 75 56 4


Clements Gap
Wind Farm at


360m
65 93 71 51 -2


Cape
Bridgewater


Wind Farm at
100m


68 89 68 53 5


Cape
Bridgewater
Wind farm at


200m


66 83 64 51 2


Cape
Bridgewater
Wind Farm


ambient


65 83 65 51 0


Beach at 25m
from high water


line
78 91 77 64 13


250m from
coastal cliff face


72 90 73 57 7


8km inland from
coast


61 86 66 47 -5


Gas fired power
station at 350m


75 90 69 60 13


Adelaide CBD at
least 70m from
any major road


78 91 72 62 15
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If one un Z-weights the spectra then the spectra will be altered, as will the derived
levels for the various acoustic indices. Accordingly as the infrasound report
concentrated on dB(G), the comparison of man-made and wind farm infrasound will
be different as discussed above.
The Sonus paper only provided a table of dB(G) values. If one is seeking to compare
infrasound from wind farms and the dB(G) does not identify the majority of the turbine
infrasound then the use of Z-weighted results is misleading. Table 4 provides the
results when the spectra are un Z-weighted and reveals significant differences in the
levels attributed to the wind farm. The differences become most apparent using the
dB (Lin) parameter.
The influence of the Z filter in terms of the measurement results becomes apparent in
the graphical format for correcting the inside/outside measurements nominated in the
infrasound report (compare Figures 5 and 7).
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FIGURE 7: Corrected 1/3 Octave Band Levels (from reference 12)
For Inside/Outside
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TABLE 6: Corrected Calculated Levels – Table 8 & 9 of Infrasound Report
(reference 12)


Noise Source
Measured


Level
dB(G)


Measured
Level


dB(Lin)


Measured
Level
dB(Z)


Measured
Level
dB(C)


Measured
Level
dB(A)


Inside Dwelling 56 87 64 43 -12


Outside Dwelling 59 79 61 44 -5


In some instances resident complaints attributed to wind farms are related to low
frequency noise, which is not a matter that is covered either by dB(G) or dB Linear
when the results are just band limited from 1Hz to 20Hz. To address low frequency
noise should another measure of wind farm noise cover 20 Hz to 200Hz as a Linear
level?
Low frequency noise has recently been shown by Nobbs et al. [15] to be directly
associated with specific symptoms under the label of “annoyance” and the severity of
those symptoms correlated precisely with the “dose” or SPL of sound energy present
in those frequencies at the time. It is noted that reference [15] provides levels in
dB(Z) but limited to above 10Hz.
A repeat exercise but to include frequencies below 10Hz was being undertaken at
the time this paper was being prepared.


4.Na rrow Ba nd Spe c tra
It is noted that in relation to the matter of addressing infrasound and low frequency
noise from wind farms, other acoustic consultants both here and in Australia have
looked to narrowband measurements to identify the signature of the turbines to find a
fundamental frequency associated with the blade pass frequency and multiple
harmonics all to lie in the infrasound region.
A report issued in late 2012 with respect to the Shirley Wind Farm in Wisconsin [8]
confirms the results of similar measurements conducted in Falmouth, Massachusetts
[16] and measurements in Australia [7]. The Shirley Wind Farm monitoring involved a
number of acoustical consultancy firms where assessments were conducted both in
terms of 1/3 octave's and also narrowband analysis.
The Wisconsin report identifies residents were able to perceive low frequency noise
being below the nominal threshold of hearing and the penultimate paragraph of the
conclusion states:


“The four investigating firms are of the opinion that enough evidence
and hypotheses have been given here in to classify LFN and infrasound
as a serious issue, possibly affecting the future of the industry. It should
be addressed beyond the present practice of showing that wind turbine
levels of magnitude is below the threshold if hearing at low frequencies."


One of the firms involved in the Wisconsin study included Dr Paul Schomer, who for
experienced practitioners in acoustics would be well aware of his experience in
acoustics, particularly with respect to socio-acoustics and regression analysis for
various forms of noise sources.
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Dr Schomer in his report (attached as Appendix D to the main Wisconsin report)
identifies that the implications of the measurements (of the Shirley Wind Farm) are:


1. The measurements support the hypothesis developed in (I) that the
primary frequencies are very low, in the range of several tenths of a
Hertz up to several Hertz. The coherence analysis shows that only
the very low frequencies appear throughout the house and are
clearly related to the blade passage frequency of the turbine. As
Figure 5 shows, the house is acting like a cavity and indeed at 5Hz
and below, where the wavelength is 200 ft or greater, the house is
small compared to the wavelength.


In the section of Descriptors for Wind Turbine Emission, Dr Schomer states:


1. Currently the wind turbine industry presents only A-weighted octave
band data down to 31Hz. They have stated that wind turbines do not
produce low frequency sound energies. The measurements at Shirley
have clearly shown that low frequency infrasound is clearly present and
relevant. A-weighting is totally inadequate and inappropriate for
description of this infrasound. In point of fact, the A-weighting, and also
the C and Z-weightings for Type 1 sound level meter have a lower
tolerance limit of -4.5dB in the 16Hz one-third octave band, a tolerance
of minus infinity in the 12.5Hz and 10Hz one-third octave bands, and are
totally undefined below the 10Hz one-third octave band. Thus, the
International Electro-technical Commission (IEC) standard needs to
include both infrasonic measurements and a standard for the instrument
by which they are measured.


5.Filte rLim ita tions
The preceding extract identifies the levels below 10Hz are undefined for the normal
filter curves. It would appear that there are different “Linear” frequency responses for
different meters and there are different Z filter responses for various meters. Many
Type 1 sound level meters do not cover the full range of the spectrum needed for
assessing turbines.
Our measurements have utilised the full spectrum capabilities of the Bruel & Kjaer
Pulse system with early measurements using the default 22.4Hz high pass filter, then
measurements using the 7Hz high pass filter (-3dB @ 0.7Hz), and now 0.7Hz filter (-
3dB at 0.07Hz) with unfiltered data being obtained for real time and post-processing.
We have found the frequency response of the microphones has been the first
limitation, then the dynamic range of the microphones. This had led to extensive
testing of noise floors and frequency range of the various microphones for the Pulse
system and comparison with other meters to confirm the measurement results
(particularly indoors) are above the thermal/electrical floor of the instrumentation.
Such testing has identified a “sensitivity” floor of the microphone (above the electrical
noise floor) where the microphone starts to provide an output having overcome the
mechanical inertia of the diaphragm.
Swinbanks [5] identifies wind-turbine infrasound can be impulsive with a well-defined
array of tonal harmonics below 10Hz. He notes that, “for impulsive sound, the
harmonics are all phase-correlated; so that they do not add together randomly in
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mean square to form the maximum amplitude, but rather they add together in a linear
fashion, with their individual maxima all coinciding. Thus, for an impulse having 10
equal amplitude harmonics each of unity amplitude (say), the mean square level is
+10dB, but the peak level is +20dB”.
Because the peak levels for wind turbine noise could be considerably higher than for
wind noise, Swinbanks [5], James & Bray [4] and Rand & Ambrose [16] utilise
unweighted time waveforms as an essential part of their assessment where
significant crest factors can be identified.


6.Conc lusions
The concept of utilising dB(G) to describe infrasound levels associated with wind
turbines at residential receivers has a fundamental flaw due to the definition of the G-
weighting curve which can be obtained by reference back to International Standard
ISO 7196:1995.
Due to the specific frequency weighting characteristics of the G function, whilst the
proportion of energy below 6.3Hz is evident in a linear format for such
measurements, such energy in not reflected in the dB(G) value.
The relevance of using dB(G) to determine the human perception of infrasound from
turbines has not been established or whether in fact the suggestion of a hearing
threshold based on dB(G) is appropriate for turbine noise.
There is danger in utilising or presenting material as Linear levels when using
instrumentation that has a dB(Z) weighting. The filter of the Z curve rolls off in the
infrasound region and does not provide Linear results that for persons not familiar
with such issues lead to errors.
Not all meters have the same dB(Z) filter or even true Linear spectrum results, nor do
most consultants or calibration facilities have the ability to calibrate complete systems
across the full infrasound spectrum.
It would therefore appear that in seeking to investigate infrasound measurements the
appropriate method is to present the linear (unweighted) results. In our experience in
addition to generalised 1/3 octave band information, narrowband analysis should be
provided which by its very nature is able to identify the presence of tones at a lower
level than one can see by use of 1/3 octave band analysis.
Investigations into the infrasound issue associated with the wind turbines also require
consideration of the noise levels inside buildings. In some cases the internal noise
levels are higher than external, whilst for other sites the internal levels are marginally
below that recorded externally – but not to the extent as the reduction in dB(A)
values.
Apart from the issue of secondary windscreens or microphones in holes in the
ground, there is an issue in terms of the instrumentation that is used for
measurements where matters have been raised by various parties as to the noise
floor of the microphone (and the instrumentation) and also the frequency response
for the levels being measured. The frequency response of microphones is usually
tested at levels much higher than encountered inside residences. Testing in our
anechoic room showed the frequency response is not linear across the dynamic
range [18] and one has to ensure the system can measure the actual noise – hence
requiring specialised instrumentation.
Investigation and measurement of infrasound is for most acousticians a new area of
investigation and as well as being somewhat expensive to investigate, it is also quite
interesting. It is hoped that the above matters lead to further discussion as to the
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appropriate measurements and consistency in terms of methodologies so as to
permit the health studies and similar that would enable investigating noise from wind
turbines can be undertaken from a more solid and consistent basis with respect to
the noise level measurements.
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Sum m a ry
Apart from inadequacy of dB(A) measurement to identify the acoustic signature of
wind farm noise the provision of averaging techniques by use of regression curves
related to hub height wind speeds are of no assistance to the community in
determining acoustic compliance. Furthermore the frequency limitation of various
sound level meters automatically restricts the provision of appropriate noise data
related to turbine operations. A further issue of concern relates to the noise floor of
the measurement system that by the (intentional or unintentional) selection of
microphones can render the measurements of no assistance. Examination of
different analysis parameters, instrumentation frequency response and microphone
noise floors is provided to identify the above anomalies


1.Introd uc tion
The selection of acoustic descriptors used for general community noise assessments
do not specifically address or cater for unique characteristics that may be exhibited in
the acoustic signature that alter the subjective response to the noise. It is in response
to unique characteristics to the noise that leads to a more detailed assessment to
quantify the subjective impact. To the modern day acoustician, with the advantage of
sophisticated instrumentation and advanced measurement techniques, utilisation of
the more detailed analysis is readily available yet often times ignored.


The use of limited capabilities of instrumentation (intentional or unintentional) does
not assist in providing the technical basis of measuring let alone understanding the
acoustic impacts associated with the operation of wind farms.


For acousticians who are also involved in the assessment of machine vibration their
thought processes give rise to different forms of analysis that do not necessarily
occur on a regular basis in the acoustic domain. The analogy of machine vibration
may assist in identifying different analysis processes that occur for persons involved
in such investigations that could directly relate to some of the unique acoustic issues
associated with wind farm noise.
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2.Vib ra tion Ana lysis
When there is a significant level of velocity or acceleration recorded on a machine
then in a simplistic nature the justification of vibration problem can be identified on an
audible basis when the machine doesn't sound right.


The use of octave band information for vibration work is generally of no real
assistance with a preference (for vibration measurements using sound level meters)
to utilise one third octaves so as to identify specific operating components generally
related to the main driveshaft speed of the machine under investigation.
However looking to identify problems that may occur in a machine, which do not
necessarily show up in an overall vibration level or 1/3 octave band analysis, the
general procedure is to consider narrowband analysis to determine individual
frequencies associated with various operating parameters/elements of the machine.


The vibration engineer is used to looking at a narrowband analysis (for machines that
in general terms can be expressed as operating at low speeds) they also consider
the frequency analysis in terms of a linear domain rather than a logarithmic domain
normally applied to acoustic assessments.


For more complex vibration problems such as gearboxes and bearings there are
more complex analyses that are available which look to time history and modulation
of the signal (such as Cepstrum analysis and Kurtosis analysis) to extract detailed
information such as gearmesh frequencies and bearing resonance effects.
Similarly in dealing with the wide range of vibration levels that can occur for different
types of signals the vibration engineer may utilise extremely small accelerometers
that will not affect the operation of unit under test and at the same time are normally
associated with high shock values. For general machine vibration measurements the
accelerometers are typically increased in size and the output sensitivity is increased,
whereas for low level vibration, such as that associated with seismic investigations,
the accelerometers themselves are much larger and have a much greater sensitivity
so as to produce a useful output.


Figure 1 shows a typical accelerometer selection
chart from Bruel and Kjaer and indicates that the
use of very small accelerometers with low
sensitive outputs will be unable to record seismic
vibrations, whereas the seismic detector would
be overloaded when dealing with high level
accelerations such as encountered on the
handle of a jackhammer.


In other words in the vibration domain there are
different accelerometers for the different types of
measurements being undertaken. Furthermore
the frequency assessment is predominantly in
the linear domain and generally of a lower
bandwidth than that encountered in the acoustic
domain.


FIGURE 1: Vibration Nomogram
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3.d B(A) Le ve ls
The general concept for environmental criteria in relation to the emission of noise
from wind farms has been to utilise the A-weighted value when assessed at
residential properties.


Whilst dB(A) is appropriate for general environmental noise assessments it is
common for the regulatory authorities to include corrections to the measured value to
take account of the audible characteristics that may be contained in the subject
noise. For example where a noise contains tonal, impulsive or intermittent
characteristics various regulations and standards in Australia look to add penalties to
the measured level although some penalties do not operate during the night time
period.


The presentation of material in simply the dB(A) value has limitations in
understanding noise emitted from wind farms in that the A-weighting filter significantly
attenuates low frequency noise.
In acoustic matters it is common to provide noise data in terms of octave bands or
1/3 octave bands so as to indicate potential spectral characteristics of the noise.


Older acousticians will be used to
dealing with octave band
information in a linear format
whereas there is a general trend in
today's digital era to utilise A-
weighted spectral information. If
one considers low frequency noise
to occupy the bandwidth of 20Hz
to 200Hz and the infrasound
region to be below 20Hz then the
significant degree of attenuation
provided by the A-weighted curve
provides incorrect information as
to infrasound energy generated by
wind farms (see Figure 2).


Figure 3 provides noise levels
measured at distances in excess
of 500m from turbines where a
sound power level on the basis of
hemispherical radiation has been
derived for a number of wind
farms.


The graph in Figure 3 presents the data in relation to power levels attributed to the
turbines in both a linear format and an A-weighted format, where the difference in the
spectral shape for the time different frequency weighting is obvious [2].


Fig ure 2�Com m on Fre que nc y


W e ig hting s
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FIGURE 3 Turb ine Sound Powe rLe ve ls(Line a rve rsusA we ig hte d )


3.1 Audible Characteristics If one is reporting dB(A) Leq levels, adjustments need


to be made to account for the subjective nature of the noise. Generally there is a


claim there are no subjective characteristics to the noise. If one only utilises Leq and


L90 dB(A) levels from noise loggers then there is no attempt to ascertain other


characteristics.


Amplitude modulation is one characteristic that can be detected but will not show up
in a Leq or a L90 measurement result. The variation in the A-weighted level emitted
from a turbine in some cases is identified as a modulation that occurs at the blade
pass frequency rate as shown by the time signal in the A-weighted value apparent at
a residential locations removed from the turbines – dependent upon the wind
direction.


Figure 4 identifies spectral characteristics attributed to operational turbines for a
measurement conducted approximately 150m from the base of the turbine with the
analysis conducted using a 10 minute time sample to accord with the standards
utilised in Australia. The results whilst normally being presented as an Leq level have
in the example shown in Figure 5 show there are statistical variations in the noise
over the 10 minute sample for all of the 1/3 octave bands.
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FIGURE4:1/3 O c ta ve sa t150 m e tre sfrom turb ine


When the spectrum at residential receivers contains tones that are clearly audible at
the location the use of the typical adjustments with a 1/3 octave band levels, either as
a 1 sided or 2 sided assessment procedure, tend to identify that the sound is non-
tonal despite narrowband analysis showing tones to be present.


As in the vibration analogy discussed earlier, when one looks to specific components
associated with wind farm noise emission there are a series of different narrowband
components associated with the emission that do not necessarily show up in 1/3
octave band analysis yet such narrow bands may be present.


If one considers the low-frequency region, and in particular the infrasound region,
examination of the 1/3 octave bands may not reveal the presence of any discrete
components due to a merging of the harmonic pattern associated with the blade pass
frequency and its harmonics and other tones that becomes clearly evident if one
uses narrowband analysis over the infrasound region as shown in Figure 5.


3.2 Infra sound The use of narrowband analysis permits one to identify the peak


frequency components in the wind turbine signature that occur in the infrasound


region that by definition will not be contained in the A-weighted level.


For the purpose of considering wind turbine noise in Australia we have utilised the
descriptor of Wind Turbine Signature where the pattern associated with the blade
pass frequency and the first 5 harmonics can be detected both near the turbines and
at residential dwellings on a regular basis. None of these low-frequency patterns can
be detected by use of the A-weighted parameter and therefore are hidden in the
assessment.
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3.3 Am plitud e M od ula tion


One proposed criterion to
address amplitude modulation
[3] is if there is a variation of
greater than 4 dB(A) at the
blade passing frequency then
modulation will be considered
as an excessive level requiring
a 5dB(A) penalty to the
predicted or measured level
from the wind farm. The
modulation characteristic
penalty applies only if the
modulated noise from the wind
turbine is audible at the
relevant receiver.


What does that definition of
excessive modulation mean? Is
it peak to peak of individual
waves? Is it the peak to peak of
the modulation or the
extremities of the overall level?


Figure 6 provides an expanded
view of a 10 minute sample of
the wind farm noise at a
residential property 2.6 km
from an operational wind farm.
The noise from the wind farm
was audible as was a
modulation.


Figure 7 is the narrow band
analysis of the 10 minute
sample (from which Figure 4
was extracted) and identifies a
number of distinct peaks in the
low frequency region. Whilst
Figure 8 covers the infrasound
region with the main peak being
the second harmonic of the
blade pass frequency.


FIGURE5:At150 m e tre sfrom
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The modulation is not apparent for
noise logger measurements shown in
Figures 10 and 12, unless one
undertakes wave file recordings then
amplitude modulation is not detected.
Note the Wind Turbine Signature
evident in Figure 5.


3.4 H e a ring the infra sound m od ula tion Acousticians may remember that in early


days of vibration analysis instrumentation did not go low enough to measure the


signature of operating machinery and by use of variable speed instrumentation


recorders one could measure the signal at one speed and play back at a higher


speed (typically 10 times speed) to conduct the analysis. A similar procedure has


been used in relation to acoustic scale modelling of concert halls.


One can take wave files and modify the parameters so as to increase the speed 100


fold so as to then be able to audibly hear the blade pass frequency and the harmonic


relationships from the infra sound region.


Similarly by the use of wave file measurements recorded on site one can, without


increasing the speed of the signal listen to the audio as a post processing method


where additional gain can be supplied and identify acoustic signals in the receiving


location even though at the time the persons in attendance may not necessarily be


able to detect the noise.


FIGURE7:FFT 0 100H z
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Another issue that has come to light in relation to hiding wind farm noise in ambient
measurements has been the selection of averaging times used in the analysis,
particularly when looking at modulation and narrowband components. When dealing
with constant percentage bandwidth filters the analysis time required to have a valid
signal must agree with BT=1. If one looks to frequencies below the audible band then
the time period for analysis automatically increases.


For an assessment in Australia was suggested that the averaging time of the
analysis be increased to 10 seconds to cater for low-frequency infra sound
components in assessing the G-weighted level or the linear levels from which the
time signal of the event bears no relationship to what actually occurs.


Similarly for narrowband analysis one can select the number of averages that under
linear averaging can lead to different results.


4.H ub H e ig htW ind Spe e d ve rsusBa c kg round Le ve la nd Re g re ssion


Ana lysis


The procedure used in Australia for determining the criteria to apply at residential


receivers uses ambient background level measurements at residential locations


referenced back to the wind speed recorded at the wind farm site for either a position


10m above ground level or (now) more commonly at the hub height. The regression


analysis does not identify wind direction or wind speed at the residential receiver.


The regression analysis reveals a spread of results with derived line representing an


average background level rather than the repeated minimum background level used


for industrial noise assessments in Australia.


What does the difference between the wind speed and direction at the receiver
location versus the hub height?


N


FIGURE9:W ind Dire c tion Exa m ple
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Consider the situation in Figure 9 of a residential location located on the northern
side of a hill upon which is located a turbine. If one assumes at the present point in
time that the wind has a constant speed for different heights then for a wind direction
blowing from the south to the north the turbines will be subject to wind but the
residence being in the lee of the hill may not receive any wind. In this situation the
residential premises would be downwind of the turbine and therefore could be
expected to have a higher noise level than if one considered a stationary noise
source under still wind conditions.


For the reverse situation of a wind blowing from the north to the south the residents
could experience, depending upon the wind strength, an increase in the background
level but would also be expected to have a reduction in the turbine noise level
emitted under neutral conditions by reason of the residence now being upwind of the
noise source.


Therefore for the same hub height wind speed the background level at the residential
dwelling can be different for the 2 different wind directions depending upon the
strength of the wind, as can the noise emission from the turbine under the different
wind directions and wind speeds.


If one was to undertake wind speed and direction measurements at residential
locations when the ambient noise level was being recorded, and that material was
presented then there could be a correlation between the ambient background level at
the residence unclear different prevailing weather conditions with that at the hub
height.


Figure 10 provides a graph of noise level over time at a residence depicted in the
concept in Figure 9 where the author was in attendance at the time. If one looks to
the time around 5pm the ambient background level outside the residence was
30dB(A) and there was no wind at the residential property, nor was there any
apparent wind at the turbines in that the turbines were not operating [4].


The noise graph shows an increase in the ambient background level when expressed
as an L90 level utilising 10 minutes samples and correlates with the nominal power
output of the wind farm that is provided from an engineer who collates wind farm
power output data and publishes the material in the public domain, i.e. the wind
industry does not provide any readily readable material in a graphical format for the
output of wind farms, nor do they provide the hub height wind speed.


At 9pm the ambient background level is found to be 43dB(A) for which there was no
wind that could be detected at the residential property. On a subjective basis the
ambient background level was as a result of the operating turbines.


The application of that wind farm nominated for maximum power output of the
turbines the noise level generated by the wind farm would not exceed 34dB(A) at the
residential location (shown on a contour map), or 32 dB(A) specified in a Table (in
the Environmental Assessment).
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It would therefore follow that the noise detected at the residential location exceeded
that predicted by the applicant and a breach of the conditions of consent – that were
based on a regression line analysis.


However the wind farm operator disputed there was a matter of non-compliance, by
reason of the noise level measured at the residential receiver not being correlated
with the hub height wind speed [5]. The simple explanation as to why one cannot
correlate the hub height wind speed data with the measurements is that the wind
farm operator does not provide in the public domain any hub height wind speed data.
Therefore it would appear impossible for any independent monitoring to ascertain
compliance with the conditions of consent because one of the key components for
determining compliance is not available.


Arising from the claim of not being able to establish compliance we conducted
continuous monitoring over some 4 months at another residence near the residence
shown in Figure 9 where wind speed measurements were conducted at the
microphone throughout that period, and for a portion of the time also at 10m above
the microphone location. The results when correlated with the power output of the
wind farm again indicated noise levels significantly greater that nominated in the
environmental assessment.


FIGURE10:Re sid e nc e in Fig ure 9 �d ownwind situa tion
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If the true assessment criterion is reacted to the noise emission contribution from a
wind farm versus the ambient background level at a receiver location then it must be
acknowledged that wind at any assessment location will affect the background level.


But how much will the background level be affected?


To this end utilising the subject monitoring system that is being used at a number of
wind farms the system was located on the side of an exposed hill being a residence
in proximity to a proposed wind farm. There were no trees within 500m of the
monitoring location and as the hillside was fully exposed we were able to determine
the regression line applicable to the monitoring system for wind speed at the
microphone versus the background level (see Figure 9). This permits us on utilising
the same system for monitoring purposes and recording the wind speed at the
microphone height to then take any of the measurement results that have been
obtained in the presence of wind farm noise and logarithmically subtract the
background level attributed to the wind at the time, to then end up with the noise
contribution from the wind farm.


FIGURE11: Expose d H illsid e (furrowe d g round ) �No Turb ine s,No Tre e swithin


500 m e tre s


Therefore if we have been able to determine a regression line at the residential
location showing the background versus the wind at that residential location one has
a base level for assessing (when the wind farm is operational) the actual impact of
the wind farm and the matter of compliance with a criterion of a base level or
background +5dB being the true background recorded at residential dwellings.
Therefore for a number of proposed wind farms we have measurement data that
identifies the regression curve for the ambient background versus the wind at the
residential location. This curve is completely independent of the hub height wind
speed. With such information to hand it then becomes a relatively easy process to
identify the noise impact of the wind farm in the environment in which it occurs
without the obstacle of (deliberately not) having access to hub height wind speed.
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In considering the above information it is apparent that for different wind directions
there will be different levels of noise obtained at residential locations both in terms of
the A-weighted value and the spectral components


Figure 12 provides a series of graphs recorded at a residential location 2.6km from
an operating wind farm showing the noise levels over a 24-hour period.
Superimposed on the A-weighted noise levels (that are the statistical 10 minute
parameters) is the wind speed at the microphone position, with the graph below that
showing the direction of the wind speed and the bottom figure being the power output
of the wind farm available for that day.


The results indicate an ambient background level in the early hours of the morning
with relatively little wind and little power output to be in the order of 12dB(A) for the
monitoring system used with a noticeable increase in the background noise level
following the increase in the wind and the increase in the power output.


The grouping of the various plots in Figure 12 shows for the majority of the day a
relatively steady power output from the wind farm. However one can see the changes
in the background level as there is a difference in the wind direction, yet the wind
speed is relatively steady at the microphone until around 8pm when the microphone
wind speed drops.


Use of a calibrated monitoring system versus the wind speed at the microphone
permits one to determine the noise emission from the wind farm without the need for
the hub height wind speed. The graphs show the concept that different wind direction
for the same wind speed will give rise to different noise levels at residential properties
and therefore different impacts. Following the completion of these measurements a
certification letter as to acoustic compliance of the wind farm appeared that
apparently is a result of ‘extensive testing’ (no test results provided) but a simple
curve in terms of power output of the wind farm nominated noise levels at the subject
residents. The noise level is versus the hub height wind speed and without the hub
height wind speed one is unable to challenge that material.


However the results in Figure 12 indicate noise levels greater than that predicted for
even the maximum output of the turbines. Figure 12 highlights the differences in
terms of the noise emission on just using a dB(A) basis and how one can undertake
averaging to determine (or downgrade) the actual noise impact.


But the Leq level of the wind farm will be higher than the background level and may
also require adjustments for modulation and tonality.


Wave file analysis of the same time period reveals an audible modulation of the wind
farm noise was apparent which is not been included in the raw measurement data.
At the time of the paper being written the hub height wind speed information is not
available but is expected to be available for the presentation to then place this
material in its correct context.
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5.M ic rophone Se le c tion


Utilising the above vibration analogy one can establish there are different
microphones that in themselves will have different frequency responses and different
dynamic ranges that in turn require careful consideration in the selection of such
equipment.


FIGURE12 W a te rloo W ind Fa rm M onitoring
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As experienced acousticians in terms of typical environmental measurements will be
aware that there is an upper limit to the dynamic characteristics of a microphone
such that in the general course of assessments one reduces the size of the
microphone so as to permit the measurement of higher levels. For example one may
consider a typical 1 inch microphone to have an upper dynamic limit in the order of
say 145 dB with an open circuit sensitivity typically expressed as 50mV/Pa, whereas
a quarter inch microphone is capable of measuring levels in the order of 160 - 185 dB
and has an open circuit sensitivity at or below 4mV/Pa.


It is also generally acknowledged that typical ½ inch and 1 inch environmental
microphones may have an open circuit frequency response varying from a few Hz to
10 kHz or 20 kHz, whilst the ¼ inch and 1/8 inch microphones have a much higher
frequency response sometimes extended up to 140 kHz.


Utilising the general concept as expressed in the dynamic range of accelerometers
then there must be a limit in terms of the dynamic range of the microphone so as to
respond to the measured pressure levels.


Just as one would not use a typical 1 inch microphone in seeking to record a sound
pressure level in the order of 170 dB it therefore must follow that a 1/8 inch
microphone would be not suitable for recording general community acoustical
measurements where background levels are less than 40 dB(A).


Just as in vibration measurements specialised accelerometers are required for the
measurement of very low vibration levels, then in dealing with very low sound level
measurements such as those encountered in test laboratories there are specialised
microphones and preamplifiers to permit low level measurements.


The majority of our equipment is based around Bruel and Kjaer but it is
acknowledged that there are other manufacturers who produce both low level sound
measurement microphone/preamplifier combinations, and also at the other end of the
dynamic spectrum high level sound measurement microphones for blasting.


There is no doubt that the measurement of noise at either the very low level or high
sound levels is a lot more expensive than general purpose microphones. To obtain
accurate results for even general-purpose sound requires a different classification of
a microphone (and expense) to that obtained from a low-cost omnidirectional
microphone that may be purchased in a typical electrical outlet store.


Having identified that there are different microphones for different purposes (and
those microphones will have different dynamic capabilities) then one needs to
expand the consideration of microphones to the fact that they will have different noise
floors and also different frequency responses.


Our earlier investigation into wind farm noise utilised our general purpose
microphones but with a Bruel and Kjaer Pulse system permitted to undertake both
constant percentage bandwidth and narrowband analysis.
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Our measurements revealed the presence of narrowband components in the
acoustic signature of noise emitted from turbines as external to an inside residential
dwellings removed from the wind farm. With any new investigations found a number
of limitations in our analysis method it in pulse system by default incorporated a
22.4Hz filter which may be appropriate for general acoustic matters but not
specifically for wind farms.


The electrical noise floor of the microphone was an issue that in turn led to extensive
testing in our small anechoic room to evaluate the different noise floors of general
purpose meters, microphones and our more specialised systems. We are able to
determine the threshold of the microphones with respect to the introduction of both
white noise and narrowband tones to find that a number of our general purpose
meters were unable to measure the full spectrum inside residential dwellings, i.e.
their noise floor was not low enough.


To this end we used as a control microphone a Bruel and Kjaer 4179 low noise
microphone with a 2660 pre amp with the specification by Bruel and Kjaer indicating
a capability to measure down to -2.5dB(A). The microphone has a flat specification to
10Hz and a curve to show the roll off below 10Hz to be 10 dB down at 1Hz.


We have established that the use of 200v polarised Bruel and Kjaer microphones
give us a lower noise floor than for non-polarised microphone and with a specialised
low-frequency extended range calibrator we can determine the frequency response
of our microphones to 1Hz but limited to a measurement at 1 Pascal. What happens
at lower SPLs can be tested by the use of signals but at the moment we do not have
a low frequency calibrator with adjustable SPLs.


We have seen the trend in some measurements in Australia to nominate use of the
Bruel and Kjaer low-frequency microphone type 4193 with the low frequency adapter
to extend frequency response down to 0.05Hz. The problem that we have found is
that the microphone has a relatively low sensitivity and that with the use of the UC
adapter there is a 9 to 13dB increase in the noise floor (i.e. less sensitivity) than
without the adapter. In this regard we have found the microphone to be of no
assistance in measuring indoors where the ambient background levels are below
20dB(A) – to be expanded upon in the presentation.


On conducting multichannel measurements in the one room on a simultaneous basis
we have sought to use our reference 4179 microphone and either 200v polarised
microphones that at valid down to 1 or 2Hz.


For the measurement of infrasound we have found it necessary to look carefully into
the microphone threshold levels and the selection of microphone used for such
measurements, as the issue that has become apparent in Australia is not a matter of
audibility of infrasound but the threshold of perception by residents that occurs at
levels well below the threshold of hearing.







Hiding Wind Farm Noise in Ambient Measurements – Noise Floor, Wind Direction and Frequency Limitations
5


th
International Conference on Wind Turbine Noise Page 16 of 17


6.0 Conc lusion


The conduct of measurements of wind farm operations, on behalf of communities in
Australia, has identified that the dB(A) noise levels specified by Regulatory
Authorities do not protect the acoustic amenity of residents and that there are a
number of fundamental issues in relation to your the criteria so nominated.


Another paper presented by the author during this conference [6] identifies issues
with respect to the dB(G) parameter and the use of Z weighting, suggesting
consideration of the use of Linear (un-weighted) levels from 0 – 20 Hz for infrasound
measurements.


Whilst the dB(A) provides the basis of assessment for wind farms then the
characteristics of the A- weighting curve and the use of Leq or L90 levels does not
identify the special characteristics associated with Industrial Wind Turbines.


Regulations in Australia are currently expressed in terms of noise level versus the
hub height wind speed. When one evaluates site-specific locations one finds the
criteria to be inappropriate.


Furthermore as the community is unable to obtain the hub height wind speed then
the matter of acoustic compliance testing on behalf of the community is doomed to
failure.


The regression curve used for general assessment purposes of wind farms in
Australia does not address the relationship of the acoustic environment at the
receiver locations versus the wind at those locations, nor does the relationship of the
ambient background levels of residential dwellings take into account the direction of
the wind.


Residents report sleep disturbance and other impacts at noise levels less than that


nominated by regulatory authorities which has led various acousticians to investigate


both low-frequency sound and infrasound as a potential source of the disturbance.


These investigations have revealed difficulties in conducting measurements when


incorrect instrumentation is used. If the instrumentation is unable to actually measure


the noise that occurs at residential properties, by either limitations in frequency


response of the instruments, low sensitivity of instrumentation (dynamic range) and


simply relying upon dB(A) measurements, then all the results of such investigations


must lead to incorrect conclusions as to noise emission from wind farms.
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Summary
Noise commissioning studies are a common regulatory requirement for new wind
farm developments in Australia and New Zealand. These studies usually involve
unattended A-weighted noise measurements, and in some cases assessment of
noise characteristics such as tonality, at surrounding receiver locations to enable
comparisons with background noise levels and noise limits established prior to
construction of wind farms. This paper presents several examples of commissioning
studies that have been completed at Australasian wind farms to explore the benefits
and challenges associated with commissioning work based on measurements at
receiver locations. Consideration is given to supplementary and alternative
commissioning methods such as noise prediction model verification, use of
intermediate measurement locations and attended monitoring. Additionally, the
commissioning data provides an opportunity for a retrospective review of the
suitability of design and planning processes used to develop new wind farm projects.


1. Introduction
Environmental noise is an important consideration in the development of new
infrastructure projects in Australia and New Zealand (Australasia). Consistent with
this, and in recognition of the sensitivities surrounding wind farm development,
regulatory authorities in Australasia have established stringent noise policies for the
development and operation of wind farms, comprising:


Low allowable noise levels relative to wind farm policies in other countries


Requirements for consented projects to submit detailed design verification data
before construction


Mandatory commissioning measurements at receptor locations once the wind
farm is operational.


A key aim of commissioning monitoring is to provide confidence to regulators and
local communities that new development adheres to noise limits. The requirement for
commissioning measurements at receptor locations is not uncommon for major
infrastructure projects in Australasia and abroad. Australia and New Zealand are,
however, among the few countries to apply this requirement to wind farms. One of
the main challenges to commissioning noise monitoring for any type of development







is separating the source and ambient noise influences. This is particularly
problematic for wind farms owing to the complexity of noise measurements in windy
conditions and the requirement to adhere to limits which are comparable to the
background noise. As a result, many other countries address compliance
requirements via sound power testing and predictions, or restricting monitoring to
instances of complaints.


The requirement for wind farm noise commissioning measurements has been in
place in Australasia for at least 10 years, and has been applied to a number of
operating schemes. The results of measurements carried out to date provide the
opportunity for a retrospective view of the commissioning results. This paper
presents an overview of compliance measurements carried out by Marshall Day
Acoustics at fifty-eight (58) residential receiver locations in the vicinity of ten (10)
operational wind farms with power generating capacity ranging from several
megawatts to several hundred megawatts. To provide some context to this number of
monitoring locations, of the ten (10) wind farms sites included in this study, a total of
sixty-nine (69) receptor locations were predicted to have noise levels higher than the
base limit.


The results presented in this paper are based solely on the results of measurements
made in accordance with the relevant requirements, and are primarily concerned with
A-weighted wind farm noise levels. A discussion is provided about the benefits and
limitations of mandatory receptor noise monitoring, and the types of alternative or
additional measurement data which can be used in aid of compliance assessments.


2. Australasian wind farms


2.1 Overview


In the 2012 Annual Report of the World Wind Energy Association [1


Figure 1


] a combined
wind farm capacity of 3.21GW was reported for Australasia by the end of 2012
(358MW growth in 2012). This places Australasia in thirteenth place worldwide with
China and the United States of America leading with 75.3 and 59.9GW respectively
(13GW growth each in 2012). Installed wind energy capacity for the top twenty
countries is presented in .


Figure 1: Installed wind energy capacity – top 20 countries







Although generating capacity in Australasia is much lower than leading countries, the
post-construction commissioning work required for wind farm sites has been
extensive, spanning years in some cases, in order to satisfy planning permit
conditions and/or demonstrate compliance.


2.2 Australasian noise commissioning requirements


Wind farm noise assessment in Australasia is guided by a number of different
documents which are applicable in different regions. These documents include:


Australian Standard AS 4959-2010 Acoustics – Measurement, prediction and
assessment of noise from wind turbine generators [2


New South Wales Department of Planning and Infrastructure consultation
document The Draft NSW Planning Guidelines: Wind Farms dated 2011 [


]
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New Zealand Standard NZS 6808:1998 Acoustics – The assessment and
measurement of sound from wind turbine generators [


]


4


New Zealand Standard NZS 6808:2010 Acoustics – Wind farm noise [


]


5


South Australian Environment Protection Agency document Environmental Noise
Guidelines: Wind Farms dated 2003 [


]


6


South Australian Environment Protection Agency document Wind farms
environmental noise guidelines dated 2009 [


]


7]


Some regions of Australasia such as Queensland, Tasmania, Victoria and Western
Australia do not have their own detailed assessment methodologies, and instead
prescribe the use of either the South Australian guidelines or New Zealand
standards.


An overview of the various requirements and methodologies detailed in the relevant
assessment documents is provided in Table 1.


Table 1: Summary of wind farm noise assessment methodologies in Australasia


Item Description


Criteria The noise contribution of the wind farm at receptor
locations is not to exceed the base noise limit or the
background level plus 5dB, whichever is higher.


Base limit A fixed value limit irrespective of wind speed. The value
of this limit is 35dB or 40dB depending on the
applicable assessment document. The value may be
increased to 45dB for receiver locations with an
agreement in place with the proponent (stakeholder).


Background level Measured using the LA90,10min or LA95,10min noise
descriptor.


Determined from unattended measurements typically
spanning 2-6 weeks at multiple receptor locations.


Data measured prior to construction is correlated with
wind speed at the wind farm site. A regression curve is
used to describe the variation in noise level with wind
speed, and subsequently forms the basis of
background dependent limits.


(The transition between the background dependent limit







and the base limit is referred to as the ‘knee’ throughout
this paper.)


Compliance measurements Compliance measurements are carried out at noise
sensitive locations normally at the same position as
background measurements. The same method used for
background measurement is used to measure total
noise levels (combined background and wind farm
noise). The same statistical measurement parameters
are primarily used, however some assessment
documents refer to the use of equivalent noise levels.


Background level adjustment If total noise levels are higher than the criteria, an
estimate of the wind farm noise contribution is
determined by logarithmic subtraction from the total
noise of the background noise at integer wind speeds
based on the regression curves.


Compliance periods Criteria and total noise levels may be determined for all
hours of a measurement survey. Alternatively some
regions or planning permits require separate analysis of
data recorded for day and night periods.


Wind speed Determined at 10m above ground level for older sites.
All current assessment documents refer to wind speeds
at hub-height.


Wind direction Criteria and total levels may be determined from
measurements made in all wind directions. Some
regions or planning permits specify compliance
assessments to be restricted to downwind conditions.


Audible characteristics Audible characteristics which are distinct from the
regular and occasional noise associated with a wind
farm can attract penalties to the measured noise levels.
The relevant characteristics considered vary by region
and may include tonality, excessive amplitude
modulation, and impulsiveness. Reference is made to
objective assessment methods which should be used in
the event that audible characteristics are observed.


(Audible characteristics are referred to as ‘special
audible characteristics’ in some regions.)


3. Commissioning studies


3.1 Wind farm sites


The characteristics of ten (10) wind farm projects in Australasia in which Marshall
Day Acoustics has undertaken noise commissioning are summarised in Table 2.


Table 2: Summary of wind farm sites


Item Description


Number of turbines 2 to 128


Turbine type 3-blade rotors upwind of the tower


Turbine rated power 1.5MW to 3MW







Item Description


Hub-height 68m to 80m


Rotor diameter 64m to 90m


Speed regulation Mostly pitch-controlled variable speed turbines.


Some stall regulated turbines.


Environment Rural areas generally distant from dense populations and high
volume traffic corridors


Geography Mix of flat & undulating terrain with some tall ridges.


Mostly inland with some coastal sites


3.2 Commissioning assessment considerations


This review of commissioning studies includes fifty-eight (58) locations across ten
(10) wind farm sites. Assessment details vary from site to site. Key differences are
outlined in Table 3.


Table 3: Commissioning assessment details (refer to Table 2 for item definitions)


Item Approach for review of compliance outcomes


Base limit Review of compliance outcomes applies the relevant base limit for
each project.


Noise descriptor No adjustment is made to measured levels. The practical
differences between LA95,10min and LA90,10min levels are not expected
to be significant.


Time of day Review of compliance outcomes is based on 24 hour data sets
only.


Wind speed
reference height


Sites referenced to turbine hub height have been re-referenced to
10m AGL using the power law and site specific average wind shear
values. All wind data presented in this paper is referenced to 10m
AGL.


Wind direction Review of compliance outcomes applies the wind direction based
assessment requirements specific for each wind farm. In some
cases, compliance assessment includes filtering for wind direction
while in others all wind directions are included in the assessment.


3.3 Measurement results overview


To highlight the difficulties in measuring wind farm noise in environments where the
background levels are comparable, Figure 2 presents total, background and
predicted levels as a function of the separating distance between each monitored
receptor and the nearest turbine.







Figure 2: Total, background and predicted levels vs. separation distance


Figure 2 demonstrates that predicted levels decrease with distance between
receptors and wind turbines. As a result, it becomes difficult to practically measure
wind farm noise as distance increases due to increasing influence from background
noise.


To provide an indication of the average range of levels encountered during the
studies, Figure 3 and Figure 4 present average total level trends with wind speed for
wind farm stakeholders and non-stakeholders, respectively. In each case, the trends
are presented with an associated variation indicated by one standard deviation either
side of the average. Additionally, each figure presents an average background level
and the associated standard deviation.







Figure 3: Average measured noise levels vs. wind speed (non-stakeholders)


Figure 4: Average measured noise levels vs. wind speed (stakeholders)


It can be seen that the measured background and total levels range from
approximately 30dB to 45dB and greater. Figure 3 illustrates that the average
difference between background and total levels at non-stakeholder properties is







generally not greater than 3dB. The difference at stakeholder properties, shown in
Figure 4, is more pronounced at up to approximately 7dB at 5m/s.


These results, particularly those in Figure 3, demonstrate the comparatively small
difference that can occur between background and total levels, highlighting the
difficulties associated with undertaking commissioning measurements at receiver
locations.


3.4 Compliance outcomes


The results presented in this study demonstrated compliance at all of the fifty-eight
(58) locations where compliance surveys were carried out. The compliance results
are categorised as follows:


At thirty-nine (39) of the fifty-eight (58) locations, compliance with the criteria was
demonstrated at all wind speeds by direct comparison of the total levels with the
criteria.


At twelve (12) of the fifty-eight (58) locations, compliance with the criteria was
demonstrated at all wind speeds by adjusting the measured total levels for the
influence of background noise according to the relevant assessment documents.
The adjustments were based on estimates of the background influence by
logarithmic subtraction of the background levels. Given the inherent variability of
background levels, this type of procedure can only be regarded as an estimate.
However, in recognition of this, the background adjustment is limited to a
maximum value of 1.3dB (in accordance with IEC 61400-11:2006 [8


At seven (7) of the fifty-eight (58) locations, compliance was ultimately
demonstrated at all wind speeds, but significant variations in background noise
were a complicating factor. Specifically, it was not possible to demonstrate
compliance solely on the basis of background adjusted measurements. In each
case, a number of site-specific factors indicated background noise was the major
contributor to measured levels. These factors included the measurement of lower
levels at locations near to the wind farm where background levels were lower.
Other factors included the relationship between noise levels and wind speeds,
and how this differed from the relationship observed at positions where wind farm
noise was able to be directly measured (and differed from the relationship evident
in the sound power test data). Relying on a combination of extended
measurement durations (sometimes in excess of several months), audio records,
frequency data, and trends in noise levels such as those exhibited in different
wind directions, compliance with the criteria was able to be determined from the
total collection of data sources. Whilst these situations were confined to a minority
of the fifty-eight (58) locations surveyed, the level of monitoring and analysis work
required to ultimately prove the measurements were dominated by background
influences represented a significant portion of the total survey effort.


], Section
8.2). Adopting this limitation, the method is considered to provide a reasonable
and conservative estimate of the true background noise influence.


As detailed above, at nineteen (19) locations comparison of measured total noise
levels and noise limits was not sufficient to demonstrate compliance. In fourteen (14)
of these nineteen (19) cases, the wind speed range where the measured total level
exceeds the noise limit spanned the knee of the noise limit. At these locations it is
effectively the knee which becomes the critical assessment point.







At the five (5) locations where the knee was not the critical point, the measured total
noise level exceeded the limit at wind speeds above the knee. For two (2) of these
locations stall regulated turbines were installed.


4. Case studies


4.1 Location A: Complex compliance


Figure 5 shows an extract of monitoring results at a typical receiver location. It can be
seen that the measured total levels are greater than the criteria between 7.5 and
9.5m/s.


Figure 5: Example extract of a typical receiver location monitoring analysis


In this instance, audio recordings were available to enable listening tests. A selection
of the audio samples within the critical wind speed range (shown as red dots in
Figure 5) were used as a complementary means of gauging the extent to which the
operation of the wind farm contributes to the total level. It was found that periods with
noise levels above the limit typically included extraneous noise sources such as bird
noise and cattle noise.


This information was used in conjunction with other trend data to demonstrate the
wind farm contribution was below the applicable noise limit.


4.2 Location B: Intermediate measurement points


Measurement locations at intermediate points between the wind farm and receptor
locations offer an advantage in measuring wind farm noise distinct from background.
This method enables the relationship between turbine emissions and wind speed to
be established, particularly above rated power. Additionally, multiple intermediate
measurement locations can be used to better understand trends of decreasing wind
farm levels with increasing distance.







Figure 6 presents predicted and measured levels at increasing distances from a wind
farm. The position of the wind farm relative to the measurement locations is shown
schematically below.


Comparison of the data at 250m and 500m from the wind farm indicates a consistent
relationship between measured and predicted noise levels. Comparison of the
1400m and 2400m locations demonstrates little to no drop in measured noise level.
In contrast, the change in predicted levels between these two locations provided
support for the measured levels at 2400m being dominated by background noise
levels.


Figure 6: Comparison of measured and predicted noise levels with distance


5. Discussion


5.1 Benefits and limitations of existing compliance monitoring methods


Based on the results of this study, the following advantages and disadvantages of
commissioning measurements at receptor locations were identified.


Pros Cons


Direct account of the actual noise levels at
the receptor locations, rather than relying on
predictions.


Evidence supports that predictions offer a
reliable means of determining wind farm
noise levels at receptor locations.


Demonstrates that noise levels at receptor Measurements at some receptor locations


Wind farm


Position A


Position B


Position C


Position D







locations comply with the requirements. are significantly complicated by background
noise variations. Complex results can create
uncertainty about compliance outcomes.


Supports the methods used to design wind
farms, in turn offering credibility for the use
of those methods for future projects.


Continued emphasis on the need for
measurements at receptor locations may
inadvertently undermine the perceived
reliability of predictions.


Extended unattended survey durations
enable a range of conditions to be
assessed.


Repeated wide scale surveys at receptor
locations are impractical to demonstrate
ongoing compliance.


The bias toward prolonged unattended
surveys limits the amount of compliance
information available for audible
characteristics.


The results offer a valuable reference for
objective noise policy reviews.


The results are not retained in centralised
public records, and the results are not
correlated with community
satisfaction/dissatisfaction with noise.


Allows for a practical method of adjusting for
background influence which is sufficient for
demonstrating compliance at the majority of
receptor locations.


Background noise levels are inherently
variable, and in instances where
background noise levels are higher, the
assessment is dependent on alternative
data sources not detailed in the guidance
documentation.


5.2 Community expectations


The observation that compliance has been demonstrated at all fifty-eight (58)
receptor locations demonstrates that commissioning results are broadly consistent
with planning assessments.


It could be expected that this consistency of outcome would provide confidence to
the community including wind farm regulators. However, the Renewable Energy
(Electricity) Amendment (Excessive Noise from Wind Farms) Bill 2012 (Cth) read in
the federal parliament of Australia on 29 June 2012 and seeking to impose
accrediting sanctions for wind farms generating ‘excessive noise’, suggests that
confidence in the current compliance methodologies is lacking for some members of
the community.


There may be many complex factors influencing an individual’s or community’s
confidence in the planning and development process for wind farms and to consider
noise commissioning without a broader context over-simplifies the situation.
Nonetheless, it is noted that changes to how commissioning results are reported may
be helpful. For example, as noted above, in nineteen (19) of the fifty-eight (58) sites
considered, demonstrating compliance required more than a simple comparison of
total measured noise levels with noise limits. The additional analysis required for
compliance can result in lengthy and detailed descriptions of the assessment
methodology which are more difficult for the community to understand.


Improving the reporting of outcomes could be addressed in part during
commissioning studies. There may also be some advantage in having reporting







requirements clarified in regulatory assessment documents. For example,
commissioning measurements at locations beyond the base noise limit contour of the
wind farm are likely to be heavily influenced by background noise and require
complex methodologies to assess compliance. Acknowledgement of this kind of
issue in regulatory assessment documents could simplify reporting of commissioning
outcomes and may also provide assurance to wind farm neighbours that assessment
techniques used during commissioning are valid.


5.3 Balance of methodologies used during commissioning


The regulatory system in Australasia prioritises commissioning measurements at
receptor locations. There may, however, be merit in reviewing the balance of
measurement techniques used during a commissioning study in order to:


Increase the certainty of commissioning outcomes


Improve the efficiency of commissioning methods


A range of alternative commissioning methods are discussed in Table 4 below.


Table 4: Alternative commissioning methods


Item Comment


Intermediate survey points As outlined in Case study A, intermediate points can offer a
better signal to noise ratio for wind farm measurements.


Derived survey points Derived survey points away from receptor locations at positions
with lower background levels, but at a similar distance from a
wind farm, and therefore with similar noise exposure, can provide
helpful complimentary analysis of wind farm levels and, in
particular, the possible influence of ambient noise at the receiver
location.


This is particularly relevant for exposed windy locations where
wind farms are usually sited, as residential locations will
frequently feature increased levels of vegetation for the purpose
of wind breaks.


Shut downs Shut down testing can assist in confirming the contribution of
ambient to total levels. However, there can be difficulties in
coordinating site wide shut down and start up of turbines.
Additionally, a significant amount of shut down testing may be
necessary to capture a sufficient amount of data over a suitable
range of wind conditions.


Frequency data, audio records One-third octave band filtering of measured levels, coupled with
listening studies of collected audio samples, can identify periods


significantly influenced by extraneous noise.[9


6. Conclusions


]


Significant variation of background noise, inherent in windy environments, represents
the greatest technical challenge to commissioning measurements at receptor
locations. Despite this, and contrary to expectations, compliance with the relevant
criteria was able to be demonstrated in more than 85% of cases by direct
measurement of total levels with limited adjustments for background influences when
necessary.







Significant measurement complications from background noise influence were
evident at less than 15% of sites. These locations, however, required
disproportionate and protracted efforts to achieve an acceptable level of confidence
in the compliance status of the wind farm. In particular, some locations required
measurements spanning several months or more in different seasons to capture
suitable wind directions. Extensive analysis was also required to ultimately prove that
background influences were responsible for measured levels above the criteria.
Whilst these situations occurred at a minority of measurement locations, the
complexity of these situations contributed to regulator and community concerns
about the compliance status of the wind farms. The complexity of the assessment,
and the lack of directly measured levels below the criteria, frequently proved difficult
for regulators and the community to interpret, somewhat undermining the level of
confidence sought from commissioning measurements.


Given that compliance was ultimately demonstrated at all of the fifty-eight (58)
receptor locations, it could be expected that confidence in the regulatory system and
processes should be supported by commissioning work. There is, however, no
objective data to demonstrate that the extensive commissioning obligations placed
on Australasian wind farms has significantly enhanced regulator or community
confidence in the management of wind farm developments. A centralised regulator
record of compliance outcomes may assist, and may also provide a more objective
reference for periodic policy reviews.


The demonstration of compliance at all locations does however suggest that
commissioning measurements at receptor locations is not necessarily justified on
technical grounds. Specifically, these findings, in conjunction with research into wind
farm noise predictions [10] [11] [12


Reduced emphasis on measurements at receptor positions, particularly those
locations where predicted wind farm levels are less than the base limit


] support that wind farm levels can be reliably
calculated on the basis of sound emission data determined from international
standard test methods. Regulatory systems in Australasia do however prioritise
commissioning measurements at receptor locations, particularly given the absence of
endorsed or standardised prediction methodologies. Accordingly, despite the
technical data suggesting commissioning monitoring may not be required, surveys at
receptor locations are likely to be an ongoing requirement for new wind farm projects.
These findings do however provide justification for considering:


Increased emphasis on the utility and acceptability of alternative commissioning
data, such as measurements at intermediate and derived points combined with
prediction based data.
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Summary
Wind farms are becoming a critical and significant alternative energy resource
throughout the world, where wind turbine noise is at times considered an afterthought
during the planning process. If a commercial wind energy project is not properly
developed, the annoyance level of noise produced by operational turbines can become
a nuisance to nearby communities. With this topic in mind, it is the intent of this study to
provide a comparison of wind turbine noise regulations in the countries of Belgium, The
Netherlands, Germany, France, United Kingdom, Denmark, Sweden, Norway, Australia,
United States of America, and Canada. Research shows numerous European countries
have strict regulations for wind turbine compliance noise threshold limits. Other
countries describe the use of turbine setback distances or impose a penalty for tonal or
impulse noise characteristics where regulatory noise limits, and the parameters to
describe these specific metrics, differ per country. In converse to Europe, the United
States and Canada do not include national legislation whereby deferring to local
province, state, and county. In instances where there is no wind turbine noise
legislation, the applicable threshold limits are enforced by standardized noise
ordinances of the governing jurisdiction or simply rely on national environmental noise
guidelines, such as seen in the Environmental Protection Agency (EPA) publications
within the United States. Overall, research indicates that noise regulations implemented
for limiting wind turbine noise is shown to widely vary between these countries. The
findings of this study are proposed to further educate the noise consulting community
and assist to improve the quality of advice within industry and governing authorities.


1. Introduction
Around the world, wind turbine noise regulations in most cases vary from country to
country. This includes noise parameters, such as annoyance impact metrics, tonal or
impulsive noise characteristics, and turbine setback distances from adjacent property
boundaries, dwellings, and varying land uses. This study provides a summary
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evaluation of a variety of these regulations by identifying and comparing specific noise
metrics incorporated within governing legislation and regulations of various countries
and local jurisdictions for comparison of the disparities that currently exist today. In total,
39 governing jurisdictions were evaluated and are succinctly summarized in Section 2 of
this study.


2. Legislation and Regulations Governing Wind Turbine Noise
To give the reader a sense of the disparity of wind turbine noise code regulations, an
overview is presented in Table 1 below summarizing the noise regulations and
threshold limits as published by a variety of different countries and jurisdictions. A brief
explanation of each referenced noise threshold guideline established by country or local
governing jurisdiction is given in the following paragraphs.


Table 1: Overview of Noise Metrics and Threshold Limits


Governing
Jurisdiction


Noise Metric Rural Area Residential Area
Residential Area


Near Industrial Area
Other Areas


Belgium -
Flanders


LAeq @ 95% nominal
power [dB(A)]


Day: 48
Evening/night:


43


Day: 44
Evening/night: 39


Day: 48
Evening/night: 43


Day: 44-60
Evening/night: 39-55


Belgium -
Wallonia


LAeq @ all wind
speeds [dB(A)]


45 45 45 45


Canada No National Legislation for Wind Turbine Noise


Canada -
Alberta


LAeq [dB(A)] Night: 40 Night: 40 Night: 40 Night: 40


Canada -
Prince Edward


Island
No Province Legislation for Wind Turbine Noise


Denmark
Lr @ 6 m/s [dB(A)]
Lr @ 8 m/s [dB(A)]


42 @ 6 m/s
44 @ 8 m/s


37 @ 6 m/s
39 @ 8 m/s


37 @ 6 m/s
39 @ 8 m/s


37/42 @ 6 m/s
39/44 @ 8 m/s


France
LAeq @ all wind
speeds [dB(A)]


increase of 5 dB(A) with reference to background noise level
increase of 3 dB(A) with reference to background noise level


Germany
Lr @ all wind speeds


[dB(A)]
Day: 60
Night: 45


Day: 50-55
Night: 35-40


Day: 60
Night: 45


Day: 45-70
Night: 35-70


The
Netherlands


Lden [dB]
Lnight [dB]


Lden: 47
Lnight: 41


New Zealand LA90(10min) [dB(A)]


35 or
background


LA90(10 min)
+ 5


40 or background
LA90(10 min) + 5


40 or background
LA90(10 min) + 5


40 or background
LA90(10 min) + 5


Norway Lden [dB] Lden: 45 Lden: 45 Lden: 45 Lden: 45


South Australia LA90,10 [dB(A)]


35 or
background


LA90(10 min)
+ 5


40 or background
LA90(10 min) + 5


40 or background
LA90(10 min) + 5


40 or background
LA90(10 min) + 5


Sweden LAeq @ 8 m/s [dB(A)] 35 40 40 40


United
Kingdom


LA90(10min) [dB(A)]
Day: background + 5 dB(A), with a lower limit of 35 to 40 dB(A)


Night: background + 5 dB(A) with a lower limit of 43 dB(A)
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Governing
Jurisdiction


Noise Metric Rural Area Residential Area
Residential Area


Near Industrial Area
Other Areas


United States
of America


No National
Legislation for Wind


Turbine Noise
EPA: Ldn [dB(A)]


Ldn: 55 Ldn: 55 --- ---


Colorado No State Legislation for Wind Turbine Noise


Colorado -
Arapahoe


County
LAeq [dB(A)] ---


Day: <55
Night: <50


---
Day: <65-<80
Night: <60-<75


Georgia LAeq [dB(A)] 55 55 55 55


Illinois Octave Band Analysis (see Table 6)


Indiana No State Legislation for Wind Turbine Noise


Indiana -
Tipton County


Octave Band Analysis (see Table 7)


Michigan LAeq [dB(A)]
55 or background


+ 5 dB(A)
55 or background


+ 5 dB(A)
55 or background +


5 dB(A)
55 or background + 5


dB(A)


Michigan -
Huron County


LA90 [dB(A)]
55 or background


+ 5 dB(A)
50 or background


+ 5 dB(A)
55 or background +


5 dB(A)
55 or background + 5


dB(A)


Minnesota LAeq [dB(A)] 50 50 50 ---


Minnesota -
Lincoln County


LAeq [dB(A)] 50 50 50 ---


Nevada No State Legislation for Wind Turbine Noise


Nevada - Lyon
County


LAeq [dB(A)] 55 55 55 55


New Mexico No State Legislation for Wind Turbine Noise


New Mexico -
San Miguel


County
LAeq [dB(A)] < background < background < background < background


New York No State Legislation for Wind Turbine Noise


New York -
Town of


Jefferson
LA10 [dB(A)] ---


50 or background
+ 5 dB(A)


--- ---


North Carolina LAeq [dB(A)] 55 55 55 ---


Oregon LA50
Day: 55


Night: 50


Pennsylvania No State Legislation for Wind Turbine Noise


Pennsylvania -
Potter County


LAeq [dB(A)]
background +


5 dB(A)
background + 5


dB(A)
background + 5 dB(A)


background + 5
dB(A)


Wisconsin LAeq [dB(A)]
Day: 50
Night: 45
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Governing
Jurisdiction


Noise Metric Rural Area Residential Area
Residential Area


Near Industrial Area
Other Areas


Wisconsin -
Shawano
County


LAeq [dB(A)] / Octave
Band Analysis (see


Table 9)


background +
5 dB(A)


background + 5
dB(A)


background + 5 dB(A)
background + 5


dB(A)


Wyoming No State Legislation for Wind Turbine Noise


Wyoming -
Larmaie
County


LAeq [dB(A)] 50 50 50 50


2.1. Belgium


Belgium consists of three regions: The Flemish Region, the Walloon Region and the
Brussels-Capital Region. For this study we looked into the legislation in the Flemish and
Walloon Region. The Brussels-Capital Region is an urban area, which is not really
suited for wind farms.


2.1.1. Flanders


The Flemish Region, named Flanders, has specific legislation for wind turbine noise [1].
The current legislation was implemented on January 1st, 2012.


The sound power level used for the calculations is to be determined at 95 % of the
nominal power from the wind turbine. An accuracy margin of standard 1 dB(A) is
assumed. If the accuracy margin exceeds 1 dB(A), the difference has to be added to the
sound power level.


The target values for wind turbine noise are summarized in Table 2 below. If the
background noise level is higher than the values as stated in the table, then the noise
limit is equal to the background noise level. In this situation a setback distance of a
minimum of 3 times the rotor diameter is taken into account.


Table 2. The Flemish Region Wind Turbine Noise Threshold Limits
Area Target Value in dB(A) in Open Air


Day Evening Night


residential areas, areas for recreation residence 44 39 39


rural areas, residential areas at less than 500 m
from industrial areas, recreational areas


48 43 43


industrial areas 60 55 55


other areas 44-55 39-50 39-50


2.1.2. Wallonia


On 21 February 2013, a recently approved noise limit of 45 dB(A) has been established
for all wind speeds at the façade of dwellings [2][2]. A setback distance of minimum 3
times the total height for large wind turbines and 350 meters for medium large wind
turbines was also established.
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It is possible to deviate from these requirements if the background noise already
exceeds 45 dB(A) and sufficient noise insulation is guaranteed or an agreement is
made between the developer/owner of the wind farm and the inhabitants of specific
dwellings, while a minimum distance of minimum 3 times the height of the turbines and
400 meters is respected.


2.2. Canada


Canada does not contain established national legislation for wind turbines whereby
deferring to provincial regulations. These regulations are further discussed below.


2.2.1. Alberta


Within the province of Alberta noise generated from wind turbines is regulated by the
Alberta Utilities Commission (AUC) [3]. The AUC regulates wind turbine noise impacts
during the nighttime period from 10:00 p.m. to 7:00 a.m. This regulation provides the
minimum basic sound level for calculating the permissible sound level, which is 40 dBA
Leq. Adjustments are then made for proximity to transportation and population density.
The basic noise threshold limits for the nighttime period are summarized in Table 3.


Table 3. Alberta Province Basic Sound Level Limits for Nighttime


Proximity to
Transportation


(1)


1 to 8 dwellings; 22:00
to 7:00 (nighttime)


(dB(A) Leq)


(2)


9 to 160 dwellings;
22:00 to 7:00


(nighttime) (dB(A) Leq)


(3)


160 dwellings; 22:00
to 7:00 (nighttime)


(dB(A) Leq)


Category 1 40 43 46


Category 2 45 48 51


Category 3 50 53 56


These regulations assume that the nighttime ambient sound level is 5 dB less than the
applicable basic sound level. Category 1 represents dwellings located 500m or more
from heavily travelled roadways or rail lines and not subject to frequent aircraft over
flights; Category 2 represents dwellings located 30m or more, but less than 500m from
heavily travelled roadways or rail lines and not subject to frequent aircraft over flights;
Category 3 represents dwellings located 30m or less from heavily travelled roadways or
rail lines or are subject to frequent aircraft over flights.


2.2.2. Prince Edward Island


The province of Prince Edward Island does not have specific state legislation in regards
to wind turbine noise; however, it does regulate setback distances [4]. Setbacks for
neighboring residences must be 3 times the total height of the turbine and 1 times the
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2.3. Denmark


Denmark has specific legislation on noise from wind turbines. In 2011 the existing
statutory order on noise from wind turbines was revised to include limit values for low
frequency noise [5]. The new legislation entered into force on January 1st, 2012.


The noise parameters used are:
the noise exposure level Lr for the total noise;
the noise level LpALF for the A-weighted low frequency noise in dwellings in the
frequency range from 10 to 160 Hz.


The Lr-level includes a supplement of 5 dB(A) if the noise contains clearly audible tones.


The limit values for the noise exposure level Lr are:
At dwellings in residential areas, holiday homes, etc.


o 37 dB(A) at a wind speed of 6 m/s.
o 39 dB(A) at a wind speed of 8 m/s.


At dwellings in rural areas
o 42 dB(A) at a wind speed of 6 m/s.
o 44 dB(A) at a wind speed of 8 m/s.


The limit value for low frequency noise LpALF is 20 dB at a wind speed of 6 and 8 m/s
indoors in dwellings in both residential areas and rural areas.


In addition to the above mentioned noise limits, a setback distance of 4 times the total
height of the wind turbine to dwellings has to be respected [6].


2.4. France


France has a specific noise code for wind turbines [7]. The established noise parameter
used is LAeq. The noise limits at noise sensitive buildings and locations are:


Day (7 a.m. tot 10 p.m.): increase of 5 dB(A) with reference to the background
level
Night (10 p.m. to 7 a.m.): increase of 3 dB(A) with reference to the background
level


Noise levels lower than 35 dB(A) are always accepted.


At a radius of 1.2 times the total turbine height, an equivalent noise level is allowed of
70 dB(A) during the day and 60 dB(A) during the night. Additionally, a fixed setback
distance of 500 m to residential buildings and areas has to be respected.


2.5. Germany


Currently Germany has no specific legislation regarding noise from wind turbines. The
TA-


Lärm 1998 (Technical Guidance for Protection against Noise) [8]. The parameter rating
level Lr (long time average noise level) is used. The target values depend on the area
where noise sensitive buildings are located and are stated in Table 4 below.
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Table 4. Germany Wind Turbine Noise Threshold Limits
Area Target Value in dB(A) in Open Air


Day (6 to 10 p.m) Night (10 p.m. to 6 a.m.)


spa areas, for hospitals and nursing homes 45 35


purely residential areas 50 35


general residential areas and small residential
estate areas


55 40


village areas and mixed-use zones, central city
areas


60 45


in commercial zones 65 50


in industrial areas 70 70


For tonal noise a supplement KT of 3 or 6 dB is applied depending on the
distinctiveness. For impulse noise a supplement KI of 3 or 6 dB is applied depending on
the exposure.


A number of state governments in Germany have issued wind energy decrees as a
guideline for planning and licensing of wind farms. Often these decrees recommend set
back distances for regional planning. Depending on the state, the recommended set
back distances [9] vary from:


Solitary dwellings or small settlings: 300 to 1000 meters;
Residential areas: 500 to 1000 meters


For the state of Nordrhein-Westfalen a distance of 1500 m is mentioned as the typical
distance at which usually no adverse environmental effects are present [10]. This
distance is based on the required distance from a wind farm consisting of seven 2
megawatt (MW)-class wind turbines to a purely residential area [target value 35 dB(A)].
Smaller distances are possible, but the noise levels of the wind farm must first be
examined and compared against the noise limits in the TA-Lärm 1998.


2.6. The Netherlands


The Netherlands has a specific noise code for wind turbines [11][12]. The current
legislation has been implemented on January 1st, 2011. The noise parameters used are
the Lden and the Lnight. At noise sensitive objects and locations the noise level from a
wind farm should not exceed:


47 dB Lden


41 dB Lnight


The authorities can chose to, but are not obliged to, take cumulative effects with
neighboring wind farms into account. The authorities can decide to set different noise
limits taking special local circumstances into account. In The Netherlands no penalties
are used for impulsive or tonal noise. Also, no fixed set back distance is used.
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2.7. New Zealand


New Zealand has a specific standard for wind farm noise, titled NZS 6808:2010
Acoustics Wind farm [13]. New Zealand uses the noise parameter LA90(10 min) for wind
farm noise and for background noise.


NZS 6808:2010 recommends a noise limit at dwellings of the background noise level
plus 5 dB(A) or a level of 40 dB(A) LA90(10 min) ,whichever is the greater. In special
circumstances for particularly quiet locations a lower, more stringent limit is
recommended during the evening and night time of background noise level plus 5 dB(A)
or a level of 35 dB(A) LA90(10 min), whichever is the greater.


2.8. Norway


Norway has a guideline for the treatment of noise in spatial planning [14]. This guideline
includes a specific noise limit for wind turbines. The noise parameter used is Lden. The
noise limit at dwellings and other noise sensitive buildings is 45 dB Lden.


For wind turbines, no penalties are applied for possible tonal or impulsive noise. There
are also no required setback distances established in these guidelines.


2.9. South Australia


The Environmental Protection Agency of South Australia has issued a guideline to
assess wind farm noise [15]. South Australia uses the noise parameter LAeq,10 for wind
farm noise and LA90,10 for background noise. The equivalent noise level (LAeq,10),
adjusted for possible tonality, should not exceed:


35 dB(A) LAeq,10 at relevant receivers in localities which are primarily intended for
rural living, or
40 dB(A) LAeq,10 at relevant receivers in localities in other zones, or
the background noise (LA90,10) by more than 5 dB(A), whichever is the greater, at
all relevant receivers for wind speeds from cut-in to rated power of the WTG and
each integer wind speed in between.


A penalty of 5 dB(A) is applied for tonal noise. No fixed set back distance is used.
Staged developments or cumulative developments have to meet the criteria using the
original background noise levels.


2.10. Sweden


The recommended noise limit for wind turbines in Sweden is an equivalent noise level
(LAeq) at 8 m/s of 40 dB(A) LAeq for residential areas and 35 dB(A) LAeq for areas with low
background noise like rural areas [16].


If the sound contains clearly audible tones a penalty of 5 dB(A) is applied.


2.11. United Kingdom (UK)


ETSU-R-
97 is used to assess wind farm noise [17]. The noise parameter used is LA90,10 min. It is
stated within the report that the LA90,10 min is typically 1.5 to 2.5 dB(A) less than LAeq,10 min.
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The recommended noise limits at the nearest noise sensitive properties are:
Day (7 a.m. 11 p.m.): background noise level plus 5 dB(A) with a lower limit of
35 to 40 dB(A) LA90,10 min;
Night (11 p.m. 7 a.m.): background level plus 5 dB(A) with a lower limit of 43
dB(A) LA90,10 min .


The day-time noise limits are derived from background noise data taken during quiet
periods of the day. These are defined as all evenings from 6:00 p.m. to 11:00 p.m.
Saturday afternoons from 1:00 p.m. to 6:00 p.m. and all day Sundays from 7:00 a.m. to
6:00 p.m.


The published report established that the lower limit for the night time period to be
higher than the lower limit for the day time period. The UK report explains this because
that during the night time period the protection of the external amenity is considered
less important and the emphasis is put on preventing sleep disturbance.


If the noise consists of audible tones a penalty of up to 5 dB is added to the measured
noise levels.


The daytime and nighttime lower limits can be increased to 45 dB(A) LA90,10 min and the
permissible margin above background can increased, if the occupier of the property has
some financial involvement in the wind farm.


2.12. United States of America (USA)


The United States of America does not contain established national legislation for wind
turbines whereby deferring to local state or county regulations. These regulations are
further discussed in relevant sections below.


In instances where there is no wind farm legislation, noise limits are enforced by
standardized noise ordinances of the governing jurisdiction or simply rely on national
environmental noise guidelines, such as the Environmental Protection Agency (EPA).
The EPA has published guidelines for environmental noise levels with a directive to
protect public health and welfare with an adequate margin of safety; however, these
guidelines were not established to regulate noise from wind turbines and are generally
referenced for community noise [18].


The EPA established its criteria using the day-night average sound exposure (Ldn)
metric. According to the EPA guidelines, a 45 Ldn dB(A) indoors and 55 Ldn dB(A)
outdoors for residential areas in a rural setting is identified as the maximum allowable
noise level. Furthermore, the EPA guidelines do not include information or requirements
for setback distances and tonality issues that arise during wind turbine operation.
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2.12.1. Colorado


The State of Colorado does not have specific state legislation in regards to wind turbine
noise and defers to the jurisdiction of the Counties located within the State when
applicable.


2.12.1.1. Arapahoe County


Arapahoe County restrictions for noise levels associated with wind turbines depend on
the classification of the neighboring land use [19]. Daytime and nighttime dB(A) Leq


noise limits for neighboring land uses are stated in Table 5 below.


Table 5. Arapahoe County Noise Threshold Limits
Land Use Daytime Noise Limit in dB(A)


(7:00 a.m. to 7:00 p.m.)
Nighttime Noise Limit in dB(A)
(7:00 p.m. to 7:00 a.m.)


Residential <55 <50


Commercial <65 <60


Light Industrial <70 <65


Industrial <80 <75


Additionally, a fixed setback distance of 100% of the wind turbine system height from all
property lines has to be respected. No penalties are applied for possible tonal or
impulsive noise associated with wind turbines.


2.12.2. Georgia


The State of Georgia Wind Working Group Model Wind Ordinance for wind energy
facilities presents a single noise limit for wind energy facilities in dB(A) Leq [20]. Audible
sound from a Wind Energy Facility shall not exceed 55 dB(A) Leq at any time, as
measured at the property line of a non-participating landowner. No penalties are applied
for possible tonal or impulsive noise associated with wind turbines.


Setbacks are measured from the center of the wind turbine base to the property line or
nearest point on the foundation of an occupied building. Minimum setback requirements
vary based on the height of the wind turbine and adjacencies such as neighboring
participating and non-participating landowner buildings or non-participating landowner
property lines.


No penalties are applied for possible tonal or impulsive noise associated with wind
turbines.


2.12.3. Illinois


The State of Illinois does not have specific state legislation in regards to wind turbine
noise and defers to applicable Illinois Pollution Control Board (IPCB) state noise
regulations [21]. These regulations provide octave band sound pressure level limits (dB,
Leq) at neighboring property lines. Noise limits are specified in terms of receiving and
source land use classifications. The land use classifications are: Class A (Residential),
Class B (Commercial/retail), and Class C (Agricultural/Industrial). A rural property, even
in an agricultural setting, is considered a Class A residence. The State considers wind
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farms to be a Class C land use. The table below summarizes the applicable octave
band noise criteria for noise emitting from Class C Land (Industrial) to a Class A Land
(Residential) receiving source.


Table 6. Illinois Noise Regulation Sound Pressure Levels Emitting from Class C
(Industrial) to Class A (Residential) (dB)


Scenario
Octave Band Center Frequency (Hertz)


31.5 63 125 250 500 1000 2000 4000 8000


Daytime Limit


(Leq) (7:00 a.m.


to 10:00 p.m.)


75 74 69 64 58 52 47 43 40


Nighttime Limit


(Leq) (10:00


p.m. to 7:00


a.m.)


69 67 62 54 47 41 36 32 32


distance and tonality for wind farms.


2.12.4. Indiana


The State of Indiana does not have specific state legislation in regards to wind turbine
noise and defers to the jurisdiction of the Counties or Cities located within the State
when applicable.


2.12.4.1. Tipton County


Tipton County Zoning Ordinance regulates noise associated Wind Energy Conversion
Systems (WECS) within 200 feet of a residence with octave band maximum noise level
threshold limits [22]. These limits are summarized in Table 7 below.


Table 7. Tipton County Octave Band Noise Threshold Limits


Octave Bands (Hz) Maximum Permitted Sound Level (dB)


63 75


125 70


250 65


500 59


1000 53


2000 48


4000 44


8000 41
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2.12.5. Michigan


The State of Michigan Siting Guidelines for Wind Energy Systems enforces a single
noise limit for wind farms in dB(A) Leq at the closest neighboring property line [23].
These guidelines state that On-Site Use wind energy systems shall not exceed
55 dB(A) Leq at the property line closest to the wind energy system. Exceptions for
neighboring property are allowed with the written consent of those property owners.
This sound pressure level may be exceeded during short-term events such as utility
outages and/or severe wind storms. If the ambient sound pressure level exceeds
55 dB(A) Leq, then the standard shall be the ambient dB(A) plus 5 dB(A).


No penalties are applied for possible tonal or impulsive noise associated with wind
turbines and State regulations do not include a specific setback distance.


2.12.5.1. Huron County


Huron County has more stringent noise regulations than those set forth by the State of
Michigan Siting Guidelines for Wind Energy Systems. The County regulations limit noise
levels associated with the operation of Wind Energy Facilities to 50 dB(A) L90, or the
ambient sound pressure level plus 5 dB(A), whichever is greater, measured at the
building exterior of any residence [24].


In the event that the audible noise from the operation of the Wind Energy Facility
contains a steady pure tone, a 5 dB(A) penalty is enforced. The County regulations do
not include a specific setback distance.


2.12.6. Minnesota


Minnesota Pollution Control Agency (MPCA), Chapter 7030-Noise, states that noise
generated from the operation of a large wind energy system may not exceed 50 dB(A)
Leq at 5 feet above grade at the geometric center of a back or front yard of any adjacent
farm residence [25].


No penalties are applied for possible tonal or impulsive noise associated with wind
turbines and the state regulations do not include a specific setback distance.


2.12.6.1. Lincoln County


Lincoln County refers to the MPCA noise regulations where noise generated from the
operation of a large wind energy system may not exceed 50 dB(A) Leq at 5 feet above
grade at the geometric center of a back or front yard of any adjacent farm residence.


The County does set forth the following setback requirements for wind turbines [26].
The setback distance range from 300 feet for wind turbines under 100kw to 750 feet for
wind turbines over 100kw.


County regulations do not provide specific penalties for possible tonal or impulsive noise
associated with wind turbines. However, it does state that the MPCA noise regulation
noted above may not be suf
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relation to impulsive noises and that additional local limits relative to impulsive and pure
tone noises may be appropriate.


2.12.7. Nevada


The State of Nevada does not have specific state legislation in regards to wind turbine
noise and defers to the jurisdiction of the Counties or Cities located within the State
when applicable.


2.12.8. Lyon County


Lyon County provides a single noise limit for wind farms in dB(A) [27]. The County
Ordinance enforces a noise limit of 55 dB(A) Leq at any adjacent property line.


Setbacks for wind farms are to be 2 times the system height from any property line.


No penalties are applied for possible tonal or impulsive noise associated with wind
turbines.


2.12.9. New Mexico


The State of New Mexico does not have specific state legislation in regards to wind
turbine noise and defers to the jurisdiction of the Counties or Cities located within the
State when applicable.


2.12.9.1. San Miguel County


San Miguel County requires that wind turbine noise levels are not to exceed any hourly
Leq (as determined by independent consultant retained by the county, and previous
amended hereinabove) at any of the closest noise sensitive receptors, including
residences, schools, hospitals, and places of worship [28].


Setback distances for wind turbines must meet the following criteria as set forth by the
County:


Project buildings and accessory structures shall be at least 100 feet distant from
property boundary.
Each project tower shall be 2 times the system height from all property
boundaries.
Each project tower shall be at least one-half (1/2) miles distant from any
occupied residence, commercial building, hospital, school, or place of worship.


The county may impose a more stringent noise setback that exceeds the distance
setbacks provided above. These more stringent setback distances may be necessary to
protect the public health and safety and promote the general welfare of the citizens of
San Miguel County.


No penalties are applied for possible tonal or impulsive noise associated with wind
turbines.
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2.12.10. New York


The State of New York does not have specific state legislation in regards to wind turbine
noise and defers to the jurisdiction of the Counties or Cities located within the State
when applicable.


2.12.10.1.Township of Jefferson


The Town of Jefferson enforces a single LA10 noise limit for wind farms [29]. The
statistical sound pressure level gener exceed a 50 LA10 dBA
at the nearest residence. If the ambient noise level exceeds the applicable standard
given above, the applicable standard shall be the ambient dB(A) plus 5 dB(A).


In the event that the audible noise from the operation of the Wind Energy Facility
contains a steady pure tone, a 5 dB(A) penalty is enforced.


Setback distances for wind turbines must meet the following criteria:
Distance of 1,000 feet from each wind turbine to any public road, residence,
lodging facility, camp, public building, church or other institution.
Wind turbines must be set back from the nearest occupied residence located on
a non-participating landowner's property by a distance of not less than 5 times
the hub height, as measured from the center of the wind turbine base to the
nearest point on the foundation of the occupied building.


2.12.11. North Carolina


The State of North Carolina Model Wind Ordinance addresses noise for small and
medium wind energy facilities by setbacks or by existing noise ordinances [30]. The
State Ordinance presents a single noise limit for wind farms in dB(A) Leq. The County
Ordinance provides a noise limit of 55 dB(A) Leq at any occupied building of a non-
participating landowner. Restrictions may be waived under certain conditions.


Setback distances are calculated by multiplying the required setback number by the
wind turbine height and measured from the center of the wind turbine base to the
property line, building or road. Minimum setback requirements vary based on the height
of the wind turbine and adjacencies such as neighboring participating and non-
participating landowner buildings or non-participating landowner property lines.


No penalties are applied for possible tonal or impulsive noise associated with wind
turbines.


2.12.12. Oregon


The State of Oregon 340-035-0035 Noise Control Regulations for Industry and
Commerce enforces noise from wind energy facilities based on an assumed LA50 of
26 dB(A) background noise level or the actual ambient background level [31]. The
person owning the wind energy facility may conduct measurements to determine the
actual ambient LA10 and LA50 background level. The ambient statistical LA10 and LA50


background level may increase by more than 10 dB(A) but not above the limits specified
in the table below at either 25 feet (7.6 meters) from the nearest noise sensitive building
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or at the point on the neighboring noise sensitive property line nearest the wind turbine
facility, depending on which is closer. These statistical limits are summarized in Table 8
below.


Table 8.New Industrial and Commercial Noise Source Standards Allowable
Statistical Noise Levels in Any One Hour


7 a.m. - 10 p.m. 10 p.m. - 7 a.m.


L50 - 55 dBA L50 - 50 dBA


L10 - 60 dBA L10 - 55 dBA


L1 - 75 dBA L1 - 60 dBA


No penalties are applied for possible tonal or impulsive noise associated with wind
turbines and the state regulations do not include a specific setback distance.


2.12.13. Pennsylvania


The State of Pennsylvania does not have specific state legislation in regards to wind
turbine noise and defers to the jurisdiction of the Counties or Cities located within the
State when applicable.


2.12.13.1.Potter County


Potter County Ordinance regulates wind farm noise by taking into account background
noise levels at the property line of any non-participating property owner [32]. Noise
associated with wind farms cannot exceed 5 dB(A) above the background noise levels
at these property lines.


Setback distances for wind turbines must meet the following County criteria:
The greater of 5 times the system height or 1,750 feet from the nearest occupied
building on any non-participating property
1,000 feet from the nearest non-participating property boundary line


No penalties are applied for possible tonal or impulsive noise associated with wind
turbines.


2.12.14. Wisconsin


The State of Wisconsin Legislation, Chapter PSC 128 Wind Energy Systems states that
noise attributed to wind energy systems cannot exceed 50 dB(A) Leq during daytime
hours during daytime hours from 6:00 a.m. to 10:00 p.m. and 45 dB(A) Leq during
nighttime hours from 10:00 p.m. to 6:00 a.m. at the outside wall of non-participating
residences or occupied community buildings [33]. In the event that the noise from the
wind energy systems contains a steady pure tone, the owner must take corrective
action to permanently eliminate the noise.


Setback distances must be the lesser of 1,250 feet or 3.1 times the maximum blade tip
height from occupied community buildings and non-participating residences and 1.1
times the maximum blade tip height from participating residences and non-participating
property lines.
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2.12.14.1.Shawano County


Shawano County Ordinance regulates wind turbine noise by taking into account
background noise levels at the property line of any non-participating property owner
[34]. Noise associated with wind farms cannot exceed 5 dB(A) above the background
noise levels for more than 5 minutes out of any one-hour time period at these property
lines.


The County Ordinance also states that no low frequency noise or infrasound noise from
wind turbine operations shall be created which causes the noise level both within the
project boundary and a one-mile radius beyond the project boundary to exceed the
limits provided in Table 9 below.


Table 9. Shawano County One-Third Octave Band Noise Threshold Limits
1/3 Octave Band Center Frequency (Hz) Sound Pressure Level (dB)


2 to 1 70 (each band)


16 68


20 68


25 67


31.5 65


40 62


50 60


63 57


80 55


100 52


125 50


250 47


500 45


1000 42


2000 40


4000 37


8000 35


Wind turbines that emit impulsive sound below 20 Hz that adversely affects the
habitability or use of any existing dwelling unit, hospital, school, library, nursing home,
or other sensitive noise receptor are considered unsafe and must be shut down
immediately.


In the event that the audible noise from the operation of the Wind Energy Facility
contains a steady pure tone, repetitive, and/or impulsive sound, a 5 dB(A) penalty is
enforced.


Setback distances for wind turbines must meet the following criteria as set forth by the
County:


400% of system height from all sensitive receptors, but in no case less than
1,000 feet
200% of system height from all ownership property lines, but in no case less than
500 feet
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2.12.15. Wyoming


The State of Wyoming does not have specific state legislation in regards to wind turbine
noise and defers to the jurisdiction of the Counties or Cities located within the State
when applicable.


However, the State does have regulations for setbacks [35]. The State requires that the
base of any tower be at a distance of at least 110% of the maximum height of the tower
from any property line contiguous or adjacent to the facility. Any tower must be at least
5.5 times the maximum height of the tower and not less than 1,000 feet from any platted
subdivision. The base of the tower is also required to be the same distance from any
residential dwelling or occupied structure. Towers also cannot be located within one-half
mile from the limits of any city or town.


2.12.15.1.Laramie County


Laramie County provides a single noise limit for large wind energy system or wind farms
in dB(A) [36]. The County Ordinance enforces a noise limit of 50 dB(A) at any point
along common property lines between a non-participating property and a participating
property. Noise levels may exceed the 50 dB(A) limit along common property if written
permission is granted by the affected adjacent non-participating property owners.


Setbacks defer to regulations set forth by the State. No penalties are applied for
possible tonal or impulsive noise associated with wind turbines.


3. Wind Turbine Noise Parameters and Limits Comparative
Evaluation


Noise limits are established and regulated by applying specific noise metrics to ensure
the quality of life within local communities. The noise metrics used to regulate noise
from wind turbines have been shown to contain a large variation between countries and
jurisdictions where disparities are identified in the noise measurement duration, wind
speed, statistical data collection, and community ambient penalties applied.


Research shows that the LAeq metric is the most common metric used for regulating
wind farm noise. A total of 16 of the 39 governing jurisdictions sampled in this analysis
use the LAeq metric. Five countries use a metric that is derived from the LAeq metric, like
Lr, Ldn, Lden and Lnight, but include a penalty for times of day with increased sensitivity like
part of the day (Lr in Germany), the evening (Lden) and the night (Lden, Ldn). Further, Lden


and Lnight as defined in the EU Directive Environmental Noise (2002/49/EC) are year
average noise levels. The metric LAeq is defined as the equivalent sound level and is
based on a time-integrated measurement period which does vary between countries
and jurisdictions. These integrated time periods range from a 1 hour measurement to a
24 hour measurement (evaluation period). The noise threshold established for the LAeq


metric shows to be an approximate 20 decibel variation depending on the governing
jurisdiction. These variations are further described in Figure 1 below.
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Figure 1: Comparison Between Countries with dB LAeq Noise Limits for
Residential Areas1


Figure 1 shows that jurisdictions within the United States have higher noise threshold
limits for wind turbine regulations, than Europe and South Australia. France, Germany
and South Australia contain the lowest threshold limits when applying the LAeq metric.


Most countries in Europe, but also South Australia, New Zealand and a number of
states and counties in the USA, have a noise limit which depends on the type of area or
the existing background noise levels. Exceptions are The Netherlands, Norway, the
Belgian Region Wallonia, the Canadian province of Alberta and a number of states and
counties in the USA, which all have fixed limit values.


Countries like France, Sweden, South Australia and New Zealand have more stringent
noise limits for rural areas with relatively low background noise levels than for
residential areas. In contrary, the Belgian Region Flanders, Denmark and Germany in
general allow higher noise levels at dwellings in a rural area than at residential areas.


Statistical noise metrics (L90, L50, and L10) were found in 5 of the 39 of the wind turbine
governing jurisdictions. Additionally noted were frequency octave band noise threshold
limits which were found to be incorporated into 3 of the jurisdictions as well. However,
similar to the LAeq metric, these metrics showed variation in threshold values and time


1
The upper nighttime LAeq for France and South Australia in Figure 1 is based on an assumed


background noise level of 40 dB(A). For The Netherlands and Norway LAeq levels were calculated from
Lden values.
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durations. An analysis of the octave band threshold limit was conducted and these
variations are illustrated in Figure 2.


Possible tonal issues associated with wind turbines were addressed in a number of the
governing jurisdictions. This included several in Europe (Denmark, Germany, Sweden,
and the United Kingdom), South Australia and two in the USA (Township of Jefferson
and Shawano County). The tonal analysis was identical within all but one of these
jurisdictions, which incorporated a 5 dB penalty added to the established threshold
limits. Germany is the exception. It does include a penalty for possible tonal noise, but
the penalty is 3 or 6 dB depending on the distinctiveness. Out of these jurisdictions,
Shawano County was the only one that included a low frequency one-third octave band
analysis. Denmark regulations also include a low frequency analysis from 10 Hz to
160 Hz, but this was a single overall number for this frequency range.


Furthermore, 9 of the 39 jurisdictions did not contain any published noise regulations.
These jurisdictions were typically Countries or States that would defer noise regulations
to the local providence or county. This was most common in North America and found in
both the United States and Canada.


A high percentage of jurisdictions evaluated contain set back requirements for wind
turbines. However, these setback requirements were mainly enforced for safety issues
or visual impact and, in most cases, were not related to noise.


Figure 2: Comparison Between Country Octave Band Noise Limits for Residences
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4. Conclusion
This overview study is an initial attempt to conduct a comparative analysis incorporating
39 governing jurisdictions spanning Europe, Australia, New Zealand and North America.
Research shows that the most common noise metric used with wind turbine regulation
is the LAeq metric. Statistical and 24 hour metric regulations, as well as frequency octave
band noise threshold limits, are also discovered to be prevalent within governing
regulations but with less occurrence. Moreover, an interesting variation is discovered
when comparing the applicable threshold limits to time integrated durations. Variations
in time periods range from 1 hour to 24 hours, which in some jurisdictions include
daytime and nighttime periods. Additionally, the noise thresholds established for the LAeq


metric showed a comparative difference of a 20 decibel variation depending on the
jurisdiction.


possible tonal noise issue, the
findings show the most similarity. However, this was only found in 6 of the 39
jurisdictions. The way these jurisdictions addressed the tonal noise issue was identical,
which incorporated a 5 dB penalty added to the established threshold limits.


It can be said that today many jurisdictions responsible for governing wind turbine noise
possess a wide range of noise regulations that span between country and county
authorities. There is no common influence or application of metrics that can be identified
between the sampled jurisdictions. And, there is a wide range on how stringent a
jurisdiction is when regulating noise from wind turbines. Depending on the noise metric
used, this range in noise impact threshold limits could be a difference of 20 decibels or
greater; a difference significant enough to consider whether or not a wind farm may be
permitted for development and whether or not it may generate community complaints.


References


[1] VLAREM II, Besluit van de Vlaamse regering van 1 juni 1995 houdende algemene
en sectorale bepalingen inzake milieuhygiëne.


[2]
Gouvernement Wallon, 21 February 2013.


[3] Alberta Utilities Commission, Rule 012, Noise Control.
[4] Prince Edward Island Department of Environment, Energy and Forestry, 2010, Wind


turbine approval.
[5] Bekendtgørelse om støj fra vindmøller, BEK nr. 1284, Miljøministeriet, 15 December


2011.
[6] Cirkulære om planlægning for og landzonetilladelse til opstilling af vindmøller, CIR1H


nr. 9295, Miljøministeriet, 22 May 2009.
[7] Arrêté


de la rubrique 2980 de la législation des installations classées pour la protection de
l
durable, des transports et du lodgement.







21


[8] Sechste Allgemeine Verwaltungsvorschrift zum Bundes-Immissionsschutzgesetz
(Technische Anleitung zum Schutz gegen Lärm - TA Lärm) vom 26. August 1998
(GMBl Nr. 26/1998 S. 503).


[9] Überblick zu den landesplanerischen Abstandsempfehlungen für die
Regionalplanung zur Ausweisung von Windenergiegebieten, Bund-Länder Initiative
Windenergie, Stand Januar 2012, Bundesministerium für Umwelt, Naturschutz und
Reaktorsicherheit.


[10] Grundsätze für Planung und Genehmigung von Windkraftanlagen (WKA-Erl.) Gem.
-


8 -
IV A 3-00-19


v. 21.10.2005.
[11] Besluit van 19 oktober 2007, houdende algemene regels voor inrichtingen (Besluit


algemene regels voor inrichtingen milieubeheer).
[12] Regeling van de Minister van Volkshuisvesting, Ruimtelijke Ordening en


Milieubeheer van 9 november 2007, nr. DJZ2007104180, houdende algemene
regels voor inrichtingen (Regeling algemene regels voor inrichtingen milieubeheer).


[13] NZWEA factsheet on the New Zealand Wind Farm Noise, February 2010.
[14] -1442/2012, 2 July 2012.
[15] Wind farms environmental noise guidelines, Environment Protection Agency South


Australia, July 2009.
[16] www.naturvardsverket.se/Stod-i-miljoarbetet/Vagledning-amnesvis/Buller/Buller-


fran-vindkraft/buller-vindkraft-riktvarden, site visited 23 April 2013.
[17] ETSU-R-97, The Assessment and Rating of Noise from Wind Farms, The Working


Group on Noise from Wind Turbines, September 1996.
[18] The U.S. Environmental Protection Agency, Office of Noise Abatement and Control,


Information on Levels of Environmental Noise Requisite to Protect Public Health and
Welfare with an Adequate Margin of Safety, March 1974.


[19] Land Development Code, Chapter 12: Specific Regulation, Section 12-700 Small
Wind Energy Conversion Systems, 30 June 2010.


[20] Georgia Wind Working Group, Model Wind Ordinance for Wind Energy Facilities,
March 2010.


[21] State of Illinois. 2006. Title 35: Environmental Protection, Subtitle H: Noise, Chapter
I: Pollution Control Board, Part 901: Sound Source Emission Standards and
Limitations for Property-Line Noise Sources.


[22] Tipton County Zoning Ordinance, Article Five Development Standards, Sect. 522.
[23] Michigan Siting Guidelines for Wind Energy Systems, 14 December 2005.
[24] Article X, Huron County Wind Energy Conversion Facility Overlay Zoning


Ordinance.
[25] Minnesota Pollution Control Agency (MPCA), Chapter 7030-Noise.
[26] Lincoln County Comprehensive Development Ordinance No. 40. (2009). Section IX.


Wind power.
[27] American Wind Energy Association,


www.awea.org/learnabout/smallwind/upload/Wind-Ordinances-by-State-NV.pdf.
[28] San Miguel County Ordinance No. SMC-03-08-11-Wind.
[29] Town of Jefferson Wind Energy Facilities Law, Section 4: Development Standards.







22


[30] North Carolina Wind Working Group, Model Wind Ordinance for Wind Energy
Facilities in North Carolina, July 2008.


[31] Department of Environmental Quality, Division 35, Noise Control Regulations.
Section: 340-035-0035 Noise Control Regulations for Industry and Commerce.


[32] Article 12, County of Potter, Commonwealth Pennsylvania, Ordinance No. 1-2008.
[33] State of Wisconsin Legislation, Chapter PSC 128 Wind Energy Systems.
[34] Shawano County, Planning and Development, Wind Energy Conversion System.
[35] Wyoming State Section 18-5-501 through 513.
[36] Section 55.300 Laramie County Wind Energy System Regulations.








ë ¬¸ ×² ¬» ® ² ¿ ¬·± ² ¿ ´ Ý ± ² º» ® » ² ½ »
± ²


É ·² ¼ Ì « ® ¾ ·² » Ò ± · »
Ü » ² ª » ®  î è  � í ð  ß « ¹ «  ¬  î ð ï í  


ß ³ ° ´·¬« ¼ » Ó ± ¼ « ´¿ ¬·± ² ¿ ² ¼
Ý ± ³ ° ´¿ ·² ¬ ¿ ¾ ± « ¬ É ·² ¼ Ì « ® ¾ ·² » Ò ± · »


Ö ± ¿ ½ ¸ ·³ Ù ¿ ¾ ® ·» ´ô Í ¬» ºº» ² Ê ± ¹ ´ô Ì ¸ ± ³ ¿  Ò » « ³ ¿ ² ² ô Ü Û É × Ù ³ ¾ Ø
øÙ » ® ³ ¿ ² É ·² ¼ Û ² » ® ¹ § ×²  ¬·¬« ¬» ÷ô É ·´¸ » ´³  ¸ ¿ ª » ² ô Ù » ® ³ ¿ ² § ô
Û ó³ ¿ ·´æ ¶ò¹ ¿ ¾ ® ·» ´à ¼ » © ·ò¼ » ô  òª ± ¹ ´à ¼ » © ·ò¼ » ô ¬ò² » « ³ ¿ ² ² à ¼ » © ·ò¼ »


Ù « ² ¼ « ´¿ Ø $ ¾ ² » ® ô Ö ± ¸ ¿ ² ² »  Ð ± ¸ ´ Î »  » ¿ ® ½ ¸ Ù ® ± « ° Ø » ¿ ´¬¸ ¿ ² ¼
Û ² ª ·® ± ² ³ » ² ¬¿ ´ Ð  § ½ ¸ ± ´± ¹ § ô ×²  ¬·¬« ¬» ± º Ð  § ½ ¸ ± ´± ¹ § ô Ó ¿ ® ¬·² óÔ « ¬¸ » ® ó
Ë ² ·ª » ®  ·¬§ Ø ¿ ´´» óÉ ·¬¬» ² ¾ » ® ¹ ô Ù » ® ³ ¿ ² §
Û ó³ ¿ ·´æ ¶± ¸ ¿ ² ² »  ò° ± ¸ ´à °  § ½ ¸ ò« ² ·ó¸ ¿ ´´» ò¼ »


Í « ³ ³ ¿ ® §


ß ³ ° ·́¬« ¼ » ³ ± ¼ « ¿́ ¬» ¼ ¿ » ®± ¼ § ² ¿ ³ ·½ ² ± · » ¬« ®² » ¼ ± « ¬ ¬± ¾ » ¬¸ » ½ ± ³ ³ ± ² ¹ ®± « ² ¼ ± º ½ ± ³ ° ¿́ ·² ¬
¼ ± ½ « ³ » ² ¬» ¼ © ·¬¸ ·² ¿ ®»  » ¿ ®½ ¸ ° ®± ¶» ½ ¬ ¿ ¾ ± « ¬ ¿ ½ ½ » ° ¬¿ ² ½ » ± º ² ± · » º®± ³ © ·² ¼ ¬« ®¾ ·² »  øÉ Ì ÷ò Ì ¸ »
¿   »   ³ » ² ¬ ³ » ¬¸ ± ¼ ½ ± ³ ¾ ·² » ¼ ·² ¬» ®ª ·» ©  © ·¬¸ ®»  ·¼ » ² ¬ ± º ¿ © ·² ¼ º¿ ®³ © ·¬¸ ° ¸ §  ·½ ¿ ´
³ » ¿  « ®» ³ » ² ¬ ò ß « ¼ ·± ®» ½ ± ®¼ » ® ¸ ¿ ¼ ¾ » » ² ¸ ¿ ² ¼ » ¼ ± « ¬ ¬± ®»  ·¼ » ² ¬ ¬± ®» ½ ± ®¼ ¿ ² ² ± § ·² ¹ ² ± · »
 ·¬« ¿ ¬·± ²  ¾ § ¬¸ » ³  » ª́ »  ô ¿  ·¬ · ¼ ·ºº·½ « ¬́ ¬± ° » ®º± ®³ ¿ ¬» ³ ° ± ®¿ ®§ ³ » ¿  « ®» ³ » ² ¬ ¶«  ¬ ¿ ¬ ¬¸ » ¬·³ »
± º ¿ ² ² ± § ¿ ² ½ » ¿ ² ¼ ½ ± ³ ° ¿́ ·²  ¿ ¾ ± « ¬ É Ì ² ± · » ò
ß ª ¿ ·́ ¿ ¾ »́ ¼ ¿ ¬¿ ¼ ·¼ ² ± ¬ ¿ ´́ ± © ¬¸ » ¼ » º·² ·¬·± ² ± º ¿ ½ » ®¬¿ ·² ½ ®·¬·½ ¿ ´ ± ° » ®¿ ¬·± ² ¿ ´ ³ ± ¼ » ± ® © » ¿ ¬¸ » ®
½ ± ² ¼ ·¬·± ² º± ® ß Ó ô ¾ « ¬ ¼ ¿ § ¬·³ » ° ¿ ¬¬» ®²  ± ½ ½ « ®®» ¼ ò
ß ² ß Ó ¿   »   ³ » ² ¬ ¬± ± ´ º± ® ¬¸ » ¯ « ¿ ² ¬·º·½ ¿ ¬·± ² ± º ß Ó ó° » ®½ » ° ¬·± ² ¸ ¿  ¾ » » ² ¼ » ª » ±́ ° » ¼ ¿ ² ¼
¿ ° ° ·́» ¼ ¬± ¬¸ »  ± « ² ¼ ®» ½ ± ®¼ ·² ¹  ò
ß ² ·³ ° ®± ª » ¼ ª » ® ·± ² ± º ¬¸ » ß Ó ¿   »   ³ » ² ¬ ¬± ± ´ ó º» ¿ ¬« ®·² ¹ ±́ ² ¹ ¬» ®³ ¼ ¿ ¬¿ ¿ ² ¿ §́  · ó © ·́ ´ ¸ » °́ ¬±
·¼ » ² ¬·º§ ß Ó ½ ®·¬·½ ¿ ´ ± ° » ®¿ ¬·± ² ¿ ´ ½ ± ² ¼ ·¬·± ²  ò


ï ×² ¬® ± ¼ « ½ ¬·± ²


É ·¬¸ ¿ ¹ ®± © ·² ¹ ² « ³ ¾ » ® ± º ·²  ¬¿ ´́ ¿ ¬·± ²  ô ± ° » ®¿ ¬± ® ± º © ·² ¼ º¿ ®³  ¿ ®» ½ ± ² º®± ² ¬» ¼ © ·¬¸ ¿ ²
·² ½ ®» ¿  ·² ¹ ² « ³ ¾ » ® ± º ½ ± ³ ° ¿́ ·² ¬ ¿ ¾ ± « ¬ ² ± · » º®± ³ É Ì  ò Þ « ¬ © ¸ ¿ ¬ ³ ¿ µ »  ®»  ·¼ » ² ¬ ½ ± ³ ° ¿́ ·² á
× ¬¸ » ®» ¿ ² § ½ ± ®®» ¿́ ¬·± ² ± º ½ ± ³ ° ¿́ ·² ¬ ¿ ² ¼ ½ » ®¬¿ ·² © » ¿ ¬¸ » ® ½ ± ² ¼ ·¬·± ²  á × ¬¸ » ®» ¿ © ¿ § ¬± ½ ¸ ¿ ² ¹ »
¬¸ »  ± « ² ¼ ° » ®º± ®³ ¿ ² ½ » ± º ¿ © ·² ¼ º¿ ®³ ·² ± ®¼ » ® ¬± ·³ ° ®± ª » ¬¸ » ¿ ½ ½ » ° ¬¿ ² ½ » á Ì ± ¿ ²  © » ® ¬¸ »  »
¯ « »  ¬·± ²  ¬¸ » Ù » ®³ ¿ ² ®»  » ¿ ®½ ¸ ° ®± ¶» ½ ¬ Åï Ã º« ² ¼ » ¼ ¾ § Ü » « ¬ ½ ¸ » Þ « ² ¼ »   ¬·º¬« ² ¹ Ë ³ © » ¬́ øÜ Þ Ë ô
Ù » ®³ ¿ ² Ú » ¼ » ®¿ ´ Ú ± « ² ¼ ¿ ¬·± ² º± ® Û ² ª ·®± ² ³ » ² ¬÷ ½ ± ³ ¾ ·² »  ·² ¬» ®ª ·» ©  © ·¬¸ ®»  ·¼ » ² ¬ ± º ¿ © ·² ¼
º¿ ®³ ¿ ² ¼ ° ¸ §  ·½ ¿ ´ ³ » ¿  « ®» ³ » ² ¬ ò É ·¬¸ ¬¸ » º± ½ «  ± ² ° ¸ §  ·½ ¿ ´ ¿  ° » ½ ¬ ¬¸ · ° ¿ ° » ® © ·́ ´ ° ®»  » ² ¬
º·² ¼ ·² ¹  º®± ³ » ª ¿ «́ ¿ ¬·± ²  ± º ¬¸ · ¼ ¿ ¬¿ ¾ ¿  » ò







î Ì ¸ » Ð ® ± ¶» ½ ¬


Ì ¸ »  « ¾ ¶» ½ ¬ ³ ¿ ¬¬» ® ± º ¬¸ » ° ®± ¶» ½ ¬ · ¿ © ·² ¼ º¿ ®³ ± º ç ¬© ± ó³ » ¹ ¿ © ¿ ¬¬óÉ Ì  ·² Ò ± ®¬¸ » ®² Ù » ®³ ¿ ² §
¿ ¬ ¿ ¼ · ¬¿ ² ½ » ± º ¿ ° ° ®± ¨ ·³ ¿ ¬» §́ ï ë ð ð ³ º®± ³ ¿ ª ·́ ¿́ ¹ » ·² ®« ®¿ ´ º ¿́ ¬ ¿́ ² ¼  ½ ¿ ° » ò Ì ¸ » ¸ « ¾ ¸ » ·¹ ¸ ¬ ·
ï ð è ³ ò


ß   « ³ ·² ¹  ± « ² ¼ ° ± © » ® »́ ª » ́ ¿ ½ ½ ± ®¼ ·² ¹ ¬± ¬¸ » ·² º± ®³ ¿ ¬·± ²  « ° ° ·́» ¼ ¾ § ¬¸ » É Ì ³ ¿ ² « º¿ ½ ¬« ®» ®ô
 ± « ² ¼ ° ®± ° ¿ ¹ ¿ ¬·± ² ½ ¿ ½́ « ¿́ ¬·± ²  ®»  « ¬́ ·²  ± « ² ¼ ° ®»   « ®» »́ ª » ́ ¾ » ±́ © í í ¼ Þ øß ÷ º± ® ¸ ± «  »  ² » ¿ ®
¬¸ » © ·² ¼ º¿ ®³ ò


×² Ó ¿ ®½ ¸ î ð ï î ô î ï î ®»  ·¼ » ² ¬ © » ®» ·² ¬» ®ª ·» © » ¼ «  ·² ¹ ¿ ¯ « »  ¬·± ² ² ¿ ·®» © ·¬¸ ì ë ð ·¬» ³  ¿ ² ¼ ¹ ± ¬
º± ®³  ¬± ¼ ± ½ « ³ » ² ¬ ½ ± ³ ° ¿́ ·² ¬ ¿ ¾ ± « ¬ ² ± · » º®± ³ ¬¸ » © ·² ¼ º¿ ®³ øî î ·¬» ³  ÷ò ß « ¼ ·± ®» ½ ± ®¼ » ® © » ®»
¿ ª ¿ ·́ ¿ ¾ »́ ·² ± ®¼ » ® ¬± ¼ ± ½ « ³ » ² ¬ ¬·³ »  © ·¬¸ ¿ ² ² ± § ·² ¹  ± « ² ¼  º®± ³ ¬¸ » ¬« ®¾ ·² »  ò Ì ¸ »  » ®» ½ ± ®¼ ·² ¹ 
¸ ¿ ª » ¾ » » ² ·́ ¬» ² » ¼ ¬± ¿ ² ¼ ¿ ² ¿ §́  » ¼ ·² ¿ ¼ ¼ ·¬·± ² ¬± ¬» ³ ° ± ®¿ ®§  ¬¿ ² ¼ ¿ ®¼ · » ¼ ² ± · »
³ » ¿  « ®» ³ » ² ¬ ò Ó » ¬» ± ®± ±́ ¹ ·½ ¿ ´ ó ¿ ² ¼ É Ì ó¼ ¿ ¬¿ ô ¼ » ®·ª » ¼ º®± ³ ¬¸ » É Ì ½ ± ² ¬®± ´́ » ® ¿ ² ¼ ¿ ²
·² ¼ » ° » ² ¼ » ² ¬ ¼ ¿ ¬¿ ¿ ½ ¯ « · ·¬·± ²  §  ¬» ³ ô © » ®» ®» ½ ± ®¼ » ¼ º± ® ¬¸ » © ¸ ± »́ ¬·³ » ± º ¬¸ » ½ ¿ ³ ° ¿ ·¹ ² ò


Ì ¸ » ¼ ¿ ¬¿ ¾ ¿  · º± ® ¬¸ » ¿ ² ¿ §́  · © » ®»  ¬¿ ² ¼ ¿ ®¼ · » ¼ ½ ± ³ ° ¿́ ·² ¬ º± ®³  ô ¿ ½ ± «  ¬·½ ¿ ´ ¼ ¿ ¬¿ ¿ ² ¼
³ ·² ·³ « ³ ñ ³ ¿ ¨ ·³ « ³ ª ¿ «́ »  ¿  © » ´́ ¿  ï ð ó ³ ·² « ¬» ¿ ª » ®¿ ¹ »  ± º © ·² ¼  ° » » ¼ ¿ ¬ ¸ « ¾ ¸ » ·¹ ¸ ¬ ¿ ² ¼ ¿ ¬
ï ð ³ ¸ » ·¹ ¸ ¬ô © ·² ¼ ¼ ·®» ½ ¬·± ² ô ¿ ½ ¬·ª » ° ± © » ®ô ¿ ² ¼ ®± ¬¿ ¬·± ² ¿ ´  ° » » ¼ º± ® » ¿ ½ ¸ É Ì ò


Ú ·¹ « ®» ï æ Î »  ·¼ » ² ¬ ª ·» © ± ² ¬¸ » © ·² ¼ º¿ ®³







í Ó » ¿  « ® » ³ » ² ¬ ¿ ² ¼ Û ª ¿ ´« ¿ ¬·± ² 


Ú ·¹ « ®» î æ ß ½ ± «  ¬·½ ² ± · » ³ » ¿  « ®» ³ » ² ¬ ² » ¿ ® ¬¸ » © ·² ¼ ¬« ®¾ ·² » 


Í ¬¿ ² ¼ ¿ ®¼ · » ¼ ³ » ¿  « ®» ³ » ² ¬ ¿ ½ ½ ± ®¼ ·² ¹ ¬± ×Û Ý ê ï ì ð ð óï ï Û ¼ òî òï  ¸ ± © ² ± ·² ¼ ·½ ¿ ¬·± ² ± º ¿ ² §
« ² » ¨ ° » ½ ¬» ¼ ¿ ½ ± «  ¬·½ ² ± · » » ³ ·  ·± ² ± º ¬¸ » É Ì  ¿ ² ¼  ± « ² ¼ ° ± © » ® »́ ª » ́ «  » ¼ º± ® ¬¸ »  ± « ² ¼
° ®± ° ¿ ¹ ¿ ¬·± ² ½ ¿ ½́ « ¿́ ¬·± ² © » ®» ° ®± ª » ¼ © ·¬¸ ·² ¬¸ » ³ » ¿  « ®» ³ » ² ¬ « ² ½ » ®¬¿ ·² ¬§ ò


Ú ·¹ « ®» í æ ß ½ ± «  ¬·½ ² ± · » ³ » ¿  « ®» ³ » ² ¬ ¿ ¬ ¿ ² ± · » ®» ½ » ° ¬± ® ±́ ½ ¿ ¬·± ²







Ì » ³ ° ± ®¿ ®§ ¿ ½ ± «  ¬·½ ² ± · » ³ » ¿  « ®» ³ » ² ¬ ¿ ½ ½ ± ®¼ ·² ¹ ¬± Ü Û É × ¿ ½ ½ ®» ¼ ·¬» ¼  ¬¿ ² ¼ ¿ ®¼ © » ®»
° » ®º± ®³ » ¼ ¿ ¬ ± ² » ± º ¬¸ » ¸ ± «  »  ®» ¿́ ¬·ª » §́ ½ ±́  » ¬± ¬¸ » © ·² ¼ º¿ ®³ ò ß  » ¨ ° » ½ ¬» ¼ ¾ » ½ ¿ «  » ± º ¬¸ »
¼ · ¬¿ ² ½ » ¬± ¬¸ » É Ì ¿ ² ¼ ¬¸ » »́ ª » ´ ± º ¬¸ » ³ ¿  µ ·² ¹ ² ± · » ô ®»  « ¬́·² ¹  ± « ² ¼ ° ®»   « ®» »́ ª » ́ º± ® ¬¸ »
© ·² ¼ º¿ ®³ ± ° » ®¿ ¬·² ¹ ¿ ² ¼  ¬± ° ° » ¼  ¸ ± © » ¼ ² ± ¼ ·ºº» ®» ² ½ » ò


Ú ·¹ « ®» ì æ Î »  « ¬́ ± º ³ » ¿  « ®» ³ » ² ¬ ¿ ¬ ¿ ² ± · » ®» ½ » ° ¬± ® ±́ ½ ¿ ¬·± ²


Þ » ½ ¿ «  » ± º ¬¸ » ¸ ·¹ ¸ »́ ª » ´ ± º ¾ ¿ ½ µ ¹ ®± « ² ¼ ² ± · » ¿ ¼ ¼ ·¬·± ² ¿ ´ ³ » ¿  « ®» ³ » ² ¬ ½ ±́  » ® ¬± ¬¸ » © ·² ¼ º¿ ®³
© » ®» ° » ®º± ®³ » ¼ ò Ì ¸ » ®»  « ¬́ © ¿  ¿ ¾ » ¬¬» ®  ·¹ ² ¿ ´ ¬± ² ± · » ®¿ ¬·± ¾ « ¬ ¾ » ·² ¹ ¼ ·ºº» ®» ² ¬ º®± ³ ¬¸ »  ± « ² ¼
° » ®½ » ° ¬·± ² ± º ¬¸ » ®»  ·¼ » ² ¬ ô ¬¸ » ®» ½ ± ®¼ ·² ¹  ¼ ·¼ ² ± ¬ ¸ » °́ ¬± « ² ¼ » ® ¬¿ ² ¼ ¬¸ » ½ ± ³ ° ¿́ ·² ¬ ò


Ú ·¹ « ®» ë æ ß ¼ ¼ ·¬·± ² ¿ ´ ³ » ¿  « ®» ³ » ² ¬ ±́ ½ ¿ ¬·± ² «  ·² ¹ ¿ ª » ®¬·½ ¿ ´ ¾ ± ¿ ®¼
¿ ½ ½ ± ®¼ ·² ¹ ¬± Åî Ã ¬± ¹ » ¬ ¿ ¾ » ¬¬» ®  ·¹ ² ¿ ´ ¬± ¾ ¿ ½ µ ¹ ®± « ² ¼ ² ± · » ®¿ ¬·±







ß ½ ½ ± ®¼ ·² ¹ ¬± ¬¸ » ° ®± ¶» ½ ¬ ¼ ¿ ¬¿ ¿ ² ¼ ¬¸ » ®»  « ¬́ ± º ³ » ¿  « ®» ³ » ² ¬ ¿ ² ¼ » ª ¿ «́ ¿ ¬·± ²  ¬¸ » ®» · ² ±
·² ¼ ·½ ¿ ¬·± ² º± ® ¿ ² § ² ± · » ·³ ³ ·  ·± ² ° ®± ¾ »́ ³  © ·¬¸ ®» ¹ ¿ ®¼ ¬± ¬¸ » Ù » ®³ ¿ ² ·³ ³ ·  ·± ² ° ®± ¬» ½ ¬·± ²
¿́ © ò Ý ± ³ ° ¿ ®» ¼ ¬± ± ¬¸ » ® Ù » ®³ ¿ ² ° ®± ¶» ½ ¬ ¬¸ » É Ì  ¿ ®» ·²  ¬¿ ´́ » ¼ ¿ ¬ ¿ ®» ¿́ ¬·ª » §́ ¸ ·¹ ¸ ¼ · ¬¿ ² ½ » ¬±
¬¸ » ¸ ± «  »  ¿ ² ¼  ± « ² ¼ ° ®»   « ®» »́ ª » ́ ¿ ®» ·́µ » §́ ¬± ¾ » º¿ ® ¾ » ±́ © »́ ¹ ¿ ´ ·́³ ·¬ ò Ò » ª » ® ¬¸ » »́  
®»  ·¼ » ² ¬ ½ ± ³ ° ¿́ ·² ¿ ¾ ± « ¬ ¬¸ » ² ± · » º®± ³ ¬¸ » © ·² ¼ º¿ ®³ ¿ ² ¼ ¬¸ » ®» » ª » ² ¸ ¿ ª » ¾ » » ² ¶« ¼ ·½ ·¿ ´
° ®± ½ » » ¼ ·² ¹  ò


Ë ² ¬·́ Ö ¿ ² « ¿ ®§ î ð ï í ¿ ¬± ¬¿ ´ ² « ³ ¾ » ® ± º ç ë ½ ± ³ ° ¿́ ·² ¬ ¾ § ï ð ®»  ·¼ » ² ¬ © » ®» ¼ ± ½ « ³ » ² ¬» ¼ ò Ú ·¹ « ®» ê
 ¸ ± ©  ¬¸ » ¬·³ »  » ®·»  ± º © ·² ¼ ¼ ·®» ½ ¬·± ²  ¿   ± ½ ·¿ ¬» ¼ © ·¬¸ ¬¸ »  » ½ ± ³ ° ¿́ ·² ¬ ò è ð û ± º ¬¸ »
½ ± ³ ° ¿́ ·² ¬ ± ½ ½ « ®®» ¼ ¿ ¬ ² ·¹ ¸ ¬ ± ® » ¿ ® §́ ³ ± ®² ·² ¹ ò


Ú ·¹ « ®» ê æ É ·² ¼ ¼ ·®» ½ ¬·± ² º± ® ¬·³ »  ± º ½ ± ³ ° ¿́ ·² ¬


Ì ¸ » ®» · ¿ ² ¿ ½ ½ « ³ « ¿́ ¬·± ² ± º ½ ± ³ ° ¿́ ·² ¬ ¿ º¬» ® ¬¸ » ·² ·¬·¿ ´ ° ®»  » ² ¬¿ ¬·± ² ± º ¬¸ » ° ®± ¶» ½ ¬ ¿ ¬ ¿ ° « ¾ ·́½
³ » » ¬·² ¹ ¿ ² ¼ ¿ ³ ¿ ¨ ·³ « ³ º± ® ¬¸ » © ·² ¼ ¼ ·®» ½ ¬·± ² ¼ · ¬®·¾ « ¬·± ² º± ® © ·² ¼ º®± ³  ± « ¬¸ ó ± « ¬¸ ó© »  ¬ô
© ¸ ·½ ¸ · ³ ± ®» ± ® »́   ¬¸ » ³ ¿ ·² © ·² ¼ ¼ ·®» ½ ¬·± ² º± ® ¬¸ »  ·¬» ò Ì ¸ · © ·² ¼ ¼ ·®» ½ ¬·± ² ®» ° ®»  » ² ¬
¼ ± © ² © ·² ¼   ·¬« ¿ ¬·± ²   º± ®  ¿ ³́ ±  ¬ ¿ ´́  ½ ± ³ ° ¿́ ·² ¬ ò Þ « ¬ ¬¸ » ®»  ¿ ®»  ¿ ́ ±   ± ³ »  �« ° © ·² ¼ ó½ ± ³ ° ¿́ ·² ¬�ò  


Ì ¸ » ½ ± ³ ° ¿́ ·² ¬ © » ®» ¿ ́ ± ¿   ± ½ ·¿ ¬» ¼ © ·¬¸ © ·² ¼  ° » » ¼  ¿ ² ¼ ®± ¬± ® ®± ¬¿ ¬·± ² ¿ ´  ° » » ¼  ò ß 
¼ » ³ ± ²  ¬®¿ ¬» ¼ ·² Ú ·¹ « ®» é ¬¸ » ®» · ² ±  ¬®·µ ·² ¹ ¿ ½ ½ « ³ « ¿́ ¬·± ² ² » ·¬¸ » ® º± ® ³ ·² ·³ « ³ ô ³ ¿ ¨ ·³ « ³ ² ± ®
¿ ª » ®¿ ¹ » ª ¿ «́ »  ± º ¬¸ » © ·² ¼  ° » » ¼ ò


Ò » ·¬¸ » ® º± ® ¿ © ·² ¼ ¼ ·®» ½ ¬·± ² ± ®  ° » » ¼ ² ± ® º± ® ¿ ®± ¬± ® ®± ¬¿ ¬·± ² ¿ ´  ° » » ¼ ¿ ± « ¬ ¬¿ ² ¼ ·² ¹ ½ ± ³ ° ¿́ ·² ¬
º®» ¯ « » ² ½ § ½ ¿ ² ¾ » ¼ » ®·ª » ¼ º®± ³ ¬¸ » ¼ ¿ ¬¿ ò







Ú ·¹ « ®» é æ É ·² ¼ ¼ ·®» ½ ¬·± ² ª » ® «  © ·² ¼  ° » » ¼ º± ® ¿ ´́ ½ ± ³ ° ¿́ ·² ¬


Ì ¸ » ¼ ¿ ¬¿ ¾ ¿  » ¼ ·¼ ² ± ¬ ¿ ´́ ± © ¬¸ » ¼ » º·² ·¬·± ² ± º ¿ ½ » ®¬¿ ·² ½ ®·¬·½ ¿ ´ ± ° » ®¿ ¬·± ² ¿ ´ ³ ± ¼ » ± ® © » ¿ ¬¸ » ®
½ ± ² ¼ ·¬·± ² º± ® ½ ± ³ ° ¿́ ·² ¬ ô ¾ « ¬ ¼ ¿ § ¬·³ » ° ¿ ¬¬» ®²  ± ½ ½ « ®®» ¼ ò Ó ±  ¬ ± º ¬¸ » ½ ± ³ ° ¿́ ·² ¬ © » ®» ³ ¿ ¼ »
¼ « ®·² ¹ ¬¸ » ² ·¹ ¸ ¬ º± ® ±́ © ¾ ¿ ½ µ ¹ ®± « ² ¼ ² ± · » ½ ± ² ¼ ·¬·± ²  ò


ì ß ³ ° ´·¬« ¼ » Ó ± ¼ « ´¿ ¬·± ² ¿  Ý ± ³ ³ ± ² Ù ® ± « ² ¼ ± º ¬¸ » Ý ± ³ ° ´¿ ·² ¬


ß  ¬± ¬¸ · © ·² ¼ º¿ ®³ ô ·¬ · ² ± ¬ ¬¸ » ±́ « ¼ ² »   ± º ¬¸ » ¾ ®± ¿ ¼ ¾ ¿ ² ¼ É Ì ó² ± · » ½ ¿ «  ·² ¹ ½ ± ³ ° ¿́ ·² ¬ ô ² ± ®
· ·¬ ¬± ² ¿ ·́¬§ ± ® ·³ ° « ́ ·ª ·¬§ ó ¿ ¬ »́ ¿  ¬ ¿ ½ ½ ± ®¼ ·² ¹ ¬±  ¬¿ ² ¼ ¿ ®¼ · » ¼ ¼ » º·² ·¬·± ² ± º ·³ ° « ́ ·ª ·¬§ ò
×² ¬» ®ª ·» ©  ¿ ² ¼  ± « ² ¼ ¼ »  ½ ®·° ¬·± ²  ·² ¬¸ » ½ ± ³ ° ¿́ ·² ¬ º± ®³   « ³ ³ ¿ ®·¦ » ¼ ·² ¬¿ ¾ »́ ï  ¸ ± © ô ¬¸ ¿ ¬
®»  ·¼ » ² ¬  ½ ± ³ ° ¿́ ·²  ¿ ¾ ± « ¬  ± « ² ¼  ·¼ » ² ¬·º·» ¼  ¿   ¼ ·ºº» ®» ² ¬ º®± ³  ¬¸ »  �² ¿ ¬« ®¿ ´� ¾ ¿ ½ µ ¹ ®± « ² ¼  ² ± · » ô 
» ª » ² ·º ¬¸ » ±́ « ¼ ² »   ± º ¬¸ ·  ° » ½ ·¿ ´  ± « ² ¼ · ª » ®§ ±́ © ¿ ² ¼ ¸ ¿ ®¼ §́ ° » ®½ » ° ¬·¾ »́ ò


Ì ¸ «  ¬¸ » ½ ± ³ ³ ± ² ¹ ®± « ² ¼ ± º ¬¸ » ¼ ± ½ « ³ » ² ¬» ¼ ½ ± ³ ° ¿́ ·² ¬ · ¿ É Ì ó ° » ½ ·º·½  ± « ² ¼ ½ ¸ ¿ ®¿ ½ ¬» ®· ¬·½
° » ®½ » ·ª » ¼ ¾ § ¸ « ³ ¿ ²  ô ¿ ² ¼ ¼ ·®» ½ ¬ §́ ½ ± ®®» ¿́ ¬» ¼ ¬± ¬¸ » ®± ¬¿ ¬·± ² ± º ¬¸ » ®± ¬± ® ¾ ¿́ ¼ »  ò Ì ¸ · · ² ± ¬¸ ·² ¹
² » © º± ® ° » ± ° »́ © ¸ ± ¼ » ¿ ´ © ·¬¸ ½ ± ³ ° ¿́ ·² ¬ ¿ ¾ ± « ¬ ² ± · » º®± ³ © ·² ¼ ¬« ®¾ ·² »  ò Ì ¸ ·  ± « ² ¼ ó
¼ »  ½ ®·¾ » ¼ ¿   © · ¸ ·² ¹ ·² ¬¸ » º®» ¯ « » ² ½ § ± º ¬¸ » ®± ¬± ® ¾ ¿́ ¼ »  ó · ¿ ³ ° ·́¬« ¼ » ³ ± ¼ « ¿́ ¬» ¼
¿ » ®± ¼ § ² ¿ ³ ·½ ² ± · » ± º ¬¸ » É Ì  øß Ó ÷ò







Ü »  ½ ® ·° ¬·± ² ¿  ³ ± ¼ « ´¿ ¬» ¼ ² ± · »


ø» ò¹ òæ ±́ « ¼ ° « ́ ¿ ¬·² ¹ ² ± · » å Ð º ½ ¸ ó Ð º ½ ¸ ó Ð º ½ ¸ òòò÷
ê è


Ü »  ½ ® ·° ¬·± ² « ² ½ ´» ¿ ® ® » ¹ ¿ ® ¼ ·² ¹ ³ ± ¼ « ´¿ ¬·± ²


ø» ò¹ òæ ¸ ·  ·² ¹ ô ®± ¿ ®·² ¹ ô ®» ½ « ®®·² ¹ ô ·®®» ¹ « ¿́ ® òòò÷
î ï


Ü »  ½ ® ·° ¬·± ² ¿  ¿ ½ ± ²  ¬¿ ² ¬ ² ± · »


ø» ò¹ ò ½ ± ²  ¬¿ ² ¬ ² ± · » ô ¿ ·®½ ®¿ º¬ ² ± · » ½ ± ²  ¬¿ ² ¬ §́ ÷
ê


Ì ± ¬¿ ´ ² « ³ ¾ » ® ± º ½ ± ³ ° ´¿ ·² ¬  ¸ » » ¬ ç ë


Ì ¿ ¾ »́ ï æ Û ª ¿ «́ ¿ ¬·± ² ± º ½ ± ³ ° ¿́ ·² ¬  ¸ » » ¬ © ·¬¸ ®» ¹ ¿ ®¼ ¬± ß Ó


É ¸ » ®» ¿  ¬¸ » ®» ¿ ®»  ¬« ¼ ·»  ¿ ² ¼ º·² ¼ ·² ¹  ¿ ¾ ± « ¬ ¿ ³ ° ·́¬« ¼ » ³ ± ¼ « ¿́ ¬·± ² øß Ó ÷ ·² ¬¸ » ² » ¿ ® º·» ¼́ ô
®»  » ¿ ®½ ¸ ± ² ±́ ² ¹ ¼ · ¬¿ ² ½ » ß Ó º¿ ½ »  ¬¸ » ¼ ·ºº·½ « ¬́§ ¬¸ ¿ ¬ ß Ó · ¸ ¿ ®¼ ¬± ·¼ » ² ¬·º§ ·² ³ » ¿  « ®» ³ » ² ¬ ò
Ý « ®®» ² ¬ §́ ¬¸ » ®» ¿ ®» ² ± º·́ ¬» ® º± ® ¿ « ¬± ³ ¿ ¬·½ ³ » ¿  « ®·² ¹ ¬» ½ ¸ ² ·̄ « »  ¿ ª ¿ ·́ ¿ ¾ »́ ò ß  º± ® » ª » ®§
¿ ½ ± «  ¬·½ ² ± · » ³ » ¿  « ®» ³ » ² ¬ º¿ ® º®± ³ ¬¸ » É Ì ¬¸ » »́ ª » ´ ± º ¬« ®¾ ·² » ² ± · » ½ ¿ ² ¾ » ª » ®§ ½ ±́  » ¬± ¬¸ »
¾ ¿ ½ µ ¹ ®± « ² ¼ ² ± · » ò Ì ¸ «  ± ² » ½ ¿ ² ² ± ¬ ° ®± ª » ·º ®»  « ¬́ ®» º» ® ¬± ² ± · » º®± ³ ¬¸ » © ·² ¼ º¿ ®³ ô « ² »́   ¾ §
·́ ¬» ² ·² ¹ ò


×¬ · ¼ ·ºº·½ « ¬́ ¬± ¹ » ¬ ®» »́ ª ¿ ² ¬ ° ®± º»   ·± ² ¿ ´ ®» ½ ± ®¼ ·² ¹  ± º º¿ ® º·» ¼́ ß Ó ¾ § ¬» ³ ° ± ®¿ ®§ ³ » ¿  « ®» ³ » ² ¬ ò
ß ½ ± ³ ³ ± ²  ½ » ² ¿ ®·± º± ® ¬» ³ ° ± ®¿ ®§ ° ®± º»   ·± ² ¿ ´  ± « ² ¼ ³ » ¿  « ®» ³ » ² ¬ ¿ ¬ ¸ ± «  »  ± º ° » ± ° »́
½ ± ³ ° ¿́ ·² ·² ¹ ¿ ¾ ± « ¬ ² ± · » º®± ³ É Ì  · ¬¸ » ½ ± ³ ³ » ² ¬ �Ç ± « ¸ ¿ ª » ½ ± ³ » ¬¸ » © ®± ² ¹ ¼ ¿ § ò Ç »  ¬» ®¼ ¿ §
·¬ © ¿   ¸ ¿ ®¼ ò� ß ² ¼  ·²  º¿ ½ ¬ © »  © » ®»  ¬± ¼́   ± ³ » ¬¸ ·² ¹  ·́µ »  ¬¸ ·  ¬¸ »  ¼ ¿ §  © »  ° » ®º± ®³ » ¼  ± « ®  ¬» ³ ° ± ®¿ ®§  
³ » ¿  « ®» ³ » ² ¬ ¿ ¬ ¬¸ »  » »́ ½ ¬» ¼ ®» ½ » ° ¬± ® ±́ ½ ¿ ¬·± ² ò Ì ¸ » ®» º± ®» ·¬ ¬« ®² » ¼ ± « ¬ ¸ ± © ·³ ° ± ®¬¿ ² ¬ ·¬ © ¿ 
¬¸ ¿ ¬ ¿ « ¼ ·± ®» ½ ± ®¼ » ® ¸ ¿ ¼ ¾ » » ² ¸ ¿ ² ¼ » ¼ ± « ¬ ¬± ®»  ·¼ » ² ¬ ¬± ®» ½ ± ®¼ ¿ ² ² ± § ·² ¹ ² ± · »  ·¬« ¿ ¬·± ²  ¾ §
¬¸ » ³  » ª́ »  ò ×² ¿ ¼ ¼ ·¬·± ² ¬± ± « ® ± © ² ³ » ¿  « ®» ³ » ² ¬ ¿ ¬± ¬¿ ´ ² « ³ ¾ » ® ± º î è ± º ¬¸ »  » © ¿ ª óº·́ »  © ¿ 
¿ ª ¿ ·́ ¿ ¾ »́ ¬± ¿   »   º¿ ® º·» ¼́ ß Ó ò


×² ± ®¼ » ® ¬± ¹ » ¬ ¿ ² ·¼ » ¿ ± º º®» ¯ « » ² ½ § ô ¼ « ®¿ ¬·± ² ¿ ² ¼ ·² ¬» ²  ·¬§ ± º ß Ó ·² © ·² ¼ ¬« ®¾ ·² » ² ± · » ô ¬¸ »
¿ « ¼ ·± º·́ »  ¸ ¿ ª » ¾ » » ² ·́ ¬» ² » ¼ ¬± ¿ ² ¼ ¿ ² ¿ §́  » ¼ ¾ § ¿ ² « ³ » ®·½ ¿ ´ » ª ¿ «́ ¿ ¬·± ² ¬± ± ´ ¼ ± ½ « ³ » ² ¬» ¼ ·²
Åí Ãò É ·¬¸ ·² ¬¸ » ¬± ± ´ ¬¸ » ³ ± ¼ « ¿́ ¬·± ² ¼ » ° ¬¸ Ô © ¿  «  » ¼ ¿  ¿ ° ¿ ®¿ ³ » ¬» ® º± ® ß Ó ò Ì ¸ » ³ ± ¼ « ¿́ ¬·± ²


¼ » ° ¬¸ Ô · ¼ » º·² » ¼ ¿  ¬¸ » ¼ ·ºº» ®» ² ½ » ¾ » ¬© » » ² ¬¸ » ³ ¿ ¨ ·³ « ³ ¿ ² ¼ ³ ·² ·³ « ³  ± « ² ¼ ° ®»   « ®»
»́ ª » ò́ ×² ¿ ¼ ¼ ·¬·± ² ¿  » ½ ± ² ¼ ° ¿ ®¿ ³ » ¬» ® º± ® ß Ó ¯ « ¿ ² ¬·º·½ ¿ ¬·± ² ó º «́ ½ ¬« ¿ ¬·± ²  ¬®» ² ¹ ¬¸ Ú ö ó © ¿  «  » ¼ ò
Ú ö · ¿ °  § ½ ¸ ± ¿ ½ ± «  ¬·½ ¿ ´́ § ³ ± ¬·ª ¿ ¬» ¼ ³ » ¿  « ®» ô ®» ° ®»  » ² ¬·² ¹ ¬¸ » ° » ®½ » ·ª » ¼ ß Ó ò Ì ¸ » ± ®·¹ ·² ± º Ú ö
· ¬¸ » º «́ ½ ¬« ¿ ¬·± ²  ¬®» ² ¹ ¬¸ ô ¼ » ª » ±́ ° » ¼ ¾ § Æ © ·½ µ » ® Åì Ãô © ¸ ·½ ¸ © ¿   ·́¹ ¸ ¬ §́ ³ ± ¼ ·º·» ¼ º± ® ¬¸ »
¿ ² ¿ §́  · ± º © ·² ¼ ¬« ®¾ ·² » ² ± · » ò


Ú ·¹ « ®» è  ¸ ± ©  ¬¸ » ¿ ² ¿ §́  · ± º ± ² » ± º ¬¸ » î è  ± « ² ¼  ¿ ³ ° »́  ò Ó ± ¼ « ¿́ ¬·± ² ¼ » ° ¬¸ Ô © ¿  «  » ¼ ¿ 


° ¿ ®¿ ³ » ¬» ® º± ® ß Ó ò Ì ¸ » ¾ ¿́ ½ µ ·́² » · ¬¸ » ß ó© » ·¹ ¸ ¬» ¼ ï ñí ± ½ ¬¿ ª » ¾ ¿ ² ¼  ° » ½ ¬®« ³ ± º ¬¸ »  ± « ² ¼
° ®»   « ®» »́ ª » ò́







Ú ·¹ « ®» è æ Û ¨ ¿ ³ ° »́ ± º  ° » ½ ¬®« ³ ¿ ² ¼ » ª ¿ «́ ¿ ¬» ¼ ³ ± ¼ « ¿́ ¬·± ² ¼ » ° ¬¸
± º © ·² ¼ º¿ ®³ ² ± · » ®» ½ ± ®¼ » ¼ ¾ § ®»  ·¼ » ² ¬


ß ² » ¨ ¿ ³ ° »́ º± ® ¿ ®»  « ¬́·² ¹ ¬·³ »  » ®·»  ± º ³ ± ¼ « ¿́ ¬·± ² ¼ » ° ¬¸ Ô ¿ ² ¼ º «́ ½ ¬« ¿ ¬·± ²  ¬®» ² ¹ ¬¸ Ú ö ·
¹ ·ª » ² ·² Ú ·¹ « ®» ç òÌ ¸ » ¿   »   ³ » ² ¬ ¬± ± ´ ¼ » ª » ±́ ° » ¼ º± ® ¬¸ · ° ®± ¶» ½ ¬ ° ®± ¼ « ½ »  ¿ ®» ¿  ± ² ¿ ¾ »́
½ ± ®®» ¿́ ¬·± ² ¾ » ¬© » » ² ·² ½ ®» ¿  » ¼ ª ¿ «́ »  º± ® Ô ¿ ² ¼ Ú ö ¿ ² ¼ ¬¸ »  « ¾ ¶» ½ ¬·ª » ·³ ° ®»   ·± ² ± º ß Ó
° » ®½ » ° ¬·± ² ± º ¿ ¸ « ³ ¿ ² ·́ ¬» ² » ®ò Ø ± © » ª » ® ¬¸ » ¬± ± ´ ½ ¿ ² ² ± ¬ ¼ · ¬·² ¹ « · ¸ ¾ » ¬© » » ² ß Ó ½ ¿ «  » ¼ ¾ § ¿
É Ì ± ® ¾ § ¸ « ³ ¿ ² ª ± ·½ »  ¿ ² ¼ ¾ ·®¼  ò Ì ¸ » ®» º± ®» ¸ « ³ ¿ ² ·́ ¬» ² ·² ¹ ®» ³ ¿ ·²  ² » ½ »   ¿ ®§ ò


Ú ·¹ « ®» ç æ Û ¨ ¿ ³ ° »́ ± º ¿ ¬·³ »  » ®·»  º± ® ß Ó


Ì ¸ » ¿ « ¼ ·± º·́ » ± º Ú ·¹ « ®» ç © ¿  ®» ½ ± ®¼ » ¼ ¿ ¬ ð í æî ð ¿ ³ ¿ ² ¼ · ¬¸ » ± ² §́ ®» ½ ± ®¼ ± º î è  ¸ ± © ·² ¹ ß Ó
±́ ² ¹ » ® ¬¸ ¿ ² ± ² » ³ ·² « ¬» ò ×² ¬¸ » ± ¬¸ » ® ®» ½ ± ®¼ ·² ¹  ¿ ½ »́ ¿ ® §́ ° » ®½ » ° ¬·¾ »́ ß Ó ± ² §́ ± ½ ½ « ®®» ¼ º± ®  ¸ ± ®¬
¬·³ » ° » ®·± ¼  ø¬§ ° ·½ ¿ ´́ § ä ï ð  ÷ ± ® © ¿  ² ± ¬ ¿ ¬ ¿ ´́ ¿ « ¼ ·¾ »́ ò Þ « ¬ ·¬ ³ «  ¬ ¾ » ² ± ¬» ¼ ¬¸ ¿ ¬ ¬¸ » ®» ½ ± ®¼ ·² ¹ 
¿ ®»  ¶«  ¬  ² ¿ °  ¸ ± ¬  ¿ ² ¼  ² ±   ¬¿ ¬» ³ » ² ¬ ¿ ¾ ± « ¬ ¬¸ »   ± « ² ¼   ·¬« ¿ ¬·± ²  �¾ » § ± ² ¼  ¬¸ »  ®» ½ ± ®¼ � ½ ¿ ²  ¾ »  
³ ¿ ¼ » ò


Û ª ¿ «́ ¿ ¬» ¼ ³ ± ¼ « ¿́ ¬·± ² º®» ¯ « » ² ½ ·»  ± º ð òé Ø ¦ ¬± ð òç Ø ¦ ½ ± ®®»  ° ± ² ¼ ¬± ®± ¬¿ ¬·± ² ¿ ´  ° » » ¼  ± º ¬¸ »
É Ì ®± ¬± ® ± º ï ì ¬± ï è ®° ³ ò







Ú ·¹ « ®» ï ð æ Û ¨ ¿ ³ ° »́ ± º ¿ ¬·³ »  » ®·»  © ·¬¸  ¸ ± ®¬ ß Ó » ª » ² ¬


Ú ·¹ « ®» ï ð  ¸ ± ©  ± ² §́ ¬© ±  ¸ ± ®¬ ¬·³ » ° » ®·± ¼  ± º »́   ¬¸ ¿ ² ë  » ½ ± ² ¼  ± º ®» »́ ª ¿ ² ¬ ß Ó ò ×º ·¬ © ¿ 
° ±   ·¾ »́ ¬± ·¼ » ² ¬·º§ ¬¸ » ½ ®·¬·½ ¿ ´ ½ ± ² ¼ ·¬·± ²  º± ® ¬¸ · ¬» ³ ° ± ®¿ ®§ ± ½ ½ « ®®» ² ½ » ± º ½ »́ ¿ ® §́ ° » ®½ » ° ¬·¾ »́
ß Ó © » ³ ·¹ ¸ ¬ ½ ± ³ » º®± ³ ¿ ² ¿ ´́ ² ·¹ ¸ ¬ ² ± · » ³ ·¬·¹ ¿ ¬·± ² ¬± ¶«  ¬  ± ³ »  » ½ ± ² ¼  ø± ® ½ « ³ « ¿́ ¬» ¼  ± ³ »
³ ·² « ¬»  º± ® ¿ ² ·¹ ¸ ¬÷ ± º » ºº» ½ ¬·ª » ² » ½ »   ¿ ®§ ·² ¬» ®ª » ² ¬·± ² ¬± ¿ ª ± ·¼ ½ ± ³ ° ¿́ ·² ¬ ò


ë ×² ¬» ® ° ® » ¬¿ ¬·± ² ± º ß Ó ² ± · » ° » ® ½ » ° ¬·± ²


Ì ¸ » ®» ½ ± ®¼ ·² ¹  ° ®± ¼ « ½ » ¼ © ·¬¸ ·² ¬¸ · ° ®± ¶» ½ ¬ ¿ ®» ¿ « ² ·̄ « » ¾ « ¬  ¬·́ ´ ·²  « ºº·½ ·» ² ¬ ¼ ¿ ¬¿ ¾ ¿  » º± ® º·² ¿ ´
½ ± ² ½ «́  ·± ²  ò É ·¬¸ ·² ¬¸ · ·́³ ·¬» ¼ ®¿ ² ¹ » ± º ¬¸ »  ¬« ¼ § © » º·² ¼ ¬¸ ¿ ¬ » ª » ² ¿  ¸ ± ®¬ ° » ®·± ¼ © ·¬¸
² ± ¬·½ » ¿ ¾ »́ ¿ ³ ° ·́¬« ¼ » ³ ± ¼ « ¿́ ¬·± ² ³ ·¹ ¸ ¬ ¬®·¹ ¹ » ® ¬¸ » ¿ ¬¬» ² ¬·± ² ¿ ² ¼ º± ½ «  »  ·¬ ± ² ¬¸ »  ± « ² ¼ ± º ¬¸ »
© ·² ¼ º¿ ®³ ò Ì ¸ »  ± « ² ¼ ° » ®½ » ° ¬·± ² ³ ¿ § ®» ³ ¿ ·² º± ½ «  » ¼ ± ² ¬¸ » © ·² ¼ º¿ ®³ ² ± · » ô » ª » ² © ¸ » ² ¬¸ »
¿ ³ ° ·́¬« ¼ » ³ ± ¼ « ¿́ ¬·± ² ¸ ¿  º¿ ´́ » ² ¿ ¹ ¿ ·² ¾ » ±́ © ¬¸ » ° » ®½ » ° ¬·± ² ¬¸ ®»  ¸ ± ¼́ ò


Ó ± ¼ « ¿́ ¬·± ²  º®» ¯ « » ² ½ ·»   ·²  ¬¸ »  ®¿ ² ¹ »  ± º ï  Ø ¦  ¼ ± ² �¬ º·¬ » ¨ ¿ ½ ¬ §́  ¬¸ »  ³ ¿ ¨ ·³ « ³  ¸ « ³ ¿ ²   » ²  ·¬·ª ·¬§  º± ®  
³ ± ¼ « ¿́ ¬·± ²  ¿ ¬ ì  Ø ¦  ¾ « ¬  ¬·́  ́ ³ ·¹ ¸ ¬ ½ ¿ «  »  ¿  µ ·² ¼  ± º �¿ ¿́ ®³ �ô » ¨ ° ¿́ ·² ·² ¹  ¬¸ »  ½ ± ³ ³ » ² ¬ ± º ¿  ®»  ·¼ » ² ¬ô 
 ¿ § ·² ¹ ¬¸ ¿ ¬ ¸ » © ¿ µ »  « ° ¬¸ » ² ·¹ ¸ ¬ ¾ » ½ ¿ «  » ± º ½ ± ²  ° ·½ « ± «  © ·² ¼ ¬« ®¾ ·² » ² ± · » ò ×² ¬¸ » » ¨ ¿ ³ ° »́
± º º·¹ « ®» è ¸ » ³ ·¹ ¸ ¬ © ¿ µ » « ° © ·¬¸ ¬¸ » º·® ¬ ° » ¿ µ ± º ß Ó ² ± ¬ µ ² ± © ·² ¹ ¬¸ · © ¿  ¬¸ » ®» ¿  ± ² ô ¾ « ¬ ¸ ¿ º́
¿ © ¿ µ »  ¿ ² ¼  ·́ ¬» ² ·² ¹  ·º ¬¸ » ®»  ³ ·¹ ¸ ¬ ¾ »   ± ³ »  �¼ ¿ ² ¹ » ®�ò Ø »  ³ ·¹ ¸ ¬ ·¼ » ² ¬·º§  ¬¸ »  © ·² ¼  º¿ ®³  ¿   ± ®·¹ ·²  
± º ² ± · »  © ·¬¸  ¬¸ »  ² » ¨ ¬ �° » ¿ µ� ± º ß Ó  ¿ ² ¼  º®± ³  ² ± ©  ± ²  ·¬ ³ ·¹ ¸ ¬ ¾ »  ¸ ¿ ®¼  º± ®  ¸ ·³  ¬±  ®»  ¬ ± ®  ¬±  º¿ ´́  
¿  »́ » ° ¿ ¹ ¿ ·² ò


ß ½ ½ ± ®¼ ·² ¹ ¬± ¬¸ · ô ½ ± ³ ° ¿́ ·² ¬ ½ ± « ¼́ ¾ » ®» ¼ « ½ » ¼ ·º ·¬ © ¿  ° ±   ·¾ »́ ¬± » ·́³ ·² ¿ ¬» ¬¸ »  ¸ ± ®¬ �Ì ®·¹ ¹ » ®ó
ß Ó �ò ß   « ³ » ¼  ®» »́ ª ¿ ² ¬ ß Ó  ³ ¿ ·² §́  ± ² §́  ± ½ ½ « ®  º± ®   ¸ ± ®¬ ¬·³ » ô ±́    ± º » ² » ®¹ §  © ·́  ́ ¾ »  ª » ®§   ³ ¿ ´́  
½ ± ³ ° ¿ ®» ¼ ¬± ¬¸ » ½ ± ³ ³ ± ² ³ ·¬·¹ ¿ ¬·± ² ³ » ¬¸ ± ¼ © ·¬¸ ¬¸ » É Ì  ± ° » ®¿ ¬·² ¹ ¿ ´́ ² ·¹ ¸ ¬ ·² ¿ ² ± · » ®» ¼ « ½ » ¼
± ° » ®¿ ¬·± ² ¿ ´ ³ ± ¼ » ò


ê ×¼ » ¿  º± ® Ó ·¬·¹ ¿ ¬·± ² ± º ¬¸ » ß ² ² ± § ¿ ² ½ »


Ò ± · » ®» ¼ « ½ » ¼ ³ ± ¼ »  «  « ¿ ´́ § ¾ ¿  » ± ² ®» ¼ « ½ ¬·± ² ± º ¬¸ » ®± ¬¿ ¬·± ² ¿ ´  ° » » ¼ ± º ¬¸ » É Ì ®± ¬± ®ò Ø ± ©
¬¸ · » ºº» ½ ¬ º¿ ® º·» ¼́ ß Ó · « ² µ ² ± © ² ò Þ ¿  » ¼ ± ² ·² ª »  ¬·¹ ¿ ¬·± ²  ± º ³ ¿ ·² §́ ² » ¿ ® º·» ¼́ ß Ó ô ®» ¼ « ½ ¬·± ²
± º ¬®¿ ·́ ·² ¹ » ¼ ¹ » ² ± · » · ·² ¬¸ » º± ½ «  © ¸ » ² ¬¸ ·² µ ·² ¹ ± º ß Ó ³ ·¬·¹ ¿ ¬·± ² ò É ·¬¸ ®» ¹ ¿ ®¼ ¬± ¬¸ » ¿ ¾ ± ª »
¼ »  ½ ®·¾ » ¼ º·² ¼ ·² ¹  ô ¬¸ » ®» ¿ ®»  ± ³ » ³ ± ®» ·¼ » ¿  º± ® ß Ó ³ ·¬·¹ ¿ ¬·± ² ò


×º ß Ó ¿  ¿ ² ¿ ¬¬» ² ¬·± ² ¬®·¹ ¹ » ® · ¿  ¸ ± ®¬ ¬·³ » ° ¸ » ² ± ³ » ² ± ² ·² ª »  ¬·¹ ¿ ¬·± ²  ± º ¬¸ » ½ ¿ «  »  ± º º¿ ® º·» ¼́
ß Ó ¿ ®» © ± ®¬¸ ¬± ¾ » ½ ¿ ®®·» ¼ ± « ¬ò ×¬ · ·́µ » §́ ² » ½ »   ¿ ®§ ¬± ±́ ± µ ¿ ¬ ¼ § ² ¿ ³ ·½ ¿ » ®± ¿ ½ ± «  ¬·½  ¿  © » ´́
¿  © ¿ µ » » ºº» ½ ¬ ô  ± « ² ¼ ° ®± ° ¿ ¹ ¿ ¬·± ² ¿ ² ¼ É Ì ·² ¬» ®¿ ½ ¬·± ² ·² ½ ± ³ ¾ ·² ¿ ¬·± ² ¬± « ² ¼ » ® ¬¿ ² ¼ ¬¸ ·
¼ § ² ¿ ³ ·½ ° ¸ » ² ± ³ » ² ± ² ò Ñ ² ½ » ß Ó ó½ ®·¬·½ ¿ ´ ± ° » ®¿ ¬·± ² ¿ ´ ³ ± ¼ »  ± ®  ± « ² ¼ ° ®± ° ¿ ¹ ¿ ¬·± ²  ·¬« ¿ ¬·± ²  ¿ ®»
·¼ » ² ¬·º·» ¼  ° » ½ ·º·½ ³ ± ¼ ·º·½ ¿ ¬·± ² ½ ¿ ² ®» ¼ « ½ » ± ® » ¨ ¬·² ¹ « · ¸ ß Ó ò







ß ² ± ¬¸ » ®  ·¼ » ¿  ½ ¿ ²  ¾ »  ¼ »  ½ ®·¾ » ¼  ¿   � ± « ² ¼  ¼ »  ·¹ ² �ò ß   ·¬ ·  ³ ± ®»  ¬¸ »  �̄« ¿ ·́¬§� ¬¸ ¿ ²  ¬¸ »  �̄« ¿ ² ¬·¬§� 
± º ¬¸ » © ·² ¼ ¬« ®¾ ·² »  ± « ² ¼ ¬¸ ¿ ¬ ½ ¿ «  »  ½ ± ³ ° ¿́ ·² ¬ ô ·¬ · ½ ± ² ½ » ·ª ¿ ¾ »́ ¬± ¿ ½ ¸ ·» ª » ¿ ² » ¯ « ¿ ·́¦ ¿ ¬·± ² ± º
¬¸ » É Ì ² ± · » » ·¬¸ » ® ¾ §  ·² ¹ »́ ¾ ¿́ ¼ » ° ·¬½ ¸ ·² ¹ ± ® » ª » ² ¾ § ¿ ½ ¬·ª » ¹ » ² » ®¿ ¬» ¼  § ² ½ ¸ ®± ² · » ¼
¾ ®± ¿ ¼ ¾ ¿ ² ¼ ² ± · » ò


Ø » ¿ ®·² ¹ » ¨ ° » ®·³ » ² ¬ Åí Ã  ¸ ± © » ¼ ¬¸ ¿ ¬ ß Ó · ³ ±  ¬ ¿ ² ² ± § ·² ¹ ¿ ¬ ì Ø ¦ ò Ì ¸ » ®» º± ®» ®» ¼ « ½ ¬·± ² ± º
®± ¬¿ ¬·± ² ¿ ´  ° » » ¼ ³ ·¹ ¸ ¬ ®» ¼ « ½ » ½ ± ³ ° ¿́ ·² ¬ ò
×² ¬¸ » ± ¬¸ » ® ¼ ·®» ½ ¬·± ² © » ³ ·¹ ¸ ¬ ¿ ́ ± «  » ¬¸ » ¿ ¾ ± ª » ³ » ² ¬·± ² » ¼ ¿ ½ ¬·ª »  §  ¬» ³  ¬± ¹ » ¬ ®»  « ¬́·² ¹
³ ± ¼ « ¿́ ¬·± ² º®» ¯ « » ² ½ ·»   ·¹ ² ·º·½ ¿ ² ¬ §́ ¸ ·¹ ¸ » ® ¬¸ ¿ ² ì Ø ¦ ò Ì ¸ »  ± « ² ¼ © ± « ¼́ ¬¸ » ² ² ± ±́ ² ¹ » ® ¾ »
¿   ± ½ ·¿ ¬» ¼ © ·¬¸ ¬¸ » ± ° ¬·½ ¿ ´ ·³ ° ®»   ·± ² ± º ¬« ®² ·² ¹ ®± ¬± ® ¾ ¿́ ¼ »  ò


é Ò » ¨ ¬ Í ¬» ° 


Î ¿ ¬·² ¹  ½ ¿ »́ º± ® ¬¸ » » ºº·½ ·» ² ½ § ± º ¿ ² § ³ ·¬·¹ ¿ ¬·± ² ¿ ½ ¬·± ² ³ «  ¬ ¾ » ¿ ®» ° ®± ¼ « ½ ·¾ »́ ³ » ¬¸ ± ¼ º± ® ß Ó
¿   »   ³ » ² ¬ © ¸ ·½ ¸ ¬¿ µ »  ·² ¬± ¿ ½ ½ ± « ² ¬ ¬¸ ¿ ¬ ¸ « ³ ¿ ² ß Ó  » ²  ·¬·ª ·¬§ · º®» ¯ « » ² ½ § ¼ » ° » ² ¼ » ² ¼ ò ×¬ ½ ¿ ²
¸ » °́ ¬± ± ¾ ¶» ½ ¬·º§ ¬¸ » ¼ · ½ «   ·± ² ¿ ¾ ± « ¬ ¿ É Ì  ° » ½ ·º·½ ¿ ² ² ± § ·² ¹  ± « ² ¼ ½ ¸ ¿ ®¿ ½ ¬» ®· ¬·½ ò Û  ° » ½ ·¿ ´́ §
¾ » ½ ¿ «  » ß Ó ± º É Ì ² ± · » · ± º¬» ² ³ ·̈ » ¼ « ° © ·¬¸ ·³ ° « ́ ·ª ·¬§ ¿ ² ¼ ·² º®¿  ± « ² ¼ ò Ì ¸ » ®» ¿ ®»
» ¨ ¿ ³ ° »́  ± º ß Ó ¾ » ·² ¹ ®» ¹ ¿ ®¼ » ¼ ¿  ·³ ° « ́ ·ª ·¬§ » ª » ² ·² »́ ¹ ¿ ´ ° ®± ½ » » ¼ ·² ¹  ¿ ² ¼ ·² º®¿  ± « ² ¼
¼ · ½ «   ·± ² ³ ·¹ ¸ ¬ ¶«  ¬ ¾ » ¿ ½ ± ² º«  ·± ² ± º ³ ± ¼ « ¿́ ¬·± ² º®» ¯ « » ² ½ § ¿ ² ¼  ° » ½ ¬®¿ ´ º®» ¯ « » ² ½ § ò


×² ¿ ¼ ¼ ·¬·± ² ¬± ° ®» ª ·± «  © ± ®µ ± º » ò¹ ò Ö » ®» ³ § Þ ¿   Åë Ã ¬¸ » ¿ ¾ ± ª » ³ » ² ¬·± ² » ¼ Ü Û É ×  ± º¬© ¿ ®» ¬± ± ́
³ ·¹ ¸ ¬ ¾ » ¿  ¬¿ ®¬ º± ®  ¬¿ ² ¼ ¿ ®¼ · ¿ ¬·± ² ò Ì ¸ » ·¼ » ¿ · ¬± ¼ » ª » ±́ ° ¿  ¬¿ ² ¼ ¿ ®¼ º± ® ¿ ² ± ¾ ¶» ½ ¬·ª »
¿   »   ³ » ² ¬ ± º ß Ó ·² ² ± · » º®± ³ É Ì  ½ ± ³ ° ¿ ®¿ ¾ »́ ¬± ¬¸ » Ù » ®³ ¿ ² Ü ×Ò ì ë ê è ï º± ® ¬± ² ¿ ·́¬§ ò ×¬ ³ «  ¬
¾ » » ³ ° ¸ ¿  ·¦ » ¼ ¬¸ ¿ ¬ ¬¸ ·  ¬¿ ² ¼ ¿ ®¼ · º± ® ² ± · » ¿ ¬ ®» ½ » ° ¬± ® ±́ ½ ¿ ¬·± ²  ± ² §́ ¿ ² ¼ ³ «  ¬ ² ± ¬ ¾ » ³ ·̈ » ¼
« °  © ·¬¸  �² » ¿ ®  º·» ¼́ � ¹ « ·¼ » ·́² »   ·́µ »  ×Û Ý  ê ï ì ð ð óï ï ò Ì ¸ »  ¼ · ½ «   ·± ²  ± º ß Ó   ¬¿ ² ¼ ¿ ®¼ · ¿ ¬·± ²  ·  ± ²  
¬¸ » ¿ ¹ » ² ¼ ¿ ± º ¬¸ » ² ¿ ¬·± ² ¿ ´ Ù » ®³ ¿ ² É Ì ² ± · » © ± ®µ ¹ ®± « ° ò


Ò » ¨ ¬  ¬» ° º± ® ¬¸ » ¿ ¾ ± ª » ³ » ² ¬·± ² » ¼ ° ®± ¶» ½ ¬ © ·́ ´ ¾ » ¿ ¬»  ¬ ± º ¿  ° » ½ ·¿ ´ ± ° » ®¿ ¬·± ² ¿ ´ ³ ± ¼ » ° ®± ° ±  » ¼
¾ § ¬¸ » É Ì ³ ¿ ² « º¿ ½ ¬« ®» ® ¬± ®» ¼ « ½ » ¿ ² ² ± § ¿ ² ½ » ò Þ ¿  » ¼ ± ² ·² ¬» ®ª ·» ©  ± º ¿ ºº» ½ ¬» ¼ ° » ® ± ²  ¬¸ »
» ºº·½ ·» ² ½ § ± º ¬¸ » ³ ·¬·¹ ¿ ¬·± ² ³ » ¬¸ ± ¼ © ·́ ´ ¾ » » ª ¿ «́ ¿ ¬» ¼ ò Þ « ¬ ¿  ¬¸ » ¼ »  ·¹ ²  ¬®¿ ¬» ¹ § º± ® ¬¸ ·  ° » ½ ·¿ ´
± ° » ®¿ ¬·± ² ¿ ´ ³ ± ¼ » · ² ± ¬ º± ½ «   » ¼ ± ² ß Ó ³ ·¬·¹ ¿ ¬·± ² ¬¸ · ³ ·¹ ¸ ¬ ¾ » ± ² §́ ¿ º·® ¬  ¬» ° ¿ ² ¼ ¬¸ » ®» ¿ ®»
 ·¹ ²  ¬¸ ¿ ¬ ¿ ² « ³ ¾ » ® ± º É Ì ³ ¿ ² « º¿ ½ ¬« ®» ® © ± ®µ ± ² ·² ¬» ´́ ·¹ » ² ¬ ß Ó ³ ·¬·¹ ¿ ¬·± ²  ± «́ ¬·± ²  ò


Í ¬·́ ´ ¬¸ » ®» · ¿ ½ ± « ° »́ ± º ¯ « »  ¬·± ²  ¿ ¾ ± « ¬ º¿ ® º·» ¼́ ß Ó © ¸ ·½ ¸ ³ ·¹ ¸ ¬ ¾ » ¿ ²  © » ®» ¼ ¾ § ³ » ¿ ²  ± º ¿
º¿ ® º·» ¼́  ± « ² ¼ ®» ½ ± ®¼ ·² ¹  ¬¿ ¬·± ² ¿ ² ¼ ¿ « ¬± ³ · » ¼ ¿   »   ³ » ² ¬ ¬± ± ́ ô » ò¹ ò ¾ ¿  » ¼ ± ² ¿ ² ·³ ° ®± ª » ¼
ª » ® ·± ² ± º ¬¸ » ± ² » ° ®»  » ² ¬» ¼ ò É ·¬¸ ¬¸ » ¸ » °́ ± º ß Ó ¿ « ¼ ·¾ ·́ ·¬§ ¼ ¿ ¬¿ ¿ ² ¼ ·² ½ ± ®®» ¿́ ¬·± ² © ·¬¸ ¸ ·¹ ¸
®»  ± «́ ¬·± ² ³ » ¬» ± ®± ±́ ¹ ·½ ¿ ´ ¿ ² ¼ É Ì ¼ ¿ ¬¿ ³ ¿ ² « º¿ ½ ¬« ®» ® ± º É Ì ½ ¿ ² ·³ ° ®± ª » ¬¸ » ·® µ ² ± © »́ ¼ ¹ »
¿ ¾ ± « ¬ ß Ó ¿ ² ¼ ± ° ¬·³ ·¦ » ¬¸ »  ± « ² ¼ ° » ®º± ®³ ¿ ² ½ » ± º ¬¸ » ·® ¬« ®¾ ·² » ò







Î » º» ® » ² ½ » 


Åï Ã Î »  » ¿ ®½ ¸ ° ®± ¶» ½ ¬æ Ë ² ¬» ® « ½ ¸ « ² ¹ ¼ » ® Þ » » ·² ¬®< ½ ¸ ¬·¹ « ² ¹ ª ± ² ß ² © ± ¸ ² » ®² ¼ « ®½ ¸
Ù » ®< «  ½ ¸ » ³ ·  ·± ² » ² ª ± ² É ·² ¼ » ² » ®¹ ·» ¿ ² ¿́ ¹ » ² « ² ¼ ß ¾ »́ ·¬« ² ¹ $ ¾ » ®¬®¿ ¹ ¾ ¿ ®» ®
×² ¬» ®ª » ² ¬·± ²   ¬®¿ ¬» ¹ ·» ² ¦ « ® Ê » ®³ ·² ¼ » ®« ² ¹ ¼ ·»  » ® øÍ ¬« ¼ § ± ² ·³ ° ¿ ·®³ » ² ¬ ± º ®»  ·¼ » ² ¬ ¾ § ² ± · »
» ³ ·  ·± ²  ± º © ·² ¼ ¬« ®¾ ·² »  ¿ ² ¼ ¼ » ¼ « ½ ¬·± ² ± º ¬®¿ ²  º» ®¿ ¾ »́ ·² ¬» ®ª » ² ¬·± ²  ¬®¿ ¬» ¹ ·»  º± ® ¬¸ » ·®
³ ·¬·¹ ¿ ¬·± ² ÷å
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Summary


Wind energy is an important pillar in the ambition of the Flemish government to realize a
substantial part of the Belgian target of 13% renewable energy by 2020.


Due to the lack of sufficient environmental standards for wind turbines within the existing
environmental policy and the lack of clear, unambiguous and sufficiently binding noise
guidelines in the evaluation framework (circular EME/2006/01-RO/2006/02), a technical
actualization of the environmental standards for wind turbines was needed. For Flanders, which
is a densely populated area with very few open areas, this provides a challenge.


In the development of the new environmental noise policy, the principles of existing
environmental policy were applied.


This resulted in a new environmental regulation, which was approved by the end of 2011 by the
Flemish government. The regulation sets conditions related to sound, together with safety and
shadow flicker and a transitional regulation. The noise of wind turbines is now regulated by
noise levels that extend beyond the distance of 250 meters between wind turbines and the
people living near them. In addition, this regulation is more strict for residential areas than for
industrial areas.


As a result, the new policy provides legal certainty for both people living near wind turbines,
wind developers and permitting authorities for the siting and exploitation of large wind turbines
in Flanders.


After being evaluated and checked with international policies, the new environmental noise
policy for wind turbines in Flanders sets the conditions for both existing and new wind turbines.







1. Introduction


Due to the lack of sufficient environmental standards for wind turbines within the existing
environmental policy and the lack of clear, unambiguous and sufficiently binding noise
guidelines in the evaluation framework (circular EME/2006/01-RO/2006/02 (Vlaamse overheid
2006)), a technical actualization of the environmental standards for wind turbines was needed.


The Flemish government has chosen to develop and implement these noise standards within
the existing sectoral environmental legislation (VLAREM). This provides legal certainty for both
people living near wind turbines, wind developers and permitting authorities for the siting and
exploitation of large wind turbines in Flanders.


These standards set up a status quo between the annoyance which should be reduced to a
minimum level for people living near wind turbines on one hand and the renewable energy
targets on the other hand.


1.1 Sound of wind turbines


Sound of wind turbines is mainly generated by the movement of rotor blades through the air at
high speed. The aerodynamic noise is caused by turbulence at imperfections of the rotor
blades, at the edge of the blade where areas of under- and overpressure are mixed, and at the
wingtips (AFFSET 2008). These three effects have a different spectral composition. Combined
these cause a noise-like, repetitive sound.


Aerodynamic noise is directed by a vectorial component, which implicates that the sound of
wind turbines mainly originates at the edges of downward moving rotor blades. Due to the
distance between receiver and the wind turbines, it may seem for an observer that the sound
originates by the passage of the rotor blades at the tower. However, detailed sound
measurements of Oerlemans (Oerlemans 2009), show that this is not the case (Fig. 1).


Figure 1: sound sources in the rotor plane (averaged on multiple rotations) projected on the image after
measurements of microphones in an array setup (Oerlemans, 2009).


The spectral composition of about thirty types of wind turbines was compared in a Dutch study
(Rijksuniversiteit Groningen 2008) including some of the most commonly used turbines. When
presenting the spectra as octave bands, scaled relative to the total sound power level of the







wind turbine, it shows that most wind turbines have a more or less similar spectrum, with
maxima in the octave bands of 250, 500 or 1000 Hz (Fig. 2).


Figure 2: octave band spectra of different types of wind turbines. The average sound spectrum is shown as the
bold line.


Apart from aerodynamic noise, mechanical noise can be a contributing factor as well, that can
be particularly significant in older wind turbines. All components in the nacelle can cause
mechanical noise with the gearbox (if present) and subunits of the generator, e.g. cooling units,
being the most important source. The presence of rubber elements, isolation materials and
sound dampers on ventilation systems make modern wind turbines acoustically better suited.


1.2 Annoyance of the sound of wind turbines


Sound of wind turbines is perceived as annoying. As such, it has been subject of several
studies, with main contribution of Dutch and Swedish authors. Three of these studies were
combined by TNO, the Dutch organization for applied scientific research, in a report
commissioned by the Dutch government (TNO 2008). By using questionnaires the self-reported
annoyance of wind turbine sound of people living near wind turbines was assessed. To
complete the survey, multiple other parameters, such as the sensitivity to sound in general, the
co-ownership of wind turbines, the visibility and possible sleep disturbance, were included. In
Sweden and The Netherlands 3770 inhabitants were asked to complete the survey, with a 49%
response rate. The results were correlated with the calculated sound imission levels at each
participant and based on Lden as measure, which was derived from the maximum sound
imission levels of the wind turbines (Lp 8m/s, at 10m height) using the ISO 9613-2 propagation model.
These imission levels were converted to the yearly averaged sound dose measure Lden by
incorporating the meteorological data, the location and the characteristics of the wind turbine. It
was concluded that the Lden level corresponded with the Lsp 8 m/s level plus a correlation factor


The study concluded that the level of annoyance can be predicted by regression analysis of the
calculated Lden value and the reported annoyance.


Compared to other sources of noise, such as from road traffic, rail traffic and air traffic, noise of
wind turbines is perceived as more annoying, although perceived at the same imission level
(Lden). (Fig. 4).







Figure 3: Annoyance of wind turbines in comparison to other noise sources (adjusted from TNO, 2008)


Traffic noise might mask the sound of wind turbines. Using the extensive WINDFARM
perception research of the Dutch government (Rijksuniversiteit Groningen 2008), Pedersen
and colleagues assessed this masking effect of road traffic on wind turbines showing that wind
turbine noise is, however, not easily masked by road traffic noise (Pedersen et al. 2010). Only
in case that the sound of road traffic is more than 20 dB Lden higher than the sound of wind
turbines (Lden), a strong reduction of the reported annoyance was observed. In addition, wind
turbine noise is not fully spectrally masked by road traffic noise. The different day- night relation
of the sound source can also be part of the explanation. Where road traffic noise is often
strongly reduced at night, this is not the case for wind turbines. The repetitive character of wind
turbine noise also plays an important role, as this implicates a higher audibility.


1.3 Reduction of annoyance of wind turbine noise


Annoyance is partially a subjective parameter which can be influenced in several ways, by
altering the perception of the wind turbine or by masking the wind turbine noise. Finally, wind
turbine noise can be reduced by reducing the sound power level of the wind turbine.


1.4 Previous legislation for wind turbines in Flanders


The circular EME/2006/01-RO/2006/02 provided noise limits for wind turbines from May 2006
until March 2012. For the siting of wind turbines, it was stated that, if the closest house or
residential area was located at a distance fewer than 250 to the wind turbine tower, the sound
imission level of the wind turbine must be lower than the limit values in open air as listed in the
circular, or 5 dB(A) lower than the background noise (LA95). If the distance was more than 250
m, the circular stated that the noise level was acceptable in any case.


Indeed, experience with the circular EME/2006/01-RO/2006/02, indicated that this framework
did not provide a sufficient basis to evaluate and limit the annoyance of people living near wind
turbines. In addition, a circular has by definition a limited legal strength. It is a legal guideline of
which the government states it will impress on itself. As a result, a more binding environmental
legislation for wind turbines was needed.


On the other hand, for industrial noise in general, the current environmental legislation
(VLAREM) sets the environmental conditions. VLAREM states that the specific sound of an
installation or set of installations, must be limited to a certain maximum noise level, irrespective
of the distance. The limit of this noise level depends on the period of the day (day, evening,
night), the area destination, if it encompasses an existing or new installation and the existing
acoustical quality of the area.


Article 5.20.5.1 of title II of VLAREM stated that in contrary to the legal provision of chapter 4.5
(general environmental noise legislation), the noise limits of VLAREM were not applicable for







wind turbines. Furthermore, it stated that specific sound emission levels can be determined in
the environmental permit in relation to the local environmental conditions.


2. Experimental design


In the design of the new noise standards, the principles of the current environmental legislation
were considered:


- unacceptable annoyance of people living near the wind turbines cannot be allowed;
- differentiation of the environmental conditions by area destination: the noise standards in


for example industrial areas should be higher than those in residential areas;
- the possibility to take the background noise into account.


To provide legal certainty for both people living near wind turbines, wind developers and
permitting authorities, it was chosen to insert these noise standard in the sectoral
environmental legislation (VLAREM).


3 Preliminary results


The new environmental regulation, which was approved by the end of 2011 by the Flemish
government and effective from April 2012, sets conditions related to sound, together with safety
and shadow flicker and a transitional regulation (Vlaamse Regering 2011).


3.1 New noise levels for wind turbines


The noise of wind turbines is now regulated by noise levels that extend beyond the distance of
250 meters between wind turbines and the people living near them. Similar to the general
industrial noise legislation, this regulation is differentiated per destination area and per period
(day, evening, night). The new noise levels for wind turbines are given in table 1. These levels
are defined as noise levels in dB(A).


Table 1: noise levels for wind turbines (annex 5.20.6.1 of VLAREM)


Area Noise level in dB(A) in open air
day
7u-19u


evening
19u-22u


night
22u-7u


1°a Residential recreation areas 44 39 39
2°a Areas or parts of areas, other than residential areas,
at a distance of less than 500 m of industrial areas


50 45 45


2°b Residential areas or part of residential areas, at a
distance of less than 500 m of industrial areas


48 43 43


3°a Areas or parts of areas, other than residential areas
or parts of residential areas, at a distance of less than
500 m of areas for small and medium-size companies,
areas for the provision of services or excavation areas,
during the excavation


48 43 43


3°b Residential areas or parts of residential areas at a
distance of less than 500 m of areas for small and
medium-size companies, areas for the provision of
services or of land use areas, during the excavation


44 39 39


4° Residential areas 44 39 39
5° Industrial areas, areas for the provision of services
and public utilities and land use areas, during the


60 55 55







excavation
5bis° Rural areas 48 43 43
6° Recreation areas, other than residential recreation
areas


48 43 43


7° All other areas, other than buffer areas, military areas
and areas where in specific decisions noise levels are
determined


44 39 39


8° Buffer areas 55 50 50
9° Areas or parts of areas at less than 500 m of gravel
excavation areas, during the excavation


48 43 43


Note: if an area is covered by two or more area descriptions of the table, the highest noise level
is applied.


During the evening or night, the noise levels are more strict then during the daytime. The
difference between the night/evening and day level is set to 5 dB(A) for any given area.


In general, residential areas now have a high level of protection. The noise level of 39 dB(A) at
night is similar to the previous framework of the circular. Residential recreation areas receive
the same level of protection. Rural areas have a noise limit of 43 dB(A), just like recreation
areas. At industrial areas and in buffer areas, a level of 55 dB(A) and 50 dB(A) respectively
results in a less strict noise level. These noise levels do not limit the exploitation and
development of wind turbines in large industrial areas (such as the Port of Antwerp) as such.


In order to sufficiently protect residential areas near existing industrial infrastructure, a more
differentiated legislation is applied near smaller industrial areas and areas for small and
medium-size companies. At less than 500 m of industrial area, a noise level of 45 dB(A) at
night is applied, on the condition there is no residential area present at this distance. If there do
is a residential area at less than 500 m of an industrial area, the presence of a high number of
houses requires a more strict noise level. On the other hand, the presence of industry probably
causes a high background noise level. In addition, in the existing industrial noise legislation
these areas receive a more flexible noise limit. A noise limit value of 43 dB(A) was chosen,
comparable to the noise limit in rural areas. This also comes close to the current environmental
legislation for industrial installations (noise limit 40-45 dB(A), depending on the level of the
background noise) and taking into account the annoyance of the sound of wind turbines.
Areas at less than 500 m of areas for small and medium-size companies, areas for the
provision of services or excavation areas, during the excavation, receive a similar approach.
For residential areas at less than 500 m of the aforementioned area, a noise limit of 39 dB(A) is
applied (similar to the noise level for residential areas for wind turbines). If no residential area is
present at less than 500 m, a noise level of 43 dB(A) is applied (similar to the noise level for
rural areas for wind turbines).
Areas for small and medium-size companies often cause fewer noise annoyance than industrial
areas. This is especially true at night, when the activities seize and there is a need to limit the
sound imission levels of wind turbines to an acceptable level.


3.2 The use of background noise as noise limit


The audibility and annoyance of wind turbines is at least partly determined by the level of the
residual background noise (LA95). This residual background noise is a parameter that can be
taken into account in the current environmental legislation for industry.


The residual background noise can vary greatly depending on the time and location. As a
result, if the residual background noise level is used, it must be determined at the most critical
house or houses. These are the houses that have the highest sound imission level of wind







turbines according to the prognosis of the accredited sound expert, at maximal operation of the
wind turbines.


The measuring of background noise has to be done at a sufficiently long period. The aim of the
measurement is to develop a representative long-term average of the residual background
noise, given as LA95,1h per period (day, evening, night). As an absolute minimum, a
measurement of 14 days is required. In bad or unrepresentative weather conditions, a longer
measurement is required.


Only if the measured level of the background noise (LA95) is higher than the applicable noise
limits for wind turbines (LAeq), this background noise level can be used as noise limit. For
example, if the noise limit in a given area is 44 dB(A) according to the annex and the
background noise level is assessed at 45 dB(A), the value of the background noise can be
used in that period. To prevent wind turbine developers to site the wind turbines very close (for
example 150 m) to houses at areas with high residual noise levels, an additional condition was
set. If the developer wishes to use the background noise as noise limit, the legislation requires
a minimum distance between the wind turbines and the houses of more than three times the
rotor diameter. This provides sufficient level of protection for the inhabitants.


3.3 Calculation of wind turbine noise


A calculation of the sound imission levels conform ISO 9613-2 or equivalent is now mandatory
when applying for an environmental permit. This calculation must to be performed by a sound
expert, accredited by the Flemish Government. Furthermore, the expert must state the
parameters used in the calculation.


The sound power level used in the calculation, must be determined according to the IEC-
61400-11 standard (95% of rated power).


The new legislation allows the use of common international software, on the condition they use
the extensive method of the ISO 9613-2:1996 standard. By consulting accredited sound
experts the parameters a calculation must meet were define and the following conditions were
determined:


a) wind turbines need to be modeled as point source at hub height;
b) the sound needs to be calculated in 1/3 octave bands (or as octave bands if 1/3 octave


band are not available) starting at 50 Hz (or 63 Hz at 1/3 octave bands);
c) the receiver height is 4 m, unless the specific situation requires a different receiver


height. In the latter case a motivation must be given;
d) reflections are not to be calculated, unless it is required by the local conditions;
e) standard conditions for the atmospheric parameters are a temperature of 10 °C, and an


air humidity of 70%. Every imission point is calculated with minor downwind conditions,
implied in the ISO 9613-2 calculation;


f) within the ISO-9613-2:1996-standard, the frequency-dependent formula for ground
attenuation is used;


g) the meteo correction term (Cmeteo) is set to 0;
h) the ground attenuation factor G = 1 is used for porous ground, and the ground


attenuation factor G = 1 is used in conditions of absolute reflection. In a rural area, the
default ground attenuation factor is set to G = 0.8. In conditions with lots of hard
ground, it is set as G = 0.2. Afoliage is not used, because it contains not permanent and
alterable elements. Other values for the ground attenuation factor can only be used if a
motivation is given;


i) if the imission level at a house differs less than 3 dB(A) from the sound limit, a detailed
calculation is given (including the ground attenuation factors);







j) the presence of individual houses or other buildings is not taken into account, unless a
significant influence is expected. In that case, reflections of the first order are used;


k) only if height differences are relevant in relation to the source height, they are to be
taken into account;


l) tonality is treated with respect to the general environmental legislation.


4 Conclusions


In the development of the new environmental noise policy, the principles of existing
environmental policy were applied.


This resulted in a new environmental regulation, which was approved by the end of 2011 by the
Flemish government and effective by April 2012. The regulation sets conditions related to
sound, together with safety and shadow flicker and a transitional regulation. The noise of wind
turbines is now regulated by noise levels that extend beyond the distance of 250 meters
between wind turbines and the people living near them. In addition, this regulation is more strict
for residential areas than for industrial areas.


Recently TNO researched the dose-effect relation for wind turbine noise. Although these
imission levels are presented as Lden, they are in fact based on the sound imission level
calculated in standard acoustical studies (calculation of Lp at 8 m/s), with addition of a
correction factor of +4,7 dB(A). As such, the results of this TNO-report can also be applied to
wind turbines and acoustical studies in Flanders, keeping in mind that this derived dose-effect
relation has a greater uncertainty than those for road traffic, as it is based on only a limited
number of studies.


Furthermore, these results can be compared with other sources of environmental annoyance.
Studies show that more than 400.000 Flemings are exposed to road traffic noise exceeding 55
dB(A) Lden (LNE 2009). The new environmental legislation for wind turbines has in most cases
a lower impact on individuals than these doses of traffic noise.


Compared with international legislation, such as the new Dutch legislation of 2010, with the Lden


limit of 47 dB(A) and the Lnight limit of 41 dB(A), which correlates with the imission level of 43
dB(A) Lp in Flanders, it can be noted that the Flemish legislation is in some instances more
strict than the Dutch legislation.


In the following table (table 2) the noise limits are compared with the previous framework
(circular) and the general noise levels for industrial installations (VLAREM) (red = new noise
policy is more strict). It can be concluded that in most instances, the new noise levels for wind
turbines are more strict than the circular and more flexible than the noise limits of VLAREM.


Table 2: comparison of new noise limits with the existing or previous noise policy


Area Noise level in dB(A) in
open air


circular VLAR
EM


day
7u-19u


evening
19u-22u


night
22u-7u


night night


1°a Residential recreation areas 44 39 39 39 30
2°a Areas or parts of areas, other than
residential areas, at a distance of less than
500 m of industrial areas


50 45 45 49 45


2°b Residential areas or part of residential
areas, at a distance of less than 500 m of
industrial areas


48 43 43 49 45







3°a Areas or parts of areas, other than
residential areas or parts of residential
areas, at a distance of less than 500 m of
areas for small and medium-size
companies, areas for the provision of
services or excavation areas, during the
excavation


48 43 43 44 40


3°b Residential areas or parts of residential
areas at a distance of less than 500 m of
areas for small and medium-size
companies, areas for the provision of
services or of land use areas, during the
excavation


44 39 39 44 40


4° Residential areas 44 39 39 39 35
5° Industrial areas, areas for the provision
of services and public utilities and land use
areas, during the excavation


60 55 55 59 55


5bis° Rural areas 48 43 43 39 35


6° Recreation areas, other than residential
recreation areas


48 43 43 44 40


7° All other areas, other than buffer areas,
military areas and areas where in specific
decisions noise levels are determined


44 39 39 39 35


8° Buffer areas 55 50 50 54 50


9° Areas or parts of areas at less than 500
m of gravel excavation areas, during the
excavation


48 43 43 49 45


The new environmental noise policy for wind turbines in Flanders sets the conditions for both
existing and new wind turbines.
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Summary
Noise reduction of wind turbines has recently become more important due to increasing large-
scale turbine developments, stringent noise regulations, and installation of wind farms near
residential areas. Wind turbine noise is mainly caused by broadband noise from the blades and
can be reduced by an optimum design of blade using noise prediction technologies. We have
developed a method to predict blade noise based on a computational fluid dynamics (CFD)
approach and an empirical formula. This method can be used during the preliminary blade
design and has been validated using an actual wind turbine. In this report, we present a less
noisy blade that was developed by applying this approach at the design stage.


1. Introduction Power production by renewable wind energy has risen sharply in recent
years against a backdrop of demand for global warming reduction and energy security.
Additionally, development of larger-scale turbines with higher output per unit has increased to
ensure profitability and efficiency.


Fig 1 shows the relationship between the sound-power level of turbines and the rotor diameter.
For larger-scale wind turbines, a longer rotor diameter results in higher sound-power levels,
and the effects of the circumferential velocity at the blade tips induced by the longer blades
surpass the effects of rotation frequency.[1] Therefore, increasing the rotor diameters is the
main cause of increased sound-power levels.
As larger-scale wind turbines are built and more wind farms are constructed near residential
areas with lower wind speeds, citizen complaints have increased, including in Japan, and
environmental noise assessments at the planned sites have become more critical. Thus,
predicting and reducing turbine noise has become more important during the planning phase of
wind-power system developments.
Wind turbine noise is traditionally classified into two main sources: aerodynamic blade noise
and mechanical noise from nacelles and towers. The former is dominant for the large-scale
wind turbines (1-3 MW class) currently installed at many wind farms. Therefore, the
aerodynamic noise generated at the blades must be minimized to reduce the total turbine noise.
A blade-noise-prediction technology applicable at the design phase is essential.
To be practical, the prediction technology must be fast and accurate because the blade noise
must be evaluated simultaneously with the blade performance and loads.







An unsteady computational fluid dynamics (CFD) approach is available for aerodynamic noise
prediction, but it is not practical because large-scale wind turbines are too large as analysis
targets and require too much computational effort. Another approach using an experiment-
based two-dimensional (2D) blade empirical formula can predict noise in less time, but is not as
accurate when applied to wind turbines. To improve the accuracy of the formula, it must be
expanded to the whole blade to include blade-shape effects.
We have developed a practical approach to predict broadband blade noise by combining a
steady CFD method that can provide good accuracy and calculation speed for blade design
needs with an experiment-based empirical formula. In this report, we describe the new
prediction approach and introduce a higher-performance low-noise blade design that was
developed using it.


Fig 1 Variation in the sound power level of a wind turbine[1]


2. Noise prediction approach and validation
2.1 Noise prediction approach


Our noise-prediction approach, which combines steady CFD and an experiment-based
empirical formula, uses the blade-noise prediction formula developed by Brooks et al. of
NASA.[2] (BPM model) Here, we outline the BPM model based prediction method. The BPM
model can predict the noise spectrum of 2D blade cross sections and can be used for the total
turbine noise by dividing the blade into many sections to predict the noise spectrum of each
section.[3]


To apply the BPM model to wind turbines, we developed an approach for broadband blade-
noise prediction by including the following techniques to improve the accuracy and shorten the
calculation periods.


Consideration of the rotation effects of three blades revolving on the axis, i.e., changes in
the diffusion distance and orientation due to the position change of the revolving blades.


Consideration of the airfoil geometry, as the BPM model was derived for NACA0012
airfoils. The boundary thickness of each airfoil is estimated by CFD beforehand, assuming
that the flow changes due to the airfoil are significant in the boundary layer thickness. This
boundary-layer thickness is then supplied to the prediction formula.


Our noise-prediction approach follows the steps outlined below.


Calculate the inflow wind speed and angle of attack of each divided blade section based
on the blade shape, wind speed, blade rotation frequency, and blade pitch angle.







Predict the boundary-layer thickness of each section based on the inflow wind speed
and angle of attack by using steady CFD.


Predict the noise level of each section based on the blade shape, inflow wind speed,
angle of attack, and boundary-layer thickness by using the BPM model.


It is considered that wind turbine has three main noise sources, (1) Turbulent boundary layer
trailing edge noise, (2) Trailing edge bluntness vortex shedding noise and (3) Tip vortex
formation noise. Empirical formulas of Brooks et al. shown as follows are applied to these noise
predictions. Flow conditions which generate aerodynamic noise is shown in Fig 2.


(1) Turbulent boundary layer trailing edge noise
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(3) Tip vortex formation noise
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Fig 2 Flow conditions producing aerodynamic noise [2]


In this way, the time required for the noise prediction can be shortened substantially by using
both the experiment-based BPM model and the steady CFD results, enabling the blade design
and noise evaluation to be performed simultaneously.


During the design phase, various parameters such as the airfoil, code length, twist angle, and
rotation frequency must be changed. However, our approach is suitable as a noise-evaluation
method during this phase because it can predict noise values in short periods of time, even
when these design parameters are changed.







2.2 Validation of prediction


Fig 3 compares the predicted and actual measured noise values for a real model. The plot
illustrates the consistency between these values; the differences in the sound-power level of
the turbine are within ±2 dB at each reference wind speed, showing the validity of our approach.


Fig 3 Actual and analytical values of the sound-power level


3. Development of high performance and low noise blades


3.1 Design concept of MWT102


MWT102 wind turbine which rotor diameter is 102m has been developed for the purpose of
increase of capacity factor and correspondence for low wind speed region.[4] Design condition
is Class 2A, and target capacity factor is more than 51% , target sound power level is less than
105dB(A). Design concepts are as follows.


a) make blade length longer for an increase of the power output
b) thick blade for a reduction of weight
c) thin blade for a load reduction
d) twist blade near the tip for a noise reduction
e) prebend for ensuring a distance between blade and tower


Although longer blade increases annual energy production, the blades with existing airfoils
does not satisfied with the target capacity factor. In addition to this, longer blade causes
increase of noise, load, weight and deflection. These items should be compromised. However,
it is difficult to achieve target by means of only compromise. Therefore, we have developed
new airfoil for the purpose of higher power output and less noise. Airfoil code is MHI-Fxx (xx :
thickness ratio[%]).







3.2 Development of airfoil MHI-F series


Aerodynamic characteristics
Desired aerodynamic characteristics of airfoil are as follows.


High design lift coefficient (for high power output)
Optimized design lift coefficient (for high power output)
High max lift coefficient and max lift drag ratio (for high power output)
Thin boundary layer thickness at trailing edge (for noise reduction)
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Fig 4 Design concepts of MHI-F airfoils
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Fig 5 Definitions of aerodynamic characteristics of airfoils







1) Design lift coefficient
In general, increase of design lift coefficient is realized by high camber and location of


maximum thickness moves front side. However, they has a risk for worse stall characteristic.
Hence, target of design lift coefficient of MHI-F18 is 1.15 which has already accomplished by
existing airfoils[5][6][7][8]. The airfoils of MHI-F21, 24, 30, 36 and 42 have design lift coefficients
that are optimized to maximize blade performance (Fig 6), optimized design has conducted.
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Fig 6 Design targets of design lift coefficients


2) Maximum lift coefficient
An increase of maximum lift coefficient is important from the aspect of improvement of


performance at high wind speed and prevention of stall for gust. Wind variation affects variation
of angle of attack, its effect at blade root is higher than other part of blade. Therefore, target
near the blade root is higher than outer part.


3) Maximum lift drag ratio
An improvement of maximum lift drag ratio is important for the performance at variable


rotational speed condition. It can be realized by high camber, thin blade thickness near the
trailing edge and location of maximum thickness moves front side.


4) Boundary layer thickness
The cause of aerodynamic noise of modern wind turbine is turbulent boundary layer trailing


edge noise. For the purpose of noise reduction, the boundary layer thickness is reduced by
means of optimization of suction side shape between maximum thickness point to trailing edge.
The concept of the optimization is that dY/dX between maximum thickness point to trailing edge
shows S shape.(Fig 7)
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Fig 7 Relationship between suction shape and boundary layer thickness


The shape of airfoils







For the purpose of high design lift coefficient, maximum thickness point is located to front side
and thickness near the trailing edge is reduced. Maximum thickness point near the front side
leads to increase of design lift coefficient, maximum lift drag ratio and reduction of boundary
layer thickness. It has been optimized considering the strength of the trailing edge. Maximum
camber point near the front side leads to increase of maximum lift drag ratio and reduction of
boundary layer thickness. However, it also leads to decrease of maximum lift coefficient.
Therefore, it has been optimised considering these characteristics. Thick airfoil has a possibility
of separation at pressure side when the suction side becomes too thick. Hence, separation has
been avoided by the optimization of concave shape of pressure side near the trailing edge.


Wind tunnel test
Wind tunnel tests of MHI-F18,21,24 and 30 have been conducted to validate the airfoil
design.(Fig.8) Measurement results of aerodynamic characteristics are shown in Fig.9,10.
Design lift coefficient, maximum lift coefficient and maximum lift drag ratio are improved
compared to existing airfoils. Because of these improvements, it becomes possible to maintain
high performance with slender blade which is needed for extension of blade length and load
reduction. In addition to this, because design lift coefficients of these airfoils are almost satisfied
with the optimized design lift coefficient which is shown by a dashed line in Fig.9, it becomes
possible to achieve maximum efficiencies at all span-wise locations. Maximum lift drag
coefficient of thin airfoils which is used for root section is highly improved. For this reason, high
performance can be achieved when thick airfoil is used for the purpose of reduction of weight.
From the point of view of noise, boundary layer thickness of MHI-F18 is thinner than existing
airfoils(NACA63,NACA64 and DU). It will lead to the less noisy airfoil comparing to the same tip
speed. Additionally, noise reduction caused by decrease of tip speed is expected because
slender blade can be designed without increase of design tip speed due to high design lift
coefficient.
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Fig 8 Wind tunnel test of MHI-F airfoils(Re=2 106)
at large wind tunnel at Nagasaki R&D center, Mitsubishi Heavy Industries, Ltd.
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Fig 9 Aerodynamic characteristics of MHI-F airfoils (convert to Re=2 106)
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Fig 10 Boundary layer displacement thickness of MHI-F airfoils (convert to Re=2 106)







4.2 Blade design with noise reduction


To reduce the generated noise, it is important to understand and analyse the noise
characteristics and identify the noise frequencies. Our approach has the benefit of predicting
the frequency characteristics of the generated noise. Fig 11 presents an example plot obtained
using our approach, showing the aerodynamic noise spectrum of each noise source in a wind
turbine. The major noise components are the turbulent boundary-layer noise and trailing-edge
bluntness noise; these occur at frequencies of 200 Hz-1 kHz and 2-3 kHz, respectively. Based
on the frequency characteristics, the target noise source that must be addressed can be
identified.
In this noise-prediction approach, the blade is divided into several sections so that the noise
level of each section can also be identified. This allows us to focus on a particular blade section
to reduce the total noise efficiently. Figure 12 shows an example of the noise predictions for
each blade section. There is a higher noise contribution at the blade tip because the turbulent
boundary layer noise is the major component of the spectrum (as shown in Figure 12) and the
noise level increases with the circumferential velocity. These results show that the noise source
to be addressed primarily is the turbulent boundary layer noise generated at the blade tip. This
allows us to focus on noise reduction by identifying the noise types and locations during the
design phase and develop less noisy blades efficiently without degrading their performance.
Using this approach, We succeed in developing a less-noisy blade that was 2 dB or more
quieter compared with conventional blades.


Figure 11 Predicted spectrum of each sound source


Figure 12 Noise distribution in the blade-length direction







5. Field test of MWT102
We have designed new blades for MWT102 with these airfoils and the noise reduction
technologies. Blades are designed to make cross section thick for weight reduction and to
make chord slender for the purpose of load reduction. Fig13 shows the comparison of the new
blade (102m diameter) with our existing blade (95m diameter). The evaluation of performance
has been conducted by the blade element momentum theory and three dimensional
computational fluid dynamics. The evaluation of noise characteristics has been conducted by
use of the method which is shown in section 2. Target capacity factor 51% and sound power
level 105dB(A) has been achieved in these evaluations, actual blades have been produced and
the field test of MWT102 has been conducted. A measurement of performance and noise has
been conducted by the certification organization.(Fig 14) The measurement results are shown
in Fig.15. The capacity factor converted in the condition which the annual average wind speed
is 8.5m/s and air density is 1.225kg/m3 is 51.1%, the maximum sound power level is
104.9dB(A).


NACA 63-418


MHI30


MHI42


NACA 63-415


MWT102 (New blade) MWT95 (Existing blade)


High performance with thick cross section


Increase of maximum lift drag coefficient


Optimization of design lift coefficients


Low noise airfoil


Pre-bend
Ensuring a distance between blade and tower


Long blade 102m


High performance with slender blade


High design lift coefficient


Fig 13 Comparison of blade shapes


Fig 14 MWT102/2.4 wind turbine (United States)
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Fig 15 Measurement data of MWT102/2.4 wind turbine(measured by certification organisation)


6. Conclusions
Wind turbine noise reduction has become more important from the viewpoint of environmental
assessments, and further noise reduction has been demanded. To develop quieter blades, it is
important to identify noise sources and their locations to reduce the noise during the design
phase. A prediction method to evaluate noise quickly and accurately during the design phase is
essential. In this report, we presented a practical noise-prediction method for wind turbine
blades that can exploit current computational capacities and keep the speed of blade
development. This method has allowed to develop the less noisy blades of MWT102 wind
turbine with high-performance. This method is also applied to our offshore wind turbine in order
to improve the performance and reduce the load. These turbines will provide effective natural
energy use with a less environmental load.
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Summary
Measuring the correct value for infrasound and low frequency noise (ILFN) immissions in the
field with wind is shown to be quite problematical, but extremely easy to measure incorrectly.
Guidance is discussed from work-in-progress on ANSI S12.9 (the U.S. standard for
environmental noise) Part 7: Measurement of Low Frequency Noise and Infra-Sound Outdoors
In the Presence of Wind and Indoors in Occupied Spaces. A simple two microphone test set-
up is recommended for quickly acquiring data with off-the-shelf instrumentation so that
numerous locations can be measured to access impact or certify immissions from wind
turbines. Field measurements at the Shirley wind farm near Green Bay, WI are discussed. A
more comprehensive test set is urgently needed and recommended to dispel some of the
issues debated at every wind farm application.


1.0 Introduction
This paper is divided into two parts:


  Guidance from ANSI S12.9 Part 7


  Practical measurements at the Shirley wind farm near Green Bay, WI.


Figure 1 shows the title of Part 7 and draft status.


2.0 Measurement Guidance from ANSI S12.9 – Part 7
2.1 Introduction It is my honour and privilege to chair a working group (WG54) of very
talented scientists, engineers and interested parties to draft Part 7 of ANSI S12.9, the American
standard for environmental community noise. In that capacity, much has been learned in the
past two years about the difficulties and solutions of measuring sound in the presence of wind
and indoor spaces. An effort will be made to publish the first fully completed draft by yearend.


2.2 Windscreen Design The first consideration for outdoor measurements in wind is proper
wind screen design. To that end, seven windscreen variations were tested as shown in the
photo of Figure 2. The test site was in the Mojave Desert in California that has little man-made
noise but plenty of wind. The seven channels were measured simultaneously over a long
period and then sorted into wind speed bins. At first, this was called pseudo-noise (turbulence
on the microphone) but this is only one signal source and there are others truly acoustic
sources such as grass or tree leaf rustle, building wall vibration and low frequency turbulence
noise. All of these are directly caused by wind so a better descriptor will be proposed to the
WG as “wind noise”.
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The overall measured levels (A, C & Z) for all seven designs are ranked in decreasing order
(highest to lowest wind noise) and shown in the column chart on Figure 2 for a moderate wind
speed bin of 3-4 m/s. The net improvements over a standard wind screen are shown as the
black columns. As expected the poorest performance is the small standard wind screen that is
supplied with the meter and the best is the ground plane arrangement described in IEC 61400 -
II. A 16 dBC gain is achieved with the ground plane. The next best is the 12”
rhombicuboctahedron shape (rhom for short) with an 11 dBC improvement. A sphere of 12”
diameter at 20 pores/inch porosity should be as good or better than the rhom.


The right hand sketch shows our current practice of measuring with both of the best
windscreens using off-the-shelf instrumentation. If one has more time and depending on the
distance “d” shown, more advanced signal processing in the time domain can be done to
evaluate coherence, correlations and time delay functions as described thoroughly in
references 1 and 2 The intent of the Part 7 standard is to outline a relatively simple
methodology using mostly off-the-shelf instrumentation so that ILFN measurements are made
on a uniform and comparable basis.


With this in mind, it was desired to find the best windscreen easily mounted above grade
because the ground wave and ground reflection effects are important for determining
community noise immissions and this is excluded from a ground plane measurement. Also it is
not practical to use the microphone-in-a pit method because of calibration issues, and digging a
hole at a complainant’s residence is too time-consuming when many locations must be
measured often.


It is not a trivial matter converting the measured level on a ground plane to the equivalent
desired level above grade. The difference involves the geometry of the approaching waves
from both the direct and reflected waves from the ground surface Figure 3 illustrates a special
test set-up to measure the difference for comparison to theoretical wave cancellation and
amplification reflection effects off the ground plane. For a hard flat ground plane, the
theoretical conversion of 3 dB should be subtracted from the ground plane result. This
accounts for the 6 dBA for pressure doubling on the plane less 3 dBA for the addition of the
ground wave. The theoretical dips of 18 and 10 dB would only occur in a perfectly uniform
space and off a flat hard ground surface. .Although neither is true in the field the agreement
between theory and measurement is quite good.


The correction table of source heights and distances likely to be encountered in practice show
that each measurement set-up requires no correction between methods for infrasound
frequency measurements, at least from ground plane reflections. It should be pointed out that
the ground plane measurement is still superior because of lower wind speed on the surface
compared to at 1.5 meters above grade.


Figure 4 plots the 1/3 OBCF spectra for the seven designs at low, moderate and high wind
speeds. Note that even at very low speeds, wind creates significant infrasound levels.


2.3 Ideal test set-up for study of wind turbine emissions (Figures 5 and 6)
There are many basic issues disputed in wind farm applications that could be settled with a
comprehensive test program. These include the spreading rate where it is often claimed that
wind turbine infrasound and low frequency noise (ILFN) do not obey the inverse square law but
spreads at a rate closer to 3 dB per doubling. Also, ground effects, appropriate sleep levels,
noise reduction of house structures are continually debated.
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Figure 5 shows a suggested ideal set-up to address such disputes with careful measurements.
Note five semi-portable standardized room structures are used to preclude adverse wind
effects. Even though this set-up seems foolproof, one still has to consider wind effects on
building walls. Figure 6, compliments from ChIA, show the interior office space during calm and
moderate outside wind. Note the action of wind on a structure can create infrasound levels 30
dB above calm conditions!


3.0 Practical Measurements from the Shirley Wind Farm Project
3.1 Introduction Figure 7 shows an aerial view of the Shirley wind farm showing five of the
eight total wind turbines. Data was acquired over a three day period to investigate the source
of complaints. The abandoned residences labelled R1, R2 and R3 are shown where
indoor/outdoor levels were measured. The yellow oval shows the location where turbine output
was monitored and the blue oval where ON/OFF data was acquired by chance. Figure 8 plots
the measured A and C-weighted levels over the three day period. Note there were two 3 hour
intervals where the level was quite steady at 53 dBA, the computed pressure from the turbines
rated sound power of 107 dBA.


3.2 Sound Power The wind farm operator was uncooperative and would not turn off the
turbines upon request so that true wind turbine immissions and impact could be measured, i.e.
where wind noise and wind turbine noise could each be quantified. Fortunately, a
measurement location remote from the roads and close to WTG 6 was found where the turbine
output sound pressure could be continuously monitored. The location was 225m to the hub of
the turbine so sound power according to IEC 61400-II could be calculated. The two periods of
steady 53 dBA yielded amazingly steady pressures with no sporadic sources as shown on
Figure 9. Note on the photo that the microphone is not on a ground plane to preclude damage
in case of wet weather. Nevertheless, sound power from both sets of data yielded a sound
power LwA =107 dB re.1pW as shown on Figure 10. But note the large divergent low
frequency result on Figure 10. This is undoubtedly due to wind noise caused by using an
above grade weather treated windscreen in lieu of a ground plane.


3.3 Calculated sound pressure versus measured The best sound pressure spectra were
acquired at the residences during the interval of lower wind and lower power (58% load).
Hence the sound power developed above could be used in ISO-9613 Part 2 to compute the
pressure spectra and overall levels for comparison to measurements. All eight turbines were
assumed to be running at a similar load. Figure 11 plots these results. It is shown that ISO-
9613 yields decent agreement and we conclude from the lower right plot that hemispherical
divergence (6 dB/doubling used in ISO-9613) is correct for propagation at all frequency ranges.


3.4 Outdoor minus Indoor Noise Reduction Figure 12 plots the outdoor and indoor 1/3
octave spectra acquired during two nighttime intervals from the 10pm to midnight and repeated
2am to 4am. Surface wind was minimal and a ground plane microphone was used outdoors.
The results track one another both inside and outside. Note the presence of fundamental
building wall flexure in the ILFN range of 8 to 50 Hz at all three residences. The lower left
curve shows this as well in the noise reduction plot. At higher mass controlled frequencies the
heavier older plaster/lath board construction is far superior. We believe this source of
infrasound has to be considered when trying to explain potential health effects.







Page 4 of 17


3.5 ON/OFF Measurements While testing for another purpose near WTG 8 close to R2,
power company operators showed up and shut down the turbine. The resulting ON/OFF
measurements are shown on Figure 13. The only audible change that occurred was the
vanishing “whoosh” from the blades. There is no apparent infrasound from this turbine, i.e. it is
buried or below the ambient “wind noise”.


4.0 Conclusions
It is shown that measuring infrasound immissions at potentially sensitive receptors at the large
distances typical between turbines and residences is a real challenge. The task involves
separating ambient “wind noise” from wind turbine noise by using effective wind screen designs
and advanced signal processing. The author knows of no test to date where this has been
done successfully over an area sufficiently large to draw definitive conclusions about infrasound
sound propagation principles of wind turbine noise. An idealized test set-up is suggested.


References
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Summary


Wind turbines can harm humans if placed too close to residents. Health effects are most
frequently associated with wind turbine noise. At typical setbacks and sound levels in
Ontario Canada a non-trivial percentage those exposed to wind turbine sound will be highly
annoyed which can be expected to contribute to stress related health impacts. In recent years a
number of literature reviews have been produced which purport to examine the plausibility of
wind turbine noise induced health effects. Some of these literature reviews have been
sponsored by governments or organizations with policies which support wind energy
development. Members of and/or consultants for the wind energy industry frequently cite
literature reviews to support the claim wind turbine noise does not pose a risk to human health.
Various literature reviews on wind turbines and health are examined using standard audit
procedures. Findings reveal that while some literature reviews provide a balanced assessment
other literature reviews contain errors of omission and/or commission and lack completeness,
accuracy, and objectivity. These findings support the conclusion that a rigorous audit should be
conducted before literature reviews on wind turbine noise and health can be relied upon.


1.0 Introduction
Some individuals living in the environs of industrial wind turbines (IWTs) experience negative
health effects. Reported effects include annoyance and/or sleep disturbance and/or stress
related health impacts and/or reduced quality of life. 1,2,3,4,5,6,7,8,9,10,11,12 In some cases families
have effectively abandoned their homes; been billeted by wind energy developers; negotiated
financial agreements with wind energy developers. 13


Unwanted sound (noise), visual impacts (shadow flicker), stray voltage and social economic
impacts are identified as plausible causes of annoyance and/or other adverse effects.


In order to address public concerns and assess the plausibility of reported adverse health
effects, a number of literature reviews (IWT Reviews) have been commissioned by various
organizations. While some of the IWT Reviews provide a balanced assessment and draw
reasonable scientific conclusions, others contain errors and should not be relied on to make
informed decisions. This paper employs standard audit procedures to verify the accuracy,
completeness and objectivity of literature reviews which explore the health effects of IWTs.







2.0 Errors of omission
For audit purposes an error of omission is identified when information is omitted which results
in a failing in completeness and/or accuracy and/or objectivity.


For example when reporting on the potential health impacts of IWTs a failure to fully disclose
the indirect health risks of noise represents an error of omission.


2.1 Wind turbines can harm humans


A 2011 Ontario Environmental Review Tribunal considered evidence and testimony under oath
and found that wind turbines can harm humans if they are placed too close to residents. The
ERT decision stated:


“This case has successfully shown that the debate should not be simplified to one about
whether wind turbines can cause harm to humans. The evidence presented to the
Tribunal demonstrates that they can, if facilities are placed too close to residents. The
debate has now evolved to one of degree.” 14


Unwanted sound produced by IWTs can harm humans if place too close to residents. That is
why jurisdictions develop noise limits in the first place.


National Research Council (2007) states:


“…to the extent that wind-energy projects create negative impacts on human health and
well-being, the impacts are experienced mainly by people living near wind turbines who
are affected by noise and shadow flicker.” 15


Although National Research Council (2007) is sometimes listed as a reference in IWT Reviews
the above statement is not typically disclosed.


IWT Reviews should disclose that IWT facilities can harm humans if placed too close to
residents.


2.2 What definition of health are you using?


Most authors of IWT Reviews do not disclose the definition of health they used for their
assessment of “health” effects.


The World Health Organization (WHO) states: “Members of the United Nations may become
members of the WHO by accepting its Constitution.” 16


The WHO constitution defines health as:


“Health is a state of complete physical, mental and social well-being and not merely the
absence of disease or infirmity.” 17


The WHO constitution also states:


“The enjoyment of the highest attainable standard of health is one of the fundamental
rights of every human being without distinction of race, religion, political belief, economic
or social condition.” 17


Dr. Christopher Ollson and Dr. Loren Knopper provide consulting services for members of the
wind energy industry. In their IWT Review, Knopper and Ollson (2011), the authors cite the







WHO definition of health and suggest the “mental and social well-being” of some individuals
exposed to wind turbines be traded off “… against the larger demand for energy and its
source.” 18


Chatham-Kent’s (former) Acting Medical Officer has participated in IWT Reviews and other
references which discuss IWT health effects. 19,20,21,22


In 2011 when questioned about the WHO definition of health Chatham-Kent’s (former) Acting
Medical Officer testified under oath:


“… the World Health Organization came up with that platonic definition of “health” in the
post-World War II feel-good hubris of general exaltation, and it – that particular definition
of “health” is not applicable to any human being on the planet.” 23


Australia, Canada, New Zealand, the United Kingdom and the United States of America are
among the 194 listed WHO member states and by definition accept the WHO constitution. 16


IWT Reviews written for a WHO Member State audience should be applying the WHO
definition of health.


2.3 Focus on direct physiological health effects


Noise can harm human health directly (i.e. hearing loss) and indirectly (i.e. annoyance, sleep
disturbance). 24


WHO (2009) discusses the indirect pathway stating:


“Physiological experiments on humans have shown that noise of a moderate level acts
via an indirect pathway and has health outcomes similar to those caused by high noise
exposures on the direct pathway. The indirect pathway starts with noise induced
disturbances of activities such as communication or sleep.” 25


The 2011 Ontario Environmental Review Tribunal decision found that ““serious harm to human
health” includes … indirect impacts (e.g., a person being exposed to noise and then exhibiting
stress and developing other related symptoms). This approach is consistent with both the WHO
definition of health and Canadian jurisprudence on the topic.” 14


One reoccurring error of omission is that some IWT Reviews limit the scope to “direct” health
effects and omit assessment of IWTs health effects that can occur via the “indirect” pathway.


For example in 2010 the Ontario Chief Medical Officer of Health released The Potential Health
Impact of Wind Turbines. 22 However, the lead author of the review acknowledged under oath
that Chief Medical Officer of Health (2010) looked only at direct links to human health. 26


Documents obtained through a Freedom of Information request show the qualifier of “direct”
causal links was intentionally added to Ontario Chief Medical Officer of Health references as a
“… studies would support a link through ‘annoyance’” 27. (See Section 2.5 and 7.1 Appendix 1 –
Chief Medical Officer of Health – Indirect causal link)


IWT Reviews should fully disclose the indirect health impacts of human exposure to IWTs.







2.4 Happy to accept the symptoms


Pierpont (2009) documented symptoms reported by individuals exposed to IWTs and coined
them “Wind Turbine Syndrome”. The symptoms include: sleep disturbance, headache, tinnitus,
ear pressure, dizziness, vertigo, nausea, visual blurring, tachycardia, irritability, problems with
concentration and memory, and panic episodes associated with sensations of internal pulsation
or quivering when awake or asleep. Pierpont (2009) proposes the cause of these symptoms to
be IWT low-frequency noise or vibration stimulation of receptors of the human balance system.
6


The American Wind Energy Association and Canadian Wind Energy Association sponsored a
literature review to consider existing literature on wind turbine noise and health. Colby et al.
(2009) challenges the hypothesis that IWT low-frequency noise or infrasound is the cause.
Colby et al. (2009) determined the symptoms of “Wind Turbine Syndrome” “… are not new and
have been published previously in the context of “annoyance”…” and are the “… well-known
stress effects of exposure to noise …”. 19


Dr Geoff Leventhall, is a Colby et al. (2009) co-author and, in a 2009 reference states:


“I am happy to accept these symptoms, as they have been known to me for many years
as the symptoms of extreme psychological stress from environmental noise… what
Pierpont describes is effects of annoyance by noise – a stress effect” 28


To summarize two wind energy trade associations retained IWT Review authors who
acknowledge a link between “Wind Turbine Syndrome” symptoms and noise. However,
subsequent IWT Reviews 22,29,30,31,32 omit disclosure of this industry sponsored finding even
though they cite and rely on Colby et al. (2009).


IWT Reviews should fully disclose the authors of Colby et al. (2009) reported wind turbine
syndrome symptoms are the well-known stress effects of exposure to noise.


2.5 Fess up or delete - full disclosure please


Chief Medical Officer of Health (2010) is an example of an IWT Review which cites and relies
on Colby et al. (2009) but fails to disclose the authors of Colby et al. (2009) reported wind
turbine syndrome symptoms are the well-known stress effects of exposure to noise.


Chief Medical Officer of Health (2010) states:


“While some people living near wind turbines report symptoms such as dizziness,
headaches, and sleep disturbance, the scientific evidence available to date does not
demonstrate a direct causal link between wind turbine noise and adverse health effects.”
22


Chief Medical Officer of Health (2010) was released to the public on May 20, 2010. On May 19,
2010 an information sheet “WIND TURBINES Q & A” prepared by the office of the Chief
Medical Officer of Health was transmitted to Ontario medical officers of health by the chair of
the Council of Ontario Medical Officers of Health.33 The May 19, 2010 “WIND TURBINES Q &
A” information sheet states:


“Although some people living near wind turbines report symptoms such as dizziness,
headaches, and sleep disturbance, available scientific evidence does not demonstrate a
direct causal link to wind turbine noise. It is possible that these symptoms are a result of
annoyance with the noise.” 27







Chief Medical Officer of Health (2010) omits disclosure to the public that it is possible that
reported IWT symptoms are a result of annoyance with the noise. This failure to disclose a
potential health impact of wind turbines should be considered an error of omission. (See 2.3
and 7.2 Appendix 2 – Chief Medical Officer of Health – Fess up or delete)


2.6 Its not a disease – its a health effect


Colby et al. (2009) discuss annoyance and state:


“It is important to note that although annoyance may be a frustrating experience for
people, it is not considered an adverse health effect or disease of any kind.” 19


Some IWT Reviews comment that noise induced annoyance is not considered to be a
“disease”. 29


Sound, regardless of source, becomes a risk to human health if it is perceived as noise.


According to the WHO noise is unwanted sound 24 and:


“Noise seriously harms human health and interferes with people’s daily activities at
school, at work, at home and during leisure time. Traffic noise alone is harming today the
health of almost every third European. The main health risks of noise identified by WHO
are:


•pain and hearing fatigue;
•hearing impairment including tinnitus;
•annoyance;
•interferences with social behaviour (aggressiveness, protest and helplessness);
•interference with speech communication;
•sleep disturbance and all its consequences on a long and short term basis;
•cardiovascular effects;
•hormonal responses (stress hormones) and their possible consequences on
human metabolism (nutrition) and immune system;
•performance at work and school.” 34


Health Canada (2005) 35 and other references acknowledge annoyance to be an adverse
health effect. 3,36,37


In the 2005 article Noise annoyance in Canada, Health Canada’s Dr. David Michaud states


“According to the World Health Organization (WHO), health should be regarded as "a
state of complete physical, mental and social wellbeing and not merely the absence of
disease or infirmity" (World Health Organization 2001). Under this broad definition, noise
induced annoyance is an adverse health effect.” 38


Based on the findings of the WHO pan-European LARES study Maschke and Niemann (2006)
state:


“The results of the LARES study in relation to severe annoyance by neighbourhood
noise demonstrate that neighbourhood noise must be classified as a serious health
endangerment for adults.” 39


Symptoms associated with noise annoyance include stress, sleep disturbance, headaches,
difficulty concentrating, irritability, fatigue, dizziness or vertigo, tinnitus, anxiety, heart ailments,
and palpitation. 40,41,42







IWT Reviews should fully disclose that annoyance is considered a health effect and can
seriously harm human health.


2.7 Wind turbine noise is more annoying


Peer reviewed studies consistently document IWTs produce sound which is perceived by
humans to be more annoying than transportation noise or industrial noise at comparable sound
pressure levels. 1,5 Annoyance to IWT noise starts at dBA sound pressure levels in the low 30’s
and rises sharply at 35 dBA. 43,44


Some IWT Reviews conclude that existing noise guidance is sufficient to prevent health effects
but do not provide conclusive evidence to support this. For example National Health and
Medical Research Council (2010) states “…any potential impact on humans can be minimised
by following existing planning guidelines …” 31 but does not provide specific planning guidelines
which will minimize the impacts.


Internationally IWT noise limits vary significantly from one jurisdiction to another. Knopper and
Ollson (2011) report “…rural residential noise limits are generally set at 35 to 55 dB(A).” 18


IWT Reviews should fully disclose that based on existing IWT dose response relationships it is
expected sound from wind turbines, in most jurisdictions, will result in a non-trivial percentage
of persons being highly annoyed.


2.8 The plausible explanations for IWT noise annoyance


Some IWT Reviews do not disclose the IWTs sound characteristics which are identified as
plausible causes for annoyance and/or other health effects.


These characteristics include IWT amplitude modulation (swooshing); 19,45,46,47,48 audible low-
frequency noise; 49,50,51 infrasound; 52,53 tonal noise, impulse noise; 9 and night time noise.5


IWT Reviews should fully disclose the IWT noise characteristics which are identified as
plausible causes for annoyance and/or other health effects.


2.9 They cited an internet blog?


Quality information is typically preferred when assessing the health impacts of an exposure.
Some IWT Reviews cite references from the Canadian, American, British, or Danish wind
energy associations or their listed members, while omitting relevant peer reviewed articles.


National Health and Medical Research Council (2010) omit relevant peer reviewed articles but
include a citation from an internet posting on “croakey the Crikey health blog.” 31


IWT Reviews should cite high quality references in preference to low quality references.


2.10 The limit is 51 dBA - not 40


Some literature reviews provide incomplete information which can be result in the reader not
being fully informed. For example both Knopper and Ollson (2011) and Chief Medical Officer of
Health (2010) provide incomplete information which suggests regulations in Ontario Canada
are designed to limit IWT noise to 40 dBA in keeping with WHO (2009) recommended
guidelines.


However, Ontario wind turbine noise guideline limits permit, 54 and projects are being
approved for, 55 noise levels of up to 51 dBA (formerly 53 dBA) at a defined noise receptor







(family home). Knopper and Ollson (2011) and Chief Medical Officer of Health (2010) do not
disclose these Ontario IWT limits.


Furthermore both Knopper and Ollson (2011) and Chief Medical Officer of Health (2010) cite
WHO (2009) to suggest a 40 dBA IWT noise limit is protective of health.


However WHO (1999) 24 and WHO (2009) 25 noise guidance is primarily based on research
related to traffic noise; not IWTs.


2.11 Health effects predicted, reported and expected


Since at least 2007 Health Canada employees, Dr Stephen Keith, Dr. David Michaud, and Dr.
Stephen Bly proposed “a justification for using a 45 dba sound level criterion for wind turbine
projects” 56 and predicted an increase in the percentage highly annoyed. 57,58


In June 30 2009 correspondence federal Member of Parliament, the Honourable Rona
Ambrose, provided the following statement:


“Health Canada provides advice on the health effect of noise and low-frequency electric
and magnetic fields from proposed wind turbine projects, particularly for environmental
assessments done under the Canadian Environmental Assessment Act. To date, their
examination of the scientific literature on wind turbine noise is that the only health effect
conclusively demonstrated from exposure to wind turbine noise is an increase of self-
reported general annoyance and complaints (i.e., headaches, nausea, tinnitus, vertigo).”
59


Health Canada (2010) is “Published by authority of the Minister of Health.” 60 and states:


“Health Canada considers the following noise-induced endpoints as health effects:
noise-induced hearing loss, sleep disturbance, interference with speech comprehension,
complaints, and change in percent highly annoyed (%HA).” 60


HGC Engineering is a listed member of CanWEA. 61 HGC Engineering has conducted sound
measurements at Canadian wind energy locations where some Canadians exposed to wind
turbine noise reported high annoyance and/or sleep disturbance and/or other adverse effects.
Some residents at Canadian IWT projects have retained legal counsel to resolve issues caused
by IWT noise and have negotiated an agreement with the wind energy developer to purchase
the home.


In December 2011 the Ontario Ministry of Environment released a report prepared by HGC
Engineering and signed by Mr. Brian Howe.


HGC (2010) states:


“Stress symptoms associated with noise annoyance, and in particular low frequency
annoyance include sleep interference, headaches, poor concentration, mood swings” 51


HGC (2010) states in the conclusions:


“The audible sound from wind turbines, at the levels experienced at typical receptor
distances in Ontario, is nonetheless expected to result in a non-trivial percentage of
persons being highly annoyed. As with sounds from many sources, research has shown
that annoyance associated with sound from wind turbines can be expected to contribute
to stress related health impacts in some persons.” 51







Notably some IWT Reviews cite and rely on Keith et al. (2008) and/or HGC (2010) but do not
disclose the sound levels experienced at typical receptor distances are expected to result in a
non-trivial percentage of persons being highly annoyed. Nor do they disclose that research has
shown that annoyance associated with sound from wind turbines can be expected to contribute
to stress related health impacts in some persons.


3.0 Errors of commission


For audit purposes an error of commission is considered reporting information which is
incorrect or which is not supported by references and/or data.


For example inappropriately citing or misquoting references to support a statement represents
errors of commission.


3.1 Where exactly is the country of AWEA/CANWEA?


It is not uncommon for IWT literature reviews to provide readers with inaccurate and/or
misleading information. 62


A 2013 rapid IWT Review by University of Salford states:


“Three widely quoted government reviews in 2009 (AWEA/CANWEA, 2009, Minnesota
Department of Health, 2009, Roberts and Roberts, 2009) concluded that there are no
direct health effects from WTs.” 32


Standard audit procedures demonstrate this one IWT Review sentence contains multiple
errors.


For example AWEA/CANWEA 2009 is not a “government review” as University of Salford
(2013) states. AWEA/CANWEA, 2009 is an IWT Review prepared for The American Wind
Energy Association (AWEA) and Canadian Wind Energy Association (CanWEA). The panel of
authors were convened by AWEA and CanWEA. AWEA and CanWEA are industry trade
associations. CanWEA represents Canada’s “… wind energy owners, operators,
manufacturers, project developers, consultants, and service providers, and other organizations
and individuals interested in supporting Canada’s wind energy industry.” 63 CanWEA is also a
registered federal lobby organization.


Furthermore University of Salford provides an example of a IWT Review which cites
AWEA/CANWEA 2009 but omits disclosing the authors report “wind turbine syndrome”
symptoms are the “… well-known stress effects of exposure to noise …”. 19 (See Section 2.4
Happy to accept the symptoms)


University of Salford correctly identifies Minnesota Department of Health, 2009 as a
“government review”. However, the assertion that Minnesota Department of Health, 2009
concluded “that there are no direct health effects from WTs” is not supported by its contents.
Minnesota Department of Health, 2009 states in its conclusion:


“The most common complaint in various studies of wind turbine effects on people is
annoyance or an impact on quality of life. Sleeplessness and headache are the most
common health complaints and are highly correlated (but not perfectly correlated) with
annoyance complaints. Complaints are more likely when turbines are visible or when
shadow flicker occurs. Most available evidence suggests that reported health effects are
related to audible low frequency noise. Complaints appear to rise with increasing outside







noise levels above 35 dB(A). It has been hypothesized that direct activation of the
vestibular and autonomic nervous system may be responsible for less common
complaints, but evidence is scant.” 50


3.2 They did not say that


It is not uncommon for IWT Reviews to inappropriately cite or misquote references to support
statements. 62 The following example is provided to illustrate the importance of auditing
citations contained in IWT Reviews.


The literature review Health Effects and Wind Turbines: A Review of the Literature, (Knopper
and Ollson, 2011), contains the following statement:


“A number of governmental health agencies agree that while noise from wind turbines is
not loud enough to cause hearing impairment and are not causally related to adverse
effects, wind turbines can be a source of annoyance for some people [1,30-34].” 18


The authors of Knopper and Ollson (2011) cite six references to support this statement.


To verify if the cited references support the above Knopper and Ollson (2011) statement one
needs to evaluate the individual references and assess if they meet the following four audit
criteria:


1. Is the cited reference an official production of a governmental health agency?
2. Does the cited reference agree that noise from wind turbines is not loud enough


to cause hearing impairment?
3. Does the cited reference agree noise from wind turbines is not causally related to


adverse effects?
4. Does the cited reference agree wind turbines can be a source of annoyance?


A review of the six references cited in Knopper and Ollson (2011) support the conclusion that
none of the six references cited appear to support the complete Knopper and Ollson (2011)
sentence. For example, none of the six references appear to have concluded that wind turbines
“… are not causally related to adverse effects… ”. Two of the references cited do not appear to
meet any of the four audit criteria. (See 7.3 Appendix 3 - Knopper and Ollson (2011) Audit
Results)


IWT Reviews should not inappropriately cite or misquote references to support a statement or
conclusions.


3.3 Understating health effects of IWT noise


Incorrectly interpreting and/or reporting data represents an error of commission.


Some IWT Reviews understate the health impacts of IWT noise. For example some IWT
Reviews suggest the IWT annoyance or sleep disturbance occur only over a specific sound
pressure level (i.e. above 40 dBA).


However IWT annoyance and/or sleep disturbance is documented at IWT noise levels below 40
dBA. 1,3,5,12


A current Director of the Ontario Agency for Health Protection and Promotion acknowledged in
a 2010 literature review that wind turbine noise annoyance and sleep disturbance are common
between 30 and 45 dBA. 30







However, Chief Medical Officer of Health (2010) reports:


“The sound was annoying only to a small percentage of the exposed people;
approximately four to ten per cent were very annoyed at sound levels between 35 and
45 dBA.” 22


The authors of Chief Medical Officer of Health (2010) appear to have misinterpreted and/or
incorrectly reported the results from available studies on IWT noise annoyance. It appears the
authors omitted respondents who were “rather” annoyed, and the respondents who reported
annoyance when spending time outdoors at their dwelling.


Based on a peer-reviewed body of research IWT annoyance can be expected to be up to 28%
at 45 dBA. 62 This is further supported by Health Canada Wind Turbine Noise Study Team
Member, Sabine Janssen, who reports with a highest allowed immission level of 45 dB(A) it
could be expected that “… less than 14% of the exposed population to be highly annoyed
indoors by wind turbines and less than 29% to be highly annoyed outdoors.” 64


4.0 Jumping to conclusions
Some IWT Reviews provide a balanced assessment and attempt to draw reasonable scientific
conclusions based on the totality of evidence. Other IWT Reviews present conclusions which
are not supported by the references cited.


4.1 Conclusions that do not make sense


Colby et al (2009) acknowledges IWT sound may cause annoyance, stress and sleep
disturbance and that “wind turbine syndrome” symptoms are the “… well-known stress effects
of exposure to noise …”. 19


However, Colby et al (2009) states in its conclusion “Sound from wind turbines does not pose a
risk of hearing loss or any other adverse health effect in humans.”


In March 2011, Dr. Leventhall testified under oath 65 that the Colby et al. (2009) statement
would be more clearly worded by adding the words, “direct physiopathological effects” that is,
sound from wind turbines does not pose a risk of hearing loss or any other direct
physiopathological effect in humans. This addition of the words “direct physiopathological” is an
important distinction which alters the fundamental meaning of one of the literature review’s
main conclusions.


National Health and Medical Research Council (2010) repeat the error by citing verbatim the
Colby et al. (2009) conclusion “Sound from wind turbines does not pose a risk of hearing loss
or any other adverse health effects in humans.” National Health and Medical Research Council
(2010) fails to challenge the accuracy of the conclusion. 31


On June 7, 2011 Dr. Geoff Leventhall presented to the National Health and Medical Research
Council at a “Scientific Forum” on “Wind Farms and Humans Health”. 66 Dr. Geoff Leventhall’s
slides state:


“Effects of wind turbine noise on health are mediated through annoyance from audible
noise … Wind Turbine Syndrome is the result of stress from annoyance by audible noise
from wind turbines …”. 48


Literature reviews should fully disclose unwanted sound (noise) from IWTs can cause
annoyance and/or sleep disturbance and/or stress related health impacts and/or reduced
quality of life.







4.2 The jury is still out


A number of IWT Reviews contain conclusive statements that inaudible IWT low frequency
noise and infrasound is not a health issue. However in the absence of definitive research there
is not sufficient evidence to exclude inaudible IWT low frequency noise and infrasound as
plausible causes of annoyance and/or other health effects.


There remains debate about the impact of IWT sound from these low frequencies. However,
“…there is an increasing body of evidence suggesting that infrasound and low frequency noise
have physiological effects on the ear.” 53


“Low-frequency noise may also produce vibrations and rattles as secondary effects.” 24 “People
who are exposed to wind turbine noise inside buildings experience a much different acoustic
environment than do those outside….They may actually be more disturbed by the noise inside
their homes than they would be outside. … One of the common ways that a person might
sense the noise-induced excitation of a house is through structural vibrations. This mode of
observation is particularly significant at low frequencies, below the threshold of normal hearing.”
67


Low-frequency noise produced by Ontario IWT projects has been found to be inaudible outside
the home but audible inside and “…quite annoying to the occupants.” 68 IWT low-frequency
noise has resulted in reported annoyance, “sleep deprivation” and “uninhabitable” living
conditions. 68 To escape the noise, some Ontarians report resorting to sleeping in vehicles,
tents, trailers, basements lined with mattresses, garages, and at relatives or friends’ homes. 13


A 2012 cooperative measurement survey and analysis of low-frequency and infrasound at an
IWT project in Brown County, Wisconsin states:


“The four investigating firms are of the opinion that enough evidence and hypotheses
have been given herein to classify LFN and infrasound as a serious issue, possibly
affecting the future of the industry. It should be addressed beyond the present practice of
showing that wind turbine levels are magnitudes below the threshold of hearing at low
frequencies.” 69


IWT Reviews should disclose that it is plausible inaudible IWT low frequency noise and/or
infrasound could adversely affect humans.


4.3 Misinterpreting the data


Some IWT Reviews suggest that the attitude of the respondent is causally related to
annoyance and/or other health effects.


Referring to noise in general Suter (1991) states:


“…community annoyance is positively correlated with noise exposure level, other
variables also appear to be important, such as ambient noise level, time of day and year,
location, and socioeconomic status. None of these other variables, however, is as
powerful as the attitude of the residents surveyed. This is a good example of the fact that
the human being is not a black box, where the effect is a simple consequence of the
input.” 36


In studies where adverse health effects have been documented some researchers have
commented that the IWTs were initially welcomed into the communities for their perceived
economic 12 and/or environmental 8 benefits. “The reported adverse impacts were unexpected.”
13







Some IWT Reviews speculate on the influence of non acoustical factors such visual and
economic impacts on annoyance and/or other adverse effects.


However, Pedersen et al. (2009) states:


“Annoyance with wind turbine noise is related to a negative attitude toward the source
and to noise sensitivity; in that respect it is similar to reactions to noise from other
sources.” 5


van den Berg et al. (2008) reports:


“A free sight from the dwelling to one or more of the wind turbines also gives free way for
the sound. In these cases the immission levels at the dwelling of the respondent were in
accordance with the calculated levels, and not less due to hindrance of the sound
propagation. When the sight of the wind farm is blocked, than the sound may be (partly)
blocked too, leading to lower sound levels. This may explain the lower levels of
annoyance. However, the enhanced probability for annoyance if the wind turbines were
visible could also be due to a multimodal effect; the rotating blades of a wind turbine
attracting the sight could increase the awareness of the sound and hence also the
possibility of noise annoyance.” 43


“It is difficult to separate the visual from the acoustic impact, because they are so closely
related: when turbines are closer and bigger they are usually better audible. However,
when wind turbines are less visible they are less easily noticed by their sound and cause
less annoyance.” 43


Pederson et al. (2009) reports those: “…who benefit economically from wind turbines have a
significantly decreased risk of annoyance, despite exposure to similar sound levels.” 5


The study reported on in Pederson et al. (2009) is “Project WINDFARM Perception: Visual and
Acoustic Impact of Wind Turbine Farms on Residents”. van den Berg et al. (2008) reports:


“Respondents that benefit will more usually have control: most or all of them have taken
part in the decision to put up the turbines and they can stop them if they want. One
respondent remarked that if a turbine close by caused too much noise for him or his
neighbour, he stopped the turbine.” 43


Excerpts from sample Canadian IWT hosting agreements indicate individuals who benefit
financially from wind energy projects typically agree to noise and/or other adverse effects:


“… in consideration of the Rent paid by the Lessee to the Lessor. … the parties hereto
covenant and agree … Lessor grants and transfers to Lessee a non-exclusive License
for audio, visual, view, light, flicker, noise, shadow, vibration, air turbulence, wake,
electromagnetic, electrical and radio interference, and any other effects attributable to
the Wind Power Facilities or activity located on the Leased Lands or on adjacent
properties (“Effect License”).” 70


“The Rent, in respect of the Specified Locations…represent compensation in full
for…nuisance, noise, signal interference,…, casting of shadows and other
inconveniences or damage…incurred by Lessor from the acts or omissions of Lessee.”
71







Financial compensation paid to participating property owners represents, in part, compensation
for effects attributable to the IWT facility. Conversely financial compensation is not typically
provided to non participating property owners in proximity to IWTs. Non participating property
owners in proximity to IWTs are not typically compensated for the burdens of nuisance, noise,
signal interference, casting of shadows and other inconveniences or damage resulting from the
IWT project.


Despite any attitudinal associations found van den Berg et al. (2008) reports:


“In this survey sound was the most annoying aspect of wind turbines.” 43


Referring to wind turbines van den Berg et al. (2008) reports


“Other factors, such as attitude, are more ambiguous; we do not know if the attitude has
an influence on annoyance or if annoyance leads to a negative attitude. The statistical
tests can only show whether there is a relationship between attitude and annoyance, not
which one is the cause and which one the effect.” 43


5.0 Discussion
“Literature reviews can be useful tools for summarizing existing literature related to a particular
topic. In order to be considered reliable a literature review must be complete, accurate, and
objective.” 62


By employing standard audit procedures some IWT Reviews can be shown to contain errors of
omission and/or commission. The existence of errors should be a concern not only for the
authors but also readers who rely on IWT Reviews to inform health protection.


“Authors have an inherent responsibility to ensure that they accurately reflect the contents of
references cited. Literature reviews which inappropriately cite or misquote references should be
viewed with caution.” 62


An audit checklist (See 7.4 Appendix 4 – Literature review audit checklist) can be a useful tool
to assist in determining the completeness, accuracy, and objectivity of IWT Reviews.


Due to space limitations this paper does not provide an exhaustive list of issues identified. The
examples presented in this paper are provided for illustrative purposes only.


Common failures identified in IWT Reviews include, but are not limited to:


· failure to apply the definition of health established in the WHO Constitution which is
accepted by 194 WHO member states;


· failure to fully disclose health effects which act via the indirect causal pathway of noise;
· failure to disclose IWT noise is perceived to be more annoying than other sources of


equally loud sound;
· failure to fully disclose the serious health risk that noise induced annoyance can


represent;
· failure to accurately disclose the expected prevalence of IWT health effects;
· failure to disclose a non-trivial percentage of exposed individuals are expect to be highly


annoyed at typical IWT sound pressure levels;
· failure to fully disclose the IWT noise characteristics which are plausible causes of


annoyance and/or other adverse effects;
· failure to provide conclusions which are supported by the references cited;
· providing inaccurate and/or misleading information;







· inappropriate citation or misquoting of references;
· failure to cite high quality references i.e. peer reviewed journal articles; and
· use of low quality references i.e. industry fact sheets, internet blog posting.


6.0 Conclusions
IWT noise can harm humans if placed too close to residents. Some individuals living in the
environs of IWTs experience negative health effects including annoyance and/or sleep
disturbance and/or stress related health impacts and/or reduced quality of life. At typical IWT
sound pressure levels a non-trivial percentage of exposed individuals are expected to be
adversely affected.


Authors of literature reviews have a responsibility to fully disclose the health risks of an
exposure. It is paramount the information presented is complete, accurate, and objective.


A number of IWT Reviews have been commissioned by various organizations to report on the
health impacts of IWTs. Using standard audit procedures it can be concluded that while some
IWT Reviews provide a balanced assessment others are found to contain errors of omission
and/or commission. IWT Reviews containing errors can misinform the placement of IWTs
thereby resulting in harm to the physical, mental and social well-being of humans.


The audit findings presented in this paper support the conclusion a rigorous audit should be
conducted before IWT Reviews are relied upon to make informed decisions. IWT Reviews
which contain errors of omission and/or errors of commission should not be relied on to make
informed decisions.







7.0 Appendices


7.1 Appendix 1 – Chief Medical Officer of Health – Indirect causal link


The following excerpts are from government documents obtained in a freedom of information
request related to the Chief Medical Officer of Health The Potential Health Impact of Wind
Turbines (2010).


The May 11, 2010 draft version of the “WIND TURBINES Q & A” (see excerpt below) contains
a track changes comment that studies support a causal link between wind turbine noise and
adverse health effects, and states “Should add ‘direct’…”


The May 19, 2010 version of the “WIND TURBINES Q & A” was changed to add the word
“direct”. (see excerpt below)


However these and other acknowledgements, contained in the May 11 and 19, 2010 versions
of the “WIND TURBINES Q & A”, are not disclosed in CMOH “The Potential Health Impact of
Wind Turbines (2010) ”.







7.2 Appendix 2 – Chief Medical Officer of Health – Fess up or delete


The following excerpts are from government documents obtained in a freedom of information
request related to the Chief Medical Officer of Health The Potential Health Impact of Wind
Turbines (2010).


The May 11, 2010 draft version of the “WIND TURBINES Q & A”, contain a track changes
comment which directs the authors to “fess up” to the annoyance link.


In an apparent effort to “fess up” the May 19, 2010 version of the “WIND TURBINES Q & A”
was altered to include the word “direct” and acknowledge the potential for annoyance to result
in symptoms such as dizziness, headache and sleep disturbance.


However these and other acknowledgements, contained in the May 11 and 19, 2010 versions
of the “WIND TURBINES Q & A” are not disclosed in the Chief Medical Officer of Health “The
Potential Health Impact of Wind Turbines (2010)”.







7.3 Appendix 3 - Knopper and Ollson (2011) Audit Results


Reference Cited in
Knopper and
Ollson (2011)


1.
Is the cited


reference an
official production
of a governmental


health agency?


2.
Does the cited


reference agree
that noise from
wind turbines is


not loud enough to
cause hearing
impairment?


3.
Does the cited


reference agree
noise from wind
turbines is not


causally related to
adverse effects?


4.
Does the cited


reference agree
wind turbines can


be a source of
annoyance?


1. World Health
Organization (WHO):
(2004)


No
i
,
ii
,
iii
,
iv


No
v


No
vi


No


30. Leventhall G,
Benton S, Robertson
(2008)


No
vii


No No No


31. Chatham-Kent
Public Health Unit:
(2008)


Yes (Indirectly)
viii


No
ix


(Indirectly)
x


32. Minnesota
Department of Health
(2009)


Yes No
xi


No
xii


Yes


33. Chief Medical
Officer of Health
(2010)


Yes Yes No
xiii


,
xiv


Yes


34. National Health
and Medical Research
Council: (2010)


Yes (Indirectly)
xv


No
xvi


,
xvii


Yes


Audit notes


i
Note: In an email dated July 17, 2012 Dr. Knopper confirmed the version of Fourth Ministerial Conference on Environment and


Health. Energy, Sustainable Development and Health cited in Knopper and Ollson (2011).
ii


The WHO (2004) version cited in Knopper and Ollson (2011) is an “UNEDITED DRAFT”
iii


Note: a search of the WHO website “Library and Information Network” did not return a document EUR/04/5046267/BD/8,
dated 3 June 2004, entitled: “Energy, sustainable development and health” [July 14, 2012]
http://dosei.who.int/uhtbin/cgisirsi/JI3dREVj55/72610010/5/0
iv


Note: inquiries to confirm if document number EUR/04/5046267/BD/8, dated 3 June 2004, entitled: “Energy, sustainable
development and health” is an official WHO document have been made. As of the date of this paper the WHO have not
confirmed that it is an official WHO document, Email from WHO July 23 2012.
v
WHO (2004) does not provide conclusions regarding hearing impairment, causal relationship to reported adverse effects, or


annoyance caused by wind turbine noise.
vi


WHO (2004) states: “Wind energy can, however, have some potential burdens on amenity through visual intrusion or/and
noise.” “Most wind farms are considered to have very low impacts, and these are caused mostly at the local scale – noise
pollution may be a problem if turbines are situated close to centres of population.”
vii


Leventhall et al., 2008 does not appear to be an official production of a governmental health agency nor does it appear to
have commented on wind turbines. Wind turbines are not mentioned in the reference.
viii


Chatham-Kent Public Health Unit (2008) does not appear to specifically comment on “hearing impairment”.
ix


Chatham-Kent Public Health Unit (2008) does not state noise from wind turbines “is not causally related to adverse effects”.
x


Chatham-Kent Public Health Unit (2008) does not specifically state wind turbines can be a source of annoyance for some
people.
xi


Minnesota Department of Health (2009) does not appear to specifically comment on “hearing impairment”.
xii


Minnesota Department of Health (2009) states “Most available evidence suggests that reported health effects are related to
audible low frequency noise.”
xiii


Chief Medical Officer of Health (2010) does not state noise from wind turbines “is not causally related to adverse effects”.
CMOH (2010) focuses on direct causal links. In 2011 the lead author acknowledged under oath Chief Medical Officer of Health
(2010) looked only at direct links to human health. At a public information session on wind turbines Dr. Christopher Ollson
acknowledged Chief Medical Officer of Health (2010) “… didn’t look at indirect effects …”
xiv


A May 19, 2010 Chief Medical Officer of Health information sheet states: “It is possible that these symptoms are a result of
annoyance with the noise.”
xv


NHMRC (2010) does not appear to specifically comment on “hearing impairment”.
xvi


NHMRC (2010) focuses on direct causal links and does not state noise from wind turbines “is not causally related to adverse
effects”.
xvii


In 2012 when asked if the NHMRC is prepared to say that there are no health problems from the wind turbines the Chief
Executive Officer of NHMRC, Professor Anderson, stated “…we have never been prepared to say that because it is very hard
to rule things out …”.







7.4 Appendix 4 – Literature review audit checklist


Industrial Wind Turbine (IWT) Health Effects
Literature Review


Audit checklist


Audit
impact


1. Does the IWT Review conclude IWTs can harm humans if placed too
close to residents?


Yes = +
No = -


2. When the authors are from a member state of the WHO does the IWT
Review disclose health is: “a state of complete physical, mental and
social well-being and not merely the absence of disease or infirmity”?
(Note: Australia, Canada, New Zealand, the United Kingdom and the
United States of America are among the 194 WHO member states listed
and by definition accept the WHO constitution.)


Yes = +
No = -


3. When the authors are from a member state of the WHO does the IWT
Review disclose “The enjoyment of the highest attainable standard of
health is one of the fundamental rights of every human being without
distinction of race, religion, political belief, economic or social condition.”?


Yes = +
No = -


4. Does the IWT Review apply an acceptable definition of health when the
authors are not from a member state of the WHO?


Yes = +
No = -


5. Does the IWT Review fully evaluate both direct and indirect health
effects?


Yes = +
No = -


6. Does the IWT Review identify the plausible causes of IWT health effects?
i.e. unwanted sound (noise), visual impacts (shadow flicker), stray
voltage and social economic impacts


Yes = +
No = -


7. Does the IWT Review disclose noise can seriously harm human health? Yes = +
No = -


8. Does the IWT Review disclose the main health risks of noise?


i.e. pain and hearing fatigue; hearing impairment including tinnitus;
annoyance; interferences with social behaviour (aggressiveness, protest
and helplessness); interference with speech communication; sleep
disturbance and all its consequences on a long and short term basis;
cardiovascular effects; hormonal responses (stress hormones) and their
possible consequences on human metabolism (nutrition) and immune
system; performance at work and school.


Yes = +
No = -


9. Does the IWT Review disclose IWTs produce sound which is perceived
by humans to be more annoying than transportation noise or industrial
noise at comparable sound pressure levels?


Yes = +
No = -


10. Does the IWT Review acknowledge annoyance to IWT noise starts at
dBA sound pressure levels in the low 30’s and rises sharply at 35 dBA?


Yes = +
No = -


11. Does the IWT Review disclose annoyance is a health effect? Yes = +
No = -


12. Does the IWT Review disclose annoyance can result in serious harm to
human health?


Yes = +
No = -


13. Does the IWT Review disclose symptoms associated with noise
annoyance include stress, sleep disturbance, headaches, difficulty
concentrating, irritability, fatigue, dizziness or vertigo, tinnitus, anxiety,
heart ailments, and palpitation?


Yes = +
No = -







14. Does the IWT Review disclose IWT Review authors, retained by two wind
energy trade associations, report “Wind Turbine Syndrome” symptoms
are the well-know stress effects of noise?


Yes = +
No = -


15. Does the IWT Review accurately disclose the expected prevalence of
IWT health effects?


Yes = +
No = -


16. Does the IWT Review disclose that Health Canada propose IWT noise
criteria which are predicted to result in an increase in percentage highly
annoyed?


Yes = +
No = -


17. Does the IWT Review disclose that CanWEA member, HGC Engineering,
concluded “The audible sound from wind turbines, at the levels
experienced at typical receptor distances in Ontario, is nonetheless
expected to result in a nontrivial percentage of persons being highly
annoyed. As with sounds from many sources, research has shown that
annoyance associated with sound from wind turbines can be expected to
contribute to stress related health impacts in some persons.”


Yes = +
No = -


18. Does the IWT Review disclose a non-trivial percentage of individuals
exposed to wind turbine can be expect to be adversely affected (i.e.
highly annoyed)?


Yes = +
No = -


19. Does the review accurately and appropriately cite the contents of
references?


Yes = +
No = -


20. Does the IWT Review refrain from citing and relying on low quality
references?
i.e. internet blog postings, industry produced fact sheets,


Yes = +
No = -


21. Does the IWT Review disclose WHO noise guidelines are not designed
for IWT noise?


Yes = +
No = -


22. Does the IWT Review disclose noise does not need to be considered
loud to cause harm to human health?


Yes = +
No = -


23. Does the IWT Review disclose IWT sound characteristics which are
identified as plausible causes for annoyance and/or other health effects?
i.e. amplitude modulation (swooshing); audible low-frequency noise;
infrasound; tonal noise, impulse noise; and night time noise.


Yes = +
No = -


24. Does the IWT Review disclose that modern IWTs routinely produce
audible low frequency noise?


Yes = +
No = -


25. Does the IWT Review disclose that modern IWTs routinely produce
audible amplitude modulation?


Yes = +
No = -


26. Does the IWT Review disclose that it is plausible inaudible IWT low
frequency noise and/or infrasound could adversely affect humans?


Yes = +
No = -


27. Does the IWT Review fully disclose accurate IWT noise limits and
regulations?


Yes = +
No = -
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¼·ºº»®»²½»½«®ª»K¬̧¿¬· »̈ ½»»¼»¼¾§êéû ±º¬̧»³»¿ «®»³»²¬


ß ¬±¬¿́ ±ºîê³» ¿ « ®» ³» ²¬ ©» ®» ³¿¼» ·²ïì¼·ºº» ®» ²¬¼©» ´́·²¹ ô®» °®»  » ²¬¿¬·ª» ±º
Ü¿²· ¸¾« ·́¼·²¹ ¿¬¬̧» ½±« ²¬®§ ·¼» ¿²¼·² « ¾« ®¾¿²¿®» ¿ òÚ±®¬̧» «  » ·²¬̧»
½¿́½« ¿́¬·±²³» ¬̧±¼±º¬̧» Í¬¿¬« ¬±®§Ñ®¼» ®·² « ¿́¬·±²ª¿́« »  ©» ®» ½̧ ± » ²¬̧¿¬©» ®»
» ½̈» » ¼» ¼º±®êéû ±º¬̧» ³» ¿ « ®» ¼®»  « ¬́ ô Ô ô½±² ·¼» ®·²¹¬̧¿¬¬̧» ³¿®¹·²±º ¿º» ¬§







é


º±®¬̧»  ±« ²¼·² « ¿́¬·±²· ¿¼¼·¬·±²¿́ ¬±¬̧» ³¿®¹·²±º ¿º» ¬§±º¬̧» °®±°¿¹¿¬·±²
½¿́½« ¿́¬·±² ò


Ì̧ » ½¿́½« ¿́¬·±²³» ¬̧±¼º±®¬̧» ·²¼±±®²±· » »́ ª» Ố°ßÔÚ ·²ïñíó±½¬¿ª» ¾¿²¼ · æ
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Summary
Public attitude is generally overwhelmingly in favor of wind energy, yet this support does


not always translate into unanimous local acceptance of projects. Opposition groups


point to a number of issues concerning wind turbines, with human health one of the


most common. While some argue that reported health effects are related to wind


turbine noise (i.e., audible noise, low frequency noise and infrasound) others suggest


that effects are more likely attributable to individual stress and personalities. Many


scientific studies have been conducted world-wide to examine the relationship between


wind turbines and possible human health effects (now close to 50). Based on a review of


the science a number of health and medical agencies (as well as findings from legal


proceedings) suggest that when sited properly, wind turbines are not causally related to


adverse effects. Noise from wind turbines can be annoying to some and associated with


some reported health effects (e.g., sleep disturbance), especially at sound pressure


levels greater than 40 dB(A). Because environmental noise above certain levels is a


recognized factor in a number of human health issues, many jurisdictions where wind


turbines are being constructed have established noise restrictions and/or minimum


setback distances in order to mitigate potential noise-based health effects.
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1. Introduction


Wind power has been harnessed as a source of power around the world for decades


and reliance on this form of energy is increasing. In 1996 for example, the global


cumulative installed wind power capacity was 6,100 MW; in 2011, that value had grown


to 237,669 MW (GWEC, 2012). While public attitude is generally overwhelmingly in


favor of wind energy, this support does not always translate into local acceptance of


projects by all involved (Upham et al. 2009). Opposition groups point to a number of


issues concerning wind turbines, and their possible effects on human health is one of


the most commonly discussed. Indeed, a small proportion of people that live near wind


turbines have reported adverse health effects such as, but not limited to, annoyance,


ringing in ears, headaches, lack of concentration, vertigo and sleep disruption, that they


attribute to the wind turbines. This collection of effects has received the colloquial name


“Wind Turbine Syndrome”, a term coined by Dr. Nina Pierpont in her book “Wind Turbine


Syndrome: A Report on a Natural Experiment” (Pierpont, 2009).


The reason for the self-reported health effects is highly debated and information fuelling


this debate is found primarily in two sources: scientific peer-reviewed studies published


in scientific journals and the popular literature and internet. Some argue that the


reported health effects are related to two primary issues:


Wind turbine noise (i.e., levels of audible noise, low frequency noise and


infrasound); and


Wind turbine operational effects (i.e., electromagnetic fields [EMF] frequencies


and stray voltage from transmission lines and shadow flicker from rotor blades).


Others suggest that the science conducted points towards reported effects being more


likely attributable to a number of environmental stressors that result in an


annoyed/stressed state in a segment of the population. In other words, it appears that it


is the change in the environment that is associated with reported health effects and not


turbine-specific variables like noise. In this conference presentation we focus on what


the science tells about wind turbines and human health, with a focus on noise and other


possible non-turbine specific variables.


2. Experimental design


Combinations of key words (i.e., annoyance, noise, environmental change, sleep


disturbance, epilepsy, stress, health effect(s), wind farm(s), infrasound, wind turbines(s),


low frequency noise, EMF, wind turbine syndrome, neighborhood change) were entered


into PubMed, the Thomson Reuters Web of KnowledgeSM and the internet search
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engine Google. The review was conducted in the spirit of the evaluation process


outlined in the Cochrane Handbook for Systematic Reviews of Interventions.


Sources of information other than peer-reviewed scientific literature and government


agency publications (e.g., websites, opinion pieces, conference proceedings,


unpublished documents) have purposely been excluded in this report because they are


often unreliable, used as a platform for advocates, and provide information that is


typically anecdotal in nature or not traceable to scientific sources. As such they often


serve to spread misconceptions about the potential impacts of wind energy on human


health making it difficult for the general public (and scientists) to ascertain which claims


can be substantiated by scientific evidence and which cannot.


3. Results


3.1 Weight of Evidence


As of early 2011, only 13 articles had been published in the scientific literature whose


focus was the association between potential health effects and wind turbine noise (see


review in Knopper and Ollson, 2011). As of May 2013 there were closer to 50 (see


reference section). Although hundreds of articles were found during the search,


comparatively few were related to the association between potential health effects and


wind turbines. For example, numerous articles have been published about infrasound,


but comparatively few have been published about infrasound and wind turbines.


While some argue that reported health effects are related to wind turbine noise, be it


audible or inaudible (e.g., Krough et al., 2011; McMurtry, 2011; Shepherd et al., 2011,


Salt and Kaltenbach, 2011; Nissenbaum et al., 2012) others suggest reported effects


are more likely attributed to a number of environmental stressors that result in an


annoyed/stressed state in a small segment of the population. For example, in August


2011 authors of a number of popular literature studies published their findings in a


special edition of the Bulletin of Science, Technology & Society (BSTS; Volume 31,


Issue 4) devoted entirely to wind farms and potential health effects. The publication of


these articles in BSTS has been touted by wind turbine opposition groups as evidence


of the relationship between living in proximity to wind turbines and adverse health


effects. Recent articles by Shepherd et al. (2011) and Nissenbaum et al. (2012) have


looked at the relationship between wind turbines, health related quality of life and sleep


disturbance (but see peer-reviewed critical review by Ollson et al. (2013) of Nissenbaum


et al. (2012)). In terms of environmental stressors that result in an annoyed/stressed


state in a segment of the population, the role of stress due to unwanted change, visual


cue and attitude, poor coping, negative oriented personality and expectations related to


media reporting have all been related to reported effects (e.g., Pedersen and Persson
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Waye, 2004; Janssen et al., 2011; Bakker et al., 2012; Crichton et al., 2013; Deignan et


al., 2013; Taylor et al., 2013).


Based on the findings and scientific merit of these studies, our opinion is that the weight


of evidence suggests that when sited properly, wind turbines are not related to adverse


health effects. This opinion is supported by findings of (and has also been made) a


number of government health and medical agencies, including the National Health and


Medical Research Council in Australia (2010), the Chief Medical Officer of Health in


Ontario (2010), the Massachusetts Department of Environmental Protection and Public


Health (2012), the Oregon Health Authority (2013) and the South Australia


Environmental Protection Agency (2013). To illustrate the point:


The National Health and Medical Research Council in Australia (2010) stated:


“There are no direct pathological effects from wind farms and that any potential


impact on humans can be minimised by following existing planning guidelines.”


In 2010 Ontario's Chief Medical Officer of Health (CMOH) stated: “The review


concludes that while some people living near wind turbines report symptoms such


as dizziness, headaches, and sleep disturbance, the scientific evidence available


to date does not demonstrate a direct causal link between wind turbine noise and


adverse health effects. The sound level from wind turbines at common residential


setbacks is not sufficient to cause hearing impairment or other direct health


effects, although some people may find it annoying.”


More recently, the MassDEP and MDPH (2012) concluded that best practices


(i.e., noise and distance setbacks) protective of public health should be


implemented in areas where wind energy is generated and stated that: “There is


no evidence for a set of health effects, from exposure to wind turbines, that could


be characterized as a "Wind Turbine Syndrome””.


3.2 Global Setbacks


Because environmental noise above certain levels is a recognized factor in a number of


human health issues including learning, sleep and cognitive disruptions, hypertension,


myocardial infarction and anxiety (Berglund and Lindvall, 1995; WHO 2009), many


jurisdictions where wind turbines are being constructed have established noise


restrictions and/or minimum setback distances in order to mitigate potential noise-based


annoyance as well as operational effects related to shadow flicker, ice throw and


structural failure.


A recent review of international policies and recommendations for wind turbine


development prepared by the Minnesota Department of Commerce (Haugen, 2011)


identified recommended and/or required distance setbacks for a number of jurisdictions


in Europe, North America and Australia. Distance setbacks ranged from 200 to 2000 m
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(for a total of 24 jurisdictions) and outdoor noise limits ranged from 30 to 65 dB(A) (for a


total of 19 jurisdictions), with the majority set between 30 and 50 dB(A). These values


are not absolute, but depend on a number of variables including wind speeds, location


of placement (rural vs. urban) and time of day of noise exposure (day vs. night). What is


more:


Keith et al. (2008) concluded that: “For quiet rural areas, in which annoyance


reactions towards intruding noise may be augmented, this paper proposes noise


mitigation if predicted wind turbine noise levels exceed 45 dBA at noise sensitive


receptors ”;


Verheijen et al. (2011) suggested a wind turbine noise level of Lden 45 dB


(roughly comparable to 40 dBA) be adopted in the Netherlands;


The Oregon Health Authority (2013) wrote that “an outdoor L50 of 36 dBA is not


expected to result in sleep disturbance, disturbance of communication, or


annoyance in the general population”; and


in Denmark the Danish Statutory Order on Noise from Wind Turbines (Danish


EPA, 2011) states that wind turbine noise cannot exceed 42-44 dBA in the


countryside or 37-39 dBA in sensitive areas (based on wind speeds between 6


and 8 m/s). The Danish guidance also states a distance setback of 4x turbine


height and an infrasound guideline of 20dB indoors (Denmark 2011). These


Danish audible noise setbacks (37-44 dBA) have also been suggested for use in


Massachusetts (MassDEP and MDPH, 2012).


In the Province of Ontario, Canada, a number of appeals of approved wind projects


have been heard by the Environmental Review Tribunal (ERT) on the grounds that the


projects would cause serious harm to human health. Though the appellants provided


evidence that they thought constituted serious harm to human health, none of the


appeals were successful and the ERT concluded that projects regulated under provincial


regulations do not cause serious harm (i.e., at the regulated setbacks of 40dBA and


550m).


4. Conclusions


As can be seen in this proceeding, many studies have been conducted world-wide to


examine the relationship between wind turbines and possible human health effects.


Based on the findings and scientific merit of these studies, our opinion is that the weight


of evidence suggests that when sited properly, wind turbines are not related to adverse


health effects. This opinion is supported by findings of (and has also been made by) a


number of government health and medical agencies. While it is acknowledged that noise


from wind turbines can be annoying to some and associated with some reported health


effects (e.g., sleep disturbance), especially at sound pressure levels greater than 40
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dB(A), given that annoyance appears to be more strongly related to visual cues and


attitude than to noise itself, self reported health effects of people living near wind


turbines are more likely attributed to physical manifestation from an annoyed state than


from wind turbines themselves. In other words, it appears that it is the change in the


environment that is associated with reported health effects and not a turbine-specific


variable like audible noise or infrasound. The literature and our own experience highlight


the need for informative discussions between wind power developers and community


members in order to attempt to reduce the level of apprehension.
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Summary
In Maastricht, The Netherlands, a new wind farm was proposed adjacent to an
existing wind farm and industrial site in Belgium. As part of the environmental impact
assessment in the planning phase, ARCADIS undertook a noise modelling study to
evaluate cumulative noise levels produced by the new and existing sites. These
calculations were conducted in accordance with both Dutch and Belgian regulations
and compared against both national noise regulation limits. Low frequency noise
levels were also assessed according to Dutch guidelines.


On January 1st, 2012, legislation on low frequency wind turbine noise was approved
and enforced in Denmark. Opponents of the Dutch wind farm stated the noise levels
should be compared against the new, state-of-the-art Danish noise limits for low
frequency noise. Calculations showed these noise limits were in compliance at the
Dutch dwellings, but opponents asked the City Council of Maastricht for a second
opinion from the Danish Aalborg University. The City Council decided to please the
opponents and requested a review by the Danish university. The results of this report
showed ARCADIS had understood and applied the new Danish legislation correctly.
However, it was further stated that the prescribed Danish assessment method was
not correct and new calculations were made. This interesting case describes the
assessment by Dutch, Belgian, and Danish methods and gives insight into the
Danish discussion on their new low frequency noise legislation.


1. Introduction
On the outskirts of the City of Maastricht, The Netherlands (NL), a new wind farm
was proposed adjacent to an existing wind farm and industrial site in Belgium (B).
The proposed wind farm is part of the sustainable energy plant Limburg. This energy
plant consists of a wind farm, a biomass plant and a solar plant in Maastricht, and a
wind farm, a biomass plant and a solar plant in Venlo. The locations for the different
elements of these plants were designated in a bid book by the Municipality of
Maastricht and the Municipality of Venlo. After a European public procurement
procedure by the Province of Limburg, the technical services provider Imtech was
selected to develop and build the sustainable energy plant Limburg.


As part of the environmental impact assessment in the planning phase, ARCADIS
undertook a noise analysis study to evaluate the combined noise levels produced by
the new and existing wind farms. The calculations were conducted in accordance
with both Dutch and Belgian (Flemish) regulations and compared against both
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national noise limits. Low frequency noise levels were assessed according to Dutch
guidelines. Later in the process they were also assessed according to new Danish
legislation on low frequency wind turbine noise.


2. Situation
On the outskirts of the City of Maastricht in the south of The Netherlands a small
wind farm of four wind turbines was proposed. These wind turbines were planned on
a future industrial site just adjacent to the international border shared with Belgium.
Just across the border in Belgium, there are already four existing wind turbines.
These are located on an existing industrial site on the outskirts of the City of
Lanaken. Figure 1 gives a view of the proposed and existing wind turbines.


The existing Belgian wind farm consists of four 2 megawatt turbines type Vestas
V80-2.0 MW with a hub height of 100 meters (m). These turbines have a maximum
sound power level (LWA) of 105.2 dB(A). The year average sound power level (LE) of
these turbines at this specific location is 101.9 dB(A) during the day and evening and
102.2 dB(A) during the night.


The new wind farm, as proposed in September 2011, consists of four turbines with
an installed power of a maximum 3.2 megawatt (MW) each, a hub height of
maximum 135 m and a maximum sound power level (LWA) of 107 dB(A). At the
specific location this leads to a year average sound power level (LE) of the new
turbines of 103.0 dB(A) during the day, 103.2 dB(A) during the evening and
103.4 dB(A) during the night. For the environmental impact assessment, three
possible layouts of the wind farm were considered.


Figure 1. View of the four proposed wind turbines in The Netherlands and to the north,
just across the border, four existing wind turbines on an industrial site in Belgium.


The nearest noise sensitive locations are a residential area in Maastricht (NL) south
of the proposed wind farm, a residential area in Lanaken (B) north of the existing
wind farm, a few dwellings on the Belgian industrial site, and some dwellings around







3


the wind farms on the outskirts of Maastricht and Lanaken. The residential area in
Maastricht is partially being redeveloped and the zoning plan allows additional
dwellings at the northern edge of the residential area. This means that new dwellings
might be situated closer to the wind farm than the existing dwellings.


A simulated visualisation of the proposed wind farm is shown in Figure 2.


Figure 2. Visualisation of (part of) the new wind farm with the industrial site in the
background showing one of the existing Belgian wind turbines.


3. Legislation wind turbine noise in The Netherlands and Belgium
3.1 Dutch legislation
The Netherlands has specific legislation on noise from wind turbines [1]. The current
legislation has been implemented on January 1st, 2011, together with a special
regulation for measuring and calculating wind turbine noise [2]. The Dutch code
requires a calculation based on the actual wind distribution in order to determine
annual average noise levels Lden and Lnight.


Lden is the day-evening-night level in dB as defined by the following formula:


Lday is the A-weighted long-term average sound pressure level determined over all
the daytime periods of a year and Levening the A-weighted long-term average sound
pressure level determined over all the evening time periods of a year. Lnight is the
A-weighted long-term average sound pressure level determined over all the night
time periods of a year. The daytime period is from 7 a.m. to 7 p.m., the evening
period is from 7 p.m. to 11 p.m. and the night time period is from 11 p.m. to 7 a.m.


The calculations require to determine the year average sound power level per day,
evening and night in octave bands from 31.5 to 8000 Hz. A meteorological correction
is taken into account if the distance from a turbine is larger than 10 times the hub
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height plus the receiver height. This correction is calculated on the basis of the hub
height, the receiver height, and the direction and distance from the receiver position
relative to the turbine positions.


The noise limits at dwellings and other noise sensitive buildings are:
Lden: 47 dB;
Lnight: 41 dB.


The Dutch authorities can chose to take cumulative effects with neighbouring wind
farms into account, but this is not obliged. Furthermore, these authorities can also
decide to set different noise limits taking special local circumstances into account.


3.2 Belgian legislation
The Belgian Municipality of Lanaken is situated in the Flanders region of Belgium. At
the time of the study for the proposed wind farm the noise of wind turbines was
regulated by means of a Ministerial Circular [3]. However, on 15 July 2011 the
Flemish government in principle approved new environmental regulations for wind
turbines [4]. At request of the Flemish authorities the new legislation was already
applied to the proposed wind farm. Officially, the new legislation entered into force on
1 January 2012.


For noise calculations, the ISO-9613-2 method is used. The noise levels are
calculated in 1/3 octave bands beginning at 50 Hz, or can be calculated in octave
bands beginning at 63 Hz. The sound power level used is to be determined at 95 %
of the nominal power from the wind turbine. The calculations assume downwind
conditions. A meteorological correction is not allowed.


The target values for wind turbine noise in Flanders are summarized in Table 1. If the
background noise level is higher than the values as stated in this table, then the
noise limit is equal to the background noise level. In this situation a setback distance
of a minimum of 3 times the rotor diameter is to be taken into account.


Table 1. Target values for wind turbines in Flanders, Belgium


Area Target value in dB(A) in open air


Day Evening Night


residential areas, areas for recreation residence 44 39 39


rural areas, residential areas at less than 500 m
from industrial areas, recreational areas


48 43 43


industrial areas 60 55 55


other areas 44-55 39-50 39-50
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3.3. Guidelines low frequency noise


The Netherlands and Belgium have no legislation on low frequency noise. However,
in The Netherlands it is quite common to assess low frequency noise by comparing
them against the NSG-curve and Vercammen-curve. These curves are shown in
Figure 3.


Figure 3. NSG-curve and Vercammen-curve for assessment of low frequency noise.


The NSG-curve is defined in the low frequency noise guideline of the Dutch
Foundation against Noise Pollution NSG [5]. The main goal of the NSG guideline is
to have a tool to objectively assess complaints about low frequency noise. The NSG-
curve is based on the 90% hearing threshold of a representative group of elderly
persons (aged 50 to 60 years). This criterion was chosen by the NSG because
research showed complaints about low frequency noise mainly came from elderly
people. Therefore, the NSG-curve is mainly used to assess the audibility of low
frequency noise. It does not rate the annoyance.


To assess annoyance by low frequency noise, in The Netherlands the Vercammen-
curve is most commonly used. This curve is based on 3 to 10 % range of annoyed
persons by low frequency noise [6]. Since a ruling of the Administrative Jurisdiction
Division of the Council of State [7] in 2006 stating the Vercammen-curve is a suitable
method to assess annoyance by low frequency noise, this curve has gained
importance.
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4. Assessment wind turbine noise
4.1 Cumulative noise levels Belgian and Dutch wind farms
As part of the environmental impact assessment (EIA) the noise levels of the
proposed wind farm were determined for three possible wind turbine layouts. The
calculations took into account the cumulating effect of the proposed wind farm along
with the existing Belgian wind farm.


The noise levels were assessed for the existing and future residential areas in
Maastricht (NL), the residential area in Lanaken (B), the dwellings on the industrial
site and the nearest dwellings around the wind farms on the outskirts of Maastricht
and Lanaken. Figure 4 shows five representative receptor positions.


Figure 4. View of the existing wind turbines in Belgium, three possible wind turbine
layouts for the proposed wind farm in The Netherlands, and five representative receptor
positions at residential areas or single dwellings near the wind farms.


For the Dutch dwellings the noise levels were evaluated according to the Dutch
regulations. For the Belgian dwellings the noise levels were evaluated according to
both the Dutch as well as the Belgian (Flemish) regulations. Table 2 shows the
results at the five receptor positions.
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Table 2. Cumulative noise levels existing Belgian and proposed Dutch wind farm
according to the Dutch and Belgian legislations and regulations for wind turbine noise for
three possible wind turbine layout alternatives [8].


Position Location Noise levels three possible turbine layout alternatives


The Netherlands Belgium


Lden [dB] Lnight [dB] LAeq at 95%
nominal
power
[dB(A)]


Noise limit


[dBA)]
Level Limit


value
Level Limit


value


A residential area
Maastricht (NL)


45-47 47 38-40 41 -- --


B future residential area
Maastricht (NL)


46-48 47 39-41 41 -- --


C dwelling on the outskirts
of Maastricht (NL)


46-48 47 40-41 41 -- --


D dwelling on the industrial
site in Lanaken (B)


48-50 47 42-44 41 46-47 55


E residential area Lanaken
(B) at less than 500 m
from industrial area


46-47 47 40 41 44 43


The results show that for one alternative the noise level exceeds the Dutch noise limit
at position B at the edge of a future residential area and at position C near a few
dwellings on the outskirts of Maastricht. For all three alternatives the noise levels
exceed the Dutch limit value at a dwelling on the Belgian industrial area. The noise
levels at this dwelling do meet the Flemish target value. At the edge of the residential
area in Belgium the noise levels meet the Dutch noise limit, but do just exceed the
Flemish target value. However, since at this location the background noise levels
exceed the target value (see Table 3) higher noise levels can be permitted.


Table 2 shows that assessment according to Dutch and Flemish legislation leads to
different conclusions. The main reason is that in Flanders the limit values depend on
the location (environment) of the dwelling. In The Netherlands the standard noise
limits are independent of the location of a dwelling.


Note:
Above, we compared the cumulative noise levels of the Dutch and Belgian wind farm
with the standard Dutch limit values and Flemish target values. However, legally the
Dutch limit values only apply to the Dutch wind farm and the Flemish target values
only to the Belgian wind farm.


4.2 Cumulative noise levels wind farms and other existing and new noise
sources
The dwellings around the proposed wind farm are already subjected to noise from
not only the already present Belgian wind farm, but also the existing Belgian
industrial site and (less important) road and rail traffic. When the future industrial site
in The Netherlands is being developed, this will also add to the noise levels. As part
of the environmental impact assessment we also considered the cumulative effects
with these existing and planned noise sources. The cumulative noise levels taking
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into account differences in dose-effect relationships1 are shown in Table 3. These
results show the new wind farm adds 2 to 3 dB to the existing noise levels at the
Dutch dwellings. For the dwelling on the Belgian industrial site the new wind farm
adds 1 to 2 dB. At the edge of the residential area in Belgium the new wind farm
does not add to the existing noise levels.


Table 3. Cumulative noise levels for industrial area, Belgian wind farm, and Dutch wind
farm for three possible wind turbine layout alternatives [9].
Positio
n


Location Noise level Lden [dB] Noise level Lden [dB]


Industrial area and
Belgian wind farm


Industrial area, Belgian
wind farm and proposed
Dutch wind farm


A residential area Maastricht (NL) 44 46-47


B future residential area
Maastricht (NL)


45 47-48


C dwelling on the outskirts of
Maastricht (NL)


45 47-48


D dwelling on the industrial area in
Lanaken (B)


48 49-50


E residential area Lanaken (B) at
less than 500 m from industrial
area


49 49


5. Assessment of low frequency noise
For the environmental impact assessment the low frequency noise of the wind farm
was analysed for the wind farm alternative and the dwelling with the highest noise
level. This dwelling is situated on the industrial site (position D) and is subjected to a
noise level of maximum 50 dB Lden and 44 dB Lnight. For this dwelling the indoor
noise level was calculated in one-third octave bands for the frequency range from 20
to 100 Hz. There were two complicating factors in these calculations:
1) The turbine type had not yet been selected. This means the exact noise spectrum


was not clear. We chose to use an average, somewhat conservative noise
spectrum for 2 to 3 MW turbines.


2) There is a large variation in the low frequency sound insulation of dwellings. Also,
for The Netherlands only very limited information is available on the sound
insulation of frequencies below 100 Hz. We decided to use the lowest and highest
sound insulation levels as reported in three publications for Dutch [10], Danish
[11] and Swedish dwellings [12].


The calculated noise levels [9] are shown in Figure 5, together with the NSG-curve
and the Vercammen-curve. This figure illustrates that the NSG-curve will most likely
be exceeded for frequencies above 40 Hz and especially above 63 Hz. The
Vercammen-curve will most likely not be exceeded, though the 50 Hz one-third
octave band might be critical. This means that at the most critical dwelling and for the
most critical alternative, the low frequency noise levels will probably be audible
indoors. However, the chance that this audible noise will lead to unacceptable noise


1
Industrial noise and road and rail traffic noise are considered less annoying than wind turbine noise.


This means the noise level of industry and road and rail traffic, corrected for the differences in
annoyance with wind turbine noise, add less to the cumulative noise level according to Dutch
regulations than the actual noise levels would do.
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nuisance is considered small. For the other alternatives and most other dwellings the
noise levels are lower, which means that the chance on noise nuisance by low
frequency noise is even smaller.


Figure 5. Calculated indoors low frequency noise level in the most critical dwelling for
the most critical alternative.


6. Preferred alternative proposed wind farm
The preferred alternative for which the permits were requested (see Figure 1),
possessed wind turbine coordinates which were in between the coordinates for the
considered layout alternatives. Further, a reduced hub height of 119 m and a
maximum sound power level (LWA) of 106.5 dB(A) were chosen. The results for this
alternative are equal to the lowest values as mentioned in column 3, 5 and 7 of table
2 and column 4 of Table 3. As mentioned in section 4, the Dutch limiting values
legally only apply to the Dutch wind farm and the Flemish target values only apply to
the Belgian wind farm. This means the preferred alternative meets the noise limits at
all dwellings [13].


The low frequency noise levels for the preferred
lower than reported in Figure 5 [14]. This means the low frequency noise levels are
considered within compliance.







10


7. Danish legislation low frequency wind turbine noise
On January 1st, 2012, a revised statutory order on wind turbine noise entered into
force in Denmark [15]. This new legislation includes a calculation method and limit
values for impacts of low frequency noise.


The low frequency noise level LpALF is defined as the total A-weighted sound pressure
level in dB in one-third octave bands from 10 up to and including 160 Hz. The limit
value for dwellings is 20 dB at a wind speed of 6 and 8 m/s. In contrary to regular
noise limits, the limit value for low frequency noise applies to the indoor noise levels.
The sound insulation (level difference) to be used in calculating the indoor noise
levels in dwellings is defined in the statutory order.


The same month the Danish legislation entered into force, concerned citizens
supported by a well-timed article in a regional newspaper brought attention to the
Dutch wind farm and that it should also be compared against the Danish low
frequency noise limit. Although the formal public participation procedure was finished,
the City Council of Maastricht proved to be susceptible to their requests.


In January 2012, Imtech had already selected the wind turbine Vestas V112-3 MW
for the wind farm in Maastricht. The specific noise data of this turbine in one-third
octave bands was provided by Vestas. Calculations by ARCADIS showed the
cumulative noise levels of the proposed and existing wind turbines also met the
Danish limit values for low frequency noise, with the exception of the nearest dwelling
on the industrial area (position D) [16]. At this dwelling the noise level LpALF at a wind
speed of 8 m/s is 1 dB over the Danish noise limit. This was deemed acceptable,
because it is quite common to allow higher noise levels at dwellings on industrial
sites.


The calculated noise levels in one-third octave bands from 10 to 160 Hz and the total
low frequency noise level LpALF are shown in Figure 6. This figure shows that when
the Danish limit value is just met, the noise levels are well under the Dutch
Vercammen threshold curve. Furthermore, the Danish limit value is shown to be
more restrictive than the Vercammen-curve, which is based on a 3 to 10 % annoyed
persons criteria.


In the calculations it was neglected that the Dutch dwellings might have a difference
sound insulation value than a typical Danish dwelling.
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Figure 6. Calculated indoors low frequency noise level at four dwellings for the preferred
alternative with Vestas V112 wind turbines.


8. Second opinion by Aalborg University
After ARCADIS delivered the noise analysis report on the assessment according to
the Danish regulations, opponents of the proposed wind farm asked the City Council
of Maastricht for a second opinion by professor Møller of Aalborg University. The City
Council decided to please the opponents and requested this second opinion.


Møller et al. [17] concluded ARCADIS had understood and used the new Danish
regulation of low frequency noise correctly.


However, next Møller et al. concluded that the calculation according to the new
Danish regulation underestimates the indoor low frequency noise levels. They stated
where the 20 dB limit is just met, real measurements would give values that exceed
the limit by several decibels in many houses.


Their main criticism on the new Danish regulation is:
The measurements to determine the low frequency sound insulation were not
taken correctly. At low frequencies the sound varies within a room. To determine
the sound insulation the indoor noise level should be measured where the
annoyed person finds it loudest. They state the indoor measurements were made
at arbitrary positions that were not selected for a high level. This means the
determined sound insulation values are too high. Møller et al. estimate this error
at about 5 dB.
The Danish regulation defines sound insulation values which will be met in 67% of
the dwellings. This means that in 33% of the dwellings higher noise levels than
20 dB might be observed. Møller et al. are of the opinion this noise level should
be exceeded in not more than 10 to 20% of the dwellings. If the corresponding
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lower sound insulation is used, about 3 dB higher indoor noise levels will be
calculated.


Next, Møller et al. made their own calculations for the proposed wind farm in
Maastricht adding 5 dB respectively 8 dB (= 5 dB + 3 dB) to the noise levels as
previously calculated by ARCADIS. Of course these calculations resulted in
considerably higher noise levels. Møller et al. concluded the 20 dB limit value would
be exceeded in a very large area with many dwellings. They also stated they do not
consider noise limits such as the Dutch based on yearly averages as suitable for
wind turbine noise.


The second opinion report by Møller et al. was presented to the City Council of
Maastricht by one of the opponents of the proposed wind farm. This caused a lot of
confusion and unrest.


Note:
Already in 2010 and 2011 Möller et al. discussed their criticism on the new Danish
regulation with Mr. J. Jakobsen of the Danish Environmental Protection Agency in the
Journal of Low Frequency Noise, Vibration and Active Control [18][19]. Also, they
brought their criticism forward in the public consultation procedure for the new Danish
legislation. According to the Danish Ministry of Environment the underlying studies
were done according to the recommended Danish measurement procedure for low
frequency noise [20]. Also, the measurements were undertaken by experienced
noise experts. The sound insulation as defined in the statutory order is exceeded by
about 67% of the Danish dwellings. This means about 33% of the dwellings have a
poorer sound insulation. The Danish Ministry of Environment indicates this choice
has to be seen in relation to worst-case assumptions in the propagation calculations,
like the fact that the calculations assume a wind direction from the turbines towards
the dwellings and a wind speed of 8 m/s. However, these weather conditions only
occur a limited part of the time. For the Danish Ministry of Environment the criticism
by Aalborg University was no reason to adapt the legislation. As described before
this legislation entered into force in January 2012.


The Netherlands Commission for Environmental Assessment concluded the second
opinion report by Møller et al. was no reason to revise their positive advisory report
on the environmental impact assessment for the proposed wind farm [21]. The
Commission was of the opinion the chance of annoyance by low frequency noise had
been adequately described.


9. Conclusion
The calculations showed the proposed wind farm in Maastricht met the Dutch limit
values. It also met the Flemish target values. Taking the cumulative effects with the
Belgian wind farm into account, the Dutch noise limit was exceeded by 1 dB at a
dwelling located on an industrial area in Belgium. The Belgian target value was
exceeded by 1 dB(A) at the edge of a residential area in Belgium. This was deemed
acceptable because:


Legally the Dutch noise limit values only apply to the Dutch wind farm and the
Flemish target values only apply to the Belgian wind farm.
It is quite common to allow higher noise levels at dwellings on industrial sites.







13


Due to the vicinity of the residential area to the Belgian industrial area and wind
farm, the background noise levels at the edge of the residential area in Belgium
exceed the target value, which means a higher noise limit is applicable.


The assessment according to Dutch guidelines showed low frequency noise of the
proposed Dutch wind farm and existing Belgian wind farm would probably be audible
indoors within the nearest dwellings. However, the chance this audible noise would
lead to unacceptable noise nuisance was considered small. This was confirmed by
the fact that the cumulative noise levels also met the Danish limit values for low
frequency noise. The only exception was a dwelling on the industrial area. This was
deemed acceptable, because it is quite common to offer less protection to dwellings
on industrial sites.


A second opinion by the Danish Aalborg University showed ARCADIS had
understood and used the new Danish regulation for low frequency noise correctly.
However, Aalborg University criticized the new Danish legislation on low frequency
noise and was of the opinion the new regulation underestimates the actual indoor low
frequency noise levels. They reported the 20 dB limit value would in Maastricht be
exceeded in a very large area with many dwellings.


For the Netherlands Commission for Environmental Assessment the second opinion
report by Aalborg University was no reason to revise their positive advisory report on
the environmental impact assessment for the proposed wind farm.


Nevertheless, on April 24th, 2012 the City Council of Maastricht accepted a motion
not to continue the procedure for the zoning plan which would allow the proposed
wind turbines. The main reason was lack of support for the wind farm in the City
Council and the need to clear up this issue for the concerned citizens of Maastricht.
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