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ES

EXECUTIVE SUMMARY

Early down-wind wind turbines in the US created low frequency noise; however current up-wind
wind turbines generate considerably less low frequency noise. The results of Epsilon Associates,
Inc. (Epsilon) analysis and field testing indicate that there is no audible infrasound either outside or
inside homes at the any of the measurement sites – the closest site was approximately 900 feet from
a wind farm. Wind farms at distances beyond 1000 feet meet the ANSI standard for low frequency
noise in bedrooms, classrooms, and hospitals, meet the ANSI standard for thresholds of annoyance
from low frequency noise, and there should be no window rattles or perceptible vibration of lightweight walls or ceilings within homes. In homes there may be slightly audible low frequency noise
(depending on other sources of low frequency noise); however, the levels are below criteria and
recommendations for low frequency noise within homes. In accordance with the above findings
and in conjunction with our extensive literature search of scientific papers and reports, there should
be no adverse public health effects from infrasound or low frequency noise at distances greater than
1000 feet from the wind turbine types measured by Epsilon: GE 1.5sle and Siemens SWT 2.3-93.
Siemens SWT 2.3-93 Wind Turbine. Outdoor measurements of Siemens SWT 2.3-93 wind turbines
under high output and relatively low ground wind speed (which minimized effects of wind noise)
at 1000 feet indicate that infrasound is inaudible to the most sensitive people (more than 20 dB
lower than median thresholds of hearing); that outdoor equivalent ANSI/ASA S12.2 perceptible
vibration criteria are met; that the low frequency sounds are compatible with ANSI S12.9 Part 4
levels for minimal annoyance and beginning of rattles; that levels meet outdoor equivalent UK
Department for Environment, Food and Rural Affairs (DEFRA) disturbance-based guidelines for use
by Environmental Health Officers, and that low frequency sounds might be audible in some cases.
Based on the comparisons made to these criteria, there are no low frequency noise problems from
Siemens SWT 2.3-93 wind turbines at 1000 feet or beyond.
Indoor measurements of two homes with windows open and closed of Siemens SWT 2.3-93 wind
turbines at approximately 920 feet (under high output, maximum noise, and high ground winds)
and at 1060 feet (under moderate-high output, maximum noise and relatively low ground winds)
indicate infrasound is inaudible to the most sensitive people (more than 25 dB lower than median
thresholds of hearing). The low frequency noise at 50 Hz and above might be slightly audible
depending on background noises within the home or other external noises. The ANSI/ASA S12.2
low frequency criteria for bedrooms, classrooms and hospitals were met, as were the criteria for
moderately perceptible vibrations in light-weight walls and ceilings. DEFRA disturbance based
guidelines were met for steady low frequency sounds and were within 2 dB for non-steady low
frequency sounds. Based on the comparisons made to these criteria, there are no low frequency
noise problems indoors from Siemens SWT 2.3-93 wind turbines at 920 feet or beyond.
GE 1.5sle Wind Turbine. Outdoor measurements of GE 1.5sle wind turbines under high output and
relatively low ground wind speed (which minimized effects of wind noise) at 1000 feet indicate
that infrasound is inaudible to the most sensitive people (more than 20 dB lower than median
thresholds of hearing); that outdoor equivalent ANSI/ASA S12.2 perceptible vibration criteria are
2433/reports/LFN_Report_07_28_2009
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met; that the low frequency sounds are compatible with ANSI S12.9 Part 4 levels for minimal
annoyance and beginning of rattles; that levels meet or are within 1 dB of outdoor equivalent
DEFRA disturbance-based guidelines; and that the low frequency sounds might be audible in some
cases. Based on the comparisons made to these criteria, there are no low frequency noise
problems from GE 1.5sle wind turbines at 1000 feet or beyond.
Indoor measurements with windows open and closed of GE 1.5sle wind turbines at approximately
950 feet (under moderate output, maximum noise, and high ground winds) and at approximately
1025 feet (under moderate output, within 1.5 dBA of maximum noise, and high ground winds)
indicate infrasound is inaudible to the most sensitive people (more than 25 dB lower than median
thresholds of hearing). The low frequency noise at or above 50 or 63 Hz might be slightly audible
depending on background noises within the home or other external noises. The ANSI/ASA S12.2
low frequency criteria for bedrooms, classrooms and hospitals were met, as were the criteria for
moderately perceptible vibrations in light-weight walls and ceilings. DEFRA disturbance based
guidelines were met for steady low frequency sounds and non-steady low frequency sounds. Based
on the comparisons made to these criteria, there are no low frequency noise problems indoors for
GE 1.5sle wind turbines at distances beyond 950 feet.
Conclusions. Siemens SWT 2.93-93 and GE 1.5sle wind turbines at maximum noise at a distance
more than 1000 feet from the nearest residence do not pose a low frequency noise problem. At
this distance the wind farms:
i meet ANSI/ASA S12.2 indoor levels for low frequency sound for bedrooms,
classrooms and hospitals;
i meet ANSI/ASA S12.2 indoor levels for moderately perceptible vibrations in lightweight walls and ceilings;
i meet ANSI S12.9 Part 4 thresholds for annoyance and beginning of rattles;
i meet UK DEFRA disturbance based guidelines;
i have no audible infrasound to the most sensitive listeners;
i might have slightly audible low frequency noise at frequencies at 50 Hz and above
depending on other sources of low frequency noises in homes, such as refrigerators
or external traffic or airplanes; and
i meet ANSI S2.71 recommendations for perceptible ground-borne vibration in
residences during night time hours.

2433/reports/LFN_Report_07_28_2009

ES-2

Executive Summary
Epsilon Associates, Inc.

July 28, 2009

1.0

INTRODUCTION

Epsilon Associates, Inc. (“Epsilon”) has been retained by NextEra Energy Resources, LLC
(“NextEra”), formerly FPL Energy, to investigate whether the operation of their wind turbines may
create unacceptable levels of low frequency noise and infrasound. This question has been posed to
NextEra, and other wind energy developers and operators of utility-scale wind turbines. NextEra is
one of the world’s largest generators of wind power with approximately 6,400 net megawatts (MW)
as of April 2009.
Epsilon determined all means, methods, and the testing protocol without interference or direction
from NextEra. No limitations were placed on Epsilon by NextEra with respect to the testing
protocol or upon the analysis methods.
This report is composed of two distinct sections: the first portion defines terms, discusses known
effects of low frequency sound, and presents scientific guidelines and standards used to evaluate
low frequency sound. The second portion of the report examines specific wind turbines used by
NextEra, including data from field measurements at operating wind farms, and compares the
measured data to guidelines and standards. In addition, each NextEra wind turbine vendor
supplied detailed, reference sound level data in both A-weighted and octave band format in
accordance with the international standard IEC 61400-11, “Wind Turbine Generator Systems-Part
11; Acoustic Noise Measurement Techniques.” These data were used as an aide to focus the field
portion of the measurement program.
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2.0

DEFINITIONS

2.1

Low Frequency Noise/Sound
The frequency range 20 – 20,000 Hz is commonly described as the range of “audible”
noise. The frequency range of low frequency sound is generally from 20 Hertz (Hz) to 200
Hz, and the range below 20 Hz is often described as “infrasound”. However, audibility
extends to frequencies below 20 Hz.
Low frequency sound has several definitions. American National Standards ANSI/ASA
S12.2 and ANSI S12.9 Part 4 have provisions for evaluating low frequency noise, and these
special treatments apply only to sounds in the octave bands with 16, 31.5, and 63-Hz midband frequencies. For these reasons, in this paper on wind turbine noise, we use the term
“low frequency noise” to include 12.5 Hz – 200 Hz with emphasis on the 16 Hz, 31Hz and
63 Hz octave bands with a frequency range of 11 Hz to 89 Hz.

2.2

Infrasound
IEC 60050-801:1994 “International Electrotechnical Vocabulary – Chapter 801: Acoustics
and electroacoustics” defines “infrasound” as “Acoustic oscillations whose frequency is
below the low frequency limit of audible sound (about 16 Hz).” This definition is incorrect
since sound remains audible at frequencies well below 16 Hz provided that the sound level
is sufficiently high. In this paper we define infrasound to be below 20 Hz, which is the limit
for the standardized threshold of hearing.
Figure 2.2-1 shows these frequency regions and their common labels. Since there is no
sharp change in hearing at 20 Hz, the division into “low-frequency sound” and “infrasound”
should only be considered “practical and conventional.”
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Figure 2.2-1

Frequency Range of “Infrasound”, “Low Frequency Sound”, and “Audible
Sound”.
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3.0

EFFECTS OF LOW FREQUENCY SOUND AND INFRASOUND

3.1

Humans
3.1.1

Threshold of hearing

Moeller and Pedersen (2004) present an excellent summary on human perception of sound
at frequencies below 200 Hz. The ear is the primary organ for sensing infrasound. Hearing
becomes gradually less sensitive for decreasing frequencies. But, humans with a normal
hearing organ can perceive infrasound at least down to a few hertz if the sound level is
sufficiently high.
The threshold of hearing is standardized for frequencies down to 20 Hz (ISO 226:2003).
Based on extensive research and data, Moeller and Pedersen propose normal hearing
thresholds for frequencies below 20 Hz (see Figure 3.1-1). Moeller and Pedersen suggest
that the curve for normal hearing is “probably correct within a few decibels, at least in most
of the frequency range.”
The hearing thresholds show considerable variability from individual to individual with a
standard deviation among subjects of about 5 dB independent of frequency between 3 Hz
and 1000 Hz with a slight increase at 20 – 50 Hz. This implies that the audibility threshold
for 97.5% of the population is greater than the values in Figure 3.1-1 minus 10 dB and for
84% of the population is greater than the values in Figure 3.1-1 minus 5 dB. Moeller and
Pedersen suggest using the pure-tone thresholds in Figure 3.1-1 for non-sinusoidal sound;
this relationship is what is used in ISO 226 (International Organization for Standardization)
for frequencies down to 20 Hz.
Below 20 Hz as frequency decreases, if the noise source is tonal, the tonal sensation ceases.
Below 20 Hz tones are perceived as discontinuous. Below 10 Hz it is possible to perceive
the single cycles of a tone, and the perception changes into a sensation of pressure at the
ears.

3.1.2

Loudness

Below 100 Hz, the dynamic range of the auditory system decreases with decreasing
frequency, and the compressed dynamic range has an effect on equal loudness contours: a
slight change in sound level can change the perceived loudness from barely audible to
loud. This combined with the large variation in individual hearing may mean that a low
frequency sound that is inaudible to some may be audible to others, and may be relatively
loud to some of those for whom it is audible. Loudness for low frequency sounds grows
considerably faster above threshold than for sounds at higher frequencies. (Moeller and
Pedersen, 2004)
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3.1.3

Non-auditory perceptions

Non-auditory perception of low frequency and infrasound occurs only at levels above the
auditory threshold. In the frequency range of 4 – 25 Hz and at “levels 20 - 25 dB above
[auditory] threshold it is possible to feel vibrations in various parts of the body, e.g., the
lumbar, buttock, thigh and calf regions. A feeling of pressure may occur in the upper part
of the chest and the throat region” [emphasis added]. (Moeller and Pedersen, 2004).

3.2

Residential Structures
3.2.1

Airborne Vibration

Outdoor low frequency sounds of sufficient amplitude can cause building walls to vibrate
and windows to rattle. Homes have low values of transmission loss at low frequencies, and
low frequency noise of sufficient amplitude may be audible within homes. Window rattles
are not low frequency noise, but may be caused by low frequency noise.

3.2.2

Ground borne Vibration

While not studied nearly as extensively as noise, a few papers were found that examined
ground borne vibration from wind turbines (Styles, P. et al, 2005; Hayes McKenzie
Partnership, 2006; Gastmeier and Howe (2008)). Measurement of ground borne vibration
associated with wind turbine operations were detectable with instruments but were below
the threshold of perception, even within the wind farm (Gastmeier and Howe 2008; Snow,
D.J., 1997).
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Figure 3.1-1

Low Frequency Average Threshold of Hearing

Low Frequency Average Threshold of Hearing:
ISO 226 and Watanabe and Moeller (1990) for "Infrasound"
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4.0

GUIDELINES AND CRITERIA

4.1

United States Government
There are no specific criteria for low frequency noise in the United States. The US
Environmental Protection Agency (EPA) has guidelines for the protection of public health
with an adequate margin of safety in terms of annual average A-weighted day-night average
sound level (Ldn), but there are no corrections or adjustments for low frequency noise. The
US Department of Transportation (DOT) has A-weighted sound pressure level criteria for
highway projects and airports, but these do not have adjustments for low frequency noise.

4.2

American National Standards (voluntary)
4.2.1

ANSI/ASA S12.9-2007/Part 5

ANSI/ASA S12.9-2007/Part 5 “Quantities and Procedures for description and measurement
of environmental sound. Part 5: Sound Level Descriptors for Determination of Compatible
Land Use” has an informative annex which provides guidance for designation of land uses
compatible with existing or predicted sound levels. The noise metric in ANSI S12.9 Part 5
is the annual average of the adjusted day-night average outdoor sound level (DNL). Ranges
of the DNL are outlined, within which a specific region of compatibility may be drawn.
These ranges take into consideration the transmission loss in sound level from outside to
inside buildings as commonly constructed in that locality and living habits there. There are
adjustments to day-night average sound level to account for the presence of low frequency
noise, and the adjustments are described in ANSI S12.9 Part 4.

4.2.2

ANSI S12.9-2005/Part 4

ANSI S12.9-2005 Part 4 “Quantities and Procedures for description and measurement of
environmental sound. Part 4: Noise assessment and prediction of long-term community
response” provides procedures for assessing outdoor environmental sounds and provides
for adjustments to measured or predicted adjusted annual outdoor day-night A-weighted
sound level to account “for the change in annoyance caused by … sounds with strong lowfrequency content…”
ANSI S12.9 Part 4 does not specifically define the frequency range for “low-frequency”
sounds; however, evaluation methods for low frequency noise in Annex D use a sum of the
sound pressure levels in the 16, 31 and 63 Hz octave bands. Procedures apply only when
the difference in exterior C-weighted and A-weighted sound levels is greater than 10 dB,
(LpC – LpA) > 10 dB. Complicated procedures are given for adjustments to LAeq and Ldn
values. Adjustments are significant for high levels of low frequency sound.
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ANSI S12.9 Part 4 states: “Generally, annoyance is minimal when octave-band sound
pressure levels are less than 65 dB at 16, 31.5, and 63-Hz mid-band frequencies. However,
low-frequency sound characterized by rapidly fluctuating amplitude … may cause
annoyance when these octave-band sound pressure levels are less than 65 dB.”
For sounds with strong low-frequency content, adjusted sound exposure level (LNE) is
calculated from low-frequency sound pressure level LLF by:
LNE = 2(LLF – 65) + 55 +10log(t/1)
= 2 LLF - 75 +10log(t/1)

(Equation D.1 of ANSI S12.9 Part 4)

where LLF is 10 times the logarithm of the ratio of time-mean square sound pressures
in the 16, 31.5, and 63-Hz octave bands divided by the square of the reference
sound pressure and
t is the time duration of interest, in seconds, over which the low-frequency sound is
present.
The factor of 2 in equation (D.1) accounts for the rapid increase in annoyance with sound
pressure level at low frequencies. ANSI S12.9 Part 4 states: “Equation (D.1) also accounts
for the additional annoyance from rattles that begins when the low-frequency sound
pressure level [LLF] exceeds 75 dB.” Later, ANSI S12.9/Part 4 has a contradictory
recommendation: “To prevent the likelihood of noise-induced rattles, the low-frequency
sound pressure level [LLF] should be less than 70 dB.”
ANSI S12.9 /Part 4 identifies two thresholds: annoyance is minimal when the 16, 31.5 and
63 Hz octave band sound pressure levels are each less than 65 dB and there are no rapidly
fluctuations of the low frequency sounds. The second threshold is for increased annoyance
which begins when rattles occur, which begins at LLF 70 - 75 dB. Since determination of LLF
involves integrating concurrently the sound pressures in the three octave bands, an energy
sum of the levels in each of these separate bands results in an upper bound to LLF. (The
sound pressure level from the summation of these bands will always be less than LLF since
the sound pressures are not in phase within these three bands.)
It should be noted that a recent study on low frequency noise from aircraft operations
(Hodgdon, Atchley, Bernhard 2007) reported that an expert panel was critical of using this
LLF metric because it had not previously been used to characterize aircraft noise and its
reliance on the 16 Hz band since aircraft data does not extend down to 16 Hz and can not
be used with the FAA Integrated Noise Model.
The adjustment procedure for low frequency noise to the average annual A-weighted sound
pressure level in ANSI S12.9 Part 4 uses a different and more complicated metric and
procedure (Equation D.1) than those used for evaluating low frequency noise in rooms
contained in ANSI/ASA S12.2. (See section 4.2.3). Since we are evaluating low frequency
2433/reports/LFN_Report_07_28_2009
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noise and not A-weighted levels, we do not recommend using the procedure for adjusting
A-weighted levels. Instead we recommend using the following two guidelines from ANSI
S12.4 Part 9: a sound pressure level of 65 dB in each of the 16-, 31.5-, and 63 Hz octave
bands as an indicator of minimal annoyance, and 70 - 75 dB for the summation of the
sound pressure levels from these three bands as an indicator of possible increased
annoyance from rattles. This method is conservative since the sum of the levels in the three
bands will always be less than LLF.

4.2.3

ANSI/ASA S12.2-2008

ANSI/ASA S12.2-2008 discusses criteria for evaluating room noise, and has two separate
provisions for evaluating low frequency noise: (1) the potential to cause perceptible
vibration and rattles, and (2) meeting low frequency portions of room criteria curves.
Vibration and Rattles: Clause 6 and Table 6 of this standard contain limiting values of sound
pressure levels for vibrations and rattles from low frequency noise. The frequency range is
not defined, but limiting values and discussion relate only to octave-bands with center
frequencies of 16, 31 and 63 Hz. This is the same narrow frequency range from lowfrequency sounds as in ANSI S12.9/Part 4. Therefore, ANSI S12.9 Part 4 and ANSI/ASA
S12.2 are consistent in evaluating and assessing low frequency sounds both for annoyance
(interior and exterior measurements) and vibration (interior measurements) by using sound
pressure levels only in the 16, 31 and 63 Hz octave-bands.
ANSI/ASA S12.2 presents limiting levels at low frequencies for assessing (a) the probability
of clearly perceptible acoustically induced vibration and rattles in lightweight wall and
ceiling constructions, and (b) the probability of moderately perceptible acoustically induced
vibration in similar constructions. These 16, 31.5 and 63 Hz octave band sound pressure
level values are presented in Table 4.2-1. One set of values is for when “clearly perceptible
vibration and rattles” is likely, and a lower set of values is for when “moderately perceptible
vibration and rattles” is likely.
Table 4.2-1

Measured interior sound pressure levels for perceptible vibration and rattle in
lightweight wall and ceiling structures. [ANSI/ASA S12.2-2008]
Octave-band center frequency (Hz)
Condition

16

31.5

63

Clearly perceptible vibration and rattles likely

75 dB

75 dB

80 dB

Moderately perceptible vibration and rattles likely

65 dB

65 dB

70 dB

Since indoor measurements are not always possible, for comparison to outdoor sound
levels the indoor criteria from ANSI/ASA S12.2 should be adjusted. Outdoor to indoor low
frequency noise reductions have been reported by Sutherland for aircraft and highway noise
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for open and closed windows (Sutherland 1978) and by Hubbard for aircraft and wind
turbine noise for closed windows (Hubbard 1991). Table 4.2-2 presents the average low
frequency octave band noise reductions from outdoor to indoors from these two papers for
open and closed windows. Sutherland only reported values down to 63 Hz; whereas
Hubbard presented values to less than 10 Hz. The closed window conditions of Hubbard
were used to estimate noise reductions less than 63 Hz by applying the difference between
values for open and closed windows from Sutherland data at 63 Hz. It should be noted that
the attenuation for wind turbines in Hubbard is based on only three homes at two different
wind farms, whereas the traffic and aircraft data are for many homes. The wind turbine
open window values were obtained from the wind turbine closed window values by
subtracting the difference in values between windows closed and open obtained by
Sutherland.
Table 4.2-2

Average low frequency octave band noise reductions from outdoor to indoors in dB
(based on Sutherland (1978) and Hubbard (1991))
Octave Band Center Frequency
Noise Source

Window condition

16 Hz

31.5 Hz

63 Hz

Average aircraft
and traffic sources

Closed windows

16

15

18

Average aircraft
and traffic sources

Open Windows

(11)*

(10)*

12

Average Wind
Turbine

Closed Windows

8

11

14

Average Wind
Turbine

Open Windows

(3)*+

(6)* +

9+

* No data are available for windows open below 63 Hz octave band. The values for 16 Hz and 31 Hz were obtained by
subtracting the difference between the levels for 63 Hz closed and open conditions to the 16 and 31 Hz closed values.
+

Used in this report to determine equivalent outdoor criteria from indoor criteria

To be conservative, we use the open window case instead of closed windows. To be further
conservative, we use the wind turbine data (adjusted to open windows), which is based on
only three homes. However, it should be noted that it is possible for some homes to have
some slight amplification at low frequencies with windows open due to possible room
resonances. Applying the outdoor to indoor attenuations for wind turbine sources with
windows open given in the last row of Table 4.2-2 to the ANSI/ASA S12.2 indoor sound
pressure levels in Table 4.2-1 yields the equivalent outdoor sound pressure levels that are
consistent with the indoor criteria and are presented in Table 4.2-3.
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Table 4.2-3

Equivalent outdoor sound pressure levels for perceptible vibration and rattle in
lightweight wall and ceiling structures based on Tables 4.2-1 and 4.2-2 above for
wind turbines.
Octave-band center frequency (Hz)
Condition

16

31.5

63

Clearly perceptible vibration and rattles likely

78 dB

81 dB

89 dB

Moderately perceptible vibration and rattles likely

68 dB

71 dB

79 dB

Room Criteria Curves: ANSI/ASA S12.2 has three primary methods for evaluating the
suitability of noise within rooms: a survey method - A-weighted sound levels, an
engineering method – noise criteria (NC) curves and a method for evaluating low-frequency
fluctuating noise using room noise criteria (RNC) curves. “The RNC method should be used
to determine noise ratings when the noise from HVAC systems at low frequencies is loud
and is suspected of containing sizeable fluctuations or surging.” [emphasis added] The NC
curves are appropriate to evaluate low frequency noise from wind turbines in homes since
wind turbine noise does not have significant fluctuating low frequency noise sufficient to
warrant using RNC curves and since A-weighted sound levels do not adequately determine
if there are low frequency problems. [ANSI/ASA S12.2. section 5.3 gives procedures for
determining if there are large fluctuations of low frequency noise.]
Annex C.2 of this standard contains recommendations for bedrooms, which are the most
stringent rooms in homes: NC and RNC criteria curve between 25 and 30. The
recommended NC and RNC criteria for schools and private rooms in hospitals are the same.
The values of the sound pressure levels in the 16 – 250 Hz octave bands for NC curves 25
and 30 are shown in Table 4.2-4.
Table 4.2-4

Octave band sound pressure levels for noise criteria curves NC-25 and NC-30.
[From Table 1 of ANSI/ASA S12.2]
Octave-band-center frequency in Hz
16

31.5

63

125

250

NC-25

80

65

54

44

37

NC-30

81

68

57

48

41

ANSI/ASA S12.2 also presents a method to determine if the levels below 500 Hz octave
band are too high in relation to the levels in the mid-frequencies which could create a
condition of “spectrum imbalance”. The method for this evaluation is:

2433/reports/LFN_Report_07_28_2009

4-5

Guidelines and Criteria
Epsilon Associates, Inc.

July 28, 2009
i Calculate the speech interference level (SIL) for the measured spectrum. [SIL is the
arithmetic average of the sound pressure levels in the 500, 1000, 2000 and 4000
Hz octave bands.] Select the NC curve equal to the SIL value.
i Plot the measured spectra and the NC curve equal to the SIL value on the same
graph and determine the differences between the two curves in the octave bands
below 500 Hz.
i Estimate the likelihood that the excess low-frequency levels will annoy occupants of
the space using Table 4.2-5.
Table 4.2-5

Measured sound pressure level deviations from an NC (SIL) curve that may lead to
serious complaints [From ANSI/ASA S12.2:2008].
Measured Spectrum – NC(SIL), dB
Octave-band frequency, Hz =>

31.5

63

125

250

Possible serious dissatisfaction

*

6-9

6-9

6-9

Likely serious dissatisfaction

*

>9

>9

>9

*Insufficient data available to evaluate

4.3

Other Criteria
4.3.1

World Health Organization (WHO)

No specific low frequency noise criteria are proposed by the WHO. The Guidelines for
Community Noise report (WHO, 1999) mentions that if the difference between dBC and
dBA is greater than 10 decibels, then a frequency analysis should be performed to
determine if there is a low frequency issue. A document prepared for the World Health
Organization states that “there is no reliable evidence that infrasounds below the hearing
threshold produce physiological or psychological effects. Infrasounds slightly above
detection threshold may cause perceptual effects but these are of the same character as for
‘normal’ sounds. Reactions caused by extremely intense levels of infrasound can resemble
those of mild stress reaction and may include bizarre auditory sensations, describable as
pulsation and flutter” [Berglund (1995) p. 41]

4.3.2

The UK Department for Environment, Food, and Rural Affairs (DEFRA)

The report prepared by the University of Salford for the UK Department for Environment,
Food, and Rural Affairs (DEFRA) on low frequency noise proposed one-third octave band
sound pressure level Leq criteria and procedures for assessing low frequency noise [DEFRA
(2005)]. The guidelines are based on complaints of disturbance from low frequency sounds
and are intended to be used by Environmental Health Officers. Reports by Hayes (2006)
and others refer to the proposed criteria as “DEFRA criteria.” Tables 4.3-1 and 4.3-2 present
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the DEFRA criteria for assessment of low frequency noise measured indoors. The criteria
are “based on 5 dB below the ISO 226 (2003) average threshold of audibility for steady
[low frequency] sounds.” However, the DEFRA criteria are at 5 dB lower than ISO 226 only
at 20 - 31.5 Hz; at higher frequencies the criteria are equal to the Swedish criteria which are
higher levels than ISO 226 less 5 dB. For frequencies lower than 20 Hz, DEFRA uses the
thresholds from Watanabe and Moeller (1990) less 5 dB. In developing the DEFRA
guidelines, The University of Salford reviewed and considered existing low frequency noise
criteria from several European countries.
The DEFRA criteria are based on measurements in an unoccupied room. Hayes Mackenzie
(2006) noted that measurements should be made with windows closed; however, we
conservatively used windows open conditions for our assessment. If the low frequency
sound is “steady” then the criteria may be relaxed by 5 dB. A low frequency noise is
considered steady if either of the conditions a) or b) below is met in the third octave band
which exceeds the criteria by the greatest margin:
a) L10-L90 < 5dB
b) the rate of change of sound pressure level (Fast time weighting) is less than 10 dB
per second
Applying indoor to outdoor one-third octave band transfer functions for open windows
(from analysis in Sutherland (1978) and Hubbard (1991) yields equivalent one-third octave
band sound pressure level proposed DEFRA criteria for outdoor sound levels. Table 4.3-1
presents both the indoor DEFRA proposed criteria and equivalent proposed criteria for
outdoors for non-steady low-frequency sounds. Table 4.3-2 presents the DEFRA proposed
criteria for a steady low frequency sound.
Table 4.3-1

DEFRA proposed criteria for the assessment of low frequency noise disturbance:
indoor and equivalent outdoor Leq one-third sound pressure levels for non-steady
low frequency sounds. [DEFRA (2005)]
One-Third Octave Band Center Frequency, Hz

Location

10

12.5

16

20

25

31.5

40

50

63

80

100

125

160

Indoor Leq, dB

92

87

83

74

64

56

49

43

42

40

38

36

34

Equivalent
Outdoor Leq, dB

94

89

86

78

68.5

61

56

51

51

49

47

45

43
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Table 4.3-2

DEFRA criteria for the assessment of low frequency noise disturbance: indoor and
equivalent outdoor Leq one-third sound pressure levels for steady low frequency
sounds. [DEFRA (2005)]
One-Third Octave Band Center Frequency, Hz

Location

10

12.5

16

20

25

31.5

40

50

63

80

100

125

160

Indoor Leq, dB

97

92

88

79

69

61

54

48

47

45

43

41

39

Equivalent
Outdoor*Leq, dB

99

94

91

83

73.5

66

61

56

56

54

52

50

48

* With windows open

4.3.3

C-weighted minus A-weighted (LpC- LpA)

Leventhall (2003) and others indicate that the difference in C-weighted and A-weighted
sound pressure levels can be a predictor of annoyance. Leventhall states that if (LpC – LpA) is
greater than 20 dB there is “a potential for a low frequency noise problem.” He further
states that (LpC – LpA) cannot be a predictor of annoyance but is a simple indicator that
further analysis may be needed. This is due in part to the fact that the low frequency noise
may be inaudible even if (LpC – LpA) is greater than 20 dB.

4.3.4

Threshold of hearing

ISO 226:2003 gives one-third octave band threshold of hearing down to 20 Hz. Watanabe
and Moeller (1990) have extended these to 10 Hz and lower, and the values are reported in
Moeller and Pedersen (2004). Denmark has established low frequency noise criteria based
on audibility. The Danish criteria are “based on hearing thresholds for the 10% most
sensitive people in an ontologically unselected population aged 50-60 years. These 10%
thresholds are typically about 4-5 dB lower than the average threshold for ontologically
normal young adults (18-25 years) as given in ISO 226.” [DEFRA (2005)]. Other reports
indicate that the standard deviation of these thresholds is also about 5 dB. Table 4.3-3
presents one-third octave band threshold of hearing according to ISO 226 and Watanabe
and Moeller. The second row in Table 4.3-3 presents the values that are 5 dB less than the
threshold.
Table 4.3-3

Threshold of audibility from ISO 226 and Watanabe and Moeller (1990)
One-Third Octave band center frequency, Hz

4

5

6.3

8

10

12.5

16

20

25

31.5

40

50

63

80

100

125

160

Threshold

107

105

102

100

97

92

88

79

69

60

51

44

38

32

27

22

18

Threshold
– 5 dB

102

100

97

95

92

87

83

74

64

55

46

39

33

27

22

17

13
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The average threshold of hearing values in Table 4.3-3 are also shown in Figure 3.1-1.

4.3.5

Ground-Borne Vibration

ANSI S2.71-1983 (formerly ANSI S3.29-1983) presents recommendations for magnitudes of
ground-borne vibration which humans will perceive and possibly react to within buildings.
A basic rating is given for the most stringent conditions, which correspond to the
approximate threshold of perception of the most sensitive humans. From the base rating,
multiplication factors should be applied according to the location of the receiver; for
continuous sources of vibration in residences at nighttime, the multiplication factor is 1.0 –
1.4.
ANSI S2.71-1983 presents one-third octave band acceleration or velocity ratings for z-axis,
and x-, y-axis vibrations. For spaces in which the occupants may be sitting, standing, or
lying at various times, the standard recommends using a combined axis rating which is
obtained from the most stringent rating for each axis. Measurements in each of the 3 axes
should be compared to the combined axis rating. Table 4.3-4 presents the base response
velocity ratings for the combined axis. The velocity ratings are for root-mean-square (RMS)
values.
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Table 4.3-4

Base response one-third octave band RMS velocity ratings for the three biodynamic
vibration axes and combined axis (From ANSI S2.71-1983 (R2006)

One-Third Octave band
center frequency, Hz

Velocity (RMS), m/s
z axis

x, y axis

Combined axis

1

1.6 x 10-3

5.7 x 10-4

5.7 x 10-4

1.25

1.1 x 10-3

4.6 x 10-4

4.6 x 10-4

1.6

8.0 x 10-4

3.6 x 10-4

3.6 x 10-4

2

5.6 x 10-4

2.9 x 10-4

2.9 x 10-4

2.5

4.0 x 10-4

2.9 x 10-4

2.4 x 10-4

3.15

2.9 x 10-4

2.9 x 10-4

2.1 x 10-4

4

2.0 x 10-4

2.9 x 10-4

1.7 x 10-4

5

1.6 x 10-4

2.9 x 10-4

1.4 x 10-4

6.3

1.3 x 10-4

2.9 x 10-4

1.2 x 10-4

8

1.0 x 10-4

2.9 x 10-4

1.0 x 10-4

10

1.0 x 10-4

2.9 x 10-4

1.0 x 10-4

12.5

1.0 x 10-4

2.9 x 10-4

1.0 x 10-4

16

1.0 x 10-4

2.9 x 10-4

1.0 x 10-4

20

1.0 x 10-4

2.9 x 10-4

1.0 x 10-4

25

1.0 x 10-4

2.9 x 10-4

1.0 x 10-4

31.5

1.0 x 10-4

2.9 x 10-4

1.0 x 10-4

40

1.0 x 10-4

2.9 x 10-4

1.0 x 10-4

50

1.0 x 10-4

2.9 x 10-4

1.0 x 10-4

63

1.0 x 10-4

2.9 x 10-4

1.0 x 10-4

80

1.0 x 10-4

2.9 x 10-4

1.0 x 10-4
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5.0

LITERATURE REVIEW

Epsilon performed an extensive literature search of over 100 scientific papers, technical reports and
summary reports on low frequency sound and infrasound - hearing, effects, measurement, and
criteria. The following paragraphs briefly summarize the findings from some of these papers and
reports.

5.1

H. Moeller and C. S. Pedersen (2004)
Moeller and Pedersen (2004) present a comprehensive summary on hearing and nonauditory perception of sound at low and infrasonic regions, some of which has been cited
in sections 3.1.1, 3.1.2, and 3.1.3 of this report.

5.2

Leventhall (2003)
Leventhall presents an excellent study on low frequency noise from all sources and its
effects. The report presents criteria in place at that time. Included are figures and data
relating cause and effects.

5.3

Leventhall (2006)
Leventhall reviewed data and allegations on alleged problems from low frequency noise
and infrasound from wind turbines. Leventhall concluded the following: “It has been
shown that there is insignificant infrasound from wind turbines and that there is normally
little low frequency noise.” “Turbulent air inflow conditions cause enhanced levels of low
frequency noise, which may be disturbing, but the overriding noise from wind turbines is
the fluctuating audible swish, mistakenly referred to as “infrasound” or “low frequency
noise”.
“Infrasound from wind turbines is below the audible threshold and of no
consequence”. Other studies have shown that wind turbine generated infrasound levels are
below threshold of perception and threshold of feeling and body reaction.

5.4

Delta (2008)
The Danish Energy Authority project on “low frequency noise from large wind turbines”
comprises a series of investigations in the effort to give increased knowledge on low
frequency noise from wind turbines. One of the conclusions of the study is that wind
turbines do not emit audible infrasound, with levels that are “far below the hearing
threshold.” Audible low frequency sound may occur both indoors and outdoors, “but the
levels in general are close to the hearing and/or masking level.” “In general the noise in the
critical band up to 100 Hz is below both thresholds”. The summary report notes that for
road traffic noise (in the vicinity of roads) the low frequency noise levels are higher [than
wind turbine] both indoors and outdoors.
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5.5

Hayes McKenzie (2006)
Hayes McKenzie performed a study for the UK Department of Trade & Industry (DTI) to
investigate complaints of low frequency noise that came from three of the five farms with
complaints out of 126 wind farms in the UK. The study concluded that:
i Infrasound associated with modern wind turbines is not a source which will result in
noise levels that are audible or which may be injurious to the health of a wind farm
neighbor.
i Low frequency noise was measureable on a few occasions, but below DEFRA
criteria. Wind turbine noise may result in indoor noise levels within a home that is
just above the threshold of audibility; however, it was lower than that of local road
traffic noise.
i The common cause of the complaints was not associated with low frequency noise
but the occasional audible modulation of aerodynamic noise, especially at night.
Data collected indoors showed that the higher frequency modulated noise levels
were insufficient to awaken the residents at the three sights; however, once awake,
this noise could result in difficulties in returning to sleep.
The UK Department of Trade and Industry, which is now the UK Department for Business
Enterprise and Regulatory Reform (BERR), summarized the Hayes McKenzie report: “The
report concluded that there is no evidence of health effects arising from infrasound or low
frequency noise generated by wind turbines.” [BERR (2007)]

5.6

Howe (2006)
Howe performed extensive studies on wind turbines and infrasound and concluded that
infrasound was not an issue for modern wind turbine installations – “while infrasound can
be generated by wind turbines, it is concluded that infrasound is not of concern to the
health of residences located nearby.” Since then Gastmeier and Howe (2008) investigated
an additional situation involving the alleged “perception of infrasound by individual.” In
this additional case, the measured indoor infrasound was at least 30 dB below the
perception threshold given by Watanabe and Moeller (1990) as presented in Table 4.3-3.
Gastmeier and Howe (2008) also performed vibration measurements at the residence and
nearest wind turbine, and concluded that the vibration levels were well below the
perception limits discussed in ISO 2631-2.
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5.7

Branco (2004)
Branco and other Portuguese researchers have studied possible physiological affects
associated with high amplitude low frequency noise and have labeled these alleged effects
as “Vibroacoustic Disease” (VAD). “Vibroacoustic disease (VAD) is a whole-body, systemic
pathology, characterized by the abnormal proliferation of extra-cellular matrices, and
caused by excessive exposure to low frequency noise.” Hayes (2007, 2008) concluded that
levels from wind farms are not likely to cause VAD after comparing noise levels from
alleged VAD cases to noise levels from wind turbines in homes of complainers. Noise
levels in aircraft in which VAD has been hypothesized are considerably higher than wind
turbine noise levels. Hayes also concluded that it is “unlikely that symptoms will result
through induced internal vibration from incident wind farm noise.” [Hayes (2007)] Other
studies have found no VAD indicators in environmental sound that have been alleged by
VAD proponents. [ERG (2001)]

5.8

French National Academy of Medicine (2006)
French National Academy of Medicine recommended “as a precaution construction should
be suspended for wind turbines with a capacity exceeding 2.5 MW located within 1500 m
of homes.” [emphasis added] However, this precaution is not because of definitive health
issues but because:
i sound levels one km from some wind turbine installations “occasionally exceed
allowable limits” for France (note that the allowable limits are long term averages)
i French prediction tools for assessment did not take into account sound levels
created with wind speeds greater than 5 m/s.
i Wind turbine noise has been compared to aircraft noise (even though the sound
levels of wind turbine noise are significantly lower), and exposure to high level
aircraft noise “involves neurobiological reactions associated with an increased
frequency of hypertension and cardiovascular illness. Unfortunately, no such study
has been done near wind turbines.” [Gueniot (2006)].
In March 2008, the French Agency for Environmental and Occupational Health Safety
(AFSSET) published a report on “the health impacts of noise generated by wind turbines”,
commissioned by the Ministries of Health and Environment in June 2006 following the
report of the French National Academy of Medicine in March 2006. [AFSSET (2008)] The
AFSSET study recommends that one does not define a fixed distance between wind farms
and homes, but rather to model the acoustic impact of the project on a case-by-case basis.
One of the conclusions of the AFSSET report is: "The analysis of available data shows: The
absence of identified direct health consequences concerning the auditory effects or specific
effects usually associated with exposure to low frequencies at high level.” (“L'analyse des
données disponibles met en évidence: L'absence de conséquences sanitaires directes
recensées en ce qui concerne les effets auditifs, ou les effets spécifiques généralement
attachés à l'exposition à des basses fréquences à niveau élevé.”)

2433/reports/LFN_Report_07_28_2009

5-3

Literature Review
Epsilon Associates, Inc.

July 28, 2009

6.0

REPRESENTATIVE WIND TURBINES

At the direction of NextEra, two types of utility-scale wind turbines were studied:
i General Electric (GE) 1.5sle (1.5 MW), and
i Siemens SWT-2.3-93 (2.3 MW).
Typical hub height for these wind turbines is 80 meters above ground level (AGL).
Sound levels for these wind turbine generators (WTGs) vary as a function of wind speed from cut-in
wind speed to maximum sound level. Table 6.0-1 below lists the reference sound power levels of
each WTG as a function of wind speed at 10 meters AGL as provided by the manufacturer. This is
in conformance with the sound level standard for wind turbines [IEC 61400-11].
Table 6.0-1

Sound power levels as a Function of Wind Speed (dBA)
Wind Speed at 10
meters AGL (m/s)
3

GE 1.5 sle
80 m hub height;
77 m rotor diameter
<96

Siemens SWT-2.3-93
80 m hub height;
92.4 m rotor diameter
ND

4

<96

ND

5

99.1

99

6

103.0

103.4

7

104

104.9

8

104

105.1

9

104

105.0

10

104

105.0

ND = No Data available

Each wind turbine manufacturer applied the uncertainty factor K of 2 dBA to guarantee the turbine’s
sound power level. (According to IEC TS 61400-14, K accounts for both measurement variations
and production variation.) The results in Section 8.0 use the manufacturer’s guaranteed value, that
is, 2 dBA above the levels in Table 6.0-1.
One-third octave band sound power level data have also been provided for each turbine reflective
of the highest A-weighted level (typically a wind speed of 8 m/s or greater at 10 m AGL). These
data are reference (not guaranteed) data, and are summarized below in Table 6.0-2. Cut-in wind
speed for the GE 1.5 sle wind turbine is 3.5 m/s while the Siemens wind turbine has a cut-in wind
speed of 4 m/s. The last two rows in Table 6.0-2 contain the overall A-weighted sound power levels
from Table 6.0-1 and the guaranteed values.
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Table 6.0-2

One-Third Octave Sound Power Levels at 8 m/s (un-weighted, dB)
1/3 Octave Band
Center Frequency,
Hz
25

GE 1.5 sle
80 m hub height;
77 m rotor diameter
ND

Siemens SWT-2.3-93
80 m hub height;
92.4 m rotor diameter
109.0

31.5

ND

105.7

40

ND

105.3

50

106.4

105.3

63

106.1

104.8

80

105.1

104.7

100

103.9

104.8

125

102.8

105.3

160

105.8

103.2

200

101.6

103.7

250

100.6

105.0

315

100.6

102.5

400

99.1

100.2

500

97.0

97.8

630

95.1

95.8

800

94.8

93.5

1000

92.8

92.7

1250

91.7

90.6

1600

90.5

88.2

2000

88.4

87.1

2500

85.8

85.6

3150

83.6

83.9

4000

81.2

82.1

5000

78.1

80.8

6300

76.0

79.9

8000

72.4

79.4

10000

73.3

80.0

Overall - Reference

104 dBA

105 dBA

Guaranteed

106 dBA

107 dBA

ND = No data provided.
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7.0

FIELD PROGRAM

Real-world data were collected from operating wind turbines to compare to the low frequency
noise guidelines and criteria discussed previously in Section 4.0. These data sets consisted of
outdoor measurements at various reference distances, and concurrent indoor/outdoor
measurements at residences within the wind farm. Epsilon determined all means, methods, and the
testing protocol without interference or direction from NextEra. No limitations were placed on
Epsilon by NextEra with respect to the testing protocol or upon the analysis methods.

7.1

GE 1.5sle and Siemens SWT-2.3-93
Field measurements were conducted in order to measure sound levels at operating wind
turbines, and compare them to the guidelines and criteria discussed in this report. NextEra
provided access to the Horse Hollow Wind Farm in Taylor and Nolan Counties, Texas in
November 2008 to collect data on the GE 1.5 sle and Siemens SWT-2.3-93 wind turbines.
The portion of the wind farm used for testing is relatively flat with no significant terrain.
The land around the wind turbines is rural and primarily used for agriculture and cattle
grazing. The siting of the sound level measurement locations was chosen to minimize local
noise sources except the wind turbines and the wind itself.
Two noise consultants collected sound level and wind speed data over the course of one
week under a variety of operational conditions. Weather conditions were dry the entire
week with ground level winds ranging from calm to 28 mph (1-minute average). In order to
minimize confounding factors, the data collection tried to focus on periods of maximum
sound levels from the wind turbines (moderate to high hub height winds) and light to
moderate ground level winds.
Ground level (2 meters AGL) wind speed and direction were measured continuously at one
representative location. Wind speeds near hub height were also measured continuously
using the permanent meteorological towers maintained by the wind farm.
A series of simultaneous interior and exterior sound level measurements were made at four
houses owned by participating landowners within the wind farm. Two sets were made of
the GE WTGs, and two sets were made of the Siemens WTGs. Data were collected with
both windows open and windows closed. Due to the necessity of coordinating with the
homeowners in advance, and reasonable restrictions of time of day to enter their homes,
the interior/exterior measurement data sets do not always represent ideal conditions.
However, enough data were collected to compare to the criteria and draw conclusions on
low frequency noise.
Sound level measurements were also made simultaneously at two reference distances from
a string of wind turbines under a variety of wind conditions. Using the manufacturer’s
sound level data discussed in Section 6.0, calculations of the sound pressure levels as a
function of distance in flat terrain were made to aid in deciding where to collect data in the
field. Based on this analysis, two distances from the nearest wind turbine were selected 1000 feet and 1500 feet - and were then used where possible during the field program.
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Distances much larger than 1,500 feet were not practical since an adjacent turbine string
could be closer and affect the measurements, or would put the measurements beyond the
boundaries of the wind farm property owners. Brief background sound level measurements
were conducted several times during the program whereby the Horse Hollow Wind Farm
operators were able to shutdown the nearby WTGs for a brief (20 minutes) period. This
was done in real time using cell phone communication.
All the sound level measurements described above were attended by the noise consultants.
One series of unattended overnight measurements was made at two locations for
approximately 15 hours to capture a larger data set. One measurement was set up
approximately 1,000 feet from a GE 1.5 sle WTG and the other was set up approximately
1,000 feet from a Siemens WTG. The location was chosen based on the current wind
direction forecast so that the sound level equipment would be downwind for the majority of
the monitoring period. By doing this, the program was able to capture periods of strong
hub-height winds and moderate to low ground-level winds.
Ground-borne vibration measurements were made within the Horse Hollow Wind Farm.
Measurements were made 400 feet and 1000 feet downwind from both GE 1.5 sle and
Siemens 2.3 MW WTGs under full operation. In addition, background vibration
measurements were made with the WTGs briefly shutdown.

7.2

Measurement Equipment
Ground level wind speed and direction were measured with a HOBO H21-002 micro
weather station (Onset Computer Corporation). The data were sampled every three seconds
and logged every one minute. All sound levels were measured using two Norsonic Model
Nor140 precision sound analyzers, equipped with a Norsonic-1209 Type 1 Preamplifier, a
Norsonic-1225 half-inch microphone and a 7-inch Aco-Pacific untreated foam windscreen
Model WS7. The instrumentation meets the “Type 1 - Precision” requirements set forth in
American National Standards Institute (ANSI) S1.4 for acoustical measuring devices. The
microphone was tripod-mounted at a height of five feet above ground. The measurements
included simultaneous collection of broadband (A-weighted) and one-third-octave band
data (0.4 hertz to 20,000 hertz bands). Sound level data were primarily logged in 10minute intervals to be consistent with the wind farm’s Supervisory Control And Data
Acquisition (SCADA) system which provides power output (kW) in 10-minute increments.
A few sound level measurements were logged using 20-miute intervals. The meters were
calibrated and certified as accurate to standards set by the National Institute of Standards
and Technology. These calibrations were conducted by an independent laboratory within
the past 12 months.
The ground-borne vibration measurements were made using an Instantel Minimate Plus
vibration and overpressure monitor. A triaxial geophone inserted in the ground measured
the particle velocity (PPV). Each measurement was 20 seconds in duration and all data
were stored in memory for later retrieval.
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8.0

RESULTS AND COMPARISON TO CRITERIA

Results from the field program are organized by wind turbine type. For each wind turbine type,
results are presented per location type (outdoor or indoor) with respect to applicable criteria.
Results are presented for 1,000 feet from the nearest wind turbine. Data were also collected at
1,500 feet from the nearest wind turbine which showed lower sound levels. Therefore, wind
turbines that met the criteria at 1,000 feet also met it at 1,500 feet. Data were collected under both
high turbine output and moderate turbine output conditions, and low ground-level wind speeds
(defined as sound power levels 2 or 3 dBA less than the maximum sound power levels). The sound
level data under the moderate conditions were equivalent to or lower than the high turbine output
scenarios, thus confirming the conclusions from the high output cases. A-weighted sound power
levels presented in this section (used to describe turbine operation) were estimated from the actual
measured power output (kW) of the wind turbines and the sound power levels as a function of
wind speed presented in Table 6.0-1 plus an adjustment factor of 2 dBA (correction from reference
values to guaranteed values).
Outdoor measurements are compared to criteria for audibility, for UK DEFRA disturbance using
equivalent outdoor levels, for rattle and annoyance criteria as contained in ANSI S12.9 Part 4, and
for perceptible vibration using equivalent outdoor levels from ANSI/ASA S12.2.
Indoor
measurements are compared to criteria for audibility, for UK DEFRA disturbance, and for suitability
of bedrooms, hospitals and schools and perceptible vibration from ANSI/ASA S12.2.

8.0.1

Audibility

The threshold of audibility criteria discussed in section 4.3.4 is used to evaluate wind
turbine sound levels. The audibility of wind turbines both outdoors and indoors was
examined.

8.0.2

UK DEFRA Disturbance Criteria

The DEFRA one-third octave band sound pressure level Leq criteria and procedures for
assessing disturbance from low frequency noise (see section 4.3.2) were examined. The
indoor criteria and equivalent outdoor criteria were compared to measured low frequency
noise from wind turbines.

8.0.3

Perceptible Vibration, Rattle and Annoyance – Outdoor Measurements

The ANSI/ASA S12.2 interior perceptible vibration criteria were converted to equivalent
outdoor criteria as discussed in section 4.2.3 and compared to the measured low frequency
noise from wind turbines. In addition, measured data were compared to ANSI S12.9 Part 4
low frequency sound levels for minimal annoyance and for the threshold for beginning of
rattles as described in section 4.2.2.
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8.0.4

ANSI/ASA S12.2 Low Frequency Criteria – Indoor Measurements

The ANSI/ASA S12.2 interior perceptible vibration criteria and low frequency portions of
the room criteria for evaluating the suitability of noises in bedrooms, hospitals and schools
were compared to indoor measurements of low frequency noise from wind turbines. (See
section 4.2.3.)

8.1

Siemens SWT-2.3-93
8.1.1

Outdoor Measurements - Siemens SWT-2.3-93

Several periods of high wind turbine output and relatively low ground wind speed (which
minimized effects of wind noise) were measured outdoors approximately 1,000 feet from
the closest Siemens WTG. This site was actually part of a string of 15 WTGS, four of which
were within 2,000 feet of the monitoring location. The sound level data presented herein
include contributions from all wind turbines as measured by the recording equipment. The
key operational and meteorological parameters during these measurements are listed in
Table 8.1-1
Table 8.1-1

Summary of Operational Parameters – Siemens SWT-2.3-93 (Outdoor)
Parameter
Distance to nearest WTG
Time of day
WTG power output
Sound power
Measured wind speed @ 2 m
LAeq
LA90
LCeq

8.1.1.1

Sample #34
1,000 feet
22:00-22:10
1,847 kW
107 dBA
3.3 m/s
49.4 dBA
48.4 dBA
63.5 dBC

Sample #39
1,000 feet
22:50-23:00
1,608 kW
106.8 dBA
3.4 m/s
49.6 dBA
48.6 dBA
63.2 dBC

Outdoor Audibility

Figure 8.1-1 plots the one-third octave band sound levels (Leq) for both samples of high
output conditions. The results show that infrasound is inaudible to even the most sensitive
people 1,000 feet from these wind turbines (more than 20 dB below the median thresholds
of hearing). Low frequency sound above 40 Hz may be audible depending on background
sound levels.
8.1.1.2

UK DEFRA Disturbance Criteria – Outdoor measurements

Figure 8.1-2 plots the one-third octave band sound levels (Leq) for both samples of high
output conditions. The low frequency sound was “steady” according to DEFRA procedures,
and the results show that all outdoor equivalent DEFRA disturbance criteria are met.
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8.1.1.3

Perceptible Vibration, Rattle and Annoyance – Outdoor Measurements

Figure 8.1-3 plots the 16, 31.5, and 63 Hz octave band sound levels (Leq) for both samples
of high output conditions. The results show that all outdoor equivalent ANSI/ASA S12.2
perceptible vibration criteria are met. The low frequency sound levels are below the ANSI
S12.9 Part 4 thresholds for the beginning of rattles (16, 31.5, 63 Hz total less than 70 dB),
and the 31.5 and 63 Hz sound levels are below the level of 65 dB identified for minimal
annoyance in ANSI S12.9 Part 4, and the 16 Hz sound level is within 1.5 dB of this level,
which is an insignificant increase since the levels were not rapidly fluctuating.

8.1.2

Indoor Measurements - Siemens SWT-2.3-93

Simultaneous outdoor and indoor measurements were made at two residences at different
locations within the wind farm to determine indoor audibility of low frequency noise from
Siemens WTGs. In each house measurements were made in a room facing the wind
turbines, and were made with either window open or closed. These residences are
designated Homes “A” and “D” and were approximately 1,000 feet from the closest
Siemens WTG. Both homes were near a string of multiple WTGS, four of which were
within 2,000 feet of the house. The sound level data presented herein include
contributions from all wind turbines as measured by the recording equipment. The key
operational and meteorological parameters during these measurements are listed in Table
8.1-2.
Table 8.1-2

Summary of Operational Parameters – Siemens SWT-2.3-93 (Indoor)
Parameter

Home “A” (closed / open)

Home “D” (closed / open)

Distance to nearest WTG

1,060 feet

920 feet

Time of day

7:39-7:49 / 7:51-8:01

16:16-16:26 / 16:30 -16:40

WTG power output

1,884 kW / 1564 kW

2,301 kW / 2299 kW

Sound power

107 dBA / 106.7 dBA

107 dBA / 107 dBA

Measured wind speed @ 2 m

3.2 m/s / 3.7 m/s

9.6 m/s / 8.8 m/s

LAeq

33.8 dBA /38.1 dBA

35.0 dBA / 36.7 dBA

LA90

28.1 dBA / 36.8 dBA

29.6 dBA / 31.2 dBA

LCeq

54.7 dBC / 57.1 dBC

52.8 dBC / 52.5 dBC

8.1.2.1

Indoor Audibility

Figure 8.1-4a plots the indoor one-third octave band sound levels (Leq) for Home “A”, and
Figure 8.1-4b plots the indoor one-third octave band sound levels for Home “D”. The
results show that infrasound is inaudible to even the most sensitive people 1,000 feet from
these wind turbines with the windows open or closed (more than 20 dB below the median
thresholds of hearing). Low frequency sound at or above 50 Hz may be audible depending
on background sound levels.
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8.1.2.2

UK DEFRA Disturbance Criteria – Indoor Measurements

Figure 8.1-5a plots the indoor one-third octave band sound levels (Leq) for Home “A”. The
low frequency sound was “steady” according to DEFRA procedures, and the results show
that all outdoor equivalent DEFRA disturbance criteria are met. Figure 8.1-5b plots the
indoor one-third octave band sound levels (Leq) for Home “D”. According to DEFRA
procedures, the low frequency sound was not “steady” and therefore the data were
compared to both criteria. The results show the DEFRA disturbance criteria were met for
steady low frequency sounds, the DEFRA criteria were met for unsteady low frequency
sounds except for the 125 Hz band, which was within 1 dB, which is an insignificant
difference.
8.1.2.3

ANSI/ASA S12.2 Low Frequency Criteria – Indoor Measurements

Figure 8.1-6a plots the indoor 16 Hz to 125 Hz octave band sound levels (Leq) for Home
“A”, and Figure 8.1-6b plots the indoor 16 Hz to 125 Hz octave band sound levels (Leq) for
Home “D”. The results show the ANSI/ASA S12.2 low frequency criteria were easily met
for both windows open and closed scenarios. The ANSI/ASA S12.2 low frequency criteria
for bedrooms, classrooms and hospitals were met, the spectrum was balanced, and the
criteria for moderately perceptible vibrations in light-weight walls and ceilings were also
met.

8.2

GE 1.5sle
8.2.1

Outdoor Measurements - GE 1.5sle

Several periods of high wind turbine output and relatively low ground wind speed (which
minimized effects of wind noise) were measured outdoors approximately 1,000 feet from
the closest GE 1.5 sle WTG. This site was actually part of a string of more than 30 WTGS,
four of which were within 2,000 feet of the monitoring location. The sound level data
presented herein include contributions from all wind turbines as measured by the recording
equipment. The key operational and meteorological parameters for these measurements
are listed in Table 8.2-1.
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Table 8.2-1

Summary of Operational Parameters – GE 1.5sle (Outdoor)
Parameter

Sample #46

Sample #51

Distance to nearest WTG

1,000 feet

1,000 feet

Time of day

23:10-23:20

00:00-00:10

WTG power output

1,293 kW

1,109 kW

Sound power

106 dBA

106 dBA

Measured wind speed @ 2 m

4.1 m/s

3.3 m/s

LAeq

50.2 dBA

50.7 dBA

LA90

49.2 dBA

49.7 dBA

LCeq

62.5 dBC

62.8 dBC

8.2.1.1

Outdoor Audibility

Figure 8.2-1 plots the one-third octave band sound levels (Leq) for both samples of high
output conditions. The results show that infrasound is inaudible to even the most sensitive
people 1,000 feet from these wind turbines (more than 20 dB below the median thresholds
of hearing). Low frequency sound at and above 31.5 - 40 Hz may be audible depending on
background sound levels.
8.2.1.2

UK DEFRA Disturbance Criteria – Outdoor measurements

Figure 8.2-2 plots the one-third octave band sound levels (Leq) for both samples of high
output conditions. The low frequency sound was “steady” according to DEFRA procedures,
and the results show the low frequency sound meet or are within 1 dB of outdoor
equivalent DEFRA disturbance criteria.
8.2.1.3

Perceptible Vibration, Rattle and Annoyance – Outdoor Measurements

Figure 8.2-3 plots the 16, 31.5, and 63 Hz octave band sound levels (Leq) for both samples
of high output conditions. The results show that all outdoor equivalent ANSI/ASA S12.2
perceptible vibration criteria are met. The low frequency sound levels are below the ANSI
S12.9 Part 4 thresholds for the beginning of rattles (16, 31.5, 63 Hz total less than 70 dB),
and the 16, 31.5, 63 Hz sound levels are below the level of 65 dB identified for minimal
annoyance in ANSI S12.9 Part 4.

8.2.2

Indoor Measurements - GE 1.5sle

Simultaneous outdoor and indoor measurements were made at two residences at different
locations within the wind farm to determine indoor audibility of low frequency noise from
GE 1.5sle WTGs. In each house, measurements were made in a room facing the wind
turbines, and were made with window either open or closed. These residences are
designated Homes “B” and “C” and were approximately 1,000 feet from the closest
Siemens WTG. Operational conditions were maximum turbine noise and high ground
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winds at Home “B”, and within 1.5 dBA of maximum turbine noise and high ground level
winds at Home “C”. Home “B” was near a string of multiple WTGs, four of which were
within 2,000 feet of the house, while Home “C” was at the end of a string of WTGs, two of
which were within 2,000 feet of the house. The sound level data presented herein include
contributions from all wind turbines as measured by the recording equipment. The key
operational and meteorological parameters during these measurements are listed in Table
8.2-2.
Table 8.2-2

Summary of Operational Parameters – GE 1.5sle (Indoor)
Parameter

Home “B” (closed / open)

Home “C” (closed / open)

Distance to nearest WTG

950 feet

1,025 feet

Time of day

9:29-9:39 / 9:40-9:50

11:49-11:59 / 12:00-12:10

WTG power output

1,017 kW / 896 kW

651 kW / 632 kW

Sound power

106 dBA / 105.8 dBA

104.7 dBA / 104.6 dBA

Measured wind speed @ 2 m

6.2 m/s / 6.8 m/s

6.4 m/s / 5.9 m/s

LAeq

27.1 dBA / 36.0 dBA

33.6 dBA / 39.8 dBA

LA90

23.5 dBA / 33.7 dBA

27.6 dBA / 34.2 dBA

LCeq

47.1 dBC / 54.4 dBC

50.6 dBC / 55.1 dBC

8.2.2.1

Indoor Audibility

Figure 8.2-4a plots the indoor one-third octave band sound levels (Leq) for Home “B”, and
Figure 8.2-4b plots the indoor one-third octave band sound levels for Home “C”. The
results show that infrasound is inaudible to even the most sensitive people 1,000 feet from
these wind turbines with the windows open or closed (more than 20 dB below the median
thresholds of hearing). Low frequency sound at and above 63 Hz may be audible
depending on background sound levels.
8.2.2.2

UK DEFRA Disturbance Criteria – Indoor Measurements

Figure 8.2-5a plots the indoor one-third octave band sound levels (Leq) for Home “B”, and
Figure 8.2-5b plots the indoor one-third octave band sound levels (Leq) for Home “C”. The
results show the DEFRA disturbance criteria were met for steady and non-steady low
frequency sounds.
8.2.2.3

ANSI/ASA S12.2 Low Frequency Criteria – Indoor Measurements

Figure 8.2-6a plots the indoor 16 Hz to 125 Hz octave band sound levels (Leq) for Home
“B”, and Figure 8.2-6b plots the indoor 16 Hz to 125 Hz octave band sound levels ( Leq) for
Home “C”. The results show the ANSI/ASA S12.2 low frequency criteria were met for both
windows open and closed scenarios. The ANSI/ASA S12.2 low frequency criteria for
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bedrooms, classrooms and hospitals were met, the spectrum was balanced, and the criteria
for moderately perceptible vibrations in light-weight walls and ceilings were also met.

8.3

Noise Reduction from Outdoor to Indoor
Simultaneous outdoor and indoor measurements were made at four residences within the
Horse Hollow Wind Farm to determine noise reductions of the homes for comparison to
that used in the determination of equivalent outdoor criteria for indoor criteria, such as
ANSI/ASA S12.2 and DEFRA. Indoor measurements were made with windows open and
closed. Tables 8.1-2 and 8.2-2 list the conditions of measurement for these houses.
The outdoor sound level data at Home “D” was heavily influenced by high ground winds –
the measured levels were higher due to the effect of the wind on the microphone or the
measurement of wind effect noise; therefore the data from Home “D” was not used in the
comparison of noise reduction, since it would over estimate actual noise reduction.
Figures 8.3-1a and 8.3-1b present the measured one-third octave band noise reduction for
the three homes with windows closed and open, respectively. Also presented in these
same figures are the one-third octave noise reductions used in Section 4 of this report to
obtain equivalent outdoor criteria for the indoor DEFRA criteria (“Table 4.3-1 Noise
Reduction - Open Window”). It can be seen that for the window closed condition in Figure
8.3-1a, the measured noise reductions for all houses were greater than that used in our
analysis as described in Section 4. For the open window case, the average of the three
homes has a greater noise reduction than used in Section 4 and all houses at all frequencies
have higher values with one minor exception. Only Home “A” at 25 Hz had a lower noise
reduction (3dB), and this difference is not critical since the measured indoor sounds at 25
Hz at each of these home was significantly lower than the indoor DEFRA criteria.
Furthermore, the outdoor measurements for both Siemens and GE wind turbines at 1000
feet under high output/high noise levels met the equivalent outdoor DEFRA criteria at 25
Hz.
Table 8.3-1 presents the measured octave band noise reduction for the three homes with
windows closed and open, respectively. Also presented in Table 8.3-1 are the octave band
noise reductions used in Table 4.2-2 of this report to obtain equivalent outdoor criteria for
the indoor ANSI/ASA S12.2 criteria for perceptible vibration. It can be seen that for the
window closed condition, the measured noise reductions for all houses were greater than
that used in our analysis as described in Section 4. For the open window case, the average
of the three homes has a greater noise reduction than used in Section 4 and all houses at all
frequencies have higher values with one minor exception. Only Home “A” at 31 Hz
(which contains the 25 Hz one-third octave band) had a lower noise reduction (3dB), and
this difference is not critical since the measured indoor sounds at 31 Hz at each of these
homes was significantly lower than the indoor ANSI/ASA S12.2 criteria. Furthermore, the
outdoor measurements for both Siemens and GE wind turbines at 1000 feet under high
output/high noise levels met the equivalent outdoor ANSI/ASA S12.2 criteria at 31 Hz.

2433/reports/LFN_Report_07_28_2009

8-7

Results and Comparison to Criteria
Epsilon Associates, Inc.

July 28, 2009
Table 8.3-1

Summary of Octave Band Noise Reduction – Interior Measurements

Home

Wind Turbine

Windows

16 Hz

31.5 Hz

63 Hz

A

Siemens SWT-2-3-93

Closed

5

6

16

A

Siemens SWT-2-3-93

Open

4

3

12

B

GE 1.5 sle

Closed

20

22

22

B

GE 1.5 sle

Open

13

17

18

C

GE 1.5 sle

Closed

13

14

19

C

GE 1.5 sle

Open

8

13

17

Open

3

6

9

Table 4.2-2 Noise Reduction

8.4

Ground-Borne Vibration
Seven sets of ground-borne vibration measurements were made from Siemens 2.3 and GE
1.5sle wind turbines. The maximum ground-borne vibration RMS particle velocities were
0.071 mm/second (0.0028 inches/second) in the 8 Hz one-third octave band. This was
measured 1000 feet downwind from a GE 1.5sle WTG under maximum power output and
high wind at the ground. The background ground-borne vibration RMS particle velocity at
the same location approximately 20 minutes beforehand was 0.085 mm/sec. Both of these
measurements meet ANSI S2.71 recommendations for perceptible vibration in residences
during night time hours. Soil conditions were soft earth representative of an active
agricultural use. These vibration levels are nearly three orders of magnitude below the level
of 0.75 inches/second set to prevent damage to residential structures. No perceptible
vibration was felt from operation of the wind turbines. Measurements at the other sites and
as close as 400 feet were significantly lower than the above measurements under high wind
conditions.
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Figure 8.1-1

Siemens SWT-2.3-93 Wind Turbine Outdoor Sound Levels at 1000 feet compared to Audibility Criteria
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Figure 8.1-2
Criteria

Siemens SWT-2.3-93 Wind Turbine Outdoor Sound Levels at 1000 feet compared to outdoor equivalent DEFRA
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Figure 8.1-3

Siemens SWT-2.3-93 Wind Turbine Outdoor Sound Levels at 1000 feet compared to ANSI Criteria
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Figure 8.1-4a Siemens SWT-2.3-93 Wind Turbine Indoor Sound Levels at 1060 feet compared to Audibility Criteria (Home “A”)
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Figure 8.1-4b Siemens SWT-2.3-93 Wind Turbine Indoor Sound Levels at 920 feet compared to Audibility Criteria (Home “D”)
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Figure 8.1-5a Siemens SWT-2.3-93 Wind Turbine Indoor Sound Levels at 1060 feet compared to DEFRA Criteria (Home “A”)
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Figure 8.1-5b Siemens SWT-2.3-93 Wind Turbine Indoor Sound Levels at 920 feet compared to DEFRA Criteria (Home “D”)
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Figure 8.1-6a Siemens SWT-2.3-93 Wind Turbine Indoor Sound Levels at 1060 feet compared to ANSI 12.2 Criteria (Home “A”)
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Figure 8.1-6b Siemens SWT-2.3-93 Wind Turbine Indoor Sound Levels at 920 feet compared to ANSI 12.2 Criteria (Home “D”)
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Figure 8.2-1

GE 1.5sle Wind Turbine Outdoor Sound Levels at 1000 feet compared to Audibility Criteria
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Figure 8.2-2

GE 1.5sle Wind Turbine Outdoor Sound Levels at 1000 feet compared to outdoor equivalent DEFRA Criteria
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Figure 8.2-3

GE 1.5sle Wind Turbine Outdoor Sound Levels at 1000 feet compared to ANSI Criteria
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Figure 8.2-4a GE 1.5sle Wind Turbine Indoor Sound Levels at 950 feet compared to Audibility Criteria (Home “B”)
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Figure 8.2-4b GE 1.5sle Wind Turbine Indoor Sound Levels at 1025 feet compared to Audibility Criteria (Home “C”)
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Figure 8.2-5a GE 1.5sle Wind Turbine Indoor Sound Levels at 950 feet compared to DEFRA Criteria (Home “B”)
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Figure 8.2-5b GE 1.5sle Wind Turbine Indoor Sound Levels at 1025 feet compared to DEFRA Criteria (Home “C”)
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Figure 8.2-6a GE 1.5 sle Wind Turbine Indoor Sound Levels at 950 feet compared to ANSI 12.2 Criteria (Home “B”)
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Figure 8.2-6b GE 1.5 sle Wind Turbine Indoor Sound Levels at 1025 feet compared to ANSI 12.2 Criteria (Home “C”)
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Figure 8.3-1a One-Third Octave Band Interior Noise Reduction – Windows Closed
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Figure 8.3-1b One-Third Octave Band Interior Noise Reduction – Windows Open

2433/reports/LFN_Report_07_28_2009

8-28

Results and Comparison to Criteria
Epsilon Associates, Inc.

July 28, 2009

9.0

CONCLUSION

Siemens SWT 2.93-93 and GE 1.5sle wind turbines at maximum noise at a distance more than
1000 feet from the nearest residence do not pose a low frequency noise or infrasound problem. At
this distance the wind farms:
i meet ANSI/ASA S12.2 indoor levels for low frequency sound for bedrooms,
classrooms and hospitals;
i meet ANSI/ASA S12.2 indoor levels for moderately perceptible vibrations in lightweight walls and ceilings;
i meet ANSI S12.9 Part 4 thresholds for annoyance and beginning of rattles;
i meet UK DEFRA disturbance based guidelines;
i have no audible infrasound to the most sensitive listeners;
i might have slightly audible low frequency noise at frequencies at 50 Hz and above
depending on other sources of low frequency noises in homes, such as refrigerators
or external traffic or airplanes; and
i meet ANSI S2.71 recommendations for perceptible vibration in residences during
night time hours.
In accordance with the above findings, and in conjunction with our extensive literature search of
scientific papers and reports, there should be no adverse public health effects from infrasound or
low frequency noise at distances greater than 1000 feet from the wind turbine types measured by
Epsilon: GE 1.5sle and Siemens SWT 2.3-93.
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