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Community Response to Wind Farm Noise
The possible role of turbulence, shear, and wake effects

Variable community responses
to wind farm noise

‘Suburban or rural & more populated: 40-45dB is “too loud”
Not so simple! :

ise issues have arisen around the
relatively few wind farms built in areas

_Kingston, Rl

Variable community responses
to wind farm noise

Most new wind farms are still bailt
in areas with few homes nearb

Sweetwater, TX

Are concerns about turbine noise
hurting wind’s brand?

Noise concerns have become a primary consideration during
planning, permitting, and operation of new wind farms

in an increasingly wide range of communities
Wisconsin Minnesota Michigan Massachusetts California Connecticut Maine Vermont
New York Oregon Ontario Ohio Illinois Arizona Nebraska (even Wyoming!)




Turbulence research: So: What have we learned about what
noise reduction as secondary benefit of innovation may be behind the noise issues?

inflow turbulence / turbine wakes / directional wind shear 00 0 —
. ; B Variability
Primary drivers for turbulence research: 80
Reducing blade loads (system wear/fatigue; facilitating longer blades) 7
Minimizing power losses 5
w LF Content

Many of the most troublesome aspects of turbine noise for neighbors
may be associated with likely turbulence effects 2 ¥ 02

“Knocking”  “Banging”  “Sneakers in drier” | e 000900 urbulence/Wakes?
Deep rumbling low frequency noise :

8 Do not notice

 Notice, but not annoyed
O Slightly annoyed

O Fairly annoyed

 Very annoyed

Response (%)
o3385883388

/ Graphic: M. Churchfield, 2012 Eddy simulation, Lillgrund wind farm
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Turbine Sound Variability: Turbine Sound Variability:
averages & peaks averages & peaks

Projects can operate in compliance......

e e A David Hessler: Best Practices Guidelines, 2011
g y g National Association of Regulatory Utility Commissioners

....yet generate widespread community complaints

triggered by peak sound levels “Extensive field experience measuring operational projects

indicates that sound levels commonly fluctuate




Turbine Sound Variability: Turbine Sound Variability:

averages & peaks averages & peaks
iheimostvaniability, Regression Analysis of Measured Project-Only Sound Level Other researchers note similar high peaks and variability around averages

vs. Normalized Wind Speed

IargeSt peak/mean Location Surrounded by 11 GE 1.5sle Turbines at Various Distances

differences Bob Thorne
and some peak Australian acoustician with focus on human response to moderate noise
sound levels § Peaks:
occur at low to § 45 “Predicted values are given as a range, +3 dB(A) at 1,000 meters for the most common prediction
s g 40 method with the predicted value being the “middle” of the range. The uncertainty increases with
moderate wind z 35 i he eff twi ore turbines operating i se with a light/strong bre
1™ it o . Wt ;
"3, 2 y=-0.1481% +2.012¢ - 5.4756x + 35.702
Note lots Of 5-10dB E 2 10dB above meaﬁz e
over mean at low 2 (annotation added to original)
§ . Turbine Not Operating Below 2.5 m/s ° Model Prediction at Key Wind Speeds

wind speeds, and

nothing approaching
10dB over mean at T : :
high wind speeds Wind Speed at 10 m above Ground Level, mis

1 (Note close fit of model to mean)

Turbine Sound Variability: Turbine Sound Variability:

averages & peaks turbine source levels

Thorne: Heightened Noise Zones: Mgller and Pedersen
Phase interactions between blades of multiple turbines: constructive/ Danish acousticians with looking at recent Danish LF criteria
destructive interference of sound wave trains Variability in turbine source levels:
Propagation variations, including wind speed/direction, temperature pockets, Field measurements of dozens of turbines, per IEC 61400-11, 8m/s wind

and varying wake effects

Standard deviations for turbines of same size and make: 1.6-3.5dB

*90% confidence interval (per IEC 61400-14) requires 1.645x this: 2.6-5.75dB
above average SPL

HNZ can be small in
extent, even for low

Figure 18: Noise from 2 turbines creating
Heightened Noise Zones

Figure 19: Noise from 2 turbines under slightly
different conditions moving Heightened Noise
Zones




Turbine Sound Variability:
turbine source levels

Variability in turbine source levels:

And indeed, modeling from measured apparent SPLs of 2.3-3.6MW turbines, the
distance required from either single or multiple turbines, to meet Danish and Swedish
noise criteria varied dramatically:

Modeling a 4-turbine array, to meet Danish 44dB requirement:
Required setback ranged from 375m to 1241m
(6 of 23 were over 1km)

Also: large variability in low-frequency components
(measured using Danish dBALF, which is dBA weighting, but limited to 10-160Hz bands)

dBALF ranged from 34.5-41.8 when dBA was 44dB

Turbine Sound Variability:
averages & peaks

OK: it’s clear that there’s a lot of variability, both between turbines and
around any given turbine or wind farm over time

Periods of peak sound or peak audibility will be
the most troublesome for neighbors

Turbine Sound Variability:
turbine source levels

40, A snapshot of real-world variability Indoor LF sound:
Audible LF noise for 9 rooms, 23 turbines 23 turbines

(apparent sound power measured in field
and modeled to receptor location)

9 rooms
(sound insulation measured on site)

A

When outdoor received level is 44dB:
(likely to occur fairly frequently even when

- re atory is 40aB, : 21 “time

20 .
16 315 63 125 250
Frequency [Hz]

Turbine Sound Variability:
how common are peaks?

1600 Ken Kalisky

1400 Calculating annualized sound
1200 levels for a wind farm

1000 (ASA/NOISE-CON 2010)

800 (NEWEEP 2010)

600
400

Meteorological records used to
200 .

Hours Per Year at Specified Level

25 30 3B 40
Sound Level (dBA)

Sound levels are within 5dB of
their peak just 12% of the
hours that the turbines are

operating



Turbine Sound Variability: Turbine Sound Variability:
how common are peaks? sound quality: varying, at times intrusive

Yet: if we very conservatively equate percent time operating with capacity factor (say, Steady/Repetitive Sounds

33%), we would find peak noise levels occurring for just 4% of the hours of the year Whoosh B

know what it was. | was like man,
Doing the math, 4% of hours in the year is: Roar (distant jet) that’s a weird noise.”

58 days with peak sound for 6 hours Pulsi ; 2000 ft
ulsing/Thumpin
or 116 days (a third of the days in the year) with peak sound for 3 hours 8/ pe
Louder times are more likely to cluster seasonally, when high winds or shear conditions or Irrltatl.ng S.ounds “When it’s reaIIY bad it tak.es L é repetitive,
turbulence are more common, making peak conditions more frequent in some seasons. Grmdmg pulsating, thumping noise that can
) ) . i ; Whining go on for hours or even days.”
For neighbors, 4% of the time may plausibly feel like a chronic 2500 ft

experience of peak sound conditions jiselia/intieive saund:

Community noise tolerance Community noise tolerance

STt
AR M R U
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Community noise tolerance variability: Community noise tolerance variability:

place identity place identity
Wide range of recent local wind farm ordinances Many wind farms don’t spur widespread complaints
From the familiar and generally accommodating (1000-1700 ft)
Mostly in working farm and ranch county h lai h
To the effectively exclusionary (2 miles) Why are complaints much more rare
Mostly in rural towns where peace and quiet is the priority in working farm and ranch country?
With many attempts at a “happy medium” (2500-4000 ft) Texas, lowa, Wyoming, Nebraska

Willing to hear turbines sometimes, but avoid more intrusive conditions

100 —
. . Within 2.5km
Communlty nOISe t0|erance 20 BSWE-00 . Rural locations, mostly flat, N=351
§ :g T wsweos . WMostly suburban! varied fopography,N=754;
In towns with issues, how many people are actually upset? ’é &5 ONL-07 Mostly rural, mostly flat, N=621;
o rural, b suburban

Broad community acceptance is not the whole story “Annoyed = §. =

Commonly find 70-85% wind approval in town or county as a whole Sei2cnols E gg e

How do those who routinely hear the new source of community noise react? R T f T 25%

Within a half mile or so, 20-40% of residents can be upset about the noise i r H I
<30

30-35 35-40 40-45
A-weighted sound pressure levels, dB(A)

Pedersen et al: 3 studies, 1700 people
(Scandinavia 2000-2007; annoyance = 4 or 5, on 5 point scale)

8-9% noise annoyance among all those surveyed (out to 1 or 1.5mi.)
But: 22% of those who can hear turbines
In rural areas: 25-45% of those who hear 40dB or more

Mostly rural: yellow bars




SWE-00 and SWE-05 1095 people, virtually 50/50 rural/suburban

100 Perception
90 8 Do not notice
; glgxic;. but no(s:nnoyed
annos
80 o Fa'glly Ymnoryeyd
70 | Very annoyed
£
=~ 60
2
§- 50
é 40
30 25%
20
10 10%

O F——
29 30 31 32 33 34 35 36 37 38 39 40 4

A-weighted sound pressure level (dB)

Figure 1 Response to wind turbine noise in relation to A-weighted sound
pressure levels outside the dwellings of respondents (n= 1095). E.
Pedersen, K. P Waye (2008).

(yellow)

Community noise tolerance:
audibility in ambient

Audibility/Dominance

of turbine sounds
About a week of measurements

70

400m from closest turbine
Turbine sound dominant:
25% of all hours

sound level Leq,S min (dB{A))

turbine sound dominant

20
20/512:00 215 0:00 21/512:00 22/5 0:00 22i512:00

Figure 1V.4: 48 hour registration of immission level (L:, L.; and Lys) per

7

3 minutes at location A; turbines are idered the domi sound source

if Le-Los S4 dB

Community noise tolerance

Those Scandinavian surveys are by far the most rigorous and least
“contaminated” by pre-existing noise complaints in the area

Several other surveys in towns where noise issues had become
a hot topic came up with generally similar results

Community noise tolerance:
audibility in ambient
How the sound fits into, or stands out from,
the existing ambient sounds of a place

EPA research of 55 case studies of community responses to noise (urban/suburban):
5dB above background ambient: sporadic complaints
10dB above background ambient: widespread complaints



Community noise tolerance:
audibility in ambient

EPA “normalization” recommendations to keep community response at
“sporadic” level (i.e., penalty added to measured noise OR reductions in noise limits)

10dB for quiet rural areas 5dB for new or unfamiliar noise source
5dB for impulsive noise source (extreme AM?)
dicted C i ion For Wind Turbines in a Quiet Area
Should we be normalizing
|| e turbine limits from typical
i e cre e urban/suburban noise limits of
Action T i

Strong appeals

tostopnoise [ ot oopuration |
Widespread I%J. .
Complaints \ S

25%;
¥

Sporadic
Complaints

No

., =OmPederson Waye, JASA 116:3460-3470, 2004.
Reaction .

™ EPA, Normalized case studies, 550/9-74-004, 1974,

%

k yy 7 \ + + {
o B a0 .3 40 45 so 60 70

i R A A A AW
Rura Nightume Char 62013 R W.Rand & § E Anbrose, Wembers ICE. Al Rghs Reserved

Community noise tolerance:
The health effects question

Has come to dominate much of the local public discussion,
often along with concern about infrasound levels

Most researchers are looking primarily at
sleep disruption and stress-induced symptoms, rather than infrasound
Many sources of stress related to presence of turbines, including sound

Community noise tolerance:
adapting to population density
Some annoyance appears as turbines become audible (30-35dB)

and becomes more widespread as noise levels approach 45dB

Annoyance rates can reach 20-40% when sound levels are 40-45dB
When there are relatively few homes in this range, noise issues are minimal

When 100 — or 200 — homes are in this range, dozens of complaints can ensue
(Hardscrabble, Falmouth)

Audible low frequency noise

1,0

r 08

0,6

L 0,4

0,2 100

C: on facade, 3-6-2002 00:45
750 m from closest turbine

\-if 0,0

30

Correlation among 1-sec samples:

Much iability in low f i N
20 | uch more variability in low frequencies _0,2

A 10 100 1000 10000
1/3 octave band frequency (Hz)

1/3 octave band Lp in dB

10 100 1000
1/3 octave band frequency (Hz)



Audible low frequency noise

This factor may underlie much of the community response

Propagation of LF over distance may extend audibility zone
Cylindrical rather than spherical spreading?

Audible low frequency noise

Two recent papers stress that the known infrasonic attenuation of 3dB per
doubling distance (cylindrical spreading) rather than the 6db per doubling
distance (spherical spreading) assumed by most sound models can at times
apply in practice to audible low frequencies, primarily when sound is
channeled between the ground and density boundaries in the air

Audible low frequency noise

Figure 3. Example Sound Level Data at Low and Infrasonic Frequencies '/CC €201 (0
Ontario MOE.,
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audible LF at 65-80Hz + Freaueneyta

= = = Threshold of Hearing Data, Various Papers —@— IS0 389-7
~—&— Kamperman and James (2.5 MW at 305m) —&— HGC Engineering, 650m From Wind Turbine

Audible low frequency noise

Mgller and Pedersen’s individual turbine real-world sound power level study:

They also modeled sound from each individual turbine,

out to the point where it drops below 35dB
(point at which annoyance starts to rise above 10%; Swedish night limit for quiet areas)

Distances varied to similar range as their model of a linear 4-turbine wind farm:



Audible low frequency noise
Related issues

Even in normal propagation conditions, the strong low-frequency content of
turbine sounds affects perceptibility in ways that are sometimes not considered

Masking — or not Enhanced low-level LF sound

Some siting plans assume turbine perception/annoyance
sound will be masked by similar dBA

Low frequencies are more perceptible
- Aand annovina when there’c o R

Audible low frequency noise
Rapid pulsing: enhancing perceptibility?

" Audible LF and Infrasonic
Amplitude Modulation

20-40dB of AM,
up to 50Hz

12 13 14 15
Tlme [s] Level [dB]

Audible low frequency noise
More noticeable inside homes?

Several acousticians have investigated reports of
low-frequency “thumps” experienced inside homes.
The sound is often more perceptible inside than outside

Less higher-frequency content makes LF more perceptible?
More aware of LF when trying to sleep?
Room or wall resonance?

Infrasonic & lowest freq. audible noise
Rapid pulsing: enhancing perceptibility?

Minute 30, G-weighted sound level vs. time at 10 ms time weighting Provocative possibility:

(green), 1-second (red). Leq indicated by blue line. Audition or its likelihood is more Pulses at time frames
Wmmkmmmmm(mmdmm),
thanvﬂthavemoevalus. For constant Leq it also varies with crest factor.

relevant to human hearing
response show peaks much
higher than typical
averaging/sampling times

— hwmoieesxl 1500 ft from turbine, outside A




Infrasonic noise
Late 2012 collaborative study, Shirley WI

George and David Hessler Paul Schomer Bruce Walker Rob Rand
3 days of measurements at three homes abandoned near wind farm

o StieyR2.2 = Clear signature of six harmonics of
P 0.7Hz blade-pass frequency
ok ~ (found both inside and outside house;
\ below standard perception thresholds)

0.1 HzSPL-dB
8

8

1280 ft from closest turbine

10

Frequency - Hz

Infrasonic noise
Late 2012 collaborative study, Shirley WI

Questions and ambiguities remain

Blade-pass signature clearest at closest house
Other abandoned homes less distinct or not present inside
Some indications that turbines were not operating at full power all days;
clearly, study of decay of these signals over distance is needed.

Infrasonic noise
Late 2012 collaborative study, Shirley WI

201212/06 10:30:23
Sample

e 522054 (Blade-pass rate and first 4 harmonics)
Bandpass filter. Corners: 4 Hz (0.25 ) and 0.5 Hz (2 5)

Infrasonic noise
Late 2012 collaborative study, Shirley WI

Questions and ambiguities remain

While this study found clear blade-pass signatures,
David Hessler remains skeptical that most recorded high levels of
lowest audible frequencies and infrasound are turbine-related
Suspects microphone pseudo-noise



Audible low frequency noise
Evolution of noise standards: a historic perspective

In 2010, acoustician Richard Horonjeff pointed out similarities
between increasing complaints from modern wind turbines and
step-by-step regulatory responses to previous technology changes

Propeller planes to jet planes:
Similar noise levels on ground—more complaints due to the nature of the noise

Highways, aircraft, railroads, industry, other sources often see a 5-10 year process:

Wakes, shear, turbulence
Suggestions, indications, hints

60

More annoyance at sounds

W\ — Noise Floor il ”
NN —— Amnoyance 1 described as:
30 ! ‘!‘,\ """ Annoyance 3 Poun din g

~ Annoyance 6

=== Annoyance 8 || Roa"ng

Thumping/rumbling

Less annoyance:
Hum
Murmur

10°

Frequency (Hz)

Figure 4. Power spectral density (unweighted) of the acoustic
data for various resident-rated annoyance levels.

Wakes, shear, turbulence
Suggestions, indications, hints
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Wakes, shear, turbulence
Suggestions, indications, hints

Pinnacle
Wind Farm
Keyser WV
(55dB limit)
Neighbors
measure
60-70dB



Wakes, shear, turbulence
Suggestions, indications, hints

Falmouth, MA:

An air traffic controller living in 2 town-owned turbines
the neighborhood reports
possible wake effect:

49 pressure headaches (ear/sinus)
Never occurred before turbines

“On numerous occasions, I'v

e left my

Wakes, shear, turbulence
Suggestions, indications, hints

Hot topics for further study

Heightened Noise Zones
Phase interactions, wake effects on propagation, etc.
Implications for unexpected audibility or intrusiveness, as compared to sound models

Real-world turbine source levels

Wakes, shear, turbulence
Suggestions, indications, hints

Knocking Directional shear
Banging : Unstable or changing wind direction
Tumbling =_ Wake effects
Sneakers in Dryer Other atmospheric turbulence

Wakes, shear, turbulence
Suggestions, indications, hints

Among the things I’'m interested in learning from you:

Your observations, re: changes in sound quality or transient peak sound levels

in wakes or turbulence, or while yawing to meet new wind direction

Any sound changes heard in conjunction with
innovations aimed at reducing/dissipating turbulence (AALC, etc.)
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Jim Cummings
cummings@acousticecology.org

Three comprehensive annual reports on wind farm noise
science and policy, along with my NEWEEP presentation on
community responses are available at the link below

- AEI Wind Farm Noise Resources

Community noise tolerance
Creating realistic expectations

“You won’t hear it”

Residents 1/2 - 3/4 mile away
(Turbines routinely clearly
audible, sometimes intrusive)

Foxistands Wind, Vinalhaven ME === 777

Wind in trees equal to

or louder than turbines

(vet: masking requires similar

frequency spectrum; often
less wind noise on ground)

acoustict.

s listen s

‘ecology

EN SITT U T E

The slides that follow were included in
my presentation at Renewable Energy

World North America, December 2012,
and may be of interest for readers of

Community noise tolerance
Creating realistic expectations

Record Hill Wind Farm, Roxbury ME




Working with communities:
adapting to local differences

Developers willing to work with a variety of setback
and noise limits will have far more opportunities

Seek sites with few homes
close enough to hear
Work with towns to forge a
win-win approach for noise sensitive areas
Oregon wind farms built with 36dBA
Record Hill Wind, Roxbury ME

Focus on less contentious regions

Most new wind farms are still built far from
non-participating homeowners and with
h wh n’t min: me noi

Ranchers and working farmers
remain willing and eager hosts

Operational adjustments
Aerodynamic blade noise

NRO: Noise Reduced Operation

Maximizing power by constraining noise

Computer controlled adjustment 5
of blade pitch and RPM

Options allow choice of noise R~
reduction, typically from 1-5dBA & R

Power loss is minimal (<5%)
in moderate winds at 1-2dB rgduct'ion'

power loss (%]

= normal operation
—© = max 105 dB(A)
T =% - max 103 6B(A)
H ¢ : ; —6— max 101 dB(A)
7 é é 1‘0 1" 12 13 14 15
wind speed [m/sec]
G. Leloudas, et al 2007; NRO applied on a 2.3MW turbine

Operational adjustments
Aerodynamic blade noise

Serrated edges

Sandia research suggests

3-8dBA reductions
(Barrone, 2011)

Fox Islands Wind
retrofit to reduce sound

U g
Photo: Charlotte Goodhue, Courier—G

Turbulence research:
noise reduction as secondary benefit of innovation

Adaptive blade design to reduce transient loads in turbulence
Sandia National Lab / NREL/ turbine manufacturers

Active Aerodynamic
Load Control (AALC)
Electronic sensors
instantly trigger discrete
blade flaps

Passive Load Mitigation

Modern materials

Carbon fiber integrated as

targeted component in blade
core designs




Turbulence research:
noise reduction as secondary benefit of innovation

Turbine wake research

Sandia SWIFT facility
Lubbock, TX
Being built to study turbine wake

~Interactions; will In

Turbulence research:
noise reduction as secondary benefit of innovation

WIND PROGRAM

2012 DOE report
What we know
What we need to know

Complex Flow
Workshop Report

Y arize January 17-18, 2012

University of Colorado, Boulder

MAY 2012

ns with blades!



