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The Panel Charge

The Expert Panel was given the following charge bthe Massachusetts Department

of Environmental Protection (MassDEP) and Massachuetts Department of Public Health
(MDPH):

1.

Identify and characterize attributes of concerg.(enoise, infrasound, vibration, and light
flicker) and identify any scientifically documented potential connection between health
impacts associated with wind energy turbines |latateland or coastal tidelands that can
impact land-based human receptors.

Evaluate and discuss information from peer-revies@entific studies, other reports,
popular media, and public comments received byvthesDEP and/or in response to the
Environmental Monitor Noticand/or by the MDPH on the nature and type of healt
complaints commonly reported by individuals whadesear existing wind farms.
Assess the magnitude and frequency of any potentgdcts and risks to human health
associated with the design and operation of wiretggnturbines based on existing data.
For the attributes of concern, identify documertiest practices that could reduce
potential human health impacts. Include examplesioh best practices (design,
operation, maintenance, and management from peloliahicles). The best practices
could be used to inform public policy decisionssigte, local, or regional governments
concerning the siting of turbines.

Issue a report within 3 months of the evaluatiemmarizing its findings

To meet its charge, the Panel conducted a literauiew and met as a group a total of
three times. In addition, calls were also heldw#anel members to further clarify points

of discussion.
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WIND TURBINE HEALTH IMPACT STUDY

Executive Summary

The Massachusetts Department of Environmental &tote(MassDEP) in collaboration
with the Massachusetts Department of Public HEMIDPH) convened a panel of independent
experts to identify any documented or potentialthdenpacts of risks that may be associated
with exposure to wind turbines, and, specificaityfacilitate discussion of wind turbines and
public health based on scientific findings.

While the Commonwealth of Massachusetts has goaisdéreasing the use of wind
energy from the current 40 MW to 2000 MW by theny2@20, MassDEP recognizes there are
guestions and concerns arising from harnessing emedgy. The scope of the Panel’s effort
was focused on health impacts of wind turbipesse The panel wasot charged with
considering any possible benefits of avoiding aseeffects of other energy sources such as
coal, oil, and natural gas as a result of switchiingnergy from wind turbines.

Currently, “regulation” of wind turbines is donethe local level through local boards of
health and zoning boards. Some members of thecphéole raised concerns that wind turbines
may have health impacts related to noise, infragpuibrations, or shadow flickering generated
by the turbines. The goal of the Panel's evalwasiod report is to provide a review of the
science that explores these concerns and provaddalunformation to MassDEP and MDPH
and to local agencies that are often asked to nesfmsuch concerns. The Panel consists of
seven individuals with backgrounds in public headhidemiology, toxicology, neurology and
sleep medicine, neuroscience, and mechanical ezrgnge All of the Panel members are
considered independent experts from academicutistiis.

In conducting their evaluation, the Panel conduetedxtensive literature review of the
scientific literature as well as other reports, ylap media, and the public comments received by
the MassDEP.

ES1|Page
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ES 1. Panel Charge

1. Identify and characterize attributes of concerg.(eoise, infrasound, vibration, and light
flicker) and identify any scientifically documented potential connection between health
impacts associated with wind turbines located od lar coastal tidelands that can impact
land-based human receptors.

2. Evaluate and discuss information from peer revies@entific studies, other reports, popular
media, and public comments received by the Mass@telor in response to the
Environmental Monitor Noticand/or by the MDPH on the nature and type of healt
complaints commonly reported by individuals whadesear existing wind farms.

3. Assess the magnitude and frequency of any potentgcts and risks to human health
associated with the design and operation of wiretggnturbines based on existing data.

4. For the attributes of concern, identify documeriiedt practices that could reduce potential
human health impacts. Include examples of suchgrastices (design, operation,
maintenance, and management from published aiticlédse best practices could be used to
inform public policy decisions by state, local,regional governments concerning the siting
of turbines.

5. Issue a report within 3 months of the evaluatiemsarizing its findings

ES 2. Process

To meet its charge, the Panel conducted an extefigyvature review and met as a group

a total of three times. In addition, calls wersodheld with Panel members to further clarify

points of discussion. An independent facilitatmpgorted the Panel’s deliberations. Each Panel

member provided written text based on the litemterviews and analyses. Draft versions of the
report were reviewed by each Panel member andahel Peached consensus for the final text
and its findings.

ES 3. Report Introduction and Description

Many countries have turned to wind power as a céaargy source because it relies on
the wind, which is indefinitely renewable; it isrggated “locally,” thereby providing a measure
of energy independence; and it produces no carlmxidé emissions when operating. There is
interest in pursuing wind energy both on-land afishore. For this report, however, the focus

is on land-based installations and all commentgamesed on this technology. Land-based
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WIND TURBINE HEALTH IMPACT STUDY

wind turbines currently range from 100 kW to 3 M80Q0 kW). In Massachusetts, the largest
turbine is currently 1.8 MW.

The development of modern wind turbines has beesvalutionary design process,
applying optimization at many levels. An overviefithe characteristics of wind turbines, noise,
and vibration is presented in Chapter 2 of the mepacoustic and seismic measurements of
noise and vibration from wind turbines provide atext for comparing measurements from
epidemiological studies and for claims purporteteéadue to emissions from wind turbines.
Appendices provide detailed descriptions and eqoatihat allow a more in-depth
understanding of wind energy, the structure ofttikines, wind turbine aerodynamics,
installation, energy production, shadow flickee tbrows, wind turbine noise, noise
propagation, infrasound, and stall vs. pitch cdladoturbines.

Extensive literature searches and reviews wereuwiad to identify studies that
specifically evaluate human population responségrtones, as well as population and
individual responses to the three primary charéttes or attributes of wind turbine operation:
noise, vibration, and flicker. An emphasis of Benel’'s efforts was to examine the biological
plausibility or basis for health effects of turksn@oise, vibration, and flicker). Beyond
traditional forms of scientific publications, tharl also took great care to review other non-
peer reviewed materials regarding the potentiah&alth effects including information related to
“Wind Turbine Syndrome” and provides a rigorouslgsia as to whether there is scientific basis
for it. Since the most commonly reported complawpeople living near turbines is sleep
disruption, the Panel provides a robust reviewhefrelationship between noise, vibration, and
annoyance as well as sleep disturbance from narsgs$he potential impacts of the resulting
sleep deprivation.

In assessing the state of the evidence for heti#thte of wind turbines, the Panel
followed accepted scientific principles and rel@dseveral different types of studies. It
considered human studies of the most importantiorgsy value. These were either human
epidemiological studies specifically relating tgpesure to wind turbines or, where specific
exposures resulting from wind turbines could bergef, the panel also considered human
experimental data. Animal studies are criticaéxploring biological plausibility and
understanding potential biological mechanisms tiédint exposures, and for providing

information about possible health effects when exrpental research in humans is not ethically
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or practically possible. As such, this literaturas also reviewed with respect to wind turbine
exposures. The non-peer reviewed material waddenes! part of the weight of evidence. In all
cases, data quality was considered; at times, stunlges were rejected because of lack of rigor
or the interpretations were inconsistent with ttiergtific evidence.

ES 4. Findings

The findings in Chapter 4 are repeated here.

Based on the detailed review of the scientifiaéitare and other available reports and
consideration of the strength of scientific evidenibe Panel presents findings relative to three
factors associated with the operation of wind tuebsi noise and vibration, shadow flicker, and
ice throw. The findings that follow address spesiin each of these three areas.

ES 4.1 Noise
ES4.1.aProduction of Noise and Vibration by Wind Turbines
1. Wind turbines can produce unwanted sound (refaéoes noise) during operation. The
nature of the sound depends on the design of the wirbine. Propagation of the sound
is primarily a function of distance, but it canalse affected by the placement of the
turbine, surrounding terrain, and atmospheric coos.

a. Upwind and downwind turbines have different souhdracteristics, primarily
due to the interaction of the blades with the zoiheeduced wind speed behind
the tower in the case of downwind turbines.

b. Stall regulated and pitch controlled turbines eittdifferences in their
dependence of noise generation on the wind speed

c. Propagation of sound is affected by refractiononfral due to temperature
gradients, reflection from hillsides, and atmosphabsorption. Propagation
effects have been shown to lead to different erpegs of noise by neighbors.

d. The audible, amplitude-modulated noise from wintbitues (“whooshing”) is
perceived to increase in intensity at night (antietimes becomes more of a
“thumping”) due to multiple effects: i) a stableratsphere will have larger wind
gradients, ii) a stable atmosphere may refracsthumd downwards instead of
upwards, iii) the ambient noise near the grourldviger both because of the stable
atmosphere and because human generated noiseridater at night.

ES4|Page
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2. The sound power level of a typical modern utilitake wind turbine is on the order of
103 dB(A), but can be somewhat higher or lower ddpey on the details of the design
and the rated power of the turbine. The percesmthd decreases rapidly with the
distance from the wind turbines. Typically, attdisces larger than 400 m, sound
pressure levels for modern wind turbines are lless 40 dB(A), which is below the level
associated with annoyance in the epidemiologicaliss reviewed.

3. Infrasound refers to vibrations with frequesdielow 20 Hz. Infrasound at amplitudes
over 100-110 dB can be heard and felt. Reseacklwwn that vibrations below these
amplitudes are not felt. The highest infrasoungle that have been measured near
turbines and reported in the literature near t@biare under 90 dB at 5 Hz and lower at
higher frequencies for locations as close as 100 m.

4. Infrasound from wind turbines is not relatechtw does it cause a “continuous
whooshing.”

5. Pressure waves at any frequency (audible casahic) can cause vibration in another
structure or substance. In order for vibrationdour, the amplitude (height) of the wave
has to be high enough, and only structures or anbes that have the ability to receive
the wave (resonant frequency) will vibrate.

ES4.1.b Health Impacts of Noise and Vibration

1. Most epidemiologic literature on human responseital turbines relates to self-reported
“annoyance,” and this response appears to be dadanaf some combination of the
sound itself, the sight of the turbine, and at&ttolwards the wind turbine project.

a. There is limited epidemiologic evidence suggestin@ssociation between exposure
to wind turbines and annoyance.

b. There is insufficient epidemiologic evidence toatetine whether there is an
association between noise from wind turbines ammbygance independent from the

effects of seeing a wind turbine and vice versa.

ESH5|Page



WIND TURBINE HEALTH IMPACT STUDY

2. There is limited evidence from epidemiologic stedseiggesting an association between
noise from wind turbines and sleep disruptionotimer words, it is possible that noise
from some wind turbines can cause sleep disruption.

3. A very loud wind turbine could cause disrupted glgmrticularly in vulnerable
populations, at a certain distance, while a vengtquind turbine would not likely disrupt
even the lightest of sleepers at that same distaBaethere is not enough evidence to
provide particular sound-pressure thresholds atkvhind turbines cause sleep
disruption. Further study would provide these leve

4. Whether annoyance from wind turbines leads to skempes or stress has not been
sufficiently quantified. While not based on eviderof wind turbines, there is evidence
that sleep disruption can adversely affect moodnttive functioning, and overall sense
of health and well-being.

5. There is insufficient evidence that the noise fioind turbines iglirectly (i.e.,
independent from an effect on annoyance or sleapding health problems or disease.

6. Claims that infrasound from wind turbines diregthypacts the vestibular system have
not been demonstrated scientifically. Availablelemnce shows that the infrasound levels
near wind turbines cannot impact the vestibulatesys
a. The measured levels of infrasound produced by nmodewind wind turbines at

distances as close as 68 m are well below thairezhfor non-auditory perception
(feeling of vibration in parts of the body, pressur the chest, etc.).

b. If infrasound couples into structures, then pedapdéde the structure could feel a
vibration. Such structural vibrations have beeowahin other applications to lead to
feelings of uneasiness and general annoyance méasurements have shown no
evidence of such coupling from modern upwind tuesin

c. Seismic (ground-carried) measurements recordedwiadrturbines and wind turbine
farms are unlikely to couple into structures.

d. A possible coupling mechanism between infrasourtithe vestibular system (via
the Outer Hair Cells (OHC) in the inner ear) hasrbproposethut is not yet fully
understood or sufficiently explained. Levefsnfrasound near wind turbines have

been shown to be high enoughomsensed by the OHC. However, evidence does not
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7.

8.

exist to demonstrate the influence of wind turbgeserated infrasound on vestibular-
mediated effects the brain.

e. Limited evidence from rodent (rat) laboratory seslidentifies short-lived
biochemical alterations in cardiac and brain dellsesponse to short exposures to
emissions at 16 Hz and 130 dB. These levels extmadured infrasound levels
from modern turbines by over 35 dB.

There is no evidence for a set of health effectenfexposure to wind turbines that could

be characterized as a "Wind Turbine Syndrome."

The strongest epidemiological study suggests Heaetis not an association between

noise from wind turbines and measures of psychoédgiistress or mental health

problems. There were two smaller, weaker, studies: one did an association, one did

not. Therefore, we conclude the weight of the ena suggests no association between

noise from wind turbines and measures of psychoédgiistress or mental health
problems

None of the limited epidemiological evidence revéelsuggests an association between

noise from wind turbines and pain and stiffnesabdies, high blood pressure, tinnitus,

hearing impairment, cardiovascular disease, anddotg/migraine.

ES 4.2 Shadow Flicker
ES 4.2.a Production of Shadow Flicker

Shadow flicker results from the passage of theddand a rotating wind turbine between

the sun and the observer.

1.

3.

The occurrence of shadow flicker depends on thatilme of the observer relative to the
turbine and the time of day and year.

Frequencies of shadow flicker elicited from turlsing proportional to the rotational
speed of the rotor times the number of blades sugémerally between 0.5 and 1.1 Hz for
typical larger turbines.

Shadow flicker is only present at distances of tkas 1400 m from the turbine.

ES4.2.b Health Impacts of Shadow Flicker

1.

Scientific evidence suggests that shadow flickersdwot pose a risk for eliciting seizures

as a result of photic stimulation.
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2. There is limited scientific evidence of an asseciabetween annoyance from prolonged
shadow flicker (exceeding 30 minutes per day) astdrgial transitory cognitive and
physical health effects.

ES 4.3 Ice Throw
ES4.3.aProduction of 1ce Throw
Ice can fall or be thrown from a wind turbine dgyior after an event when ice forms or

accumulates on the blades.

1. The distance that a piece of ice may travel froentthibine is a function of the wind
speed, the operating conditions, and the shapgeedte.

2. In most cases, ice falls within a distance fromttivbine equal to the tower height, and in
any case, very seldom does the distance exceed tinedotal height of the turbine

(tower height plus blade length).

ES 4.3.b Health Impacts of | ce Throw

1. There is sufficient evidence that falling ice isypteally harmful and measures should be

taken to ensure that the public is not likely taamter such ice.
ES 4.4 Other Considerations

In addition to the specific findings stated abowerfoise and vibration, shadow flicker
and ice throw, the Panel concludes the following:

1. Effective public participation in and direct berngfirom wind energy projects (such as
receiving electricity from the neighboring wind bimes) have been shown to result in
less annoyance in general and better public acteptaverall.

ES 5. Best Practices Regarding Human Health Effesof Wind Turbines

The best practices presented in Chapter 5 aretexpbare.

Broadly speaking, the term “best practice” referpalicies, guidelines, or
recommendations that have been developed for #@ispetuation. Implicit in the term is that
the practice is based on the best information alkglat the time of its institution. A best
practice may be refined as more information andistubecome available. The panel recognizes
that in countries which are dependent on wind gnargl are protective of public health, best

practices have been developed and adopted.
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In some cases, the weight of evidence for a spguifictice is stronger than it is in other
cases. Accordingly, best practice* may be categdrin terms of the evidence available, as
follows:

Descriptions of Three Best Practice Categories

Category | Name Description
_ A program, activity, or strategy that has the hgjltegree
1 Research Validated | of proven effectiveness supported by objective and
Best Practice comprehensive research and evaluation.

A program, activity, or strategy that has been ghtw

2 Field Tested Best work effectively and produce successful outcomesisn
Practice supported to some degree by subjective and obgedata
sources.

A program, activity, or strategy that has workedthivi one
organization and shows promise during its earlgesdor
3 Promising Practice | becoming a best practice with long-term sustainable
impact. A promising practice must have some object
basis for claiming effectiveness and must have the
potential for replication among other organizations

*These categories are based on those suggestddéntifying and Promoting Promising Practices.”
Federal Register, Vol. 68. No 131. 131. July 2003.
www.acf.hhs.gov/programs/ccf/about_ccf/gbk pdf/pf. mdf

ES 5.1 Noise

Evidence regarding wind turbine noise and humaitthealimited. There is limited
evidence of an association between wind turbineenand both annoyance and sleep disruption,
depending on the sound pressure level at the totaficoncern. However, there are no
research-based sound pressure levels that corgtspdimman responses to noise. A number of
countries that have more experience with wind gnargl are protective of public health have
developed guidelines to minimize the possible aglveffects of noise. These guidelines
consider time of day, land use, and ambient wirestdp The table below summarizes the
guidelines of Germany (in the categories of indastcommercial and villages) and Denmark

(in the categories of sparsely populated and rat@lg The sound levels shown in the table are
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for nighttime and are assumed to be taken immddiatgside of the residence or building of
concern. In addition, the World Health Organizatiecommends a maximum nighttime sound
pressure level of 40 dB(A) in residential areagcétnmended setbacks corresponding to these
values may be calculated by software such as WndPsimilar software. Such calculations
are normally to be done as part of feasibility s#ad The Panel considers the guidelines shown
below to be Promising Practices (Category 3) benbvody some aspects of Field Tested Best
Practices (Category 2) as well.

Promising Practices for Nighttime Sound Presseseels by Land Use Type

Land Use Sound Pressure Level,
dB(A) Nighttime Limits
Industrial 70
Commercial 50
Villages, mixed usage 45
Sparsely populated areas, 8 m/s wind* 44
Sparsely populated areas, 6 m/s wind* 42
Residential areas, 8 m/s wind* 39
Residential areas, 6 m/s wind* 37

*measured at 10 m above ground, outside of resiglendocation of concern

The time period over which these noise limits asagured or calculated also makes a
difference. For instance, the often-cited Worldakte Organization recommended nighttime
noise cap of 40 dB(A) is averaged over one yeat (kes not refer specifically to wind turbine
noise). Denmark’s noise limits in the table abaxe calculated over a 10-minute period. These
limits are in line with the noise levels that th@demiological studies connect with insignificant
reports of annoyance.

The Panel recommends that noise limits such a® gesented in the table above be
included as part of a statewide policy regarding ménd turbine installations. In addition,
suitable ranges and procedures for cases wherotbe levels may be greater than those values

should also be considered. The considerationdahake into account trade-offs between
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environmental and health impacts of different epesgurces, national and state goals for energy
independence, potential extent of impacts, etc.

The Panel also recommends that those involvediimd turbine purchase become
familiar with the noise specifications for the tumd and factors that affect noise production and
noise control. Stall and pitch regulated turbihase different noise characteristics, especially in
high winds. For certain turbines, it is possillelecrease noise at night through suitable control
measures (e.g., reducing the rotational speedeafdtor). If noise control measures are to be
considered, the wind turbine manufacturer mustdbe to demonstrate that such control is
possible.

The Panel recommends an ongoing program of mongamnd evaluating the sound
produced by wind turbines that are installed in@menmonwealth. IEC 61400-11 provides the
standard for making noise measurements of windrtesh(International Electrotechnical
Commission, 2002). In general, more compreherasgessment of wind turbine noise in
populated areas is recommended. These assessheunls be done with reference to the
broader ongoing research in wind turbine noise yecdn and its effects, which is taking place
internationally. Such assessments would be ugafuéfining siting guidelines and for
developing best practices of a higher categorysé&lmvestigation near homes where outdoor
measurements show A and C weighting differencegezter than 15 dB is recommended.

ES 5.2 Shadow Flicker

Based on the scientific evidence and field expeeaelated to shadow flicker, Germany has

adopted guidelines that specify the following:

1. Shadow flicker should be calculated based on ttrera@mical maximum values (i.e., not
considering the effect of cloud cover, etc.).

2. Commercial software such as WindPro or similangafe may be used for these
calculations. Such calculations should be doraasof feasibility studies for new wind
turbines.

3. Shadow flicker should not occur more than 30 misyier day and not more than 30
hours per year at the point of concern (e.g., ezsids).

4. Shadow flicker can be kept to acceptable leveleeiby setback or by control of the
wind turbine. In the latter case, the wind turbin@nufacturer must be able to

demonstrate that such control is possible.
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The guidelines summarized above may be considerbd & Field Tested Best Practice
(Category 2). Additional studies could be perfodpspecifically regarding the number of hours
per year that shadow flicker should be allowedt Wauld allow them to be placed in Research
Validated (Category 1) Best Practices.

ES 5.3 Ice Throw
Ice falling from a wind turbine could pose a dangehuman health. It is also clear that the
danger is limited to those times when icing oc@nd is limited to relatively close proximity to
the wind turbine. Accordingly, the following shdube considered Category 1 Best Practices.
1. In areas where icing events are possible, warrshgsld be posted so that no one passes
underneath a wind turbine during an icing eventamd the ice has been shed.
2. Activities in the vicinity of a wind turbine shoulgke restricted during and immediately
after icing events in consideration of the follogritwo limits (in meters).

For a turbine that may not have ice control measutenay be assumed that ice could

fall within the following limit:

X =15(2R+H)

max,throw

Where:R = rotor radius (m)H = hub height (m)

For ice falling from a stationary turbine, the &lling limit should be used:

X =U(R+H)/15

max, fall

Where:U = maximum likely wind speed (m/s)

The choice of maximum likely wind speed should i éxpected one-year return

maximum, found in accordance to the Internationettotechnical Commission’s

design standard for wind turbines, IEC 61400-1.

Danger from falling ice may also be limited by mntrol measures. If ice control
measures are to be considered, the wind turbineifacturer must be able to demonstrate that
such control is possible.

ES 5.4 Public Participation/Annoyance

There is some evidence of an association betwesicipation, economic or otherwise,

in a wind turbine project and the annoyance (ock thereof) that affected individuals may

express. Accordingly, measures taken to direatlplve residents who live in close proximity
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to a wind turbine project may also serve to redhedevel of annoyance. Such measures may
be considered to be a Promising Practice (Categjory
ES 5.5 Regulations/Incentives/Public Education

The evidence indicates that in those parts of thedwvhere there are a significant
number of wind turbines in relatively close proxiynio where people live, there is a close
coupling between the development of guidelinesyipron of incentives, and educating the
public. The Panel suggests that the public begetythrough such strategies as education,
incentives for community-owned wind developmentsnpensations to those experiencing
documented loss of property values, comprehensitbmesk guidelines, and public education
related to renewable energy. These multi-facepgdeaches may be considered to be a

Promising Practice (Category 3).
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Chapter 1
Introduction to the Study

The Massachusetts Department of Environmental &iote(MassDEP), in collaboration
with the Massachusetts Department of Public H{aDPH), convened a panel of independent
experts to identify any documented or potentialthagenpacts or risks that may be associated
with exposure to wind turbines, and, specificaltyfacilitate discussion of wind turbines and
public health based on sound science. While thar@anwealth of Massachusetts has goals for
increasing the use of wind energy from the curdniMW to 2000 MW by the year 2020,
MassDEP recognizes there are questions and corexésimg) from harnessing wind energy.
Although fossil fuel non-renewable sources haveatieg environmental and health impacts, it
should be noted that the scope of the Panel’steffas focused on wind turbines and is not
meant to be a comparative analysis of the relatigats of wind energy vs. nonrenewable fossil
fuel sources such as coal, oil, and natural gasre@tly, “regulation” of wind turbines is done at
the local level through local boards of health aoding boards. Some members of the public
have raised concerns that wind turbines may haakriepacts related to noise, infrasound,
vibrations, or shadow flickering generated by tmbines. The goal of the Panel’s evaluation
and report is to provide a review of the scieneg &xplores these concerns and provides useful
information to MassDEP and MDPH and to local ages@vho are often asked to respond to
such concerns.

The overall context for this study is that the abevind turbines results in positive
effects on public health and environmental heakbr example, wind turbines operating in
Massachusetts produce electricity in the amouappfoximately 2,100-2,900 MWh annually
per rated MW, depending on the design of the terlaind the average wind speed at the
installation site. Furthermore, the use of windbimies for electricity production in the New
England electrical grid will result in a signifidaslecrease in the consumption of conventional
fuels and a corresponding decrease in the produofi€(, and oxides of nitrogen and sulfur
(see Appendix A for details). Reductions in thedurction of these pollutants will have
demonstrable and positive benefits on human andamaental health. However, local impacts
of wind turbines, whether anticipated or demonstiahave resulted in fewer turbines being

installed than might otherwise have been expecieadthe extent that these impacts can be
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ameliorated, it should be possible to take advantdghe indigenous wind energy resource
more effectively.

The Panel consists of seven individuals with baalkgds in public health, epidemiology,
toxicology, neurology and sleep medicine, neurosme and mechanical engineering. With the
exception of two individuals (Drs. Manwell and Mil] Panel members did not have any direct
experience with wind turbines. The Panel did aemsive literature review of the scientific
literature (see bibliography) as well as other repgopular media, and the public comments
received by the MassDEP.
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Chapter 2
Introduction to Wind Turbines

This chapter provides an introduction to wind todgs so as to provide a context for the
discussion that follows. More information on witualbines may be found in the appendices,
particularly in Appendix A.

2.1 Wind Turbine Anatomy and Operation

Wind turbines utilize the wind, which originatesrin sunlight due to the differential
heating of various parts of the earth. This ddferal heating produces zones of high and low
pressure, resulting in air movement. The motiothefair is also affected by the earth’s rotation.
Many countries have turned to wind power as a cigBargy source because it relies on the
wind, which is indefinitely renewable; it is genta “locally,” thereby providing a measure of
energy independence; and it produces no carbondéi@missions when operating. There is
interest in pursuing wind energy both on-land afishore. For this report, however, the focus
is on land-based installations, and all commenlisf@egus on this technology.

The development of modern wind turbines has beesvahutionary design process,
applying optimization at many levels. This sectgives a brief overview of the characteristics
of wind turbines with some mention of the optimiaatparameters of interest. Appendix A
provides a detailed explanation of wind energy.

The main features of modern wind turbines one eetare the very tall towers, which are
no longer a lattice structure but a single cyliodklike structure and the three upwind, very
long, highly contoured turbine blades. The towesign has evolved partly because of biological
impact factors as well as for other practical reasolhe early lattice towers were attractive
nesting sites for birds. This led to an unnecgssapact of wind turbines on bird populations.
The lattice structures also had to be climbed estér by turbine technicians. The tubular
towers, which are now more common, are climbedmatéy. This reduces the health risks for
maintenance crews.

The power in the wind available to a wind turbiseelated to the cube of the wind speed
and the square of the radius of the rotor. Nathelavailable power in the wind can be captured
by a wind turbine, however. Betz (van Kuik, 208fApwed that the maximum power that can be

extracted is 16/27 times the available power (sgeefddix A). In an attempt to extract the
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maximum power from the wind, modern turbines hasgyVarge rotors and the towers are quite
high. In this way the dependence on the raditiggmized,” and the dependence on the wind
speed is “optimized.” The wind speed is higherwairam the ground due to boundary layer
effects, and as such, the towers are made higleedar to capture the higher speed winds (more
information about the wind profiles and variabilisyffound in Appendix A). It is noted here that
the rotor radius may increase again in the futoué currently the largest rotors used on land are
around 100 m in diameter. This upper limit is eatty a function of the radius of curvature of
the roads on which the trucks that deliver theitelblades must drive to the installation sites.
Clearance under bridges is also a factor.

The efficiency with which the wind’s power is caggd by a particular wind turbine (i.e.,
how close it comes to the Betz limit) is a functmfrthe blade design, the gearbox, the electrical
generator, and the control system. The aerodynorges on the rotor blade play a major role.
The best design maximizes lift and minimizes dragvary blade section from hub to tip. The
twisted and tapered shapes of modern blades attemeet this optimal condition. Other
factors also must be taken into consideration siscstructural strength, ease of manufacturing
and transport, type of materials, cost, etc.

Beyond these visual features, the number of bladdsspeed of the tips play a role in the
optimization of the performance through what idemhbolidity. When setting tip speeds based
on number of blades, however, trade-offs exist beeaf the influence of these parameters on
weight, cost, and noise. For instance, highespigeds often results in more noise.

The dominance of the 3-bladed upwind systems is bistoric and evolutionary. The
European manufacturers moved to 3-bladed systethmatalled numerous turbines, both in
Europe and abroad. Upwind systems are preferaldewnwind systems for on-land
installations because they are quieter. The dowdwonfiguration has certain useful features
but it suffers from the interaction noise creatdtewthe blades pass through the wake that forms
behind the tower.

The conversion of the kinetic energy of the wintbielectrical energy is handled by the
rotor nacelle assembly (RNA), which consists ofribter, the drive train, and various ancillary
components. The rotor grouping includes the blaitheshub, and the pitch control components.
The drive train includes the shafts, bearings, lg@afnot necessary for direct drive generators),
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couplings, mechanical brake, and generator. Arsalie of the RNA, together with more detall
concerning the operation of the various parts) kppendix A.

The rotors are controlled so as to generate etégtrnost effectively and as such must
withstand continuously fluctuating forces duringmal operation and extreme loads during
storms. Accordingly, in general a wind turbineoraloes not operate at its own maximum
power coefficient at all wind speeds. Becausdisf the power output of a wind turbine is
generally described by a relationship, known asvagp curve. A typical power curve is shown
in the appendix. Below the cut-in speed no powgrroduced. Between cut-in and rated wind
speed the power increases significantly with wipelesl. Above the rated speed, the power
produced is constant, regardless of the wind speetiabove the cut-out speed the turbine is
shut down often with use of the mechanical brake.

Two main types of rotor control systems exist:.cipiand stall. Stall controlled turbines
have fixed blades and operate at a fixed speeé.a&hbdynamic design of the blades is such
that the power is self-limiting, as long as theeayator is connected to the electrical grid. Pitch
regulated turbines have blades that can be ro#dttedt their long axis. Such an arrangement
allows more precise control. Pitch controlled tnés are also generally quieter than stall
controlled turbines, especially at higher wind gfgeeUntil recently, many turbines used stall
control. At present, most large turbines use pauatitrol. Appendices A and F provide more
details on pitch and stall.

The energy production of a wind turbine is usuatipsidered annually. Estimates are
usually obtained by calculating the expected engrgywill be produced every hour of a
representative year (by considering the turbineisgr curve and the estimated wind resource)
and then summing the energy from all the hourané&nes a normalized term known as the
capacity factor (CF) is used to characterize thbopmance. This is the actual energy produced
(or estimated to be produced) divided by the amotiehergy that would be produced if the
turbine were running at its rated output for théreryear. Appendix A gives more detail on

these computations.
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2.2 Noise from Turbines

Because of the concerns about the noise generatadafind turbines, a short summary
of the sources of noise is provided here. A thghodescription of the various noise sources
from a wind turbine is given in the text by Wageéal. (1996).

A turbine produces noise mechanically and aerodycedly. Mechanical noise sources
include the gearbox, generator, yaw drives, codiamg, and auxiliary equipment such as
hydraulics. Because the emitted sound is assdcwdta the rotation of mechanical and
electrical equipment, it is often tonal. For imste, it was found that noise associated with a
1500 kW turbine with a generator running at spdeds/een 1100 and 1800 rpm contained a
tone between 20 and 30 Hz (Betke et al., 2004 yHw system on the other hand might
produce more of a grinding type of noise but onhewthe yaw mechanism is engaged. The
transmission of mechanical noise can be eithepaigor structure-borne as the associated
vibrations can be transmitted into the hub and tamel then radiated into the surrounding
space.

Advances in gearboxes and yaw systems have dedréeese noise sources over the
years. Direct drive systems will improve this eveore. In addition, utility scale wind turbines
are usually insulated to prevent mechanical no@ froliferating outside the nacelle or tower
(Alberts, 2006)

Aerodynamic sound is generated due to complex-Btridcture interactions occurring on
the blades. Wagner et al. (1996) break down theces of aerodynamic sound as follows in
Table 1.
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Table 1

Sources of Aerodynamic Sound from a Wind Turbinea@wér et al., 1996

Noise Type

Mechanism

Characteristic

Trailing-edge noise

Interaction of boundary layer
turbulence with blade trailing
edge

Broadband, main source of hig
frequency noise (770 Hz < f <
2 kHz)

Tip noise Interaction of tip turbulence | Broadband
with blade tip surface

Stall, separation noise Interaction of turbulenadw | Broadband
blade surface

Laminar boundary layer | Non-linear boundary layer Tonal

noise instabilities interacting with the
blade surface

Blunt trailing edge noise| Vortex shedding at blunt Tonal
trailing edge

Noise from flow over Unsteady shear flows over Tonal

holes, slits, and holes and slits, vortex shedding

intrusions from intrusions

Inflow turbulence noise Interaction of blade with Broadband

atmospheric turbulence

Steady thickness noise,
steady loading noise

Rotation of blades or rotation ¢
lifting surface

bfLow frequency related to blade

passing frequency (outside of
audible range)

14

Unsteady loading noise

Passage of blades through
varying velocities, due to pitch
change or blade altitude chang
as it rotates*
For downwind turbines passag
through tower shadow

Whooshing or beating,
amplitude modulation of
y@audible broadband noise. For
downwind turbines, impulsive
enoise at blade passing
frequency

*van den Berg 2004.
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Of these mechanisms, the most persistent and sfitengest source of aerodynamic
sound from modern wind turbines is the trailingedgise. It is also the amplitude modulation
of this noise source due to the presence of atneogpéffects and directional propagation effects
that result in the whooshing or beating sound ofegrorted (van den Berg, 2004). As a turbine
blade rotates through a changing wind stream, énedgnamics change, leading to differences
in the boundary layer and thus to differences @ntthiling edge noise (Oerlemans, 2009). Also,
the direction in which the blade is pointing chasgs it rotates, leading to differences in the
directivity of the noise from the trailing edgehi3 noise source leads to what some people call
the “whooshing” sound.

Most modern turbines use pitch control for a vgradtreasons. One of the reasons is
that at higher wind speeds, when the control systasithe greatest impact, the pitch controlled
turbine is quieter than a comparable stall regdlatebine would be. Appendix E shows the
difference in the noise from two such systems.

When discussing noise from turbines, it is impadrtaralso consider propagation effects
and multiple turbine effects. One propagationctftd interest is due to the dependence of the
speed of sound on temperature. When there iga tamperature gradient (which may occur
during the day due to surface warming or due togo@phy such as hills and valleys) the path a
sound wave travels will be refracted. Normallystimeans that during a typical day sound is
“turned” away from the earth’s surface. Howevémight the sound propagates at a constant
height or even be “turned” down toward the earthidace, making it more noticeable than it
otherwise might be.

The absorption of sound by vegetation and reflaabibsound from hillsides are other
propagation effects of interest. Several of thedfects were shown to be influencing the sound
field near a few homes in North Carolina that wierpacted by a wind turbine installation
(Kelley et al., 1985). A downwind 2-bladed, 2 MWtiine was installed on a mountaintop in
North Carolina. It created high amplitude impuésiwise due to the interaction of the blades
and the tower wakes. Some homes (10 in 1000) adhrersely affected by this high amplitude
impulsive noise. Itis shown in the report by keglet al. (1985) that echoes and focusing due to

refraction occurred at the location of the affedtedhes.

In flat terrain, noise in the audible range wilbpagate along a flat terrain in a manner

such that its amplitude will decay exactly as dist&afrom the source (1/distance). Appendix E
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provides formulae for approximating the overall stlevel at a given distance from a source.
In the inaudible range, it has been noted thahdfie sound behaves as if the propagation was
governed by a 1/(distan¢€)(Shepherd & Hubbard, 1991).

When one considers the noise from a wind farm irckwmultiple turbines are located
close to each other, an estimate for the overadenioom the farm can be obtained. Appendix E
describes the method for obtaining the estimatikthAse estimates rely on information
regarding the sound power generated by the tudiitiee hub height. The power level for
several modern turbines is given in Appendix D.
2.2.a Measurement and Reporting of Noise

Turbines produce multiple types of sound as inédatreviously, and the sound is
characterized in several ways: tonal or broadbemadstant amplitude or amplitude modulated,
and audible or infrasonic. The first two charaeggion pairs have been mentioned previously.
Audible refers to sound with frequencies from 20tbl20 kHz. The waves in the infrasonic
range, less than 20 Hz, may actually be audilileeifamplitude of the sound is high enough.
Appendix D provides a brief primer on acoustics #relhearing threshold associated with the
entire frequency spectrum.

Sound is simply pressure fluctuations and as ghéhjs what a microphone measures.
However, the amplitude of the fluctuations is répdmot in units of pressure (such as Pascals)

but on a decibel scale. The sound pressure |&Ril)(is defined by

SPL = 10 logo [p?/p’red = 20 logio(p/pres)

the resulting number having the units of decibeéB)( The reference pressurg; for airborne
sound is 20 x 1B Pa (i.e., 20 puPa or 20 micro Pascals). Some dapiins of the decibel scale
are noted in Appendix D.

When sound is broadband (contains multiple fregesigit is useful to use averages that
measure approximately the amplitude of the soundtarfrequency content. Standard
averaging methods such as octave and 1/3-octavkdrardescribed in Appendix D. In essence,
the entire frequency range is broken into chunkd,the amplitude of the sound at frequencies
in each chunk is averaged. An overall sound presslue can be obtained by averaging all of
the bands.
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When presenting the sound pressure it is commaistouse a filter or weighting. The
A-weighting is commonly used in wind turbine mea&suents. This filter takes into account the
threshold of human hearing and gives the same ele@hding at different frequencies that
would equate to equal loudness. This means thatvarequencies (where amplitudes have to
be incredibly high for the sound to be heard bypgbeoa large negative weight would be applied.
C-weighting only filters the levels at frequencidow about 30 Hz and above 4 kHz and filters
them only slightly between 0 and 30 Hz. The weigdities for both the A and C weightings
filters are shown in Appendix D, and an exampléwaittual wind turbine data is presented.

There are many other weighting methods. For ingtatne day-night level filter
penalizes nighttime noise between the hours of.&0 @and 7 a.m. by adding an additional 10 dB
to sound produced during these hours.

When analyzing wind turbine and other anthropogsaimd there is a question as to
what averaging period should be used. The WorladtH®rganization uses a yearly average.
Others argue though that especially for wind tugbjrwhich respond to seasonal variations as
well as diurnal variations, much shorter averadresikl be considered.

2.2.b Infrasound and Low-frequency Noise (IFLN)

The terminfrasoundrefers to pressure waves with frequencies less2BaHz. In the
infrasonic range, the amplitude of the sound mastdyy high for it to be audible to humans.
For instance, the hearing threshold below 20 Haireq that the amplitude be above 80 dB for it
to be heard and at 5 Hz it has to be above 103dBeal, 2011; Watanabe & Moeller, 1990).
This gives little room between the audible andgham values for the infrasound range: 165 dB
at 2 Hz and 145 dB at 20 Hz cause pain (Leven?4l6).

Thelow frequencyrange is usually characterized as 20-200 Hz (Libna¢n2006;

O’Neal, 2011). This is within the audible rangé hgain the threshold of hearing indicates that
fairly high amplitude is required in this frequeneyge as well. The A-weighting of sound is
based upon the threshold of human hearing suclit tiegtorts the measured values adjusted by -
50 dB at 20 Hz, -10 dB at 200 Hz, and + 1 dB at01@@. The A-weighting curve is shown in
Appendix D.

It is known that low frequency waves propagate Wats attenuation than high-frequency
waves. Measurements have shown that the amplitudee airborne infrasonic waves can be

cylindrical in nature, decaying at a rate invergaigportional to the square root of the distance
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from the source. Normally the decay of the amgitof an acoustic wave is inversely
proportional to the distance (Shepherd & Hubba@®1).

It is difficult to find reliable and comparable raound and low frequency noise (ILFN)
measurement data in the peer-reviewed literatliedle 2 provides some examples of such
measurements from wind turbines. For each caseetlability of the infrasonic data is not
known (the infrasonic measurement technique igastribed in each report), although it is
assumed that the low frequency noise was captu@daely. The method for obtaining the
sound pressure level is not described for eachrtegbdata set, and some may come from
averages over many day/time/wind conditions whilees may be just from a single day’s
measurement campaign.
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Table 2

Literature-based Measurements of Wind TurbinesaldBe refers to unweighted values

Turbine

Distance

Sound Pressure

Rating (kW)  (m) Frequency Level Reference
5 55 dE(G)

500 200 20 35 dB(G? Jakobsen, 20065

2

3200 68 ;’0 ;g gggg? Jakobsen, 20065
5 >70 dB(A)

1500 65 20 60 dB(A) Leventhal, 2006
100 35 dB(A)
5 95 dE

2000 (2) 100 20 65 dE ‘Z’ggge” Berg,
200 55 dE
1 90 dE
10 70 dE

1500 98 20 68 dE Jung, 2008
100 68 dE
200 60 dE
10 75 dE

- 450 100 55 dE Palmer, 2010
200 40 dE
5 73 dB(A)

2300 305 20 55 dB(A)- 95 O'Neal, 201
100 50 dB(A)- 70

'dB alone refers to un-weighted values.
’G weighting reflects human response to infrasouFiue curve is defined to
have a gain of zero dB at 10 Hz. Between 1 HzZ2dhHz the slope is
approximately 12 dB per octave. The cut-off belbwz has a slope of 24
dB per octave, and above 20 Hz the slope is -2gatBctave. Humans can
hear 95 dB(G).

®Indicates peer-reviewed article.

When these recorded levels are taken at face vaheemight conclude that the

infrasonic regime levels are well below the audibleshold. In contrast, the low frequency
regime becomes audible around 30 Hz. Such daglkdvmany researchers to conclude that
the infrasound and low frequency noise from windbitees is not an issue (Leventhal, 2009;
O'Neal, 2011; Bowdler, 2009). Others who have bbagplanations for complaints from those

living near wind turbines have pointed to ILFN gsrablem (Pierpont, 2009; Branco & Alves-
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Pereira, 2004). Some have declared the low freyuemnge to be of greatest concern
(Kamperman et al., 2008; Jung, 2008).

It is important to make the clear distinction betwexmplitude-modulated noise from
wind turbines and the ILFN from turbines. Amplieuchodulation in wind turbines noise has
been discussed at length by Oerlemans (2009) andesa Berg (2004). Amplitude modulation
is what causes the whooshing sound referred twigb-swish by van den Berg (that sometimes
becomes a thumping sound). The whooshing noisgertdy modern wind turbines occurs
because of variations in the trailing edge noiselpced by a rotor blade as it sweeps through its
path and the directionality of the noise becaugh®perceived pitch of the blade at different
locations along its 36Qrotation. The sound is produced in the audibhgeaand it is modulated
so that it is quiet and then loud and then quieiragt a rate related to the blade passing
frequency (rate blades pass the tower) which enadiround 1 Hz. Van den Berg (2004) noted
that the level of amplitude modulation is oftenages at night because the difference between
the wind speed at the top and bottom of the rasr dan be much larger at night when there is a
stable atmosphere than during the day when the priofile is less severe. ltis further argued
that in a stable atmosphere there is little winarriee ground so wind noise does not mask the
turbine noise for a listener near the ground. IRinatmospheric effects can change the
propagation of the sound refracting the noise tdwdne ground rather than away from the
ground. The whooshing that is heard is NOT infumsband much of its content is not at low
frequency. Most of the sound is at higher freqyeartd as such it will be subject to higher
atmospheric attenuation than the low frequency doun anecdotal finding that the whooshing
sound carries farther when the atmosphere is stia@e not imply that it is infrasound or heavy
in low frequency content, it simply implies thaetrefraction of the sound is also different when
the atmosphere is stable. It is important to tloéa that when a complaint is tied to the
thumping or whooshing that is being heard, the dampmay not be about ILFN at all even if
the complaint mentions low frequency noise. Kamazar et al. (2008) state that, “It is not clear
to us whether the complaints about “low frequenayise are about the audible low frequency
part of the “swoosh-boom” sound, the once-per-sg@@mplitude modulation ... of the “swoosh-

boom” sound, or some combination of the two.”
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Chapter 3
Health Effects

3.1 Introduction

Chapter 3 reviews the evidence for human healdteffof wind turbines. Extensive
literature searches and reviews were conductedetttify studies that specifically evaluate
population responses to turbines, as well as ptpaland individual responses to noise,
vibration, and flicker. The biological plausibylior basis for health effects of turbines (noise,
vibration, and flicker) was examined. Beyond ttimhial forms of scientific publications, the
Panel also reviewed other non-peer reviewed méeneluding information related to “Wind
Turbine Syndrome” and provides a rigorous analgsits scientific basis. Since the most
commonly reported complaint by people living neabines is sleep disruption, the Panel
provides a robust review of the relationship betweeise, vibration, annoyance as well as sleep
disturbance from noises and the potential impalfctseoresulting sleep deprivation.

In assessing the state of the evidence for heti#thte of wind turbines, the Panel relied
on several different types of studies. It con®ddnuman studies of primary value. These were
either human epidemiological studies specificadljating to exposure to wind turbines or, where
specific exposures resulting from wind turbineslddae defined, the Panel also considered
human experimental data. Animal studies are eatitw exploring biological plausibility and
understanding potential biological mechanisms tiédint exposures, and for providing
information about possible health effects when erpental research in humans is not ethically
or practically possible (National Research Cou(dRC), 1991). As such, this literature was
also reviewed with respect to wind turbine exposura all cases, data quality is considered. At
times some studies were rejected because of lacgarfor the interpretations were inconsistent
with the scientific evidence. These are identifiethe discussion below.

In the specific case of the possibility of ice lgethrown from wind turbine blades, the
Panel discusses the physics of such ice throwmdardp provide the basis of the extent of the

potential for injury from thrown ice (see Chaptgr 2
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3.2 Human Exposures to Wind Turbines

Epidemiologic study designs differ in their ability provide evidence of an association
(Ellwood, 1998). Typical study designs includedamized trials, cohort studies, and case-
control studies and can include elements of prasmefllow-up, retrospective assessments, or
cross-sectional analysis where exposure and outdataeare essentially concurrent. Each of
these designs has strengths and weaknesses argdthpiovide varying levels of strength of
evidence for causal associations between expoauntesutcomes, which can also be affected by
analytic choices. Thus, this literature needsa@xamined in detail, regardless of study type, to
determine strength of evidence for causality.

Review of this literature began with a PubMed dedoc “wind turbine” or “wind
turbines” to identify peer-reviewed literature @aning to health effects of wind turbines. Titles
and abstracts of identified papers were then reawktke a first pass determination of whether
the paper was a study on health effects of expdsuménd turbines or might possibly contain
relevant references to such studies. Becausestirerpviewed literature so identified was
relatively limited, we also examined several noefpgeviewed papers, reports, and books that
discussed health effects of wind turbines. Altho$ literature was examined for additional
relevant references, but for the purposes of deteémmstrength of evidence, we only considered
such publications if they described studies of ssorein sufficient detail to assess the validity
of the findings. This process identified four sagdthat generated peer-reviewed papers on
health effects of wind turbines. A few other naepreviewed documents described data of
sufficient relevance to merit consideration anddiseussed below as well.
3.3 Epidemiological Studies of Exposure to Wind Turbine

The four studies that generated peer-reviewed papehealth effects of wind turbines
included two from Sweden (E. Pedersen et al., 2B0Pedersen & Waye, 2004), one from the
Netherlands (E. Pedersen et al., 2009), and one Wew Zealand (Shepherd at al., 2011). The
primary outcome assessed in the first three oktlsagdies is annoyance. Annoyapee seis
not a biological disease, but has been definedffierednt ways. For example, as “a feeling of
resentment, displeasure, discomfort, dissatisfactio offence which occurs when noise
interferes with someone’s thoughts, feelings olydagtivities” (Passchier-Vermeer, 1993); or “a
mental state characterized by distress and avemstuoh if maintained, can lead to a

deterioration of health and well-being” (Shephetrdle 2010). Annoyance is usually assessed
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with questionnaires, and this is the case for ltheet studies mentioned above. There is
consistent evidence for annoyance in populatiopegad for more than one year to sound levels
of 37 dB(A), and severe annoyance at about 42 dB{Ancha-Barrientos et al., 2004). In each
of those studies annoyance was assessed by questeyrand the respondent was asked to
indicate annoyance to a number of items (includvirgd turbines) on a five-point scale (do not
notice, notice but not annoyed, slightly annoyather annoyed, very annoyed). While
annoyance as such is certainly not to be dismissexsessing global burden of disease the
World Health Organization (WHO) has taken the apphoof excluding annoyance as an
outcome because it is not a formally defined healtitomeper se(Concha-Barrientos et al.,
2004). Rather, to the extent annoyance may cahse loealth outcomes, those other outcomes
could be considered directly. Nonetheless, becaliagaucity of literature on the association
between wind turbines and other health outcomes;onmsider here the literature on wind
turbines and annoyance.
3.3.a Swedish Studies

Both Swedish studies were cross sectional and wedamailed questionnaires to
potential participants. For the first Swedish gtu&P7 households were identified in one of five
areas of Sweden chosen to have enough dwellingsyihg distances from wind turbines and of
comparable geographical, cultural, and topograpkicacture (E. Pedersen & Waye, 2004).
There were 16 wind turbines in the study area dnidese, 14 had a power of 600-650 kW, and
the other 2 turbines had 500 kW and 150 kW. Tlete were between 47 and 50 m in height.
Of the turbines, 13 were WindWorld machines, 2 wemercon, and 1 was a Vestas turbine.
Questionnaires were to be filled out by one pememhousehold who was between the ages of
18 and 75. If there was more than one such petsermne whose birthday was closest to May
20" was chosen. It is not clear how the specific B&@seholds were chosen, and of the 627,
only 513 potential participants were identifiedhaligh it is not clear why the other households
did not have potential participants. Of the 518ptal participants, 351 (68.4%) responded.

The purpose of the questionnaire was masked byimgethe participant about living
conditions in general, some questions on which weleged to wind turbines. However, a later
section of the questionnaire focused more spedifica wind turbines, and so the degree to
which the respondent was unaware about the focugrahturbines is unclear. A-weighted

sound levels were determined at each respondenmélidg, and these levels were grouped into
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6 categories (in dB(A): <30, 30-32.5, 32.5-35, 355337.5-40, and >40). Ninety-three
percent of respondents could see a wind turbirma theeir dwelling.

The main results of this study were that there avagnificant association between noise
level and annoyance. This association was attedwalhen adjusted for the respondent’s
attitude towards the visual impact of the turbirnesich itself was a strong predictor of
annoyance levels, but the association with noifigpstsisted. Further adjustment for noise
sensitivity and attitude towards wind turbines @ngral did not change the results. The authors
indicated that the reporting of sleep disturbamweest up with higher noise categories, but did
not report on the significance of this associatidlor did the authors report on associations with
other health-related questions that were apparentihe questionnaire (such as headache,
undue tiredness, pain and stiffness in the baa aeshoulders, or feeling tensed/stressed, or
irritable).

The 68% response rate in this study is reasonalay,dout it is somewhat disconcerting
that the response rate appeared to be higher invthiighest noise level categories (76% and
78% vs. 60-69%). It is not implausible that theg® were annoyed by the turbines were more
inclined to return the questionnaire. In the lowas® sound categories (<32.5 dB(A)) nobody
reported being more than slightly annoyed, wheie#se highest two categories 28% (37.5-40
dB(A)) and 44% (>40 dB(A)) reported being more tlséightly annoyed (unadjusted
percentages). Assuming annoyance would drivenetgithe questionnaires, this would suggest
that the percentages in the highest categoriesomapmewhat inflated. The limited description
of the selection process in this study is a linotags well, as is the cross sectional nature®f th
study. Cross-sectional studies lack the abilitgetermine the temporality of cause and effect; in
the case of these kinds of studies, we cannot kmo&ther the annoyance level was present
before the wind turbines were operational fromassrsectional study design. Furthermore,
despite efforts to blind the respondent to the eamjghon wind turbines, it is not clear to what
degree this was successful.

The second Swedish study (E. Pedersen & Perssor \2a@7) took a similar approach
to the first, but in this study the selection praees were explained in more detail and were
clearly rigorous. Specific details on the windoines in the area were not provided, but it was
noted that areas were sought with wind turbineshthd a nominal power of more than 500 kW,

although some of the areas also contained turlwtbdower power. A later publication by
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these authors (Pedersen et al., 2009) indicateshthdurbines in this study were up to 1.5 MW
and up to 65 m high. In the areas chosen, eitheoaseholds were recruited or a random
sample was used. In this study 1,309 questiomaieze sent out and 754 (57.6%) were
returned. The response rate by noise category, leewever, was not reported. There was a
clear association between noise level and heaunifgnie noise, with the percentage of those
hearing turbine noise steadily increasing acrossthse level categories. However, despite a
significant unadjusted association between noweldeand annoyance (dichotomized as more
than slightly annoyed or not), and after adjusforgattitude towards wind turbines or visual
aspects of the turbines (e.g., visual angle omtrizon, an indicator of how prominent the
turbines are in the field of view), each of whichsastrongly associated with annoyance, the
association with noise level category was loste fiifodel from which this conclusion was
drawn, however, imposed a linear relation on tle®eiation between noise level category and
annoyance. But in the crude percentages of pewpleyed across noise level categories, it
appeared that the relation might not be linearratiter most prevalent in the highest noise. The
percentage of those in the highest noise levefoaye(>40 dB(A)) reporting annoyance (~15%)
appeared to be higher than among people in therlogise categories (<5%).

Given the more rigorous description of the selecpoocess in this study, it has to be
considered stronger than the first Swedish stifile 58% is pretty good for a questionnaire
response rate, the non-response levels still lemw@ for bias. The authors do not report the
response rate by noise level categories, but ip#ttern is similar to the first Swedish study, it
could suggest that the percentage annoyed in ¢ieesii noise category could be inflated. The
cross sectional nature of the study is also adimaih and complicates interpretation of the
effects on the noise-annoyance association of td@rg for the other factors. Regarding the
loss of the association after adjustment for at&tuf one assumes that the noise levels caused a
negative attitude towards wind turbines, then tss lof association between noise and
annoyance after adjusting for attitude does nateggainst annoyance being caused by
increasing turbine noise, but rather that thatésgath by which noise causes annoyance (louder
noise>negative attitud&annoyance). If, on the other hand, the attitueeatds turbines was
not caused by the noise, then the results wouldesighat noise levels did not cause the
annoyance. Visual angle, however, clearly doesaose the noise level; thus, the lack of

association between noise and annoyance in anaygested for visual angle more strongly
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suggest that the turbine noise level is not caugiagannoyance, but perhaps the visual intrusion
instead. This is similar to the conclusion of arlier Danish report (T. H. Pedersen & Nielsen,
1994). Either way, however, the data still suggiest there may be an association between
turbine noise and annoyance when the noise levels40 dB(A).

A more intricate statistical model of the assoomatbetween turbine noise levels and
annoyance that used the data from both Swedislestuds reported separately (Pedersen &
Larsman, 2008). The authors used structural eguatodels (SEMs) to simultaneously account
for several aspects of visual attitude towardgtinigines and general attitude towards the
turbines. These analyses suggested a signifisantetion between noise levels and annoyance
even after considering other factors.

3.3.b Dutch Study

The Dutch study aimed to recruit households thié¢oted general wind turbine exposure
conditions over a range of background sound levalsareas within the Netherlands that were
characterized by one of three clearly defined laseltypes—built-up area, rural area with a
main road, and rural area without a main road—haatihad at least two wind turbines of at least
500 kW within 500 meters of each other were setkfdethe study. Sites dominated by
industry or business were excluded. All addregstsn these areas were obtained and
classified into one of five wind turbine noise caiges (<30, 30-35, 3540, 40-45, and >45
dB(A)) based on characteristics of nearby windingb, measurements of sound from those
turbines, and the International Standards OrgainizgtSO) standard model of wind turbine
noise propagation. Individual households were oanlg selected for recruitment within
noise/land type categories, except for the higheste level for which all households were
selected because of the small number exposed waiittldeturbine noise levels of the highest
category.

As with the Swedish studies, the Dutch study wasssectional and involved a mailed
guestionnaire modeled on the one used in the Stvatislies. Of 1,948 mailed surveys, 725
(37%) were returned. There was only minor varratioresponse rate by turbine noise category,
although unlike the Swedish studies, the respaastgawas slightly lower in the higher noise
categories. A random sample of 200 non-responti@sssent an abbreviated questionnaire
asking only two questions about annoyance from wuinbine noise. There was no difference in
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the distribution of answers to these questions antlbese non-responders and those who
responded to the full questionnaire.

One of the more dramatic findings of this study wWed among people who benefited
economically from the turbines (n=100; 14%)—who everuch more commonly in the higher
noise categories—there was virtually no annoya8#e) despite the same pattern of noticing the
noise as those who did not benefit economicallys possible that this is because attitude
towards turbines drives annoyance, but it was slggested that those who benefit
economically are able to turn off the turbines whiey become annoying. However, it is not
clear how many of those who benefited economiaadtyally had that level of control over the
turbines.

Similarly, there was very little annoyance amongde who could not see a wind
turbine from their residence even when those peopte in higher noise categories (although
none were in the highest category). In modelsdbaisted for visibility of wind turbines and
economic benefit, sound level was still a significaredictor of annoyance. However, because
of the way in which sound and visibility were maekin this analysis, the association between
higher noise levels and higher annoyance could baee driven entirely by those who could see
a wind turbine, while there could still have beenassociation between wind turbine noise level
and annoyance among those who could not see atwinide. Thus, this study has to be
considered inconclusive with respect to an assoacidtetween wind turbine sound level and
annoyancendependent athe effect of seeing a wind turbine (and vice agrs

The Dutch study has the limitation of being crosgtisnal as were the Swedish studies,
and the non-response in the Dutch study was mughrighan in the Swedish studies. The
results of the limited assessment of a subset mfrasponders mitigate somewhat against the
concerns raised by the low response rate, butaroptetely.

3.3.c New Zealand Study

The New Zealand study recruited participants fronatithe authors refer to as two
demographically matched neighborhoods (an exposmgdiving near wind turbines and a
control group living far from turbines), althoughpporting data for this are not presented. The
area with the turbines is described as being cheraed by hilly terrain, with long ridges
running 250-450 m above sea level, on which 66r2Bgh wind turbines are positioned. The

power of the turbines is not provided. For theasqu group, participants were drawn from
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those 18 years and older living in 56 houses lacaf¢hin 2 km of a wind turbine, and for the
control group participants were drawn from those/d&rs and older living in 250 houses located
at least 8 km from the wind turbines. It is uncleaw many participants per household were
recruited, but the final study sample included 88pde in the exposed group and 158 in the
control group. Response rates of 34% for the eeghgsoup and 32% for the control group are
given. The outcome assessed was response tolihevetbed version of the WHO’s quality of
life (QOL)-BREF (WHOQOL-BREF)—a health-related Q@uestionnaire. These questions
were embedded within a larger questionnaire witioua facets designed to mask the focus on
wind turbines. Although there were no statistigalgnificant demographic differences between
the two groups, 43.6% of those in the exposed ghaapa university education while only
34.2% in the control group did.

The exposed group was found to have significantdyse& physical QOL (in particular the
sleep and energy level items of this scale) and&environmental QOL (in particular ratings of
how healthy the environment is and satisfactiomhe conditions of their living space). The
groups did not differ in scores on the social grgpelogical scales. The mean ratings for an
overall QOL item was significantly lower in the edaged group. All of these analyses were
adjusted for length of residence, but for no otferables.

As with the other studies discussed, this studytirdimitation of being cross sectional.
As with the Dutch study, the response rate in tiesgnt study is rather low, and unfortunately,
there are no data in the New Zealand study on @otiefpants. This raises concern that self-
selection into the study could differ by importéattors in some way between the two groups.
The difference seen in education level betweemgtbaps exacerbates this concern. It is also
unclear whether appropriate statistical analysithods were used given that there may have
been multiple respondents from the same housetvbiidh is not stated but would have needed
to have been accounted for in the analysis. Ttled&control for other variables that may be
related to reporting of QOL is also a limitatiolm this regard it is important to note that a lack
of a statistically significant difference in facsdnetween groups does not rule out the possibility
of those factors potentially accounting for soméhef difference in outcome scores between
groups, particularly when the sample size is shalin this study. Whether participants could
see wind turbines was not assessed, but it iylikelt most if not all in the exposed group could

and most if not all in the control group could rgitjen their locations. Given the findings in the
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Swedish and Dutch studies, this means that evée idifference in QOL scores seen are due to
wind turbines, it is possible that it is driven $8eing the turbines rather than sound from the
turbines. Overall, the level of evidence from thtigdy for a causal association between wind
turbines and reported QOL is limited.
3.3.d Additional Non-Peer Reviewed Documents

Papers that appear in the peer-reviewed literdtave by definition undergone a level of
review external to the study team by not only tigoes of the journal, but also two to three
(usually) scientists familiar with the field of tiséudy and the methodology used. These hurdles
provide an opportunity to identify problems witlethaper—from methodology to interpretation
of the results—and either provide the opporturotaddress problems or reject the paper if the
problems are considered fatal to the interpretaticthe results. Non-peer reviewed literature is
not subject to this external review scrutiny. Tthiees not mean that all peer-reviewed literature
is of high quality nor that non-peered reviewedrhture is necessarily inferior to peer-reviewed
literature, but it does mean that non-peered restehterature does not need to undergo any
review process to appear. Indeed, at times staghpsar in non-peer reviewed outlets precisely
because they did not meet the bar of quality necgds appear in the peer-reviewed literature.
Thus, non-peer reviewed literature needs to bdaisaed with this in mind. Four such non-
peer-reviewed reports are described below. Intexidio those four, a few early reports of
annoyance from wind turbines generally found a we#dtionship between annoyance and the
equivalent A-weighted SPL, although those studiesevwnainly based on studies of smaller
turbines of less than 500 kW (T. H. Pedersen & $¢ir] 1994; Rand & Clarke, 1990; Wolsink et
al., 1993).

Project WINDFARMperception: Visual and acoustigmwet of wind turbine farms on

residents (van den Berg et al., 2008his report describes the study upon which thieebu

paper summarized above (E. Pedersen et al., 20@@sed. The characteristics of the wind
turbines are thus as described above. In addibidine data that appeared in the peer-reviewed
literature, this report describes analyses of auttht data that was collected. These additional
data relate to health effects and turbine noisesx@. The questionnaire assessed stress levels
with the General Health Questionnaire (GHQ), adadtd scale that has been widely used in
such studies and which assesses symptoms feltlowvgast several weeks. In models adjusted

for age, economic benefit from the turbines, and gere was no association between sound
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levels and stress. In contrast, there was a sgnif association between sound levels and
interrupted sleep (at least once a month), evemvidm¢gher adjusting for background noise
levels. This was most obvious at turbine noiselew45 dB(A), but there appeared to be an
increasing trend in occurrence of interrupted sle#p increasing noise categories even across
the lower noise categories. This study also agleticipants about chronic health conditions
including diabetes, high blood pressure, tinnihegring impairment, cardiovascular disease, and
migraine. Although no associations were seen ltweénd turbine noise and these outcomes
in adjusted analyses, the chronic nature of thagmmes and the lack of data on timing of onset
with respect to when the wind turbines were intcatlimake interpreting these negative
findings difficult.

Report to the commission related to Moturimu wiathi, New Zealand (Phipps, 2007).

This report to a commission in New Zealand relatethe Moturimu wind farm describes a
survey conducted by Robyn Phipps to investigatevidigal and acoustical effects experienced
by residents living at least 2 km from existing @ilmarms in the Manawatu and Tararua regions
of New Zealand. Most respondents were within 3 &ltihough a few lived further away, as far
as 15 km. The characteristics and number of wirgines was not provided. Although this
work does not appear to have come out in the preewed literature, reasonable details about
the methodology are provided.

Roughly 1,100 surveys were delivered to postal eskis and 614 (56%) were returned.
Participants were asked to rate on a scale ofieib agreement with different statements related
to their perceptions of the wind turbines. Whessthquestions dealt with visual issues, they
were framed both positively and negatively (e.gthink the turbines spoil the view,” and “I
think the turbines are quite attractive”). Thipapently was not the case with other questions
(e.g., “Watching the turbines can create an unplegshysical sensation in my body”).

Overall, 9% of respondents endorsed being “affédigdhe flicker of the wind turbines;
15% were sufficiently bothered by the visual antse@ffects of the turbines to consider
complaining, and 10% actually had complained. ¥B6% is a relatively good response rate
for a mailed survey, the reasons for non-respohgeearly half of potential participants must be
considered. It is possible that non-respondemtsidi care enough about the effects of the wind
turbines to bother responding, which presumablyld/tawer the overall percentages that were

“affected” by the turbines. On the other hands ot clear how long the turbines were in
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operation prior to the survey, and it is conceieablat some more affected people may have
moved out of the area before the time of the survey

A further drawback to the reported survey was thate was not a determination of how
the percentage of “affected” respondents relatetisiance from the turbines, the ability to see
the turbines, or noise levels experienced frontdhigines. The report cites a lot of literature on
noise and health effects, and while such effecte ba&en reported in the literature, they are
almost uniformly at sound levels above what is Ugdaund for people living near turbines (and
most certainly higher than those usually reportegeople living more than 2 km from a
turbine). A WHO report provides a good review lustliterature (WHO, 2009). The lowest
threshold levels for seeing any effect are aboudB&\) (maximum per event Orakay) for
some physiological sleep responses (e.g., EEQuratidn of sleep stages), but these thresholds
are for levels inside the house near the sleegachwvill be much lower than what is
experienced outside the house. The lowest thrédbeél for complaints of well-being were
estimated at 35 dB(A) as a yearly average outsidébuse at night lgnt, outsiag. But for health
outcomes the thresholds for any effect are muchdnjgor example 50 dB(A) @gnt, outsiag for
hypertension or myocardial infarction.

“Wind Turbine Syndrome” (Pierpont, 2009This book describes several people who

suffer health symptoms that they attribute to wimtbines. Such descriptions can be
informative in describing phenomena and raisinggestons for possible follow-up with more
rigorous study designs, but generally are not d@ned evidence for causality. In this particular
case, though, there are elements that go beyonddkebasic symptom descriptions and so
warrant consideration as a study. But limitatiomthe design employed make it impossible for
this work to contribute any evidence to the quaestibwhether there is a causal association
between wind turbine exposure and health effe@isen this, the very term “Wind Turbine
Syndrome” is misleading as it implies a causal fotevind turbines in the described health
symptoms.

The book describes health symptoms experienced @B®people from 10 different
families who lived near wind turbines and subsetjyeither moved away from the turbines or
spent significant periods of time away. The pgytaots ranged in age from less than 1 to 75
years old, with 13 (34%) younger than 16 yearsBh{#5%) younger than 22. The participants

were queried about their health symptoms beforesxe to turbines (presumably before the
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turbines were operational), during exposure toihe®y and after moving away. There is an
impressive detailed description of the extent aksty of health symptoms experienced by this
group, with a core group of symptoms centered ataforatory responses and termed Visceral
Vibratory Vestibular Disturbance (VVVD) by PierpontVhile these symptoms for the most part
are attributed to exposure to the wind turbineshieyparticipants—either because they appeared
once the turbines were operational or becausestaeyed to diminish after going away from the
turbines—the way in which these participants wezuited makes it impossible to draw any
conclusions about attributing causality to the itngb.

The most critical problem with respect to inferricausality from Pierpont’s findings lies
in how the families were identified for participati. To be included in the study, among other
criteria, at least one family member had to hawesesymptomsandreside near a recently
erected wind turbine. In epidemiological terms tisi selecting participants based on both
exposure and outcome, which guarantees a biaseecénsal) association between wind
turbines and symptoms. While it could be argued d¢ither family members may not have had
severe symptoms—and so would not be selected lmasedicome—it is hard to consider other
family members as truly independent observationishair reporting of symptoms, or indeed
their experiencing of symptoms, could be influenbgdhe more severely affected family
member. This is particularly so when the symptanesin the realm of anxiety, sleep
disturbance, memory, and concentration; and thersbvaffected family members are reporting
increased irritability, anger, and shouting.

Although not always, several of the participantsorged an improvement of symptoms
after moving away from the wind turbines. Whiléstls suggestive and should not be
discounted as something to explore further, thaligelective nature of the interviewed group
as a whole makes the evidence for causality freesdldatper seweak. There are also many
factors that change when moving, making it diffidol attribute changes to any specific
difference with certainty. Additional factors thaintribute to the inability to infer causality
from these data include the small sample size,décletail on the larger population that could
have been considered for inclusion in the studgl,lack of detail on precisely how the actual
participants were recruited. In addition, while ttinical history was extensive, the symptom
data were all self-reported. Another complicai®that there are no precise data on distance to

turbines, and noise levels or infrasound vibratewels at the participants’ homes.
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“Adverse health effects of industrial wind turbinagreliminary report” (Nissenbaum et

al., 2011) This report describes a study involving questaire assessment of mental and

physical health (SF-36), sleep disturbance (Pittgh&leep Quality Index), and sleepiness
(Epworth Sleepiness Scale) among residents neasfdma® wind farms in Maine (Vinalhaven

& Mars Hill). The Mars Hill site is a linear arrgament of 28 General Electric 1.5 MW
turbines, sited on a ridgeline. The Vinalhavea &ta cluster of three similar turbines, sitecaon
flat, tree-covered island. All residents withi®® km of one of the turbines were identified, and
all those older than 18 years and non-demented eogrgdered eligible for the study. A set of
households from an area of similar socioeconomikema but 3—7 km from wind turbines were
also recruited. The recruitment process involvedlse-to-house visits up to three times to
recruit participants. Among those within at mo& Bm from the nearest turbine, 65 adults were
identified and 38 (58%; 22 male, 16 female) pgpated from 23 unique households. Among
those 3-7 km from the nearest turbine, houses wsited until a similar number of participants
were recruited. This process successfully reatuite adults (18 male, 23 female) from 33
unique households. No information was given omiln@ber of homes or people approached so
the participation rate cannot be determined.

Analyses adjusted for age, sex, and site (the ffferent wind farms) found that those
living within 1.5 km of a wind turbine had worsesp quality and mental health scores and
higher ratings of sleepiness than those living I8x7Arom a turbine. Physical health scores did
not differ between the groups. Similar associaiaere found when distance to the nearest
turbine was analyzed as a continuous variable.

This study is somewhat limited by its size—much Benghan the Swedish or Dutch
studies described above—but nonetheless suggéstamepotential health impacts of living
near wind turbines. There are, however, critiedhds left out of the report that make it diffitul
to fully assess the strength of this evidencepadriicular, critical details of the group living B—
km from wind turbines is left out. It is statedththe area is of similar socioeconomic makeup,
and while this may be the case, no data to baskufniare presented—either on an area level or
on an individual participant level. In additionhile the selection process for these participants
is described as random, the process of recruitiagg participants by going home to home until
a certain number of participants are reached isaratom. Given this, details of how homes

were identified, how many homes/people were appredcand differences between those who
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did and did not participate are important to kndwithout this, attributing any of the observed
associations to the wind turbines (either noisenftbem or the sight of them) is premature.
3.3.e Summary of Epidemiological Data

There is only a limited literature of epidemiologistudies on health effects of wind
turbines. Furthermore, existing studies are lichlig their cross sectional design, self-reported
symptoms, limited ability to control for other facs, and to varying degrees of non-response
rates. The study that accounted most extensieelgther factors that could affect reported
symptoms had a very low response rate (E. Pedetssn 2009; van den Berg, et al., 2008).

All four peer-reviewed papers discussed above siggean association between
increasing sound levels from wind turbines andeasing annoyance. Such an association was
also suggested by two of the non-peer reviewedrtgfltat met at least basic criteria to be
considered studies. The only two papers to contideinfluence of seeing a wind turbine (each
one of the peer-reviewed papers) both found a gtassociation between seeing a turbine and
annoyance. Furthermore, in the studies with abksldata, the influence of either sound from a
turbine or seeing a turbine was reduced—if notielated, as was the case for sound in one
study—when both of these factors were considergeti@r. However, this precise relation
cannot be disentangled from the existing literaheeause the published analyses do not
properly account for both seeing and hearing wimbdihes given the relation between these two
that the data seem to suggest. Specifically, tssipility that there may be an association
between either of those factors and annoyanceydssibly only for those who both see and hear
sound from a turbine, and not for those who eitteenot hear sound from or do not see a
turbine. Furthermore, in the one study to considesther individuals benefit economically
from the turbines in question, there appeared taitbeally no annoyance regardless of whether
those people could see or hear a turbine. Evemefconsiders the data just for those who could
see a wind turbine and did not benefit economidatiyn the turbines, defining at what noise
levels the percentage of those annoyed becomesdrametic is difficult. Higher percentages
of annoyance did appear to be more consistent ad@@8B(A). Roughly 27% were annoyed (at
least 4 on a 1-5 point scale of annoyance; 5 kimgvorst), while roughly 18% were very
annoyed (5 on a 1-5 scale). The equivalent ledfedsinoyed and very annoyed for 35-40
dB(A) were roughly 15% and 6%, respectively. Theseentages, however, should be

considered upper bounds for a specific relatioi wiise levels because, with respect to
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estimating direct effects of noise, they are likeljated as a result of both selective participati
in the studies and the fact that the percentagemttake into account the effect of seeing a
turbine.

Thus, in considering simply exposure to wind tuesimn general, while all seem to
suggest an association with annoyance, becausdley@eer-reviewed papers have weaknesses,
including the cross sectional designs and sometquis low response ratdbe Panel
concludes that there is limited evidence suggestir@n association between exposure to wind
turbines and annoyance However, only two of the studies considered lsaéing and hearing
wind turbines, and even in these the possible triions of seeing and hearing a wind turbine
were not properly disentangled. Therefdhe, Panel concludes that there is insufficient
evidence to determine whether there is an associati between noise from wind turbines
and annoyance independent from the effects of segia wind turbine and vice versa Even
these conclusions must be considered in light®fpibssibility suggested from one of the peer-
reviewed studies that there is extremely low annoga—regardless of seeing or hearing sound
from a wind turbine—among people who benefit ecoisaity from the turbines.

There was also the suggestion that poorer sleepelated to wind turbine noise levels.
While it intuitively makes sense that more noiseulddead to more sleep disruption, there is
limited data to inform whether this is occurringla noise levels produced from wind turbines.
An association was indicated in the New Zealandystauggested without presenting details in
one of the Swedish studies, and found in two naT-peviewed studies. Therefothe Panel
concludes that there is limited evidence suggestiray association between noise from wind
turbines and sleep disruption and that further stud/ would quantify precise sound levels
from wind turbines that disrupt sleep.

The strongest epidemiological study to examineaisociation between noise and
psychological health suggests there is not an adgmcbetween noise from wind turbines and
measures of psychological distress or mental hgattblems. There were two smaller, weaker,
studies: one did note an association, one did Tibereforethe Panel concludes the weight of
the evidence suggests no association between néisen wind turbines and measures of
psychological distress or mental health problems.

One Swedish study apparently collected data onduoded undue tiredness, pain and

stiffness in the back, neck, or shoulders, or feglensed/stressed and irritable, but did not tepor
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on analyses of these data. The Dutch study fooreseociation between noise from wind
turbines and diabetes, high blood pressure, tianitearing impairment, cardiovascular disease,
and migraine, although this was not reported inpier-reviewed literature. Therefotiee

Panel concludes that none of the limited epidemiodfical evidence reviewed suggests an
association between noise from wind turbines and paand stiffness, diabetes, high blood
pressure, tinnitus, hearing impairment, cardiovasclar disease, and headache/migraine.

These conclusions align with those presented ip#ee-reviewed article by Knopper and
Ollson (2011). They write “Conclusions of the pemriewed literature differ in some ways from
those in the popular literature. In peer reviewdiges, wind turbine annoyance has been
statistically associated with wind turbine noiset tound to be more strongly related to visual
impact, attitude to wind turbines and sensitivaynbise. ... it is acknowledged that noise from
wind turbines can be annoying to some and assdorth some reported health effects (e.g.,
sleep disturbance), especially when found at spuesisure levels greater than 40 db(A).”

3.4 Exposures from Wind Turbines: Noise, Vibration, Shalow Flicker, and Ice Throw

In addition to the human epidemiologic study litara on exposure to wind turbines and
health effects described in the section abovePtreel assessed literature that could shed light on
specific exposures resulting from wind turbines posdsible health effects. The exposures
covered here include noise and vibration, shadmket, and ice throw. Each of these exposures
is addressed separately in light of their docunteatel potential health effects. When health
effects are described in the popular media, thiesms are discussed.

3.4.a Potential Health Effects Associated with Nseé and Vibration

The epidemiologic studies discussed above poinbise from wind turbines as a source
of annoyance. The studies also noted that sorpemdsnts note sleep disruption due to the
turbine noise. In this section, the charactesstitaudible and inaudible noise from turbines are
discussed in light of our understanding of theipacts on human health.

It is clear that when sound levels get too high,2bund can cause hearing loss (Concha-
Barrientos et al., 2004). These sound levels, keweare outside the range of what one would
experience from a wind turbine. There is evidetheg levels of audible noise below levels that
cause hearing loss can have a variety of healdctsfor indicators. Detail about the evidence
for such health effects have been well summarizedd WHO report that came to several relevant

conclusions (WHO, 2009). First, there is suffitiemidence for biological effects of noise
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during sleep: increase in heart rate, arousalepsgtage changes and awakening; second, there is
limited evidence that noise at night causes hornteved changes and clinical conditions such as
cardiovascular illness, depression, and other rhaimiass. What the WHO report also details is
observable noise threshold levels for these pategtiects. For such health effects, where data
are sufficient to estimate a threshold level, teagl is never below 40 dB(A)—as a yearly
average—for noise outside (ambient noise) at niglrte-these estimates take into account
sleeping with windows slightly open.

One difficulty with the WHO threshold estimate st a yearly average can mask the
particular quality of turbine noise that leads gyrvespondents to note annoyance or sleep
disruption. For instance, the pulsatile natureviofd turbine noise has been shown to lead to
respondents claiming annoyance at a lower aversgeaad level than for road noise (E.
Pederson, 2004). Yearly averaging of sound eliteséor smooths) the fluctuations in the
sound and ignores differences between day and legélis. Regulations may or may not take
this into account.

Health conditions caused by intense vibration a&uchented in the literature. These are
the types of exposures that result from jackhammwévgating hand tools, pneumatic tools, etc.
In these cases, the vibration is called arm-bodylayle-body vibration. Vibration can cause
changes in tendons, muscles, bones and joints;andffect the nervous system. Collectively,
these effects are known as Hand-Arm Vibration Sgndr (HAVS). Guidelines and
interventions are intended to protect workers ftbese vibration-induced effects (reviewed by
European Agency for Safety and Health at Work, 20R8SH 1989). OSHA does not have
standards concerning vibration exposure. The AcaarConference of Governmental Industrial
Hygienists (ACGIH) has developed Threshold Limiliss (TLVS) for vibration exposure to
hand-held tools. The exposure limits are givefraguency-weighted acceleration (NIOSH,
1989).
3.4.ai Impact of Noise from Wind Turbineson Sleep

The epidemiological studies indicate that nois¢@ndbration from wind turbines has
been noted as causing sleep disruption. In tleigosesleep and sleep disruption are discussed.
In addition, suggestions are provided for morerdefiely evaluating the impact of wind
turbines on sleep.
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All sounds have the potential to disrupt sleemc8&iwind turbines produce sounds, they
might cause sleep disruption. A very loud windine at close distance would likely disrupt
sleep, particularly in vulnerable populations (sastthose with insomnia or mood disorders,
aging populations, or “light sleepers”), while ¢atevely quiet wind turbine would not be
expected to disrupt even the lightest of sleegaricularly if it were placed at considerable
distance.

There is insufficient evidence to provide very speanformation about how likely
particular sound-pressure thresholds of wind twbiare at disrupting sleep. Physiologic studies
of noises from wind turbines introduced to sleepegple would provide these specific levels.
Borrowing existing data (e.g., Basner, 2011) andgjines (e.g., WHO) about noises at night,
beyond wind turbines, might help provide reasonalllgment about noise limits at night. But it
would be optimal to have specific data about théi@dar influence that wind turbines have on
sleep.

In this section we introduce broad concepts ableeps the interaction of sleep and

noises, and the potential for wind turbines to eabst disruption.

Sleep
Sleep is a naturally occurring state of alteredscmusness and reduced physical activity

that interacts with all aspects of our physiologg aontributes daily to our health and well-
being.

Measurements of sleep in people are typically peréal with recordings that include
electroencephalography (EEG). This can be perfdima laboratory or home, and for clinical
or experimental purposes. Other physiological p&tars are also commonly measured,
including muscle movements, lung, and heart functio

While the precise amount of sleep that a persouniregjis not known, and likely varies
across different people and different ages, thexenamerous consequences of reduced sleep
(i.e., sleep deprivation).

Deficiencies of sleep can take numerous formdudhicg the inability to initiate sleep;
the inability to maintain sleep; abnormal compasitof sleep itself, such as too little deep sleep
(sometimes called slow-wave sleep, or stage N3yeguent brief disruptions of sleep, called
arousals. Sources of sleep deprivation can bententy (desirable or undesirable) or involuntary.
Voluntary sources include staying awake late atinog awakening early. These can be for
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work or school, or while engaging in some pers@aativities during normal sleep times. Sleep
deprivation can also be caused by myriad involymdaud undesired problems (including those
internal to the body such as pain, anxiety, mosdrdiers) and frequent need to urinate, or by
numerous sleep disorders (including insomnia, stgepea, circadian disorders, parasomnias,
sleep-related movement disorders, etc), or simplghb lightening of sleep depth in normal
aging. Finally, sleep deprivation can be causedibyierous external factors, such as noises or
other sensory information in the sleeper’s envirentn

Sleep is conventionally categorized into rapid eygrement (REM) and non-REM sleep.
Within the non-REM sleep are several stages opslaeging from light sleep to deep sleep.
Beyond these traditional sleep categories, the Ei§@al can be analyzed in a more detailed and
sophisticated way, including looking at the frequenomposition of the signals. This is
important in sleep, as we now know that certainaigres in the brain waves (i.e., EEG)
disclose information about who is vulnerable toseeinduced sleep disruption, and what
moments within sleep are most vulnerable (Dang-Mal.e2010; McKinney et al., 2011).

Insomnia can be characterized by a person havifiguly falling asleep or staying
asleep that is not better explained by anotheritondsuch as pain or another sleep disorder)
(see ICSD, %' Edition for details of the diagnostic criteria fasomnia). Approximately 25% of
the general population experience occasional sleppvation or insomnia. Sleep deprivation is
defined by reduced quantity or quality of sleep] @rcan result in excessive daytime sleepiness
as well as problems including those associated mdbd and cognitive function (Roth et al.,
2001; Rogers, 2007; Walker, 2008). As might beeelgd, the severity of the sleep deprivation
has an impact on the level of cognitive functioniagd real-life consequences can include
driving accidents, impulsive behaviors, errorstiemtion, and mood problems (Rogers, 2007;
Killgore, 2010). Loss of sleep appears to be catmvd, meaning it adds up night after night.
This can result in subtle impairments in reactiores, decision-making ability, attentional
vigilance, and integration of information that @setimes only apparent to the sleep-deprived
individual after an accident or error occurs, amhstimes not perceived by the sleep-deprived
person at all (Rogers, 2007; van Dongen 2003).
Sleep and Wind Turbines

Given the effects of sleep deprivation on healtth aell-being, including problems with

mood and cognition, it is possible that cognitimel amood complaints and other medical or
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psychological issues associated with sleep losstgan from living in immediate proximity to
wind turbines, if the turbines disrupt sleep. ERr$data, however, on the relationship between
wind turbines and sleep are inadequate. Numemgmisrs determine whether a sound disrupts
sleep. Broadly speaking, they are derived fronofacabout the sleeper and factors about the
sound.

Case reports of subjective complaints about sleaicularly those not critically and
objectively appraised in the normal scientific manmare the lowest level of evidence, not
simply because they lack any objective measuremieutslso because they lack the level of
scrutiny considered satisfactory for making evarderclaims about cause and effect. For
instance, consider the case of a person who spEspty at home (near a wind turbine), and
sleeps better when on vacation (away from a wingirte). One might conclude from this case
that wind turbines cause sleep disruption for pieisson, and even generalize that information to
other people. But there are numerous factorsntingttit make it more likely that a person can
sleep well on vacation, having nothing to do wita wind turbine. Furthermore, given the
enormous prevalence of sleep disorders, such asiimia, and the potentially larger prevalence
of disorders that impinge on sleep, such as depressis crucial that these factors be taken into
consideration when weighing the evidence pointong tausal effect of wind turbines on sleep
disruption for the general population. It is alsgortant to obtain objective measurements of
sleep, in addition to subjective complaints.

Subjective reports of sleeping well or sleepingrboocan be misleading or even
inaccurate. People can underestimate or overdstittna quality of their sleep. Future studies
should examine the acoustic properties of windihebwhen assessing the elements that might
disrupt sleep. There are unique properties ohthees wind turbines make, and there are some
acoustic properties in common with other noisesl{ss trucks or trains or airplanes). Itis
important to make these distinctions when asseskagffects of wind turbines on noise, by
using data from other noises. Without this physiat, objective information, the effects of
wind turbines on sleep might be over- or underestiaah.

It should be noted that not all sounds impair thiéitgt to fall asleep or maintain sleep.

To the contrary, people commonly use sound-madkcigniques by introducing sounds in the
environment that hinder the perception of underabises. Colloquially, this is sometimes

called “white noise,” and there are certain keyustic properties to these kinds of sounds that
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make them more effective than other sounds. Riffenoises can affect people differently. The
emotional valence that is ascribed by an individaal particular sound can have a major
influence on the ability to initiate or maintairesp. Certain aspects of sounds are particularly
alerting and therefore would be more likely to drsleep at lower sound pressure levels. But
among those that are not, there is a wide rangespbnses to these sounds, depending partly on
the emotional valence ascribed to them. A noiseinistance, that is associated with a
distressing object, is more likely to impede sleapet.

Finally, characteristics of sleep physiology chaagess a given night of sleep—and
across the life cycle of a person—and are diffefentlifferent people, including the effects of
noise on sleep (e.g., Dang-Vu et al., 2010; McKyneteal., 2011). And some people might
initially have difficulty with noises at night, blabituate to them with repeated exposure
(Basner, 2011).

In summarysleep is a complex biological state, important fdnealth and well-being
across a wide range of physiologic functions. Taatk, no study has adequately examined
the influence of wind turbines on sleep.

Future directions: The precise effects of noisatoadl sleep disruption from wind
turbines may benefit from further study that exasisound-pressure levels near the sleeper,
while simultaneously measuring sleep physiologgdtermine responses of sleep to a variety of
levels of noise produced by wind turbines. Theppae would be to understand the precise
sound-pressure levels that are least likely taidissleep. It would also be helpful to examine
whether sleepers might habituate to these noisaglsingnthe impact of a given sound less and
less over time. Finally, it would be helpful teigdy these effects in susceptible populations,
including those with insomnia or mood disordersnaaging populations, in addition to the
general population.

Summary of Sleep Data

In summary, sleep is a complex biological statgartant for health and well-being
across a wide range of physiologic functioi®. date, no study has adequately examined the
influence of wind turbines and their effects on slep.

3.4.b Shadow Flicker Considerations and Potential ealth Effects
Shadow flicker is caused when changes in lightsitg occur from rotating wind

turbine blades that cast shadows (see Appendix Biwe details on the physics of the
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phenomenon.) These shadows move on the groundrabdildings and structures and vary in
terms of frequency rate and intensity. Shadovkélias reported to be less of a problem in the
United States than in Northern Europe due to hitftéudes and lower sun angles in Europe.
Nonetheless, it can still be a considerable nuisandndividuals exposed to shadow flicker for
considerable amounts of time per day or year inhited States as well. Shadow flicker can
vary significantly by wind speed and duration, gapdpic location of the sunlight, and the
distance from the turbine blades to any relevantsires or buildings. In general, shadow
flicker branches out from the wind turbine in aldeng butterfly wing characteristic geographic
area with higher amounts of flicker being closeth® turbine and less flicker in the outer parts
of the geographic area (New England Wind EnergycBtion Project (NEWEEP), 2011;
Smedley et al., 2010). Shadow flicker is presentintil approximately 1400 m, but the
strongest flicker is up to 400 m from the turbinleen it occurs (NEWEEP, 2011). In addition,
shadow flicker usually occurs in the morning andrerng close to sunrise and sunset when
shadows are the longest. Furthermore, shadoweflickn fluctuate in different seasons of the
year depending on the geographic location of thgine such that some sites will only report
flicker during the winter months while others willport it during summer months. Other factors
that determine shadow flicker rates and intensityude objects in the landscape (i.e., trees and
other existing shadows) and weather patterns.instaince, there is no shadow flicker on cloudy
days without sun as compared with sunny days. ,Alsadow flicker speed (shadows passing
per second) increases with the rotor speed (NRC7)20in addition, when several turbines are
located relatively close to one another there aaodmbined flicker from the different blades of
the different turbines and conversely, if situadeddifferent geographic areas around structures,
shadow flicker can occur at different times of tlag at the same site from the different turbines
so pre-planning of siting location is very impottéidarding et al., 2008). General consensus in
Germany resulted in the guidance of 30 hours par gad 30 minutes per day (based on
astronomical, clear sky calculations) as acceptiahles for shadow flicker from wind turbines
(NRC, 2007). This is similar to the Denmark guicof 10 hours per year based on actual
conditions.
3.4.b.i Potential Health Effects of Flicker

Because some individuals are predisposed to haxares when exposed to certain types

of flashing lights, there has been concern thatimbines had the potential to cause seizures in
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these vulnerable individuals. In fact, seizurassea by visual or photic stimuli are typically
observed in people with certain types of epilesydrrini & Genton, 2004), particularly
generalized epilepsy. While it is not preciselpwm how many people have photosensitivity
that causes seizures, it appears to be approxyrizelof people with epilepsy, amounting to
about 100,000 people in the United States. Andynos@itthese people will already be treated
with antiepileptic medications thus reducing thék further.

Fortunately, not all flashing light will elicit segzure, even in untreated people with
known photosensitivity. There are several keydecthat likely need to simultaneously occur in
order for the stimulus to induce a seizure, eveoranthe fraction of people with photosensitive
seizures. The frequency of the stimulus is impdrés is the stimulus area and pattern (See

below) http://www.epilepsyfoundation.org/aboutepilepsyZsees/photosensitivity/gerba.cfm

Frequencies above 10 Hz are more likely to caudepsis seizures in vulnerable
individuals, and seizures caused by photic stinaredre generally produced at frequencies
ranging from greater than 5 Hz. However, shadaskdr frequencies from wind turbines are
related to the rotor frequency and this usuallyltssn 0.3-1.0 Hz, which is outside of the range
of seizure thresholds according to the NationaloBese Council and the Epilepsy Foundation
(NRC, 2007). In fact, studies performed by Hardeh@l. (2008) initially concluded that
because light flicker can affect the entire retenad even if the eyes are closed that intermittent
light can get in the retina, suggested that 4 kmaldibe a safe distance to avoid seizure risk
based on shadow flicker (Harding et al., 2008) weheer, a follow-up analysis considering
different meteorological conditions and shadowkiicrates concluded that there appeared to be
no risk for seizures unless a vulnerable individuas closer than 1.2 times the total turbine
height on land and 2.8 times the total turbine hieilg the water, which could potentially result
in frequencies of greater than 5 Hz (Smedley ¢28010).

Although some individuals have complained of addisl health complaints including
migraines, nausea, dizziness, or disorientatiom fsbadow flicker, only one government-
sponsored study from Germany (Pohl et al., 199%) id@ntified for review. This German study
was performed by the Institute of Psychology, GlaisAlbrechts-University Kiel on behalf of
the Federal Ministry of Economics and TechnologiiBi) and supported by the Office of
Biology, Energy, and Environment of the Federal istiry for Education and Research (BMBF),

and on behalf of the State Environmental Agenc8dfleswig. The purpose of this
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government-sponsored study was to determine whptrerdic shadow with a duration of more
than 30 minutes created significant stress-relagadth effects. The shadows were created by a
projection system, which simulated the flicker frastual wind turbines.

Two groups of different aged individualere studied. The first group consisted of 32
students (average age 23 years). The second grauped 25 professionals (average age 47
years). Both men and women were included. Thgstgowere each randomly assigned to one
of two experimental groups, so there was a cogialp and an experimental group. The
experimental group was exposed to 60 minutes diilsied flicker. For the control group
lighting conditions were the same as in the expenita group, but without periodic shadow.
The main part of the study consisted of a seriesxofest and measurement phases, two before
the light was turned on, three each at intervaOominutes while the simulated shadow
flickering was taking place, and one more afterflicker light was turned off. Among the
variables measured were general performance imdgat stress (arithmetic, visual search
tasks) and those of mental and physical well-baingnitive processing, and stress in the
autonomic nervous system (heart rate, blood presskin conductance, and finger temperature).
Systematic effects due to the simulated flickerddae detected in comparable ways in both
exposure groups studied. Both physical and cognéffects were found in this exposure
scenario for shadow flicker.

It appears clear that shadow flicker can be a Bagmt annoyance or nuisance to some
individuals, particularly if they are wind projeabn-participants (people who do not benefit
economically or receive electricity from the turbjrwhose land abuts the property where the
turbine is located. In addition, flashing (a pheemon closely related to shadow flicker, but due
to the reflection of sunlight — see Appendix B) t@na problem if turbines are sited too close to
highways or other roadways. This could cause damgeconditions for drivers. Accordingly,
turbine siting near highways should be plannedssto aeduce flashing as much as possible to
protect drivers. However, use of low reflectivebine blades is commonly employed to reduce
this potential flashing problem. Provisions to iavmany of these potential health and
annoyance problems appear to be employed as cpnagstice in many pre-planning sites with
the use of computer programs such as WindPro. eljweggrams can accurately determine
shadow flicker rates based on input of accuratéysisearea, planned turbine location, the

turbine design (height, length, hub height, rotenteter, and blade width), and residence or
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roadway locations. Many of these computer progreamsthen create maps indicating the
location and incidence of shadow flicker. Suchgpams may also provide estimates of daily
minutes and hours per year of expected shadoweflitiat can then be used for wind turbine
planning and siting or for mitigation efforts. ®eal states require these analyses to be
performed before any new turbine projects can h@amented.

3.4.b.ii Summary of Impacts of Flicker

Collectively, although shadow flicker can be a ¢desable nuisance particularly to wind
turbine project non-participants, the evidence sstgythat there is no risk of seizure from
shadow flicker caused by wind turbines. In additithere is limited evidence primarily from a
German government-sponsored study (Pohl et al9)1i®at prolonged shadow flicker (more
than 30 minutes) can result in transient stresgtedleffects on cognition (concentration,
attention) and autonomic nervous system functiofliegrt rate, blood pressure). There was
insufficient documentation to evaluate other thaecalotal reports of additional health effects
including migraines or nausea, dizziness or distat®n. There are documented mitigation
methods for addressing shadow flicker from winditoes and these methods are presented in
Appendix B.

3.4.c Ice Throw and its Potential Health Effects

Under certain weather conditions ice may form angtirface of wind turbine blades.
Normally, wind turbines intended for use in locaBavhere ice may form are designed to shut
down when there is a significant amount of icelmmlilades. The means to prevent operation
when ice is present may include ice sensor antithr sensors. Ice sensors are used on most
wind turbines in cold climates. Vibration sensars used on nearly all wind turbines. They
would cause the turbine to shut down, for examplee buildup on the blades resulted in an
imbalance of the rotor and hence detectable vimmatin the structure.

Ice built up on blades normally falls off whileetturbine is stationary. If that occurs
during high winds, the ice could be blown by th@dvsome distance from the tower. In
addition, it is conceivable that ice could be thnoinom a moving wind turbine blade under
some circumstances, although that would most likelyur only during startup (while the
rotational speed is still relatively low) or asesult of the failure of the control system. Itis
therefore worth considering the maximum plausilidgaghce that a piece of ice could land from

the turbine under two “worst case” circumstanc@scd falls from a stopped turbine during very

38|Page



WIND TURBINE HEALTH IMPACT STUDY

high winds, and 2) ice is suddenly released frdstade when the rotor is rotating at its normal
operating speed.

Ice is a physical hazard, that depending on thespvadocity, and the angle of throw can
result in a wide range of effects to humans: alant surprise to abrasions, organ damage,
concussions, and perhaps death. Avoidance ohrogvtis critical. More detail on ice throw and
options for mitigation are presented in Appendix C.

3.5 Effects of Noise and Vibration in Animal Models

Domestic animals such as cats and dogs can sesantisels of problematic
environmental conditions. The Panel searchedtimature that might point to non-laboratory
animal studies or well-documented cases of animglacted by wind turbines. Anecdotal
reports in the press of goat deaths (UK), premdiuths and adverse effects in cows (Japan,
US) provide circumstantial evidence, but lack spesregarding background rates of illness or
extent of impact.

Laboratory-based animal models are often usededigrand to develop mechanistic
explanations of the causes of disease by extemntirs, such as noise or chemicals in humans.
In the absence of robust epidemiological data, ahmodels can provide clues to complex
biological responses. However, the limitationsedying on animal models are well
documented, particularly for endpoints that invallve brain. The benefits of using an animal
model include ease of experimental manipulatior ascmultiple exposures, typically well-
controlled experimental conditions, and geneticalfntical groups of animals.

Evaluation of biological plausibility for the muitide of reported health effects of wind
turbines requires a suitable animal model docungenwith data that demonstrate cause and
effect. Review of this literature began with a Fialol and ToxNet search for “wind turbine” or
“wind turbines”; or “infrasound” or “low frequenayoise”; and “animal” or “mammal” to
identify peer-reviewed studies in which laboratanymals were exposed to noise or vibration
intended to mimic that of wind turbines. Titlesdaabstracts of identified papers were read to
make a first pass determination of whether the pajps a study on effects in mammals or might
contain relevant references to other relevant studhe searches yielded several studies, many
of which were not peer-reviewed, were not wholevaslimammalian or were not experimental,
but were reviews in which animal studies were noem@d or experiments conducted in dissected

cochlea. The literature review yielded eight pestiewed studies, all relying on the laboratory
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rat as the model. The studies fall into two greufisose conducted in the 1970’s and early
1980’s and those conducted in 2007-2010. The reosht studies are conducted in China and
are funded by the National Natural Science Foundaif China. Table AG.1 (in Appendix G)
provides a summary of the studies.

There is no general agreement about the specdlodical activity of infrasound on
rodents, although at high doses it appears to vegjaaffect the cardiovascular, brain, and
respiratory systems (Sienkiewicz, 2007). Earlyl&s lacked the ability to document the doses
of infrasound given the rats, did not report gehpashologies associated with the exposures and
lacked suitable controls. Since then, researdinre focused on the brain and cardiac systems
as sensitive targets of infrasound. Experimerdatidgions in these studies lack a documented
rationale for the selection and the use of infrasbof 5-15 Hz at 130 dB. While this appears to
be standard practice, the relevance of these freiggeand pressures is unclear—both to the rat
and more importantly to the human. The exposureseute—short-term, high dose.
Researchers do not document rat behaviors (inajustartle responses), pathologies, frank
toxicities, and outcomes due to these exposuresrefore, interpretation of all of the animal
model data for infrasound outcomes must be witHehs of any high-dose, short-term exposure
in toxicology, specifically questioning whether thieservations are readily translatable to low-
dose, chronic exposures.

Pei et al., (2007 and 2009) examine changes inawauitrastructure and function in adult
male Sprague-Dawley rats exposed to 5 Hz at 13fodB hours for 1, 7, or 14 successive days.
Cardiomyocytes were enzymatically isolated fromabalt left ventricular hearts after sacrifice.
Whole cell patch-clamp techniques were employeti¢asure whole cell L-Type &acurrents.
The objective of these studies was to determindlveineéhere was a cumulative effect of insult
as measured by influx of calcium into cardiomyosytéfter infrasound exposure, rats in the 7—
and 14—day exposure groups demonstrated stafigtighificant changes in intracellular €a
homeostasis in cardiomyocytes as demonstratedelsyr@themical stimulation of the cells,
molecular identification of specific heart-protéavels, and calcium transport measurements.

Several studies examine the effects of infrasounbdehavioral performance in rats. The
first of these studies was conducted under primiéigoustic conditions compared with those of
today (Petounis et al., 1977). In this study #searchers examined the behavior of adult female
rats (undisclosed strain) exposed to increasimgsound (2 Hz, 104 dB; 7 Hz, 122 dB; and 16
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Hz, 124 dB) for increasing time (5-minute increnseior up to 120 minutes). Decreased activity
levels (sleeping more) and exploratory behaviorenkycumented as dose and duration of
exposure increased. The authors fail to mentiahftAnk toxicity including pain is associated
with these behaviors, raising the question of r@hee of high dose exposures. In response to
this and similar studies that identify increasslaep, increase in avoidance behaviors and
suppression of locomotor activity, Spyraki et @977) hypothesized that these responses are
mediated by norepinephrine levels in the brain@anduch, exposed adult male Wistar rats to
increasing doses of infrasound for one hour. Ubmmogenized brain tissue, norepinephrine
concentrations were measured using fluorometrihott. Researchers demonstrated a dose-
dependent decrease in norepinephrine levels in bissue from infrasound-treated rats,
beginning at a dose of 7 Hz and 122 dB for one .hdlg observations of frank toxicity were
recorded. Liu et al., (2010) hypothesized thatssimfrasound could affect the brain, it
potentially could increase cell proliferation (negenesis) in the dentate gyrus of the rat
hippocampus, specifically a region that continwwegdnerate new neurons in the adult male
Sprague-Dawley rat. Using a slightly longer expegeeriod of 2 hours/day for 7 days at 16 Hz
and 130 dB, the data suggest that infrasound ex@ashibits cell proliferation in the dentate
gyrus, yet has no affect on early migration anéedéntiation. This study lacks suitable positive
and negative controls that allow these conclusiorize drawn.

Several unpublished or non-peer reviewed stud@srted behavioral responses as
relevant endpoints of infrasound exposure. Thesa a@re not discussed, yet are the basis for
several recent studies. In one more recent peewed behavioral rat study, adult male Wistar
rats were classified as “superior endurance” anddlas “inferior endurance” using the Rota-rod
Treadmill (Yamamura et al., 1990). A range of treqcies and pressures were used to expose
the rats for 60—150 minutes. Comparison of thegpygosure endurance time on the Rota-Rod
Treadmill with endurance after exposure to inframbshowed that the endurance time of the
superior group after exposure to 16 Hz, 105 dB maseduced. The endurance of the inferior
group was reduced by exposure to 16 Hz, 105 dB Afteninutes, to 16 Hz, 95 dB after 70
minutes, and to 16 Hz, 85 dB after 150 minutes.mOs$t relevance is the identification of a
subset of rats that may be more responsive tosaénad due to their genetic makeup. There has

been no follow-up regarding intra-strain susceptibsince this study.
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More recent studies have focused on the mechartigméich infrasound may disrupt
normal brain function. As stated above, the irdtasl exposures are acute—short-term, high
dose. At the very least, researchers should docuraebehaviors, pathologies, frank toxicities,
and outcomes due to these high dose exposureslitibado measuring specific subcellular
effects.

Some of the biological stress literature suggéstsricroglial activation can occur with
heightened stress, but it appears to be short-aveltransitory affecting the autonomic nervous
system and neuroendocrine system, resulting inipleiteported effects. To investigate the
effect of infrasound on hippocampus-dependent iegrand memory, Yuan et al. (2009)
measure cognitive abilities and activation of malacsignaling pathways in order to determine
the role of the neuronal signaling transductiorhpaty, BDNF-TRKB, in infrasound-induced
impairment of memory and learning in the rat. Adoéle Sprague-Dawley rats were exposed to
infrasound of 16 Hz and 130 dB for 2 hours daily¥d days. The acoustic conditions appeared
to be well monitored and documented. The Morrigewemaze was used to determine spatial
learning and retention, and molecular techniqua® weed to measure cell proliferation and
concentrations of signaling pathway proteins. gdhese semi-quantitative methods, rats
exposed to infrasound demonstrated impaired hipppe&dependent spatial learning
acquisition and retention performance in the mabeme compared with unexposed control
rats, demonstrable downregulation of the BDNF-TRigBhway, and decreased BrdU-labeled
cell proliferation in the dentatel gyrus.

In another study, Du et al. (2010) hypothesize thiatoglial cells may be responsible for
infrasound-induced stress. To test this hypothé8isdult male Sprague-Dawley rats were
exposed in an infrasonic chamber to 16 Hz at 13@odR hours. Brains were removed and
sectioned and the hypothalamic paraventricularausc(PVN) examined. Primary microglial
cells were isolated from whole brains of neonadtd and grown in culture before they were
exposed to infrasound under the same conditiotiseawhole animals. Molecular methods were
used to identify the presence and levels of preteidicative of biological stress (corticotrophin-
releasing hormone (CRH) and corticotrophin-releg$iormone receptor (CRH type 1 receptor)
in areas of the brain that control the stress mespo Specifically, studies were done to determine
whether microglial cells are involved in infrasouregponse, changes in microglial activation,

and CRH-R1 expression in vivo in the PVN and imovat time points after the two-hour
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infrasound exposure. The data show that the expssasulted in microglial activation,
beginning at 0.5 hours post exposure, and up-régalaf CRH-R1 expression. The magnitude
of the response increased significantly from theti@d to 6 hours post exposure, returning to
control levels, generally by 24 hours post-exposureis study is well controlled, and while it
does rely on a specific antagonist for dissectiegrelative involvement of the neurons and the
microglial cells, the data suggest that infrasoas@dministered in this study to rats can activate
microglial cells, suggesting a possible mechanismiffrasound-induced "stress” or nuisance at
a physical level (i.e., proinflammatory cytokinesising sickness response behaviors).

In summary, there are no studies in which laboyaamimals are subjected to exposures
that mimic wind turbines. There is insufficienti@snce from laboratory animal studies of
effects of low frequency noise on the respiratystesm. There is limited evidence that rats are a
robust model for human infrasound exposure ana&stfeThe reader is referred to Appendix G
for specific study conditions. In any case, tHeasound levels and exposure conditions to
which the rodents are exposed are adequate to paust the rodents. When exposed to these
levels of infrasound, there is some evidence oérgble molecular effects including short-lived
biochemical alterations in cardiac and brain cellgygesting a possible mechanism for high-
dose, infrasound-induced effects in rats.

3.6  Health Impact Claims Associated with Noise and Vibation Exposure

The popular media contain a large number of adittat claim the noise and vibration
from wind turbines adversely affect human healththis section the Panel examines the
physical and biological basis for these assertidgkdditionally, the scientific articles from which
these assertions are made are examined in ligheohethods used and their limitations.

Pierpont (2009) has been cited as offering evideftiee physical effects of ILFN,
referring to “Wind Turbine Syndrome” and its impact the vestibular system—by disturbed
sensory input to eyes, inner ears, and stretclpeggure receptors in a variety of body
locations. The basis for the syndrome relies da ttam research carried out for reasons (e.g.,
space missions) other than assessment of wincheglain health. Such research can be valuable
to understanding new conditions, however, whemtkesentation of data is incomplete, it can
lead to inaccurate conclusions. A few such casemantioned here:

Pierpont (2009) notes that von Dirke and Parke®4)%how that the abdominal area

resonates between 4 and 6 Hz and that wind turlsaegroduce infrasound within this range
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(due to the blade rotation rate). However, the Doke paper states that our bodies have
evolved to be tolerant of the 4—-6 Hz abdominal orotange: this range coincides with jogging
and running. The paper also reveals that moticknsiss (which was the focus of the study) only
occurred when the vibrations to which people welgected were between 0.01 and 0.5 Hz.
The study exposed people to vibration from positoveegative 1 G forces. Subjects were also
rotated around various axes to achieve the vibmdéeels and frequencies of interest in the
study. Interpretation of these data may allow tmneonclude that while the abdominal area has
a resonance in a region at which there is infraddaging emitted by wind turbines, there will be
no impact. Further, the infrasound emitted by windbines in the range of frequencies at which
subjects did note motion sickness is orders of ntage less than the level that induced motion
sickness (see Table 2). So while a connectioragenthe evidence at this point is not sufficient
to draw a conclusion that a person’s abdominal arestretch point can be excited by turbine
infrasound. If it were, this might lead to symp®of motion sickness.

Pierpont (2009) points to a study by Todd et @0 as potential proof that the inner
ear may be playing a role in creating the symptofri§Vind Turbine Syndrome.” Todd et al.
(2008) show that the vestibular system shows aftergiency response around 100 Hz. This is
a fact, but again it is unclear how it relatesaw frequency noise from wind turbines. The best
frequency response was assessed by moving sulljeetss (knocking the side of the head) in a
very specific direction because the portion ofitirer ear that is being discussed acts as a
gravitational sensor or an accelerometer; thereforesponds to motion. A physical mechanism
by which the audible sound produced by a wind telzt 100 Hz would couple to the human
body in a way to create the necessary motion tehwthiis portion of the inner ear would
respond is unknown.

More recently, Salt and Hullar (2010) have lookeddomething physical about the ear
that could be responding to infrasonic frequenciBisey describe how the outer (OHC) and
inner (IHC) hair cells of the cochlea respond ftifedent types of stimuli: the IHC responding to
velocity and OHC responding to displacement. Tdieguss how the OHC respond to lower
frequencies than the IHC, and how the OHC actsiasmplifier for the IHC. They state that it is
known that low frequencies present in a sound $icgmamask the higher frequencies—
presumably because the OHC is not amplifying tighdri frequency correctly when the OHC is

responding to low frequency disturbances. Howethety emphatically state that “although
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vestibular hair cells are maximally sensitive tw lisequencies they typically do not respond to
airborne infrasound. Rather, they normally respmnghechanical inputs resulting from head
movements and positional changes with their outpatrolling muscle reflexes to maintain
posture and eye position.” It is completely unkndvow the very few neural paths from the
OHC to the brain respond, if they do at all (95%h& connections are between the IHC and the
brain). So at this moment, inner ear experts mtdound a method for airborne infrasound to
impact the inner ear. The potential exists suahttie OHC respond to infrasound, but that the
functional role of the connection between the O@ the brain remains unknown. Further, the
modulation of the sound received at the IHC itkald not been shown to cause nausea,
headaches, or dizziness.

In the discussion of amplitude-modulated noiseja$ already noted that wind turbines
produce audible sound in the low frequency regigfe-200Hz). It has been shown that the
sound levels in this range from some turbines boy@the levels for which subjects in a Korean
study have complained of psychological effects gl&rCheung, 2008). O’Neal (2011) also
shows that the sound pressure level for frequert@aseen 30 and 200 Hz from two modern
wind turbines at roughly 310 m are above the thotesbf hearing but below the criterion for
creating window rattle or other perceptible vibbas. The issue of vibration is discussed more
in the next section. It is noted that the amphktudodulated noise is most likely at the heart of
annoyance complaints. In addition, amplitude-mathd noise may be a source of sleep
disturbance noted by survey respondents. Howelrect health impacts have not been
demonstrated.

3.6.a Vibration

Vibroacoustics disease (VAD) has been identified pstential health impact of wind
turbines in the Pierpont book. Most of the litarataround VAD is attributed to Branco and
Alves-Pereira. Related citations attributed todreshi (2001), Hedge and Rasmussen (1982)
though are also provided. These studies all redquery clear coupling to large vibration
sources such as jackhammers and heavy equipméetlaffer references focus on high levels of
low frequency vibrations and noise. In particuRasmussen studied the response of people to
vibrating floors and chairs. The vibration disg@aeents in the study were on the order of 0.01
cm (or 1000 times larger than the motion found &0om a wind farm in a seismic study

(Styles et al., 2005). Takahashi used loud spegiaced 2 m from subjects’ bodies, only
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testing audible frequencies 20-50 Hz, using preslewels on the order of 100-110 dB (roughly
30 dB higher than any sound measured from a wirirte in this frequency range) to induce
vibrations at various points on the body. The Heslgurce is not a study but a bulleted list of
points that seem to go along with a lecture inrgo®omics class for which no citations are
provided. Branco’s work is slightly different indt she considered very long-term exposures to
moderately intense vibration inputs. While ther@yrbe possible connection to wind turbines, at
present, the connection is not substantiated dgivewery low levels of vibration and airborne
ILFN that have been measured from wind turbines.

While vibroacoustic disease may not be substautjaibration levels that lead to
annoyance or feelings of uneasiness may be mousipla. Evidence for these responses is
discussed below.

Pierpont refers to a paper by Findeis and Pet@®®4(2 This reference describes a
situation in Germany where complaints of disturbsegnd and vibration were investigated
through the measurement of the vibration and aasusithin the dwelling, noting that people
complained about vibrations that were not audifilee one figure provided in the text shows
that people were disturbed by what was determiodxtstructure-borne sound that was radiated
by walls and floors at levels equivalent to 65 dB@Hz and 40 dB at 100 Hz. The 10 Hz level
is just below audible. The level reported at 160 kbwever, is just above the hearing threshold.
The authors concluded that the disturbances weré¢ala component of the HVAC system that
coupled directly to the building.

The Findeis and Peters (2004), report is reminisaepapers related to investigations of
“haunted” spaces (Tandy, 1998, 1999). In thesdiesuroom frequencies around 18 Hz were
found. The studies hypothesized that apparitiom®euwhe result of eye vibrations (the eye is
sensitive to 18 Hz) induced by the room vibratimhdf. In one of these studies, a ceiling fan was
found to be the source of the vibration. In theeot the source was not identified.

When the source was identified in the previousiytiomed studies, there appears to be
an obvious physical coupling mechanism. In otlteatons it has been estimated that airborne
disturbances have influenced structures. A NAS#refrom 1982 gives a figure that estimates
the necessary sound pressure level at variousdnetgs to force vibrations in windows, walls,
and floors of typical buildings (Stephens, 1982Zhe figure on page 14 of that report shows

infrasound levels of 70-80 dB can induce wall dodrfvibrations. On page 39 the report also
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shows some floor vibration levels that were assediavith a wind turbine. On the graph these
were the lowest levels of vibration when comparedibrations from aircraft noise and sonic
booms. Another figure on page 43 shows vibratemt perception across the infrasonic
frequency range. Again, wind turbine data are shamd they are below the perception line.

A second technical report (Kelley, 1985) from thateframe describes disturbances
from the MOD-1 wind turbine in Boone, North Car@inThis was a downwind turbine mounted
on a truss tower. Out of 1000 homes within abokin2 10 homes experienced room vibrations
under certain wind conditions. A careful measuneincampaign showed that indeed these few
homes had room vibrations related to the impulsiwise unique to downwind turbines. The
report contains several findings including thedaling: 1) the disturbances inside the homes
were linked to the impulsive sound generated bytuhane (due to tower wake/blade
interaction) and not seismic waves, 2) the impelsiignal was feeding energy into the
vibrational modes of the rooms, floors, and walleve the floor/wall modes were the only
modes in the infrasonic range, 3) people felt istudbance more than they heard it, 4) peak
vibration values were measured in the frequencged®—20 Hz (floor/wall resonances) and it
was deduced that the wall facing the turbine wasgoexcited, 5) the fact that only 10 homes
out of 1000 (scattered in various directions arotnadturbine) were affected was shown to be
related to complicated sound propagation pathsgamdhile the shape of the impulse itself was
given much attention and was shown to be a drifoncg in the coupling to the structural
vibrations, comments were made in the report teeffext that nonimpulsive signals with energy
at the right frequency could couple into the sttt The report describes a situation in Oregon
where resonances in the flow through an exhausk stiea gas-run turbine plant had an
associated slow modulation of the sound leadirgntamyance near the plant. Again it was
found that structural modes in nearby homes weirgglexcited but this time by an acoustic field
that was not impulsive in nature. This is an inbt@ot point because modern wind turbines do
not create impulsive noise with strong content atb20 Hz like the downwind turbine in North
Carolina. Instead, they generate amplitude-moddlabund around 1 kHz as well as broadband
infrasound (van den Berg, 2004). The broadbarrdsoiund that also existed for the North
Carolina turbine was not shown to be responsibi¢hie disturbances. As well, the amplitude-
modulated noise that existed was not shown to $goresible for the disturbances. So, while

there are comparisons made to the gas turbine poewtrand to the HVAC system component
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where the impulsiveness of the sound was not time sdirect comment on the effect of modern
turbines on the vibration of homes is not possible.

A recent paper by Bolin et al. (2011), surveys maoftcthe low frequency literature
pertinent to modern wind turbines and notes tHahahsurements of indoor and outdoor levels
of sound simultaneously do not show the same aicgtiibn and ringing of frequencies
associated with structural resonances similar tatwlas found in North Carolina. Instead the
sound inside is normally less than the sound oaititid structure. Bolin et al. (2011) note that
measurements indicate that the indoor ILFN fromdaturbines typically comply with national
guidelines (such as the Danish guideline for 44AJB{tside a dwelling). However, this does
not preclude a situation where levels would be tbimbe higher than the standards. They
propose that further investigations of an individiiaelling should be conducted if the measured
difference between C-weighted and A-weighted squmedsure level of outdoor exposure is
greater than 15 dB. A similar criterion is notadhe non-peer reviewed report by Kamperman
et al. (2008).

Related to room vibration is window rattle. Thogit is described in the NASA reports,
discussed above (Stephens, 1982) and discussee amticles by Jung and Cheung (2008) and
O’Neal (2011). In these articles it has been ndietl window rattle is often induced by
vibrations between 5 and 9 Hz, and measurements\riod turbines show that there can be
enough energy in this range to induce window rattdhether the window rattle then generates
its own sound field inside a room at an amplituckagenough to disturb the human body is
unknown.

Seismic transmission of vibration at the North Qiaeosite was considered. In that study
the seismic waves were ruled out as too low of @og# to induce the room vibrations that were
generated. Related are two sets of measuremexiteeéine taken near wind farms to assess the
potential impact of seismic activity on extremednsitive seismic measurement stations (Styles,
2005, Schofield, 2010). One study considered atbes traveling in the ground and the
coupling of airborne infrasound to the ground, simgvthat the dominant source of seismic
motion is the Rayleigh waves in the ground transditlirectly by the tower, and that the
airborne infrasound is not playing a role in cregtmeasurable seismic motion. The two reports
indicate that at 100 meters from a wind turbinenfé»6 turbines) the maximum motion that is
induced is 120 nanometers (at about 1 Hz). A natenis 10 m. So this is 1.2 x 10m of
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ground displacement. Extremely sensitive measutawices have been used to detect this slight
motion. To put the motion in perspective, the déen of a human hair is on the order of10.
These findings indicate that seismic motion induitech one or two turbines is so small that it
would be difficult to induce any physical or struicl response.

Hessler and Hessler, (2010) reviewed various si@te limits and discussed them in
connection with wind turbines. The article contanfew comments related to low frequency
noise. It is stated that, “a link between heatimplaints and turbine noise has only been
asserted based on what is essentially anecdoti#rese without any valid epidemiological
studies or scientific proof of any kind.” The al# states that if a metric for low frequency noise
is needed, then a limit of 65 dB(C) could be usé&His proposed criterion is not flexible for use
in different environments such as rural vs. city.this sense, Bolin et als’ suggestion of
checking for a difference between C-weighted andedghted sound pressure level of outdoor
exposure greater than 15 dB is more appropriakés vialue of 15 dB, was based on past
complaints associated with combustion turbinese Balin article, however, also cautions that
obtaining accurate low frequency measurements fiod turbines is difficult because of the
presence of wind. Even sophisticated windscreansaat eliminate the ambient low frequency
wind noise.

Leventhal (2006) notes that when hearing and ddgésts are tested simultaneously, the
subjects’ chests would resonate with sounds imghge of 50—-80 Hz. However, the amplitude
of the sound had to be 40-50 dB higher than thednumearing threshold for the deaf subjects to
report the chest vibration. This leads one to kalecthat chest resonance in isolation should not
be associated with inaudible sound. If a roombsating due to a structural resonance, such
levels may be obtained. Again, this effect hasené&een measured associated with a modern
wind turbine.

The stimulation of house resonances and self-regalfteffects due to a modern wind
turbine appear in a report by independent condslttwat describes pressure measurements taken
inside and outside of a home in Falmouth Massadtsusethe spring of 2011 (Ambrose &

Rand, 2011). The measurements were taken at &bl meters from a single 1.65 MW stall-
regulated turbine when the wind speeds were relgtivigh: 20-30 m/s at hub height. The
authors noted feeling ill when the dB(A) levelsaonds were between 18 and 24 (with a

corresponding dB(G) level of 51-64). They repbé#ttthey felt effects both inside and outside
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but preferred to be outside where the dB(A) levaigjed from 41-46 (with corresponding dB(G)
levels from 54-65.) This is curious because wadimeasurements account for human response
and the weighted values were higher outside. Howydlve actual dB(L) levels were higher

inside.

The authors present some data indicating that thei@hted value of the pressure signal
is often greater than 60 dB(G), the averaged tioldshalue proposed by Salt and Hullar (2011)
for OHC activation. However, the method used ttambthe data is not presented, and the time
scale over which the data are presented (< 0.0ddnds or 66 Hz) is too short to properly
capture the low frequency content.

The data analysis differed from the common standépiactice in an attempt to
highlight weaknesses in the standard measurempnbagh associated with the capture of
amplitude modulation and ILFN. This departure fribra standard is a useful step in defining a
measurement technique such as that called forep@t by HGC Engineering (HGC, 2010),
that notes policy making entities should “considéopting or endorsing a proven measurement
procedure that could be used to quantify noisafeasonic frequencies.”

The measurements by Ambrose and Rand (2011) shitffeeence in A and C weighted
outdoor sound levels of around 15 dB at the higihdveipeeds (which is Bolin et. al.’s
recommended value for triggering further interimvestigations). The simultaneous indoor and
outdoor measurements indicate that at very lowueegies (2-6 Hz) the indoor pressure levels
are greater than those outdoors. It is usefubte that the structural forcing at the blade-
passage-frequency, the time delay and the subseduoging that was present in the Boone
homes (Kelley, 1985) is not demonstrated by AmbesgtRand (2011). This indicates that the
structural coupling is not forced by the amplitudedulation and is due to a much subtler
process. Importantly, while there is an amplificatat these lower frequencies, the indoor levels
(unweighted) are still far lower than any levelatthave ever been shown to cause a physical
response (including the activation of the OHC) umians.

The measurements did reveal a 22.9 Hz tone thabwma$itude modulated at
approximately the blade passage frequency. Thesatf the tone was not identified, and no
indication as to whether the tone varied with wapeed was provided, a useful step to help
determine whether the tone is aerodynamically gegadr The level of this tone is shown to be

higher than the OHC activation threshold. The 22z3one did not couple to the structure and

50|Page



WIND TURBINE HEALTH IMPACT STUDY

showed the normal attenuation from outside to m# structure. In order to determine if the
results that show potential tonal activation of @dC are generalizable, it is necessary to
identify the source of this tone which could bequd to stall-regulated turbines or even unique
to this specific brand of turbine.

Finally, the measurements shown in the report el within the wind turbine
measurement literature and the data analysis igitptdescribed. Also, the report offers no
plausible coupling mechanism of the sound wavékdadyody beyond that proposed by Salt and
Hullar (2011). Because of this, the results aggestive but require corroboration of the
measurements and scientifically based mechanisntaiman health impact.

3.6.b Summary of Claimed Health Impacts

In this section, the potential health impacts durdise and vibration from wind turbines
was discussed. Both the infrasonic and low frequemise ranges were considered. Assertions
that infrasound and low frequency noise from tuekiaffect the vestibular system either through
airborne coupling to humans are not empiricallymufed. In the multitude of citations given in
the popular media as to methods in which the velstitsystem is influenced, all refer to
situations in which there is direct vibration caanglto the body or when the wave amplitudes
are orders of magnitudes greater than those prdduceiind turbines. Recent research has
found one potential path in the auditory systera,@HC, in which infrasound might be sensed.
There is no evidence, however, that when the OHGesmfrasound, it then leads to any of the
symptoms reported by complainants. That the iofrad and low frequency noise couple to
humans through the forcing of structural vibratisplausible but has not been demonstrated for
modern wind turbines. In addition, should it bewh that such a coupling occurs, research
indicates that the coupling would be transient laigthly dependent on wind conditions and
localized to very few homes surrounding a turbine.

Seismic activity near a turbine due to vibratiommsmitted down the tower has been
measured, and the levels are too low to producatidns in humans.

The audible noise from wind turbines, in particula amplitude modulated trailing edge
noise, does exist, changes level based on atmasgioaditions, can change character from
swish to thump-based on atmospheric effects, andeaerceived from home to home
differently based on propagation effects. Thisilbledsound has been noted by complainants as

a source of annoyance and a cause for sleep d@mmugBome authors have proposed nighttime
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noise regulations and regulations based on sharteraverages (vs. annual averages) as a
means to reduce annoyance from this noise so@ome have conjectured that the low
frequency content of the amplitude-modulated n@sesponsible for the annoyance. They have
proposed that the difference between the measureidar A- and C- weighted sound pressure
levels could be used to identify situations in whike low frequency content is playing a larger
role. Further, they note that this difference nhigd used as part of a regulation as a means to

reduce annoyance.
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Chapter 4

Findings

Based on the detailed review of the scientifiaéitare and other available reports and

consideration of the strength of scientific evidenihe Panel presents findings relative to three

factors associated with the operation of wind tuebi noise and vibration, shadow flicker, and

ice throw. The findings that follow address spesiin each of these three areas.

4.1 Noise

4.1.a Production of Noise and Vibration by Wind Tubines

1. Wind turbines can produce unwanted sound (refaoes noise) during operation. The

nature of the sound depends on the design of the wirbine. Propagation of the sound

is primarily a function of distance, but it canalse affected by the placement of the

turbine, surrounding terrain, and atmospheric coos.

a. Upwind and downwind turbines have different souhdracteristics, primarily

d.

due to the interaction of the blades with the zoiheeduced wind speed behind
the tower in the case of downwind turbines.

Stall regulated and pitch controlled turbines ekhdifferences in their
dependence of noise generation on the wind speed

Propagation of sound is affected by refractionoafral due to temperature
gradients, reflection from hillsides, and atmosphabsorption. Propagation
effects have been shown to lead to different egpess of noise by neighbors.
The audible, amplitude-modulated noise from wintitues (“whooshing”) is
perceived to increase in intensity at night (antietimes becomes more of a
“thumping”) due to multiple effects: i) a stabler@sphere will have larger wind
gradients, ii) a stable atmosphere may refracstlumd downwards instead of
upwards, iii) the ambient noise near the grourldviger both because of the stable

atmosphere and because human generated noisendmfter at night.

2. The sound power level of a typical modern utilitale wind turbine is on the order of

103 dB(A), but can be somewhat higher or lower ddpey on the details of the design

and the rated power of the turbine. The percedmthd decreases rapidly with the

distance from the wind turbines. Typically, attdieces larger than 400 m, sound
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pressure levels for modern wind turbines are lleas 40 dB(A), which is below the level
associated with annoyance in the epidemiologicaliss reviewed.

3. Infrasound refers to vibrations with frequenciebe?0 Hz. Infrasound at amplitudes
over 100-110 dB can be heard and felt. ReseacBhw@vn that vibrations below these
amplitudes are not felt. The highest infrasoungle that have been measured near
turbines and reported in the literature near t@biare under 90 dB at 5 Hz and lower at
higher frequencies for locations as close as 100 m.

4. Infrasound from wind turbines is not related to does it cause a “continuous
whooshing.”

5. Pressure waves at any frequency (audible casahic) can cause vibration in another
structure or substance. In order for vibratiomd¢our, the amplitude (height) of the wave
has to be high enough, and only structures or anbes that have the ability to receive
the wave (resonant frequency) will vibrate.

4.1.b Health Impacts of Noise and Vibration

1. Most epidemiologic literature on human responseital turbines relates to self-reported
“annoyance,” and this response appears to be sidnnaf some combination of the
sound itself, the sight of the turbine, and at&ttolwards the wind turbine project.

a. There is limited epidemiologic evidence suggeséngssociation between
exposure to wind turbines and annoyance.

b. There is insufficient epidemiologic evidence toatetine whether there is an
association between noise from wind turbines amsbgance independent from
the effects of seeing a wind turbine and vice versa

2. There is limited evidence from epidemiologic stsdseiggesting an association between
noise from wind turbines and sleep disruptionotlmer words, it is possible that noise
from some wind turbines can cause sleep disruption.

3. A very loud wind turbine could cause disrupted glgrrticularly in vulnerable
populations, at a certain distance, while a vengtquind turbine would not likely disrupt
even the lightest of sleepers at that same distaBaethere is not enough evidence to
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provide particular sound-pressure thresholds athvivind turbines cause sleep
disruption. Further study would provide these Isve
4. Whether annoyance from wind turbines leads to skempes or stress has not been
sufficiently quantified. While not based on eviderof wind turbines, there is evidence
that sleep disruption can adversely affect moodnttive functioning, and overall sense
of health and well-being.
5. There is insufficient evidence that the noise freind turbines iglirectly (i.e.,
independent from an effect on annoyance or sleapding health problems or disease.
6. Claims that infrasound from wind turbines direcdthpacts the vestibular system have
not been demonstrated scientifically. Availablelemce shows that the infrasound levels
near wind turbines cannot impact the vestibulatesys
a. The measured levels of infrasound produced by nmodewind wind turbines at
distances as close as 68 m are well below thairezhfor non-auditory
perception (feeling of vibration in parts of thedgppressure in the chest, etc.).
b. If infrasound couples into structures, then peapdéde the structure could feel a
vibration. Such structural vibrations have beeowshin other applications to
lead to feelings of uneasiness and general anneyafite measurements have
shown no evidence of such coupling from modern ngwurbines.
c. Seismic (ground-carried) measurements recordedwiedrturbines and wind
turbine farms are unlikely to couple into structire
d. A possible coupling mechanism between infrasourntithe vestibular system
(via the Outer Hair Cells (OHC) in the inner eaasibeen proposdalit is not yet
fully understood or sufficiently explained. Levelsinfrasound near wind
turbines have been shown to be high enougdietsensed by the OHC. However,
evidence does not exist to demonstrate the infli@hevind turbine-generated
infrasound on vestibular-mediated effeictshe brain.
e. Limited evidence from rodent (rat) laboratory seslidentifies short-lived
biochemical alterations in cardiac and brain dellsesponse to short exposures to
emissions at 16 Hz and 130 dB. These levels extmadured infrasound levels

from modern turbines by over 35 dB.
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7.

8.

There is no evidence for a set of health effectenfexposure to wind turbines, that could
be characterized as a "Wind Turbine Syndrome."

The strongest epidemiological study suggests Heaetis not an association between
noise from wind turbines and measures of psychoédgiistress or mental health
problems. There were two smaller, weaker, studies: one did an association, one did
not. Therefore, we conclude the weight of the enk suggests no association between
noise from wind turbines and measures of psychoédgiistress or mental health
problems

None of the limited epidemiological evidence reveelsuggests an association between
noise from wind turbines and pain and stiffnesabdies, high blood pressure, tinnitus,

hearing impairment, cardiovascular disease, anddutee/migraine.

4.2 Shadow Flicker

4.2.a Production of Shadow Flicker

Shadow flicker results from the passage of theddauf a rotating wind turbine between

the sun and the observer.

1.

3.

The occurrence of shadow flicker depends on thatiomae of the observer relative to the
turbine and the time of day and year.

Frequencies of shadow flicker elicited from turlsing proportional to the rotational
speed of the rotor times the number of blades sauigémerally between 0.5 and 1.1 Hz for
typical larger turbines.

Shadow flicker is only present at distances of thas 1400 m from the turbine.

4.2.b Health Impacts of Shadow Flicker

1.

Scientific evidence suggests that shadow flickersdwot pose a risk for eliciting seizures
as a result of photic stimulation.

There is limited scientific evidence of an asseciabetween annoyance from prolonged
shadow flicker (exceeding 30 minutes per day) astdrgial transitory cognitive and
physical health effects.
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4.3 Ice Throw

4.3.a Production of Ice Throw
Ice can fall or be thrown from a wind turbine dgyior after an event when ice forms or
accumulates on the blades.

1. The distance that a piece of ice may travel froentthibine is a function of the wind
speed, the operating conditions, and the shapgeedte.

2. In most cases, ice falls within a distance fromttivbine equal to the tower height, and in
any case, very seldom does the distance exceee tindotal height of the turbine
(tower height plus blade length).

4.3.b Health Impacts of Ice Throw

1. There is sufficient evidence that falling ice igypttally harmful and measures should be

taken to ensure that the public is not likely teamter such ice.
4.4 Other Considerations

In addition to the specific findings stated abowerfoise and vibration, shadow flicker
and ice throw, the Panel concludes the following:

1. Effective public participation in and direct berngfirom wind energy projects (such as
receiving electricity from the neighboring wind bures) have been shown to result in

less annoyance in general and better public acteptaverall.
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Chapter 5
Best Practices Regarding Human Health Effects Of Wid Turbines

Broadly speaking, the term “best practice” referpalicies, guidelines, or
recommendations that have been developed for #@ispetuation. Implicit in the term is that
the practice is based on the best information alkglat the time of its institution. A best
practice may be refined as more information andistubecome available. The panel recognizes
that in countries which are dependent on wind gnargl are protective of public health, best
practices have been developed and adopted.

In some cases, the weight of evidence for a spguifictice is stronger than it is in other
cases. Accordingly, best practice* may be categdrin terms of the evidence available, as

shown in Table 3:
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Table 3

Descriptions of Three Best Practice Categories

Category | Name Description

A program, activity, or strategy that has the hgjltegree
of proven effectiveness supported by objective and
comprehensive research and evaluation.

1 Research Validated
Best Practice

A program, activity, or strategy that has been ghtw

2 Field Tested Best | work effectively and produce successful outcomeksian
Practice supported to some degree by subjective and obgdtava
sources.

A program, activity, or strategy that has workethi one
organization and shows promise during its earlgesdor
3 Promising Practicel Pecoming a best practice with long-term sustainable
impact. A promising practice must have some object
basis for claiming effectiveness and must have the
potential for replication among other organizations

*These categories are based on those suggestedeéntifying and Promoting Promising Practices.”
Federal Register, Vol. 68. No 131. 131. July 2003.
www.acf.hhs.gov/programs/ccf/about_ccf/gbk pdf/bi. mof

5.1 Noise

Evidence regarding wind turbine noise and humaitthealimited. There is limited
evidence of an association between wind turbineenand both annoyance and sleep disruption,
depending on the sound pressure level at the totaficoncern. However, there are no
research-based sound pressure levels that corgtspdimman responses to noise. A number of
countries that have more experience with wind gnargl are protective of public health have
developed guidelines to minimize the possible aglveffects of noise. These guidelines
consider time of day, land use, and ambient wireedp Table 4 summarizes the guidelines of
Germany (in the categories of industrial, comméiana villages) and Denmark (in the
categories of sparsely populated and residentiaB.sound levels shown in the table are for
nighttime and are assumed to be taken immediatekide of the residence or building of
concern. In addition, the World Health Organizatecommends a maximum nighttime sound
pressure level of 40 dB(A) in residential areagcétnmended setbacks corresponding to these
values may be calculated by software such as WandPsimilar software. Such calculations

are normally to be done as part of feasibility s#ad The Panel considers the guidelines shown
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below to be Promising Practices (Category 3) bindvody some aspects of Field Tested Best
Practices (Category 2) as well.

Table 4

Promising Practices for Nighttime Sound Pressureslseby Land Use Type
Land Use Sound Pressure Level,

dB(A) Nighttime Limits

Industrial 70
Commercial 50
Villages, mixed usage 45
Sparsely populated areas, 8 m/s wind* 44
Sparsely populated areas, 6 m/s wind* 42
Residential areas, 8 m/s wind* 39
Residential areas, 6 m/s wind* 37

*measured at 10 m above ground, outside of resiglendocation of concern

The time period over which these noise limits asmasured or calculated also makes a
difference. For instance, the often-cited Worldalte Organization recommended nighttime
noise cap of 40 dB(A) is averaged over one yeat (fres not refer specifically to wind turbine
noise). Denmark’s noise limits in the table abaxe calculated over a 10-minute period. These
limits are in line with the noise levels that th@demiological studies connect with insignificant
reports of annoyance.

The Panel recommends that noise limits such a® t@sented in the table above be
included as part of a statewide policy regarding ménd turbine installations. In addition,
suitable ranges and procedures for cases wherotbe levels may be greater than those values
should also be considered. The considerationsaake into account trade-offs between
environmental and health impacts of different epesmurces, national and state goals for energy
independence, potential extent of impacts, etc.

The Panel also recommends that those involvediimd turbine purchase become
familiar with the noise specifications for the tumb and factors that affect noise production and
noise control. Stall and pitch regulated turbihase different noise characteristics, especially in
high winds. For certain turbines, it is possililelecrease noise at night through suitable control

measures (e.g., reducing the rotational speecdeafdtor). If noise control measures are to be
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considered, the wind turbine manufacturer mustdbe to demonstrate that such control is
possible.

The Panel recommends an ongoing program of monga@mnd evaluating the sound
produced by wind turbines that are installed in@menmonwealth. IEC 61400-11 provides the
standard for making noise measurements of windrtegh(International Electrotechnical
Commission, 2002). In general, more compreherasgessment of wind turbine noise in
populated areas is recommended. These assessheuals be done with reference to the
broader ongoing research in wind turbine noise yetdn and its effects, which is taking place
internationally. Such assessments would be usafuéfining siting guidelines and for
developing best practices of a higher categorysé&lmvestigation near homes where outdoor
measurements show A and C weighting differencegezter than 15 dB is recommended.

5.2 Shadow Flicker

Based on the scientific evidence and field expeeaelated to shadow flicker, Germany has

adopted guidelines that specify the following:

1. Shadow flicker should be calculated based on ttrerammical maximum values (i.e., not
considering the effect of cloud cover, etc.).

2. Commercial software such as WindPro or similarvgafe may be used for these
calculations. Such calculations should be doraasof feasibility studies for new wind
turbines.

3. Shadow flicker should not occur more than 30 misyier day and not more than 30
hours per year at the point of concern (e.g., ezsids).

4. Shadow flicker can be kept to acceptable leveleeiby setback or by control of the
wind turbine. In the latter case, the wind turbin@nufacturer must be able to
demonstrate that such control is possible.

The guidelines summarized above may be considerbd & Field Tested Best Practice
(Category 2). Additional studies could be perfodprspecifically regarding the number of hours
per year that shadow flicker should be allowedt Wauld allow them to be placed in Research
Validated (Category 1) Best Practices.
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5.3 Ice Throw
Ice falling from a wind turbine could pose a dangehuman health. It is also clear that
the danger is limited to those times when icingus@nd is limited to relatively close proximity
to the wind turbine. Accordingly, the following@lld be considered Category 1 Best Practices.
1. In areas where icing events are possible, warrshgsld be posted so that no one passes
underneath a wind turbine during an icing eventamd the ice has been shed.
2. Activities in the vicinity of a wind turbine shoulgke restricted during and immediately
after icing events in consideration of the follogritwo limits (in meters).
For a turbine that may not have ice control measurenay be assumed that ice could
fall within the following limit:

Xmax,throw = 15(2R + H )
Where:R = rotor radius (m)H = hub height (m)

For ice falling from a stationary turbine, the &ling limit should be used:

X =U(R+H)/N5

max, fall

Where:U = maximum likely wind speed (m/s)
The choice of maximum likely wind speed should i éxpected one-year return

maximum, found in accordance to the Internationat®otechnical Commission’s design
standard for wind turbines, IEC 61400-1.

Danger from falling ice may also be limited by mentrol measures. If ice control
measures are to be considered, the wind turbineifacturer must be able to demonstrate that
such control is possible.

5.4 Public Participation/Annoyance

There is some evidence of an association betwesigipation, economic or otherwise,
in a wind turbine project and the annoyance (ok thereof) that affected individuals may
express. Accordingly, measures taken to direatlplve residents who live in close proximity
to a wind turbine project may also serve to redhedevel of annoyance. Such measures may
be considered to be a Promising Practice (Categjory
5.5 Regulations/Incentives/Public Education

The evidence indicates that in those parts of thedwvhere there are a significant

number of wind turbines in relatively close proxiynio where people live, there is a close
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coupling between the development of guidelinesyigron of incentives, and educating the
public. The Panel suggests that the public begetythrough such strategies as education,
incentives for community-owned wind developmentsnpensations to those experiencing
documented loss of property values, comprehensitbmesk guidelines, and public education
related to renewable energy. These multi-facepgdaaches may be considered to be a
Promising Practice (Category 3).
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Appendix A:

Wind Turbines - Introduction to Wind Energy

Although wind energy for bulk supply of electricitya relatively new technology, the
historical precedents for it go back a long wayey are descendents of mechanical windmills
that first appeared in Persia as early as theentury (Vowles, 1932) and then re-appeared in
northern Europe in the Middle Ages. They were aerably developed during theland 18'
centuries, and then formed the basis for the dilesttricity generating wind turbine in the late
19" century. Development continued sporadically tigtothe mid 28 century, with modern
turbines beginning to emerge in the 1970’s. It Wasintroduction of other technologies, such
as electronics, computers, control theory, compasaterials, and computer-based simulation
capability that led to the successful developmémih@ large scale, autonomously operating wind
turbines that have become so widely deployed dwepast twenty years.

The wind is the most important external factor indvenergy. It can be thought of as the
“fuel” of the wind turbine, even though it is nairsumed in the process. The wind determines
the amount of energy that is produced, and is tbereeferred to as the resource. The wind
resource can vary significantly, depending on tiwation and the nature of the surface. In the
United States, the Great Plains have a relativedygetic wind resource. In Massachusetts,
winds tend to be relatively low inland, except floountaintops and ridges. The winds tend to be
higher close to the coast and then increase ofshaverage offshore wind speeds generally

increase with distance from shore as well. Thedwasource of Massachusetts is illustrated in
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Figure AA.1: Map of the Massachusetts Wind Rese{Feom National Renewable Energy Laboratory

http://www.windpoweringamerica.gov/images/windmagas/50m_800.jpg
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The annual wind power estimates for this map were
produced by TrueWind Solutions using their Mesomap
system and historical weather data. This work was
commisioned by the Massachusetts Technology
C ive, in conjunction with the ticut Clean
Energy Fund and Northeast Utilities, and the results
have been validated by NREL.
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Wind Power Classification

Wind irce. Wind Power Wind Speed ® Wind Speed ® [J

Power  Potential Density at 50 m als0m ats0 m

Class Wim? mis rph
1 Poor 0- 200 0.0- 58 0.0-125
e =2 e oo X Joa
3 Fair - A .4 - 14.3-15. 20 0 20 40 Miles U.S. Department of Energy
4 Good 400 - 500 7.0-75 157-16.8 boraf
5 Excellent 500 - 60O 7.5- 80 16.8-17.9 Natorial frencmebie Eneroy LA td
6 Outstanding 600 - 800 80-88 178-19.7
7 Superb >B00 >88 >19.7

“Wind speeds are based on a Weibull k value of 2.0

06-FEB-2007 2.1.3

This section summarizes the basic characteristittseonind in so far as they relate to
wind turbine power production. Much more detailtbis topic is provided in (Manwell et al.,
2009). The wind will also affect the design of thiad turbines, and for this purpose it is

referred to as an “external design condition.” sTéspect of the wind is discussed in more detalil
in a later section.
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AA.1 Origin of the Wind

The wind originates from sunlight due to the diéfietial heating of various parts of the
earth. This differential heating produces zonesigih and low pressure, resulting in air
movement. The motion of the air is also affectecasth’s rotation. Considerations regarding
the wind insofar as it relates to wind turbine @pi®n include the following: (i) the winds aloft
(geostrophic wind), (ii) atmospheric boundary lagexteorology, (iii) the variation of wind
speed with height, (iv) surface roughness, andupijulence.

The geostrophic wind is the wind in the upper atphese, which results from the
combined effects of the pressure gradient andah#’s rotation (via the Coriolis force). The
gradient wind can be thought of as an extensidhefjeostrophic windhe difference in this
case being that centrifugal effects are includedese result from curved isobars (lines of
constant pressure) in the atmosphere. It is thpper atmosphere winds that are the source of
most of the energy that eventually impinges on windines. The energy in the upper
atmosphere is transferred down closer to the seiffeca variety of mechanisms, most notably
turbulence, which is generated mechanically (videse roughness) and thermally (via the rising
of warm air and falling of cooler air).

Although driven by higher altitude winds, the winéar the surface is affected by the
surrounding topography (such as mountains and sjdged surface conditions (such as tree
cover or presence of buildings).

AA.2 Variability of the Wind

One of the singular characteristics of the wintisvariability, both temporal and spatial.
The temporal variability includes: (i) short terguéts and turbulence), (ii) moderately short
term (e.g., hr to hr means), (iii) diurnal (varats over a day), (iv) seasonal, and (v) inter-ahnua
(year to year). The wind may vary spatially asIwmth from one location to another or with
height above ground.
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Figure AA.2 illustrates the variability of the hdyiaverage wind speeds for one year at one

location.
Figure AA.2: Typical hourly wind speeds peeyear
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As can be seen, the hourly average wind speedsiexample varies significantly over the year,
ranging from zero to nearly 30 m/s.

Figure AA.3 illustrates wind speed at another lmratecorded twice per second over a
23-hour period. There is significant variabilitgrie as well. Much of this variability in this
figure is associated with short-term fluctuatiomsturbulence. Turbulence has some effect on
power generation, but it has a more significarg@fbn the design of wind turbines, due to the

material fatigue that it tends to engender. Twrboé is discussed in more detail in a later

section.
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Figure AA.3: Typical wind data, sampled at 2 Hz dd23-hr period
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In spite of the variability in the wind time serjessimmary characteristics have much less
variability. For example, the annual mean windespat a given location is generally within +/-
10% of the long-term mean at that site. Furtheemthre distribution of wind speeds, that is to
say the frequency of occurrence of winds in varwirsl speed ranges, also tends to be similar
from year. The general shape of such distributisraso similar from one location to another,
even if the means are different. In fact, statgdtmodels such as the Weibull distribution can be
used to model the occurrences of various wind speeghost locations on the earth. For
example, the number of occurrences of wind speediilous ranges from the data set illustrated

in Figure AA.2 are shown in Figure AA.4, togethathithe those occurrences as modeled by the
Weibull distribution.

AA-5|Page



WIND TURBINE HEALTH IMPACT STUDY

Figure AA.4: Typical frequency of occurrence ohdispeeds, based on data and statistical model
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The Weibull distribution’s probability density futien is given by:

AU CIEEC]

(1)

Wherec = Weibull scale factor (m/s) arkd= Weibull shape factor (dimensionless)

For the purposes of modeling the occurrences ofl wpeeds, the scale and shape factors may be

approximated as follows:

c=U (0568+ 0433/k) ¥"

()

®3)

WhereU is the long-term mean wind speed (m/s, based on 1®ntiourly averages) and,
is the standardeviation of the wind speed, based on the sameid@nhourly averages.
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AA.3 Power in the Wind

The power available in the wind can be predictedhfthe fundamental principles of
fluid mechanics. First of all, the energy per undss of a particle of air is given simply by %
times the square of the velocity,(m/s). The mass flow rate of the air (kg/s) thitoaggiven

areaA (m?) perpendicular to the direction of the windris= PAU , wherep is the density of the

air (kg/nT). The power in the wind per unit arédA, (W/nT) is then:

P/Az(m/A)EU2 =10
2 2 (4)
AA.4 Wind Shear
Wind shear is the variation of wind speed with hei§Vind shear has relevance to power
generation, to turbine design, and to noise geioerafl he variation of wind speed with height is

typically modeled with a power law as follows:

U, =U,[h,/h]" (5)

WhereU; = speed at reference heidht U, is the wind speed to be estimated at hefiglanda
is the power law exponent. Values of the expongpitélly range from a 0.1 for smooth surfaces
to 0.4 for very rough surfaces (such as forestsudt-up areas.)

Wind shear can also be affected by the stabilitthefatmosphere. Equations have been
developed that allow the incorporation of stabiligrameters in the analysis, but these too are
outside the scope of this overview.

AA.5 Wind and Wind Turbine Structural Issues

As discussed previously, the wind is of particutgerest in wind turbine applications,
since it is the source of the energy. It is alsdburce of significant structural loads that the
turbine must be able to withstand. Some of theadd occur when the turbine is operating;
others occur when it is stopped. Extreme windsekample, are likely to affect a turbine when
it is stopped. High winds with sudden directioclaange during operation can also induce high
loads. Turbulence during normal operation resalfi@iigue. The following is a summary of the
key aspects of the wind that affect the designiotivturbines. More details may be found in
(Manwell et al., 2009).
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AA.5.a Turbulence

Turbulence in the wind can have significant eff@ctthe structure of a wind turbine as
well as its operation, and so it must be considarede design process. The term “turbulence”
refers to the short-term variations in the speatidirection of the wind. It manifests itself as
apparently random fluctuations superimposed upa@tatively steady mean flow. Turbulence is
not actually random, however. It has some verirdischaracteristics, at least in a statistical
sense.

Turbulence is characterized by a number of measurksse include: (i) turbulence
intensity, (ii) turbulence probability density furmans (pdf), (iii) autocorrelations, (iv) integral
time scales and length scales, and (v) power spel#nsity functions. Discussion of the
physics of turbulence is outside the scope ofdlherview.

AA.5.b Gusts

A gust is discrete increase and then decreasenid speed, possibly associated with a
change in wind direction, which can be of significa to the design of a wind turbine. Gusts are
typically associated with turbulence.

AA.5.c Extreme Winds

Extreme winds need to be considered for the desfignwind turbine. Extreme winds
are normally associated with storms. They occlatixely rarely, but often enough that the
possibility of their occurring cannot be ignoreStatistical models, such as the Gumbel
distribution (Gumbel, 1958), are used to predietltkelihood of such winds occurring at least
once every 50 or 100 years. Such intervals ateccadturn periods.

AA.5.d Soils

Soils are also important for the design and irstialh of a wind turbine. In particular, the
nature of the soil will affect the design of thendiiturbine foundations. Discussion of soils is
outside the scope of this overview.

AA.6 Wind Turbine Aerodynamics

The heart of the wind turbine is the rotor. Tlsisidevice that extracts the kinetic energy
from the wind and converts it into a mechanicaihforBelow is a summary of wind turbine rotor
aerodynamics. More details may be found in (Mahetehl., 2009).

A wind turbine rotor is comprised of blades tha attached to a hub. The hub is in turn

attached to a shaft (the main shaft) which trasdfee energy through the remainder of the drive
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train to the generator where is it converted tatelg@ty. The maximum power that a rotor can
extract from the wind is first of all limited byelpower in the wind, which passes through an
area defined by the passage of the rotor. At thegmt time, most wind turbines utilize a rotor
with a horizontal axis. That is, the axis of raiatis (nominally) parallel to the earth’s surface.
Accordingly, the area that is swept out by theregaircular. Assuming a rotor radius{m),
the maximum powelP (W) available in the wind is:

= 1 prZU 3

2 (6)

Early in the 28} century, it was shown by Betz (among others, 4Bejat the maximum

power that could be extracted was less than theepowthe wind; in fact, it was 16/27 times that
value. Betz’ work led to the definition of a powemefficient,C,, which expresses the ratio of
the actual power extracted by a rotor to the pdawéhe wind. When considering efficiencies of
other components in the drive train, as expresyatidy, the total power out a wind turbine,
Pwr, would be given by:

P, = Cpn%piﬂzu 3
(7)

The maximum value of the power coefficient, knowsrttze Betz limit, is thus 16/27.

Betz’ original analysis was based on the fundamegmiaciples of fluid mechanics
including linear momentum theory. It also includkd following assumptions: (i) homogenous,
incompressible, steady state fluid flow; (ii) necfional drag; (iii) a rotor with an infinite numbe
of (very small) blades; (iv) uniform thrust oveetlotor area; (v) a non-rotating wake; and (vi)
the static pressure far upstream and far downstoédhe rotor that is equal to the undisturbed
ambient static pressure.

A real rotor operating on a horizontal axis wilsuét in a rotating wake. Some of the
energy in the wind will go into that rotation andlwot be available for conversion into
mechanical power. The result is that the maximomey coefficient will actually be less than
the Betz limit. The derivation of the maximum poweefficient for the rotating wake case use
a number of terms: (i) the rotational speed ofitelyotor,Q2, in radians/sec; (ii) tip speed ratio,
A =QRJ/U; (iii) local speed ratioj, =/ r/R; (iv) rotational speed of wake; (v) an axial
induction factora, which relates the free stream wind speed to tihd speed at the rotor and
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the wind speed in the far wake (, = (1-a)u andu . = (1-2a)u ); and (vi)

free stream free stream

an angular induction factos, = w/2 Q. According to this analysis, the maximum possible
power coefficient is given by:

_ 8
CP max ?J-O a(l_ a)/]?dAr ®)

The maximum power coefficient for a rotor with aating wake and the Betz limit are
illustrated in Figure AA.5.

Figure AA.5: Maximum theoretical power coefficisribr rotating and non-rotating wakes
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Neither of the analyses summarized above givesmahgation as to what the blades of
the rotor actually look like. For this purposanathod called blade element momentum (BEM)
theory was developed. This approach assumeshinéiadesncorporate an airfoil cross

section. Figure AA.6 shows a typical airfoil, including some of the nomenclature.
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Figure AA.6: Airfoil nomenclature
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The BEM method equates the forces on the bladesiassd with air flowing over the
airfoil with forces associated with the change iomentum of the air passing through the rotor.
The starting point for this analysis is the assesgrof the lift force on an airfoil. Lift is a foe

perpendicular to the flow. Itis given by

F.=C, %,ocu2
9)

Where:
F, = force per unit length, N/m
C. = lift coefficient, -
¢ = chord length (distance from leading edge tditrgiiedge of airfoil, m)
Thin airfoil theory predicts that for a very thideal airfoil the lift coefficient is given by

C =2msina 11)

wherea is the angle of attack, which is the angle betwberflow and the chord line of the airfoll.
The lift coefficient for real airfoils typically icludes a constant term but the slope, at
least for low angles of attack, is similar to tfi@t an ideal airfoil. For greater angles of attack

(above 10-15 degrees) the lift coefficient begmgecrease, eventually approaching zero. This

is known as stall. A typical lift coefficient vangle of attack curve is illustrated in Figure AA.7
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Figure AA.7: Typical airfoil lift vs. angle of attk
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There is always some drag force associated witth flow. This is a force is in line with

the flow. Drag force (per unit length) is given by

F =Co %pcu 2
12)

WhereCp = drag coefficient

When designing blades for a wind turbine, it iseyafly desired to minimize the drag to
lift ratio at the design point. This generallyults in a lift coefficient in the vicinity of 1.0nal a
drag coefficient of approximately 0.006, althoughde values can differ depending on the
airfoil.

Blade element momentum theory, as noted aboveesdiae blade shape to its
performance. The following approach is used. Blade is divided into elements and the rotor
is divided into annuli. Two simultaneous equatians developed: one expresses the lift and
drag coefficient (and thus forces) on the bladenelgs as a function of airfoil data and the
wind's angle of attack. The other expresses favodbe annuli as a function of the wind
through the rotor, rotor characteristics, and clearig momentum. Some of the key assumptions
are: (i) the forces on blade elements are detedrsotly by lift/drag characteristics of the
airfoil, (ii) there is no flow along the blade,iilift and drag force are perpendicular and patall
respectively to a “relative wind,” and (iv) forcage resolved into components perpendicular to
the rotor (“thrust”) and tangential to it (“torgye”

Using BEM theory, it may be shown for an ideal rdtwt the angle of relative wind,

as a function of tip speed ratio and radial posiba the blade is given by:
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¢ =(%)tan™(1/A,) (13)

Similarly, the chord length is given by:

c :g—g(l—cow)
(14)
WhereB = the number of blades
There are some useful observations to be drawofdbe above equations. First of all,
in the ideal case the blade will be twisted. It ,féhe twist angle will differ from the angle of
relative wind by the angle of attack and a refeegpitch angle, as follows:

6, =¢-a-6, as)

It may also be noted that the twist angle williegtfincrease slowly when moving from
the tip inward and then increase more rapidly.o8d¢cthe chord of the blade will also increase
upon moving from the tip inward, at first slowlycathen more rapidly. In the ideal case then, a
wind turbine blade is both significantly twisteddatapered. Real blades, however, are designed
with a less than optimal shape for a variety otpcal reasons.

Another important observation has to do with thaltarea of the blades in comparison to
the swept area. The ratio of the projected blada & known as the solidity, For a given
angle of attack, the solidity will decrease witbrieasing tip speed ratio. For example, assuming
a lift coefficientC, of 1.0, the solidity of an optimum rotor desigriecbperate at a tip speed
ratio of 2.0 is 0.43 whereas an optimum rotor desigto operate at a tip speed ratio of 6.0
would have a solidity of 0.088. It is thereforgpapent that in order to keep blade material (and
thus cost) to a minimum, it is desirable to desagra tip speed ratio as high as possible.

There are other considerations in selecting a deggpeed ratio for a turbine other than
the solidity, however. On the one hand, highesfiped ratios will result in gearboxes with a
lower speed up ratio for a given turbine. On ttleephand, the effect of drag and surface
roughness of the blade surface may become mor#isag for a higher tip speed ratio rotor.
This effect could result in decreased performareother concern is material strength. The
total forces on the rotor are nearly the same endtor regardless of the solidity. Thus the
stresses would be higher. A final consideratiomoise. Higher tip speed ratios generally result
in more noise produced by the blades.
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There are numerous other considerations regartadesign of a wind turbine rotor,
including tip losses, type of airfoil to be usedse of manufacturing and transport, type of
control used, selection of materials, etc. Theseal outside the scope of this overview,
however.

Real wind turbine rotors are designed taking irtooant many factors, including but not
only their aerodynamic performance. In addititre totor must be controlled so as to generate
electricity most effectively and so as to withstaoatinuously fluctuating forces during normal
operation and extreme loads during storms. Acogigj a wind turbine rotor does not in
general operate at its own maximum power coefficmall wind speeds. Because of this, the
power output of a wind turbine is generally desediby curve, known as a power curve, rather
than an equation such as the oneigr which given earlier. Figure AA.8 illustrates a itgl
power curve. As shown there, below the cut-in sg8ead/s in the example) no power is
produced. Between cut-in and rated wind speed (s in this example), the power increases
significantly with wind speed. Above the ratedeghethe power produced is constant, regardless

of the wind speed, and above the cut-out speeh(85n the example), the turbine is shut down.

Figure AA.8: Typical wind turbine power curve
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AA.7 Wind Turbine Mechanics and Dynamics
Earlier we discussed the aerodynamic aspects aficdtwrbine, and how that related to
its design, performance, and appearance. Thenmagetr consideration has to do with the

turbine’s survivability. This topic includes itbity to withstand the forces to which the turbine
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will be subjected, deflections of various composgahd vibrations that may result during
operations.

Issues that need to be considered include: (malt strength, (ii) relative motion of
components, (iii) vibrations, (iv) loads, (v) resiges, (vi) stresses, (vii) unsteady motion,
resulting in fatigue, and (viii) material propedie

The types of loads that a turbine may be subjetttede as follows: static (non-rotating),
steady (rotating), cyclic, transient, impulsivegcttastic, or resonance-induced. Sources of loads
may include aerodynamics, gravity, dynamic intecas, or mechanical control. To understand
the various loads that a wind turbine may expepgetite reader may wish to review the
fundamentals of statics (no motion), dynamics (o1t Newton's second law, the various
rotational relations (kinematics), strength of miale (including Hooke's law and finding
stresses from moments and geometry), gyroscogesémoments, and vibrations. Among other
topics, the cantilevered beam is particularly inb@iot, since rotor blades as well as towers have
similar characteristics.

Wind turbines are frequently both the source of aredsubject to vibrations. Although
the topic can become quite complicated, it is wahtite to recall that the natural frequency of

simple oscillating massn, and spring, with spring constakt,and is given by:

w=+k/m (16)

Similarly, rotational natural frequency about amsa rotation is given by:
w=ks1J a7

Wherek; is the rotational spring constant ahid the mass moment of inertia

A continuous body, such as a wind turbine blad#,agtually have an infinite number of
natural frequencies (although only the first few Bnportant), and associated with each natural
frequency will be a mode shape that charactertz#sfiection. The vibration of a uniform
cantilevered beam can be described relatively sitipbugh the use of Euler’s equation (see
Manwell et al., 2009). Non-uniform elements requitore complex methods for their analysis.
AA.7.a Rotor Motions

There is a variety of motions that occur in therdhat can be significant to the design or

operation of the turbine. These include thoséenflapwise, edgewise, and torsional directions.
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Flapwise motions are those that are perpendicolplane of the rotor, and are
considered positive in the direction of the thrusSkapwise forces are the source of the highest
aerodynamic bending moments, and accordingly th& significant stresses.

Lead-lag, or edgewise, motions are in plane ofrratm are considered positive when in
the direction of the torque. Fluctuating motionghis direction are reflected in the power.

Torsion refers to the twisting of blade about asd axis. Torsional moments in the
blades must be accounted for in the design of @itetirol mechanisms.

The most important rotor load is the thrust. Tikighe total force on the rotor in the
direction of the wind (flapwise). It is associateiih the conversion of the kinetic energy of the

wind to mechanical energy. The thrukt(N) is given by:

T= CTE,onRZU 2
2 (18)
WhereCs is the thrust coefficient. For the ideal rotomihich the axial induction factor,

a, is equal to 1/3 (corresponding to the Betz limit)s easy to show that the thrust coefficient is

equal to 8/9. For the same rotor, the thrust adefft may be as high as 1.0, but this would not

occur atCy = Cpy geta

This thrust gives rise to flapwise bending momenthe root of the blade. For example,
for the ideal rotor when a = 1/3, and assumingrg small hub, it may be shown that the
flapwise bending momem; at the root of the blade would be given by:

M :IER

F B3 (19)

WhereB = number of blades
From the bending moment, it is straightforwardital fthe maximum bending stress in
the blade. For example, suppose that a bladenstBick at the root, has a symmetrical airfoil,

and that the thrust force is perpendicular to thera line. Then the bending stress would be:

Mt

B
o (20)

0 pmax —

(Note that for a real blade, the asymmetry andatigdes would complicate the calculation, but

the principle is the same.)
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Another important load is torqu®, (Nm). Torque is given by:

Q= CQ%anZU 2

(21)
WhereCq = the torque coefficient, which also equalGgi.
Note that torque is also given by:
Q=P/Q 22)

WhereP = power (W)

The dynamics of a wind turbine rotor are quite cboaped and do not lend themselves to
simple illustrations. There is one approach, howevee to Stoddard (Eggleston and Stoddard,
1987) and summarized by (Manwell et al., 2009) Whscrelatively tractable, but will not be
discussed here. In general, the dynamic respdnsmd turbine rotors must be simulated by
numerical models, such as the FAST code (Jonkn@¥g)2leveloped by the National
Renewable Energy Laboratory.

AA.7.b Fatigue

Fatigue is an important phenomenon in all winditeb. The term refers to the
degradation of materials due to fluctuating stresseuch stresses occur constantly in wind
turbines due to the inherent variability of the ejithe rotation of the rotor and the yawing of the
rotor nacelle assembly (RNA) to follow the windisdirection changes. Fatigue results in
shortened life of many materials and must be adeolfor in the design. Figure AA.9
illustrates a typical time history of bending morh#at would give rise to fluctuating stresses of

similar appearance.
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Figure AA.9: Typical wind turbine blade bending mment
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The ability of a material to withstand stress fliations of various magnitudes is
typically illustrated in an S-N curve. In such ees the stress level is shown on yrexis and is
plotted against the number of cycles to failures i®\apparent from the figure above, stress
fluctuations of a variety of magnitudes are likelfhe effect of a number of cycles of different
ranges is accounted for by the damage due to gatd wsing “Miner’s Rule.” In this case, an

amount of damagel, due ton cycles, where the stress is such thatcles will result in damage
is found as follows:

d=n/N (23)
Miner’s Rule states that the sum of all the dam&gdrom cycles of all magnitudes must

be less than 1.0, or failure is to be expected memily:

D=>n/N <1 (24)

Miner’s Rule works best when the cycling is relativsimple. When cycles of varying
amplitude follow each other, an algorithm calledliriflow" cycle counting” (Downing and
Socie, 1982) is used.
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AA.8 Components of Wind Turbines

Wind turbines consist of two main subsystems, tiiermacelle assembly and the support
structure, and each of these is comprised of mamponents. The following provides some
more description of these subsysteruare details, particularly on the rotor nacelleeasbly
may be found in (Manwell et al., 2009).
AA.8.a Rotor Nacelle Assembly

The rotor nacelle assembly (RNA) includes the migjaf the components associated
with the conversion of the kinetic energy of theédvinto electrical energy. There are two major
component groupings in the RNA as well as a nurobancillary components. The main
groupings are the rotor and the drive train. Tdterrincludes the blades, the hub, and pitch
control components. The drive train includes shdfearings, gearbox (if any), couplings,
mechanical brake, and generator. Other componecitedie the bedplate, yaw bearing and yaw
drive, oil cooling system, climate control, othé&atrical components, and parts of the control

system. An example of a typical rotor nacelle ads8yg is illustrated in Figure AA.10.
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Figure AA.10: Typical Rotor Nacelle Assembly
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AA.8.b Rotor

The primary components of the rotor are the bladdghe present time, most wind
turbines have three blades, and they are orietes $0 operate upwind of the tower. It is to be
expected that in the future some wind turbinesjqadarly those intended for use offshore, will
have two blades and will be oriented downwind ef titwer, however. For a variety of reasons
(including that downwind turbines tend to be naisieis less likely that they will be used on
land, particularly in populated areas.

The general shape of the blades is chosen in ameoedvith the principles discussed
previously. The other major factor is the requisé@ngth of the blades. For this reason, it is
often the case that thicker airfoils are used mehreroot than are used closer to the tip. Blades
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for most modern wind turbines are constructed ofijposites. The laminates are primarily
fiberglass with some carbon fiber for additionaésgth. The binders are polyester or epoxy.

At the root of the blades the composite materiaktached to a steel root, which can then
be subsequently bolted to the hub. Most utiliglsavind turbines at present include blade pitch
control, so there is a mechanism present at tkeefatte of the hub and the blades that will both
secure the blades and facilitate their rotatioruabieeir long axis.

The hub of the wind turbine rotor is constructemhirsteel. It is designed so as to attach
to the main shaft of the drive train as well asdanect with the blades.
AA.8.c Drive train

The drive train consists of a number of componentduding shafts, couplings, a
gearbox (usually), a generator, and a brake.
AA.8.d Shafts

The main shaft of the drive train is designed am$mit the torque from the rotor to the
gearbox (if there is one) or directly to the getar# there is no gearbox. This shaft may also
be required to carry some or all of the weighthaf totor. The applied torque will vary with the
amount of power being produced, but in genera given by the power divided by the rotational
speed. As discussed previously, a primary conaitber in the aerodynamic design of a wind
turbine rotor is the tip speed ratio. A typicabsidm tip speed ratio is 7. Consider a wind turbine
with a diameter of 80 m, designed for most effitigperation at a wind speed 12 m/s. The
rotational speed of the rotor and thus the maifft simaler these conditions would be 20 rpm.
AA.8.e Gearbox

Wind turbines are intended to generate electritity,most conventional generators are
designed to turn at higher speeds than do windrntentotors (see below). Therefore, a gearbox
is commonly used to increase the speed of the 8twftrives the generator relative to that of
the main shaft. Gearboxes consist of a housiraysgbearings, multiple shafts, seals, and
lubricants. Gearboxes for wind turbines are tylpyaaither of the parallel shaft or planetary
type. Frequently a gearbox incorporates multipdgess, since the maximum allowed ratio per
stage is usually well under 10:1. There are tmiftiein the selection of gearbox. Parallel shaft
gearboxes are generally less expensive than prgraias but they are also heavier. Gearboxes
are generally quite efficient. Thus the poweriswtery nearly equal to the power in. The

torque in the shafts is then equal to the powaddiv by the speed of the shatft.
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AA.8.f Brake

Nearly all wind turbines incorporate a mechaniagakie somewhere on the drive train.
This brake is normally designed to stop the rotater all foreseeable conditions, although in
some cases it might only serve as a parking bratkéhé rotor. Mechanical brakes on utility
scale wind turbines are mostly of the caliper/dyge although other types are possible. Brakes
may be placed on either the low speed or the Ipged side of the gearbox. The advantage of
placing it on the high speed side is that lessibgatorque is required to stop the rotor. On the
other hand, the braking torque must then pass girthe gearbox, possibly leading to premature
failure of the gearbox. In either case, the brakist be designed to absorb all of the rotational
energy in the rotor, which is converted into hesathee rotor stops.

AA.8.g Generator

Electrical generators operate via the rotation obidof wire in a magnetic field. The
magnetic field is created by one or more pairs afnetic poles situated opposite each other
across the axis of rotation. The magnetic fiel¢ ima created either by electromagnets (as in
conventional synchronous generators), by indudtidhe rotor (as in induction generators,) or
with permanent magnets. In alternating currentesys the number of pairs of poles and the grid
frequency determine the nominal operating sped¢ldeofenerator. For example, in a 60 Hz AC
system, such as the United States, a generatotwatipairs of poles would have a nominal
operating speed of 1800 rpm. In most AC generatbesfield rotates and while the current is
generated in a stationary armature (the stator).

The majority of utility scale wind turbines todageuwound rotor induction generators
(WRIG). This type of generator can function oveelatively wide range of speeds (on the order
of 2:1). Wound rotor induction generators are expptl together with a power electronic
converter in the rotor circuit. In such an arrangat approximately 2/3 of the power is
produced on the stator in the usual way. The dthed of the power is produced on the rotor
and converted to AC of the correct frequency bypbwer electronic converter. In this
configuration the WRIG is often referred to as alalg fed induction generator (DFIG).

A number of wind turbines use permanent magnetrgéomrs. Such generators often
have multiple pole pairs as well. This can alltv generator to have the same nominal speed as
the wind turbine rotor so the main shaft can beneated directly to the generator without the

use of a gearbox. Most permanent magnet gene@i®idesigned to operate together with
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power electronic converters. These converterditiztei variable speed operation of the turbine,
while ensuring that the electricity that is proddicg of constant frequency and compatible with
the electrical grid to which the turbine is conmeelt
AA.8.h Bedplate

The bedplate is a steel frame to which compondrttseadrive train and other
components of the RNA are attached. It ensurdsaththe components are properly aligned.
AA.8.i Yaw System

Most wind turbines today include a yaw system. s®yistem facilitates orienting the
RNA into the wind as the wind direction changegstfof all, there is a slewing bearing that
connects the top of the tower to the RNA, allowting latter to rotate with respect to the former.
Also attached to the top of the tower, and ofteth&ooutside perimeter of the slewing bearing, is
a large diameter bull gear. A yaw motor connetbeal smaller gear is attached to the bedplate.
When the yaw motor is energized, the small geaageg the bull gear, causing the RNA to
move relative to the tower. A yaw controller eresuthat the motion is in the proper direction
and that it continues until the RNA is aligned witie wind. A yaw brake holds the RNA fixed
in position until the yaw controller commands a reventation.
AA.8.j Control System

A wind turbine will have a control system that emsuthe proper operation of the turbine
at all times. The control system has two main fiams: supervisory control and dynamic
control. The supervisory control continuously mors the external conditions and the operating
parameters of the turbine, and starts it up orssiiatown as necessary. The dynamic control
system ensures smooth operation of various coabiellcomponents, such the pitch of the
blades or the electrical torque of the generaldre control system may also be integrated with
or at least be in communication with a conditiommharing system that watches over the
condition of various key components.
AA.8.k Support Structure

The support structure of a wind turbine is any péthe turbine that is below the main
bearing. The support structure for land-based winiines may be conceptually divided into
two main parts: the tower and the foundation. fweer of a wind turbine is normally
constructed of tapered steel tubes. The tubelsddied together on site to form a single structure

of the desired height. The foundation of a windbitve is the part of the support structure, which
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is in contact with the ground. Foundations areclfy constructed of reinforced concrete.
When turbines are installed on rock, the foundatimay be attached to the rock with rods,
which are grouted into predrilled holes.
AA.8.I Materials for Wind Turbines
The primary types of materials used in the varioasponents of wind turbines are steel,

copper, composites, and concrete.
AA.9 Installation

Installation of wind turbines may be a significandertaking. It involves the following:

» Complete assessment of site conditions

» Detailed preparing for the installation

» Constructing the foundation

» Delivering the components to the site

» Assembling the components into sub-assemblies

» Lifting the sub-assemblies into place with a crane

» Installing the electrical equipment

* Final testing
More details may be found in (Manwell et al., 2009)
AA.10 Energy Production

The purpose of wind turbines is to produce enefgyergy production is usually

considered annually. The amount of energy thaiha wurbine will produce in a yedg,, is a
function of the wind resource at the site wheis ihstalled and the power curve of the wind
turbine. Estimates are usually done by calculatiregexpected energy that will be produced
every hour of a representative year and then sumthimenergy from all of those hours as

shown below:

8760

E, =Y R, At (25)
i=1

WhereU; is the wind speed in th& hour of the yeaPw(U;) is the average power
(based on the power curve) during ffidour andat is the length of the time period of interest
(here, one hr). The units of energy are Wh, baitatimount of energy production is frequently

expressed in either kWh or MWh for the sake of emence.
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It is sometimes cumbersome to characterize th@peance of a wind turbine by its
actual energy production. Accordingly, a normaliterm known as the capacity factGF, is
used. This is the given by the actual energyithptoduced (or estimated to be produced)
divided by the amount of energy that would be poediif the turbine were running at is rated

output,Pg, for the entire year. It is found from the follmg equation:

F— Ey

8760,

(26)

AA.11 Unsteady Aspects of Wind Turbine Operation

There are a number of unsteady aspects of windtheidperation that are significant to
the discussion of public reaction to wind turbindhese in particular include the variations in
the wind field that can change the nature of thendaemitted from the rotor during operation.
These unsteady effects include the following:

1. Wind shear — Wind shear refers to the variatiowiodd speed across some spatial
dimension. Wind shear is most commonly thougtdsoé vertical phenomenon, that
is to say, the increase of wind speed with hei§find shear can also occur laterally
across the rotor under some circumstances. Vewioa shear is often modeled by a
power law as discussed earlier. There are somatisihs, however, in which such a
model is not applicable. One example has to wighllyistable atmosphere, such that
the wind near the ground is relatively light, btutree height of the rotor the wind is
high enough that turbine may be operating. Undeh €onditions there may be
sound emanating from the rotor, but relativelyditind induced sound near the
ground to mask that from the rotor. Wind shear iaag result in a cyclically
varying aspect to the sound produced by the bladéisey rotate. This occurs due to
the changing magnitude and direction of the redatiind as the blades pass through
zones of different wind speed.

2. Tower shadow or blockage — The wind flow near tiveer is inevitably somewhat
different from where there is no tower. The effisanuch more pronounced on wind
turbines with downwind rotors, but it still occumsth up-wind rotors. This tower

effect can result in a distinct change in soundeguer revolution of each blade.
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3. Turbulence — Turbulence refers to changes in madaiaind direction of the wind at
varying time scales and length scales. The presehiurbulence can affect the
nature of the sound.

4. Changes in wind direction — Wind turbines are desigto yaw in response to
changes in wind direction. The yawing processdakénite amount of time and
during that time the wind impinging on the rototlwlio so at a different direction
than it will when the yawing process is compleSaund produced during the yawing
process may have a somewhat different characteratfter it is complete.

5. Stall — Under some conditions part or all of theéadis on the blades may be in stall.
That is, the angle of relative wind is high enotigét the airfoil begins to lose lift.
Additional turbulence may also be generated. Aghia nature of the sound
produced by the rotor may be different than duenginstalled state. It may also be
noted that some turbines intentionally take advgenta stall to limit power in high
winds. Under such conditions there may also besage in sound in comparison to
normal operation.

AA.11.a Periodicity of Unsteady Aspects of Wind Tubine Operation

Due to the rotation of the rotor and the naturthefwind, there tend to be certain
features of the turbine’s operation that are peciatnature. The most dominant of these have
frequencies associated with the rotational speg¢leofotor and the blade passage frequency,
which is simply the rotational speed times the nends blades. For example, the dominant
frequencies in a 3-blade wind turbine rotating@t@m would be 0.33 Hz and 1 Hz. Other
significant frequencies may be the first few harmsf the rotational frequency and blade
passage frequency.
AA.12 Wind Turbines and Avoided Pollutants

Wind turbines have a positive impact on human heaé avoiding emission of
pollutants that would result if the electricity thhey generate were produced instead by other
generators. While the average emissions of vapollatants per MWh produced from
conventional generators is relatively easy to estmit is harder to estimate the actual impact of
wind turbine generation. This is because the ettt distributed by the electrical grid is
produced by different types of generators, andiferation of these generators will be affected

differently as a result of the supply of part of tiotal electrical demand by the wind turbines.
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In general, electricity in any large utility netkacomes from three types of generators:
base load, intermediate load, and peaking plafi® fuel or energy source supplying these
generators is likely to be coal, fuel oil, natugak, uranium (nuclear plants), or water
(hydroelectric plants). Base load plants are tyyical fired or nuclear plants. Intermediate
load plants often use fuel oil or natural gas. kilgpplants are normally natural gas or
hydroelectric. There are a considerable numbetasfts that may be operating at any given
time. Which plants are actually operating is detaed by the system operator in accordance
with what the near term forecasted load is expeitde: and the estimated (bid) cost per MWh
from all the plant operators in the system. Feritial plants the bid cost is close to that
projected fuel cost/MWh. This in turn is foundritdheat rate of the fuel (kg/MWh) for the plant
in question times the unit cost of the fuel ($/kggss efficient plants or those with higher unit
fuel costs tend to have relatively high bid cogtsote on the other hand, that wind turbines
would have bid costs of zero, since they do notfusk)

If a large number of wind turbines are operatinghstinat they are contributing a
significant amount of electricity to the total lgade mix of generators may well be different
than it would be if the turbines were not presdhbnly a small number of wind turbines are
present, then the mix of generators may not chakigsvever, certain of the plants would be
curtailed so as to produce less energy and thusuocos less fuel. The emissions of pollutants
from all the operating plants could be calculated so could the projected emissions that would
have resulted if the wind turbines were not presdiite difference in amount of pollutants
produced could then be assigned to the wind turbsnide avoided emissions.

To do such an analysis properly involves estimattiregactual impact of wind turbine
generation on the mix of generators and the opryétvel of those generators for every hour of
the year. This is a non-trivial exercise, butastbeen done for an offshore wind farm that was
proposed for the town of Hull, MA. That projectsv@ have included four 3.6 MW turbines, for
a total capacity of 14.4 MW. The pollutants coesgtl in the study were GONOx, and SQ.

The results of that study are described in datgiRiached, 2008). The results of that study are
summarized in Table AA.1. The results in the talslenormalized for a 1 MW (rated) wind
turbine and use the medium estimated wind speeithéosite. (Note under the assumptions of
Rached’s study, a one MW (rated) wind turbine m ttredium wind speed scenario at the site
would generate 2,580 MWh/yr).
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Table AA.1:

Avoided emissions of pollutants for 14.4 MW winajerct (based on Rached, 2008)
CO, (kg/MWyr) SOy (kg/MWyr) NOy (kg/MWyr)
1,970,000 3,480 1,490

A simpler but less accurate way to estimate théd@doemissions is to use the marginal
rates for pollutants as specified by the MassadtaiGeenhouse Gas policy (MEPA, 2007).
Applying this method Rached calculated avoided simis per MW (rated) for the three
pollutants for one year of 1,320,000 kg £0,080 kg of S@ and 701 kg of NQ

In the analysis summarized above the majority efatoidance of pollutant production
would be due to reduced consumption of natural ¢fas larger fraction of Massachusetts’
energy were to be produced by wind energy, thenéddoe significant reductions of the
consumption of fuel oil and coal as well. Thisgldoresult in larger amounts of avoided

pollution per unit of wind turbine production
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Appendix B
Wind Turbines — Shadow Flicker

AB.1 Shadow Flicker and Flashing

Shadow flicker occurs when the moving blades ofravurbine rotor cast moving
shadows that cause a flickering effect. This #ickould annoy people living close to the
turbine. Similarly, it is possible for sunlight be reflected from gloss-surfaced turbine blades
and cause a “flashing” effect. This phenomenohaeatur during a limited amount of time in a
year, depending on the altitude of the sunthe height of the turbiné], the radius of the rotor,
R, and the height, direction and distance to the wigwoint. At any given time the maximum

distance from a turbine that a flickering shadow &itend is given by:

X =(H+R-h,,) /tan(a,) 27)

'shadowmax
Wherehiew is the height of the viewing point.

The solar altitude depends on the latitude, theadidlye year, and the time as given in the

following equations (Duffie and Beckman, 2006)

a, = 90° - cos *[cos(d) cos(g cos(w) + sin(d)sin()] (28)

Whereo = declination of the earth’s axis, g = latitudel an= the hour angle

The declination is found from the following equatio
0 = 2345sin(360284+n) /365 (29)

Wheren = day of the year

The hour angle is found from the hours from noatafstime, negative before noon,
positive after noon), divided by 15 to convert agckes.

Another relevant angle is the solar azimuth. Tiniicates the angle of the sun with
respect to certain reference direction (usuallymat a particular time. For example, the sun is
always in the south at solar noon, so its azimsitt80° at that time. The solar azimuth is
important since it determines the angle of the wiintline’s shadow with respect to the tower.
See Duffie and Beckman (2006) for details on caliiog the solar azimuth.
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For example, consider a locatithathas a latitude of 43°. Assume that the day is M
1 (day 60) and the time is 3:00 in the afternoAiso assume that the turbine has a tower he
of 80 m and a radius of 30 m and that the viewieight is 2 m. The declination -8.3°, the
solar altitude is 24.4°, and the solar azimuthO2%5W of S. The maximum extent of the shac
is 238 m from the turbine. The angle of the shado®0.2° E of N

Sites are typically characterized by charich the one illustrated in Figure AE for a
location in Denmark (EWEA, 2004). The chart gitles number of hours per year of flick
shadow as a function of direction and distance émeal in units of hub height). In the exam
shown, two viewing poits are considered. One of them (A) is directlyhi@ north of turbine &
a distance of 6 times the hub height. The othgigBcated to the south east at a distance
times the hub height. The figure shows that trst firewing point will experince shadow flicker

from the turbine for 5 hours per ye The second point will experience flicker for abaat

hours per year.
Figure AB.1: Diagram of shadow flicker calculatiEMWEA, 2002

North

Time of
\iay

Distance

from turbine per year
[ 20

A, B are viewing poin
Note that the equations above ass a clear sky and the absence
rain, clouds, et

AB.2 Mitigation Possibilities

Most modern wind turbines allow for r-time control of turbine operion by computer
in order to shutlown during high shadow flicker times, if necess In addition, comuter
programs can allow for prgtanning of siting location ahead of time to knowata projec

specific impact will be in terms of shadow flickehen planning a wind turbine project |
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discussed in the previous paragraph). This plancam be site-specific in order to avoid
potential problems with specific sites based orggaphical location or weather patterns.

In terms of safe distances to reduce shadow flickese are often project-specific
because it depends on whether there are residenceadways present and what the geographic
layout is. This could be particularly importantareas with more forestry and existing shadow,
which could reduce nuisance from turbine produdediew flicker or whether it is an otherwise
open land area such as farmland that would be sumeeptible to the annoyance of shadow
flicker. A general estimate for modeling a shadbeker risk zone includes 10 times the rotor
diameter such that a 90-meter diameter would besalgmt to a 900-meter impact area.
However, only certain portions of this zone areialty likely to experience shadow flicker for a
significant amount of time. Other modeling consadi®ns include when at least 20% of the sun
is covered by the blade and whether to includébthde width in estimates as well. In terms of
distance, 2,000 meters is the WindPro computerrproglefault distance (NEWEEP, 2011) for
calculations of wind turbine produced shadow flickEinally, due to atmospheric effects,

1400 m is the maximum distance from a turbine withihich shadow flicker is likely to be
significant.

In terms of existing regulations regarding shadbekér rates, there are no current
shadow flicker regulations in Massachusetts (oryna@her New England states, but there are
statewide and local guidelines that have been imetged. These guidelines were provided by
the Department of Energy Resources in March 20@%tate that, “wind turbines shall be sited
in a manner that minimizes shadowing or flicker aois” and, “the applicant has the burden of
proving that this effect does not have significatiterse impact on neighboring or adjacent
uses.” Local Massachusetts regulations includ&\tbecester, MA zoning ordinance, which
requires, “The facility owner and operator shalkenaeasonable efforts to minimize shadow
flicker to any occupied building on a non-partidipg landowner’s property.” Also, a shadow
flicker assessment report is required as is a gianving the “area of estimated wind turbine
shadow flicker.” Similarly, the Newburyport, MAgealations require that wind turbines do not
result in significant shadow or flicker impacts ardanalysis is required for planned projects
(NEWEEP, 2011).

The Maine model wind energy facility ordinance ssathat wind turbines should, “avoid

unreasonable adverse shadow flicker effect at anymed building located on a non-
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participating landowner’s property.” They do ntite any specific limit to shadow flicker other
than these guidelines. However, the New Hampdhadel Small Wind Energy Systems
Ordinance states that wind turbines, “shall bedsitea manner that does not result in significant
shadow flicker impacts...significant shadow flickerdefined as more than 30 hours per year on
abutting occupied buildings.” Similar to Maineyseal states in the US have adopted the
German model of 30 hours per year of allowed shatioker that was primarily based on the
government-sponsored study summarized above. Hawether states or localities including
Hutchinson, Minnesota have enacted stricter guidslincluding no shadow flicker to be
allowed at an existing residential structure, apdai30 hours per year of shadow flicker
allowed on roadways or residentially zoned propsréind a computer analysis is required for
project approval (NEWEEP, 2011).

In addition, computer programs such as WindPrakle@ recommended by most states
and localities for use in all new planned inst&ias to reduce this potential nuisance of shadow
flicker on residential properties or potential hedlazards to drivers on busy highways or

roadways.
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Appendix C
Wind Turbines — Ice Throw

AC.1 Ice Falling or Thrown from Wind Turbines

Under certain weather conditions ice may form angtrface of wind turbine blades.
Normally, wind turbines intended for use in locaBavhere ice may form are designed to shut
down when there is a significant amount of icetmmtilades. The means to prevent operation
when ice is present may include ice sensor antithr sensors. Ice sensors are used on most
wind turbines in cold climates. Vibration sensars used on nearly all wind turbines. They
would cause the turbine to shut down, for examplege buildup on the blades resulted in an
imbalance of the rotor and hence detectable vitmatin the structure.

Ice built up on blades normally falls off while thebine is stationary. If that occurs
during high winds, the ice could be blown by thadvsome distance from the tower. In
addition, it is conceivable that ice could be thnoinom a moving wind turbine blade under
some circumstances, although that would most likelyur only during startup (while the
rotational speed is still relatively low) or asesult of the failure of the control system. 1t is
therefore worth considering what the maximum plalesilistance that a piece of ice could land
from the turbine under two “worst case” circumstsicl) ice falls from a stopped turbine during
very high winds, and 2) ice is suddenly releasethfa blade when the rotor is rotating at its
normal operating speed.

In both cases, the distance that the ice may tiaxggdverned by Newton’s laws and the
principles of fluid mechanics. Calculations aréegimple when the effect of the air (and the
wind) is ignored. For example, in that case ifexe of ice falls from a turbine, it will land
directly below where it is released. The situai®a little more complex, but still readily
solvable if the piece of ice is moving when itedstased. For example, suppose that the ice is
initially on the tip of a blade, and the blade @gmiing vertically upward. Once the ice is released
it will continue moving horizontally at the spe¢dhad when it was still attached to the blade.
But it will also begin to fall towards the grourst) the piece of ice will have two components of

velocity until the ice hits the ground. The titg€s) it takes for the ice to reach the ground

(assuming a horizontal surface)tjs=/2h/g whereh = height (m) at which the ice is released
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andg = acceleration of gravity (9.81 mys The distance (m) that the ice would travel is

x = t,QR whereQ is the rotational speed of the rotor (rad/s) Bnsl the length of the blade (m).

Such an analysis is overly simplified, howeverwduld underestimate the distance that
the ice would travel if it fell from a stationamyrbine in a high wind, and it would overestimate
the distance that the ice would travel if it weneldenly released from a moving blade. It is
necessary to consider the effect of the air andatoe that it will impart upon the falling ice. Fo
motion in the verticalZ) direction the equation of motion is the following
F,=ma

4

(30)

whereF, is the net force (N)n is the mass (kg), ara is the acceleration (nfjs The force
includes two main components. One is the welghiiN). It is due to gravity and acts in the
negativez direction. The other one is due to the drag efain and it acts opposite to the
direction of the velocity. It is found from:

I:D :chp AVZZ

2 (31)

wherep is the density of air (1.225 kgfrander standard conditiong),is the projected area ¢jn
of the piece of iceCp is the drag coefficient of the ice awis the velocity of the ice (m/s) in
thez direction.

Acceleration is the derivative of the velocity,8e can rewrite the equation of motion

for the vertical direction as follows:

dv,
dt

= (—W—sigr(vz)%CDp Avf)/ m
(32)

Wheresign(...) indicates the direction of motion along thaxis. For the general case, the

piece of ice may leave the blade with initial sp@&dat an arbitrary anglé with respect to the

horizontal. Accordingly, there will be two compane of the velocity, one in thedirection (as

before)V,, the other in the direction,Vyx. This assumes that tlexis is horizontal, is also in

the plane of the rotor, and is positive in the ctign of the tip of the blade at its apogee.
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These velocities are initially:

V,, = QRsin(8)

(33)
V,, = QRcos(8) (34)
The equation of motion for thedirection is:
dv, : 1 2
x =| —sigfv,) =C,p AV? |/m
dt 2 (35)

The above equations are a bit difficult to solvalgincally, but they can be solved
numerically fairly easily. Similar equations mdgabe developed for the case of a particle of
ice falling from a stationary turbine.

Some data from actual ice throw has been compieSdifert et al. (2003). Figure AC.1,
taken from that report is shown below.

Figure AC.1: Observed throwing distance of icertfrSeifert et al., 2003)
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As may be seen in the figure, the maximum distdnaeice was observed to fall from a
turbine with a diameter of 20 m during operatiors\a@proximately 100 m. Based on the
observed data, Seifert et al. suggest the followinglified formula for the maximum throwing

distance:

X = 15(2R+H)

'max,throw

(36)

WhereXmax throw= Maximum throwing distance (ni},= rotor diameter (m) and = hub height
(m).

By way of illustration, Equation 36 was used todacethe maximum throwing distance
of a piece of ice from a turbine with a rotor ragdaf 20 m installed on a tower 50 m high. That
distance was 135 m. The theoretical equationsigiveviously were also used to calculate
throwing distance. The following assumptions wagde: spherically shaped piece of ice, drag
coefficient of 1.2, air density of 1.225 kginice density of 700 kg/frotor speed of 40 rpm
(corresponding to a tip speed ratio of 7 at a vepeled of 12 m/s), angle of release of 45°, and
instantaneous release of the ice. The equati@gbra maximum throwing distance of 226 m
or somewhat less than twice that predicted fronmethgirical equation. The difference is
deemed to be reasonable, especially considering¢ladized shape of the particle. Real pieces
of ice would actually be highly non-spherical irapk and experience considerably more drag. It
may also be noted that it was reported in Catted.g007) that ice did not fall as far from a
wind turbine in the Swiss Alps as would be predidiem Equation 36. In that case the
maximum observed distance from a turbine with ra@iui20 m and a tower height of 50 m was
92 m. As noted above, Equation 36 predicts 135 m.

Seifert et al. also considered data regardinghcaan from stationary turbines. Based

on the available data they proposed a simple emquédr predicted ice fall. That equation is

X =U(R+H)/15

max, fall

(37)
WhereU = wind speed at hub height in n¥gax ra1 = maximum falling distance (mR = rotor
radius (m)H = hub height (m).

Using Equation 37, the predicted maximum distancafturbine with a radius of 20 m, a
tower height of 50 m, and a wind speed of 20 mi2i3m. By way of comparison, the fall

distance was predicted from the theoretical eqonatgven above for the same situation. The
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results are highly dependent on the size of theepid ice and hence the surface to volume ratio.
To take one example, a piece of ice that was as$tnige spherical and to have a weight of 10
g would land 110 m from the tower. In the examplissussed by Seifert et al., all the pieces of
ice landed less than 100 m from the tower.
AC.2 Summary of Ice Throw Discussion

As noted above, there are two plausible scenamiaghich ice may fall from a wind
turbine and may land at some distance from thertowethe first scenario, ice that falls from a
stationary turbine is blown some distance fromttveer. In the second scenario, ice is thrown
from the blade of an operating turbine during &fai of the control system. In the first case, ice
may land 100 m or more from the tower in high windlspending on the wind speed, the height
from which the ice falls, and the dimensions ofittee In the second case, the ice could land
even further from the turbine. Just how far woddgbend on the actual speed of the rotor when
the ice was shed, the height of the tower, thetfenfjthe blade, the angular position of the blade
when the ice was released, and the size and sliéipe ice. In general, it appears that ice is
unlikely to land farther from the turbine thanmntsximum vertical extent (tower height plus the

radius.)
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Appendix D
Wind Turbine — Noise Introduction

Noise is defined simply as unwanted sound. Sosmfined as the sensation produced
by stimulation of the organs of hearing by vibraidransmitted through the air or other
medium. In air, the transmission is due to a reépgaycle of compressed and expanded air.
The frequency of the sound is the number of tim@sspcond, Hertz (Hz), that the cycle repeats.
Sound at a single frequency is called a tone vdalend that is a combination of many
frequencies is called broadband.

The human ear is capable of responding over a &murange from approximately 20
Hz to 20 kHz (Hz: Hertz = 1 cycle/second; Middl@g&a piano is a frequency of 262 Hz).
AD.1 Sound Pressure Level

Sound is characterized by both its frequency andrntplitude. Sound pressure is
measured in micro Pascajg’q). Because sound pressure can vary over a widge iain
magnitudes a logarithmic scale is used to convetaiPascals to decibels. Thus sound pressure
level (SPL) is defined by SPL = 10 kadp?/p%efl = 20 logo(p/prer) With the resulting number
having the units of decibels (dB). The referen@sgure p:for airborne sound is 20 X ftPa
(i.e., 2QuPa or 20 micro Pascals). This means that SPLd& OGorresponds to a sound wave
with amplitude 2QiPa. 140 dB is considered the threshold of paincancsponds to
20,000,00QuPa. Doubling the amplitude of the sound wave iases the SPL by 6 dB.

Therefore, a 40Pa amplitude sound wave would have an SPL of abdi.

When it is stated that there is a large frequeaoge over which humans can hear, it is
also noted that the ear does not hear each fregsandarly. In fact, there is a frequency-
dependent threshold of hearing (lower limit) aneshold of pain (higher limit). Experiments
have been performed to determine these threshdlas.threshold of hearing curves show that
one can hear a tone at 3 kHz (3000 Hz) with an $BIldB while at 100 Hz one does not hear
the tone until its SPL is about 30 dB. Curves shgwhe thresholds can be easily found in

textbooks and online (one online example is at

http://www.santafevisions.com/csf/html/lectures/OB&aring_ll.htnh. Experiments have also

been conducted to determine equal loudness lemébors. These contours indicate when two

tones of dissimilar frequencies appear to be eglmlid.
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Some characteristics of human response to souhdigic

» Changes in sound level <1 dB cannot be perceived

» Doubling the magnitude of the acoustic pressurédéa a 6 dB increase in SPL

A5 dB SPL change will result in a noticeable comityuresponse

« A 10dB SPL change is subjectively heard as ancqupiate doubling in loudness
AD.2 Frequency Bands

Most sounds in our environment contain multiplejfrencies and are variable in that

successive identical experiments cannot resulterekact same plot or tabulation of pressure vs.
time. Therefore, it is common to use averagesrtiegsure approximately the amplitude of the
sound and its frequency content. Common averagetfods rely on the principle of octaves,
such as 1/10, 1/3, and single octave bands. Té@mthat the entire frequency range is broken
into chunks such that the relation between theistpand ending frequencies of each chunk, f
and % respectfully, are related by £ 2"'f, where N = 1 for a single octave band and 3 fof3a 1
octave band. Because the bands can be consthaded on any starting frequency, a
standardized set of bands have been specifiedy dieeusually described by the center

frequency of each band. The standard octave-tamedgiven in Table AD.1 (measured in Hz):
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Table AD.1:

Octave bands. Values given in Hz.

Center Frequency Lower Band limit Upper Band Limit
16 11 22
31.5 22 44

63 44 88
125 88 177
250 177 355
500 355 710
1000 710 1420
2000 1420 2840
4000 2840 5680
8000 5680 11360
16000 11360 22720

A similar set of bands can be written for the 1¢Bawes. For each octave band there are
3-1/3 octave bands. Many text and online resowpesify the 1/3 octave bands such as
(http://www.engineeringtoolbox.com/octave-bands-fieacy-limits-d 1602.htn The 1/10

octave band is a narrow-band filter and is usedwthe sound contains important tones.
AD.3 Weightings

Noise data are often presented as 1/3 octave baadurements. Again, this means that
the sound in each frequency band has been aveoagethat frequency range. Noise levels are
also often reported as weighted values. The nwahwon weighting is A weighting. It was
originally intended to be such that sounds of défe frequencies giving the same decibel
reading with A weighting would be equally loud. elWeighting of the octave band centered at
31.5 Hz requires one to subtract 39.4 dB from thiead SPL. The octave bands with centers
from 1000 to 8000 where human hearing is most 8easire corrected by only about +/- 1 dB.
When considered together with the threshold ofihgait is clear that the A-weighting is most
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applicable for sounds of small amplitude. C-weigdpon the other hand subtracts only a few dB
from the very highest and very lowest frequencydsanit is therefore more applicable for
higher levels of sound. The figure below showsésvo weightings. When weighted, the

sound pressure level is reported as dBA or dBCeasgely.

Figure AD.1: Weighting values for reporting adupressure levels

10

-10

Weighting, dB

— A-Weightinc
——=C-Weighting

10° 10° 10"
Frequency, Hz

Noise levels change several times per day. Towtdor these differences other

environmental noise measures are often used asnsholable AD1.
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Table AD 2:

A set of visual examples for these measures cdnurel at
(http://www.epd.gov.hk/epd/noise education/web/ENED BEHTML/m2/types_3.htinl

Indicator Meaning

L max The maximum A-weighted sound level measured

L10, Lso, Loo The A-weighted sound level that is exceeded n%hetime, where n is
10, 50, and 90 respectively. During the measur¢penod Ly is
generally taken as the background sound level.

Leg Equivalent sound level. The average A-weightechdquressure level,
which gives the same total energy as the varyingddevel during the
measurement period of time.

Ldn Day-night level. The average A-weighted sound lleweing a 24-hour
day after addition of 10 dB to levels measuredhmrtight between 10
p.m.and 7 a.m.

AD.4 Sound Power

Sound intensity and sound power are also oftenrtego Sound intensity is a measure of
the energy transported per unit area and timecertain direction. It can be shown that the
intensity(I) perpendicular to the direction of sound propagaisalated to the amplitude of the
pressure wave squared, the density of thépgiand the speed of soufd), I ~ p2/pc. The
sound power, P, is the total intensity passingughoa surface around a sound source. Intensity
has units of Watts per square mgWi/m?) and Power is measured in Watts (W). Both of these
guantities are normally reported in dB where thenaity level is calculated as+10 logo
(I1|1re) and the power level is calculated ag+ 10 logo(P/Ref). The reference intensity level is
related to the threshold of hearing at 1000 Hz shahle; = 10"W/m?. The reference power
value is Ry= 10"W (1 picowatt). Here a doubling of the power leads &dB increase in the
sound power level (PWL).
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AD.5 Example Data Analysis
This is an example of the type of analysis dons@mmd measurements from a wind

turbine. First, the actual signal might look sommeg like what is shown in Figure AD.2.

Figure AD.2: Pressure signal from a wind turbine

0.15

80

<
=

0.05 ‘.

0

Acoustic pressure (Pa)

-0.05 ||

-0.1
0

2 4 6 8 10
seconds

2 4 6 8 10
seconds

. (From(van den Berg, 2011), related to Rheine windite farm). Left in Pascals, right as SPL in.dB

In Figure AD.2, just the acoustic pressure is shomitich means that atmospheric
pressure, which is about 103,000 Pa, has beerastddrand the fluctuations then appear around
0 Pa. These data can easily be presented as Strdnisjorming the pressure from Pa to dB. In
order to analyze the pressure signal for low fregyecontent, a much longer time signal must
be obtained. The frequency content of a long sigeal is analyzed by performing a Fourier

Transform. A typical transform of data from a witntlbine is shown in Figure AD.3.

AD-6|Page



WIND TURBINE HEALTH IMPACT STUDY

Figure AD.3: Frequency content of typical windiime measurement. (from Palmer ASA pa|

Iz SMr  10Mz BOMz  %0Hz 100Hz 200Mz 400z 1000Mz 3000Hz PO0OMz 13000y

(This figure des not correspond to the Fine data for which the writer is not able to proddke full
frequency domain plot.)

In order to better assess the broadband naturéndftwrbine sound, the results :
presented in 1/8ctave band form. The averages tire taken in each 1-octave band can be
done on fast or slow time intervals. For instanie,data in Figure 3 could be averaged or-
octave bands to come up with the overall SPL inbdreds. Or, as a measurement is being te
the instrumentationan provide 1/-octave band averages on short time scales. F&tlttine

data afast average on 0.05 seconds was recorded. Affghved/>-octave band results a

shown in Figure AD.4.

Figure AD.4: Fast averages for -octave band analysit

70

— 50

SPL (dB

10°

Frequency Hz

Shown results for —0.05, 5-0.05, 10-10.05, ..., 2@00.05 seconds
From these a final overall spectrum emerges.hdéé¢ were presented a-weighted

spectrum, then Figure ABis what is presente
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Figure AD.5: Fast averages for 1/3-octave bandefghted analysis.

10’ 107 10° 10*

Frequency Hz

Shown results for 0-0.05, 5-0.05, 10-10.05, ..., 20085 seconds.

AD.6 Wind Turbine Noise from Some Turbines

What is known about aerodynamically generated rfosse wind turbines is that it
nominally increases with increasing wind speedl ainéi max power is obtained, and it increases
with increasing rotor tip speed. A report outlod Netherlands by (van den Berg et al., 2008)
reports a vast amount of noise data related to wirldnes. The tables in Appendices B and C
from the report clearly show these trends. Sontbeflata are reproduced here. Only
measurements that were made by third parties pemifeed by the wind turbine company) are
reproduced here.
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Table AD.3:

Sound power level in dB(A) from various wind turbin (van den Berg et al., 2008).

Manufacturer Power | Hub Diameter | rpm |4 m/s| 5m/s | 7m/s | 8m/s | 10m/$
Height

Make and kw m

model m

Enron TW1.5 150(C 8C 7C 11 10C 10C 10C 10C

Enron TW1.5 150(C 81 7C 22 10z 10z 10z 104

NegMicon 90C 7C 52 15 93 93

NM52

NegMicon 90C 7C 52 22 98 10C 101 10z

NM52

NegMicon 95( 46 54 15 95.¢

NM54

NegMicon 95C 46 54 22 101.¢

NM54

Vesta V6t 165( 7C 66 15 97 97 98 98

Vesta V6t 165( 7C 66 19 101 101 10z 10z

It must be noted here that what has been reporéetha sound power levels, which
represents the total sound energy that propageateg faom the wind turbine (i.e., the sound
energy at the center of the blades, which propagatevard at the height of the hub). The
sound level measured at a single position at tse bathe turbine can easily be 50 dB lower
(Lawrence rep.).

AD.7 Definition of Infrasound

Discussion of the aerodynamic source of sound knasviinickness noise or self-noise
requires one to define low frequency sound andgdund. By definition, infrasound is a
pressure wave that is not audible. Nominally thesans waves with frequency less than 20 Hz.
It is noted though that waves with high enough atongbé below 20 Hz may still be audible.
Low frequency sound is characterized as havingguincy between 20 and 200 Hz. As
mentioned earlier, some mechanical noise souragsiloote to the low frequency range, and
clearly some of the aerodynamic sources of broadibaaond will contribute to noise in the low

frequency range. Thickness noise, if present, dbakve an associated frequency equal to the
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blade passing frequency. Hence, a turbine witka8da rotor turning at 20 rpm might generate
thickness noise at a frequency of 1 Hz, whicheésudy in the infrasonic range. Downwind
rotors produce slightly stronger infrasound atlifsele passing frequency because the blades
interact directly with the wake behind the tow@ihe levels of the thickness noise generated by
modern upwind turbines are not perceptible by thmdmn auditory system. Any impulsive noise
that is audible, which seems to have a frequenaywelgnt to the blade passing frequency, is
actually the broadband noise generated by the atkehanisms being modified by differences
in the flow that occur on a once-per-rev basisissugsed above. The frequencies of this

pulsating sound are all in the audible range, and this sound is not infrasound.
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Appendix E
Wind Turbine — Sound Power Level Estimates and NoesPropagation

AE.1 Approximate Wind Turbine Sound Power Level Praliction Models

The following are some approximate equations thetametimes used to estimate the
A-weighted sound power levely,s, from a typical wind turbine. The first equatigives the
estimate in terms of the rated power of the turdiyg (W). The second gives the estimate in
terms of the diameteR (m). The third gives it in terms of both the $ipeedVri, (m/s), and

diameter. These equations should only be used tesenlata is not available.
Lwa =10(0goRyr)+50

(38)
Lwa=22(0g, (D) +72 o)
Lwa =50(10g; Vi, }10(log ;D)4 o)

AE.2 Sound Power Levels due to Multiple Wind Turbires

When multiple wind turbines are located close tcheather, the total sound power can be
estimated by applying logarithmic relations. Feample, for two turbines with sound power
levelsL w1 andLws, the total sound power is:

L =10l0g;o(104/10+10%/10)

(41)
For N turbines, the corresponding relation is:
N
I-total :10|0910210Li/10
i=1 (42)

whereL,; is the sound power level of titturbine. For turbines that are some distance away
from each other the mathematics is more complicated the relations of interest (actually the
sound pressure level) take into account the raatosition of the turbines and the location of the
observer as described below.
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AE.3 Noise Propagation from Wind Turbines
The sound pressure level will decrease with digtdram a turbine. For estimation
purposes, a simple model based on hemisphericsd poopagation over a reflective surface,

including air absorption, is given as:

L, =L, -10log,,(27R*)-aR 43)

wherelL, is the sound pressure level (dB) a distsRé®m a noise source radiating at a power
level Ly (dB) anda is the frequency-dependent sound absorption coefiti. For broadband
estimates the absorption coefficient is often apjpnated by a constant value of 0.005 dB(A)/m.

Figure AE.1 (from Materialien 63) indicates the sdyressure level as a function of
distance from a single wind turbine with a sound/golevel of 103 dB(A).

Figure AE.1: Typical sound pressure level vs.atise from a single wind turbine (From Materialie¥) 6
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The results are summarized in Table AE-1.

Table AE-1

Sound pressure level vs. distance

SoundPressure, dB(A Distance, n
45 28C
40 41C
35 62C

It may be seen that Equation 43, using the broatlahsorption coefficient, predicts
results close to those in the table (270 m, 43&nmd,675 m respectively).
AE.4 Noise Propagation from Multiple Wind Turbines

The sound perceived at a distance from multipledwimbines is a function of the sound
power level from each wind turbine and the distaioddat turbine. The perceived value can be

approximated by the following equation:

N 1 O(LW ; 10-aR /10) }

Lp :10|Og]'0|:iz:1“T]R,2

(44)

WhereR is the distance to th& turbine.
Figure AE-2 illustrates the sound pressure levebabus distances and directions from a

line of seven wind turbines, each of which is opagaat a sound power level of 103 dB(A).
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Figure AE.2: Sound pressure level due to a lingeoEn wind turbines, each operating at a sound
power level of 103 dB(A) (from Materialien 63

a
L'\‘\"A =103 dB

_'_
Lya= 103 dB

+
L“.'A =103 dB
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The results are summarized in the Table AE-2.
Table AE 2:

The distances shown are in the direction perpefatito the line of the turbines

Sound Pressure, dB(A) Distance
45 44C
40 74C
35 110(
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Appendix F
Wind Turbine — Stall vs. Pitch Control Noise Issues

As noted in Appendix A, pitch regulated turbines quieter than those with stall control.
This is particularly the case at higher wind spe€efisis appendix illustrates the difference,
based on one source.
AF.1 Typical Noise from Pitch Regulated Wind Turbire

The figure below illustrates sound pressure lesa &unction of wind speed from a pitch
regulated wind turbine (The data was taken at apecified distance from the turbine).

As can be seen, the noise level increases with gpeed up to a certain wind speed, here
9 m/s. After that wind speed is reached the bfatbd regulates the power and the noise level

remains constant.

Figure AF.1: Sound pressure vs. wind speed from a pitch regulated wind turbine
(from Materialien 63)

Schalldruckpegel /7d BLA)

4 3 § 7 L ? 10 i 2 13
gemessene Windgeschwindigkeit in 10 m Hohe / m&

y-axis: sound pressure level, dB(A)
X- axis measured wind speed at 10 m height, m/s

lower line: wind-induced background noise
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AF.2 Noise from a Stall Regulated Wind Turbine
The figure below illustrates sound pressure lesed &unction of wind speed from a stall

controlled wind turbine (The data was taken atmaspecified distance from the turbine).

Figure AF.2: from Materialien 63

Schalldruckpegel fd BCAY

] s ) 7 ] 9 0 1" 12 3
gemessene Windgeschwindigkeit in 10 m Hohe / mk&

y-axis: sound pressure level, dB(A)
x- axis measured wind speed at 10 m height, m/s
The rated wind speed of this turbine is 10.4 m/s
As can be seen, the noise level increases apprtetinimearly with wind speed and

does not level off.
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Appendix G

Summary of Lab Animal Infrasound and Low FrequencyNoise (IFLN) Studies

Table AG.1

Summary of Lab Animal Infrasound and Low FrequeNoyse (IFLN) Studies

Animal
Study # Model Endpoint "Dose" Timing Measured Effects Notes Citation
5 Hz at 130
2 hrs-1day incin[Ca2+]l; sig inc. SERCA2
dB No noted observation of frank toxicity. Responses
5Hzat130 incin [Ca2+]I; Sig decr. In SERCA2 increased across groups; heart rates increased in
Male § Cardiac: ultrastruct 2 hrs - 7 days . i
ale oprague- Lardiac u rastructure dB compared with control & 1 day 1 day group, not in others; left ventricular .
1 Dawley rats;  observations, Ca2+, Pei et al., 2007
) pressures increased with dose chamber; Animal
32 rat, 10 wks SERCA2 expression ) )
5 Hz at 130 inc in [Ca2+]l; Sig decin SERCA2 dose is at or slightly below 5 Hz/130 dB;
2 hrs - 14 days 3 .
dB compared with control and 7 day group  Pentobarb anesthesia
2 hrs - 1 day: No noted observation of frank toxicity. [Ca2+](l)
Male Adult Cardiac: whole-cell L-type © by 5t 130 rs.— d TY’Y levels as well as expression of LCC and SERCA2
2 Sprague- Ca2+ currents (WLCC) in zdaB Exan;:z " Incin [Ca2+](l) levels, LCC & SERCA2 may contribute to the infrasound exposure-elicited Pei et al., 2009
Dawley rats rat ventricular myocytes or ays cardiac response; cannot concur with micrograph

post-exposure

data

Male Sprague- Neuronal release of stress- 16 Hz at 130 2 hrs - single

activation of microglial cells and
upregulation of Corticotrophin releasing

No noted observation of frank toxicity. .Measured
in the hypothalamic paraventricular neurons.

3 . hormone receptor (CRH R1); also Antalarmin is a non-peptide drug that blocks the  Du et al., 2010
Dawley rats induced hormones dB exposure ) .
upregulation expression is blocked by CRF-1 receptor, and, as a consequence, reduces
antalarmin the release of ACTH in response to chronic stress
No noted observation of frank toxicity. Authors
conclude infrasound inhibits cell proliferation and
2 hrs/day -7 ) ; ) .
d Measured early migration and that effects on proliferation appear to be
.a.vs differentiation in newly generated reversible in the 18 days post exposure
Male Sprague- . 16 Hz at 130 (sacrificed at B " )
Neurogenesis progenitor cells by examining BUdR groupbackground - 40 dB; authors report Liu et al., 2010
Dawley rats dB 3,6,10,14 & . . . e 5 .
184 N uptake in cells in the hippocampus reversibility, but the data don't support this - also,
Y= pos (dentate gyrus) comparisons are with the "normal” group (in
exposure} . .
chamber, but no infrasound) but no comparison
with control.
) No noted observation of frank toxicity. Rats
) Neural: Behavioral )
Male Albino ) 16 Hz at 72- ) . selected for superior performance were Yamamura &
5 Performance - vestibular Rota-rod Treadmill evaluation
Wistar Rats functi 105 dB unaffected, but inferior rats were less able to Kishi, 1980
unction
perform for as long at same exposures.
2 Hz at 105 1hr&th
Neurological - biochemical 2a " *" Measured brain neurepinephrine levels
dB sac'd
. 7Hzat 122 Lbr & then Measured brain neurepinephrine levels  No noted observation of frank toxicity. No control )
Male Wistar dB sac'd ) ) Spyraki et al.,
3 rats to determine whether Norepi levels were due to 1978
experimental design - not well controlled.
26 Hzat 124 1 hr & then . . .
. Measured brain neurepinephrine levels
dB sac'd
2 Hz at 105
Neural ZdaB Observations made about rats' activity
Decreased time to sleep and decreased activity. .
Female rats - 7 Hz at 122 ) . Spyraki et al.,
7 . Chamber and set-up is somewhat archaic and
no strain given dB ) 1978
confirmatory measures are not made.
16 Hz at 124
dB
dult mal N - hi Observations made using Morris water
adult male eural: hippocampus -
s s d d l:p i Ipl . 16Hzat130 144 maze, measured expression and protein  No noted observation of frank toxicity. Calibration ~ Yuan et al,,
prague ependent spatial learning dB ays levels of brain-derived neurotrophic of sound chamber not discussed. 2009

Dawley rats and memory

factor-tyrosine kinase receptor B.
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