ANN M. SMITH

PO Box 407, Bowie, TX 76230 - 940-368-0278
am.smith@rockhillranch.net

Judge Mike Campbell December 9, 2019
Commissioner Chase Broussard

Commissioner Johnny Gee

Commissioner Richard Lowery

Commissioner John McGregor

County Attorney Seth C. Slagle

REGARDING: PROPOSED PUBLIC SAFETY ORDINANCE

CLAY COUNTY COMMISSIONER’S COURT,

: Included in this package of information regarding the subject public safety ordinance:

e “Summary of Proposed Wind Farm Safety Order” — a brief summary that outlines
the order, provides background information, and details why the order is needed.

» The proposed public safety ordinance. It is complete and ready to pass as an
order from the Commissioner’s Court.

*  “Wind Farm Safety Order Proposal ~ a brief summary, using bar chart graphics, of
safety incidents around the world, with focus on the United States.

¢ “Summary of Wind Turbine Accidents” — the details behind the data summarized
in the previous document.

: +  “Amethod for defining wind turbine setback standards” — a scientific study that is
focused on blade / ice throw. It is this study that confirms the need for the
: 2,000ft setback distance.

* A copy of my remarks as read to the Court.
| ask only that you remain focused on public safety as you discuss this proposal, today
and in the future. In passing this ordinance, and | hope you do, you will uphold your duty

to protect the public.

Thank you for your time and attention.

Ann M. Smith
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Order No.

An Order to provide for the safety, health and well-being of the citizens of Clay County, Texas, and to
the general public, by establishing appropriate setback standards of turbine electrical generating
facilities which produce electrical power.

The Commissioners Court of Clay County finds it necessary to make this order because of the health
and safety hazards due to a falling objects risk in the form of blade, or ice, throws from a spinning wind
turbine. The Commissioners Court believes it has a duty to protect the health, safety, and property rights
of Clay County citizens by providing setback distances for those whose property is not, or is not
expected to be, included in a Wind Energy Conversion System (WECS).

This Order is intended to promote safeguards that will ensure the health, safety, and welfare of the
citizens of Clay County and the general public. The site-specific application of this Order shall occur
only in a manner that provides a harmonious balance between suitability of a project site with existing
land use and physical surroundings.

IT IS ORDERED THAT:

This order applies to Wind Energy Conversion Systems (WECS) to be developed within the boundaries
of the unincorporated areas of Clay County, Texas, other than the extraterritorial jurisdiction of a
municipality located in Clay County, Texas.

SETBACKS

This order establishes the following setback distances from public roads and property lines to the Wind
Energy Conversion Unit (“WECU™).

Public Roads: A minimum distance of 2,000 ft or three times the total turbine height, whichever is
greater from the center of the public road to the leading edge of the turbine perimeter footprint.

A distance as defined by lease provisions or 1500 fi, whichever is greater, from all related equipment
within the project boundary to the center of the public road.

Property lines: A minimum distance of 2,000 ft or three times the total turbine height, whichever is
greater, from the ownership property line, or ownership property island, to the leading edge of the
turbine perimeter footprint and where the ownership property line, or ownership property island, is
adjacent to the project boundary or within the ownership setback zone.

A distance as defined by lease provisions or 1500 ft, whichever is greater, from all related equipment
within the project boundary from any ownership property line, or ownership property island, that is
adjacent to the project boundary or within the ownership setback zone.

Waiver: A waiver of this setback distance is allowed for property lines only. It must be requested, and
obtained, from any property owner that lies outside the project boundary and whose property is adjacent
to the project boundary, an ownership property island, or within the ownership setback zone. All
property owners within the same ownership setback zone must agree to the waiver. In no case shall the
waiver allow a distance that is less than any lease provisions for other types of setbacks.
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SEVERABILITY

If any part of this Order is held to be invalid and/or unenforceable, then the remainder of this Order shall
nevertheless remain in full force and effect.

DEFINITIONS
The following definitions apply to this Order and it application.

Blade Throw: A fragment of, or entire, blade that is or can be thrown from a WECU during normal
spinning or rotation.

Ice Throw: Accumulated frozen moisture or ice buildup on the rotor and/or blades of a WECU that is
or can be thrown during normal spinning or rotation.

Leading Edge: The edge of one boundary that is closest to another entity. For example, the edge of the
turbine perimeter footprint that is closest to a public road or ownership property line.

Ownership Property Line: A continuous line surrounding all contiguous adjacent parcels of property
owned by a person or persons, company, corporation, partnership or other legal entity.

Ownership Property Island: A parcel, or parcels, of property owned by a person or persons,
company, corporation, partnership or other legal entity that is surrounded by a WECS project (but is not
part of that project).

Ownership Setback Zoene: A parcel, or parcels, of property owned by a person or persons, company,
corporation, partnership or other legal entity that is not adjacent to the project boundary, but is adjacent
to, or within 2,000 ft of, land that contains a portion of the project boundary.

Project Boundary: A continuous line, which encompasses all property under lease to be used in
association with a WECS project; including internal boundaries that represent Ownership Property
Islands that are not part of the project.

Property Line: The recognized and described or mapped property parcel boundary line.
Public Road: Any state, federal, or locally (county) maintained road, or designated, maintained, and
identified private road, within the boundaries of Clay County, Texas; the surface does not have to be

paved.

Related equipment: Transformers, wind test and other towers, electrical conductors, termination
points, switches, fences, substations, and any other equipment necessary to operate a WECS.

Setback: The minimum allowable horizontal distance from a given point or line of reference, such as a

thoroughfare right-of way, water line, or prospective line to the nearest vertical wall or other element
within the project boundary
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Total Turbine Height: The distance between the ground at normal grade and the highest point of the
installed WECU (being the tip of the blade when the blade is in the full vertical position).

Turbine: A wind driven machine that converts wind energy into electrical power, also known as a wind
energy conversion unit.

Turbine Perimeter Footprint: A circle with a radius established as being from the center of the tower
to the tip of a blade when the blade is in the horizontal position.

Wind Energy Conversion Unit (WECU): A wind driven machine with an output rating greater than
20 Kilowatts (kw) or with a total height of greater than 125 feet that converts wind energy into electrical
power for the primary purpose of sale, resale, or off-site use, and shall include regulated wind
test/monitor towers. The WECU includes the tower, turbine, footings, and all equipment associated with
individual units including the land area beneath encompassing the equivalent area of the circumference
of the rotors.

Wind Energy Conversion System (WECS): All WECUs, related transformers, electrical conductors,
substations, and connection points to transmission or distribution lines, and including regulated wind
test/monitor towers.

Windmill: A wind-driven machine that does not produce electricity and is under 50 feet in height.

Wind Test/Monitor Tower: The tower on which meteorological equipment is located to measure wind
speed, direction, strength, etc., for the purpose of evaluating a potential for WECS site.

Adopted on DATE.

Ayes:

Judge Mike Campbell
Commissioner Richard Lowery
Commissioner Johnny Gee
Commissioner John McGregor
Commissioner Chase Broussard
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Remarks — Clay County Commissioner’s Court December 9, 2019
Good morning, my name is Ann Smith and | live just outside Bowie, precinct two in Montague County.

I am not here to discuss the merits of wind farms, nor any future reinvestment zone(s) or tax abatements. Some may also gquestion
my right to be here, since | don't live in Clay County. Keep in mind, should any of these wind farms get developed, | AM affected as
they are targeted to cover parts of BOTH Clay and Montague Counties.

Today, | am focused solely on public safety and | am here to formally present a Public Safety Ordinance for Wind Farms to the Court.
I have a package of information for each of you, the cover letter in the package explains the contents.

This ordinance was originally drafted by me. It has since been reviewed, modified, and formatted in a manner consistent with Texas
law, by retired Judge Frank Douthitt. Thus, | am confident that it is properly formed and ready to pass by this Court.

The ordinance does the following:

s  Creates a setback distance from turbines of 2,000 ft or 3-times the tota! turbine height {whichever is greater). This distance
was, carefully, chosen based on science, rather than some arbitrary number, and is focused on blade, or ice, throw. For
your reference, the best of these scientific studies is included in the package.

e It also creates a setback distance from related equipment of 1,500 ft or lease provisions (whichever is greater).

It proposes establishment of these setback distances from:

e Public roads - to protect passing vehicles and their occupants.
®  Property lines — to protect peopte, livestock, and structures on neighbaoring properties.
« The ordinance includes the ability to request a waiver of this setback distance for property lines only

Note that structures were left out of the ordinance in order to preserve property rights. For example — a property owner, that has
signed a lease, has his homestead in the center of several thousand acres. The lease provides for a setback that is less than the
2,000 ft in the ordinance -- the owner has accepted that turbines may be closer to his occupied structure(s) than this ordinance
allows. The Commissioner’s Court should not pass an ordinance that prevents the property owner from adhering to the lease
provisions ON HIS OWN LAND.

The danger to the public is real folks — there are a couple of documents in the package that show this. Briefly:

e Asof September 2019 there are 2,559 safety incidents worldwide
e Of these, 882 occurred in the United States. Most of these incidents have occurred since 2010 {a total of 636). Thus, as the
presence of turbines increases, so does the hazard to the public.
e More than 10% of these occurred in Texas (83 incidents). Briefly:
o August 2019, a turbine fire caused the Rhodes Ranch fire in Taylor County
o August 2018, an out of control turbine puts a family out of their home in Mitchell County
¢ February 2018, blade failure caused damage to surrounding structures in Dallas County
o June 2017, collapse at midpoint of tower for unknown reason in Clay County (interesting to note that a similar
coliapse occurred, one week prior, in Nebraska of the same turbine model).
o 2016 (estimated}, ice throw caused damage to surrounding structures in Cooke County.

Additional incidents are outlined in the package.
This ordinance is needed, primarily for two reasons:

1. While setbacks, as defined in this ordinance, are typically put in place during the definition of the reinvestment zone and
associated tax abatement, current wind farm companies leasing in Montague County may never approach the Court with a
request for such a zone. Thus, they may decide to build without a reinvestment zone or tax abatement.

2. Future wind farm companies may decide to consider development in Montague County; and they, too, could decide to do
so without a reinvestment zone or tax abatement.

In conclusion, | urge you to focus on public safety as you discuss this ordinance ... both today, and in the future. If you remain
focused on public safety, | am canfident that you will see the only reasonable path is to put this ordinance in place. Remember, this
is all about public safety, and nothing efse.
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Summary of Wind Turbine Accident data to 30 September 2019

These accident statistics are copynight Caithness Windfarm information Forum 2018. The data may be used or referred to by groups or
individuals, provided that the scurce (Caithness Windfarm Information Forum) is acknowledged and our URL
www.caithnesswindfaims.co.uk quofed at the same time. Caithness Windfarm information Forum is not responsible for the accuracy of
Third Parly material or references.

Please do not link to this file or reproduce the tables on your website as they will cease to be current,

The detailed table includes all documented cases of wind turbine related accidents and incidents
which could be found and confirmed through press reports or official information releases up to 30
September 2019. CWIF believe that this compendium of accident information may be the most
comprehensive available anywhere.

Data in the detailed table is by no means fully comprehensive — CWIF believe that it may oniy be the
“tip of the iceberg” in terms of numbers of accidents and their frequency. Indeed on 11 December
2011 the Daily Telegraph reported that RenewableUK confirmed that there had been 1500 wind
turbine accidents and incidents in the UK alone in the previous 5 years. In July 2019 EnergyVoice and
the Press and Journal reported a total of 81 cases where workers had been injured on the UK's
windfarms since 2014. The CWIF data has only 15 of these (<19%).

Additional evidence that CWIF data only represents the “tip of the iceberg” can be found in the 13
August 2018 publication by Power Technology hitps://www.power-technology.com/features/golden-
hour-paramedics-saving-lives-offshore-windfarms/ The article reports 737 incidents were reported
from UK offshore windfarms during 2016 alone, with the majority occurring during operations rather
than development. 44% of medical emergencies were turbine related. In comparison, only 4 UK
offshore incidents are listed in the CWIF data - equivalent to 0.5%.

The CWIF data does however give an excellent cross-section of the types of accidents which can and
do occur, and their consequences. With few exceptions, before about 1997 only data on fatal
accidents has been found.

Accidents in year

8538888388588z eere

- T T T T —
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oo v NN NN NN N N N N NN N NN N NN
Year

The trend is as expected — as more turbines are built, more accidents occur. Numbers of recorded
accidents reflect this, with an average of 44 accidents per year from 1999-2003 inclusive; 95
accidents per year from 2004-2008 inclusive; 156 accidents per year from 2009-2013 inclusive, and

174 accidents per year from 2014-2018 inclusive.
Copyright CWIF 2019
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This general trend upward in accident numbers is predicted to continue to escalate unless HSE make
some significant changes ~ in particular to protect the public by declaring a minimum safe distance
between new turbine developments and occupied housing and buildings.

In the UK, the HSE do not currently have a database of wind turbine failures on which they can base
judgements on the reliability and risk assessments for wind turbines. Please refer to

bitp://www.hse. gov.uk/research/rrpdf/rro68. pdf.

This is because the wind industry "guarantees confidentiality” of incidents reported. No other energy
industry works with such secrecy regarding incidents. The wind industry should be no different, and
the sooner RenewableUK makes its database available to the HSE and public, the better, The truth is
out there, however RenewableUK don't like to admit it.

Some countries are finally accepting that industrial wind turbines can pose a significant public health
and safety risk. In June 2014, the report of the Finnish Ministry of Health called for a minimum
distance of 2 km from houses by concluding: “The actors of development of wind energy should
understand that no economic or political objective must not prevail over the well being and heatth of
individuals.” In 2016 Bavaria passed legislation requiring a minimum 2km distance between wind
turbines and homes, and Ireland are considering a similar measure.

The Scottish government has proposed increasing the separation distance between wind farms and
tocal communities from 2km to 2.5km (http://www.bbe.co.uk/news/uk-scotland-scotland-palitics-
26579733) though in reality the current 2km separation distance is often shamefully ignored during
the planning process.

Our data clearly shows that blade failure is the most common accident with wind turbines, closely
followed by fire. This is in agreement with GCube, the largest provider of insurance to renewable
energy schemes. In June 2015, the wind industry's own publication “WindPower Monthly” published
an article confirming that “Annual blade failures estimated at around 3,800", based on GCube
information. A GCube survey in 2013 reported that the most common type of accident is indeed
blade failure, and that the two most common causes of accidents are fire and poor maintenance. A
further GCube report in November 2015 stated that there are an average 50 wind turbine fires per
year, and this remains unchanged in the latest 2018 GCube publication http://www.gcube-
insurance.com/reparts/towering-inferno/

The 50 fires per year is over double the reported CWIF data below, further underpinning that data
presented here may only be “the tip of the iceberg”.

The 2018 GCube report also notes the following:
- Wind turbine fires are greatly outnumbered by problems relating to blades and gear boxes;
- Failure of operators to undertake sufficient due diligence through maintenance checks is of
increasing concern, and;
- Operating wind farms outwith their design parameters has been noted as a significant
contributor to fires.

Data below is presented chronologically. It can be broken down as follows:

Copyright CWIF 2012
Page 2 of 6



Number of accidents

Total number of accidents: 2559

By year:

Year | Before | 2000- | 05|06 |07 08 (09 [10[11[12[43[14[15] 16 ] 17 | 18 |*19
2000 | 2004

No. 109 244 72|83 [125]| 135 |132{124{171{174]181[167[160({166|185(194{137

* to 30 September 2019

Fatal accidents

Number of fatal accidents: 148

By year:

Year | Before [2000-| 05 (06 (07 |08 |09 [ 10711 [12]13]14[15] 16 17 ] 18 [*19
2000 | 2004

No. 24 12 (4155 (11|88 [15[(17]5[3[8[6flagl3]s

* to 30 September 2019

Please note: There are more fatalities than accidents as some accidents have caused multiple
fatalities.

Of the 195 fatalities:

» 122 were wind industry and direct support workers (divers, construction, maintenance,
engineers, etc), or small turbine owner /operators.

» 73 were public fatalities, including workers not directly dependent on the wind industry (e.g.
transport workers). 17 bus passengers were killed in one single incident in Brazil in March
2012; 4 members of the public were killed in an aircraft crash in May 2014 and a further three
members of the public killed in a transport accident in September 2014. This includes several

- suicides from those living close to wind turbines.

Human injury

177 accidents regarding human injury are documented.

By year: :

Year | Before |2000-| 0506 |07 |08 {0910 |11 12|13 |14 1516 |17 { 18 [*19
2000 | 2004

No. 5 11 16110116118} 9 [14{12{151 9 | 9] 9 110{13| 4| 7

*to 30 September 2019

Piease note: There are more injuries than accidents as some accidents have caused multiple
injuries.

During the 177 accidents, 207 wind industry or construction/maintenance workers were injured, and a
further 78 members of the public or workers not directly dependent on the wind industry (e.g. fire
fighters, transport workers) were also injured. Eight of these injuries to members of the public were in
the UK,

Copyright CWIF 2019
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Human health
Since 2012, 163 incidents of wind turbines impacting upon human heaith are recorded.

By year:

Year | 121131415116 |17 | 18 |*19

No. | 6 {27]|19[13[17 (362817

* fo 30 September 2019

Since 2012, human health incidents and adverse impact upon human health have been inciuded.
These were previously filed under “miscellaneous” but CWIF believe that they deserve a category of
their own. Incidents include reports of ili-heath and effects due to turbine noise, shadow flicker, etc.
Such reports are predicted to increase significantly as turbines are increasingly approved and built in
unsuitable locations, close to people's homes.

Blade failure

By far the biggest number of incidents found was due to blade failure. “Blade failure” can arise from a
number of possible sources, and results in either whole blades or pieces of blade being thrown from
the turbine. A total of 426 separate incidences were found:

By year:

Year | Before [2000-] 05|06 107 |08 |09 1011121314 [156[16]17] 18][*19
2000 | 2004

No. 35 53 112 [17(23{20126[20]|20(29|36 |32 (2221182715

*to 30 September 2019

Pieces of blade are documented as travelling up to one mile. In Germany, blade pieces have gone
through the roofs and walls of nearby buildings. This is why CWIF believe that there should be a
minimum distance of at least 2km between turbines and occupied housing, in order to adequately
address public safety and other issues including noise and shadow flicker.

Fire

Fire is the second most common accident cause in incidents found. Fire can arise from a number of
sources — and some turbine types seem more prone to fire than others. A total of 379 fire incidents
were found:

By year:

Year | Before [2000-| 0506 (07 {08 |09 |10 111213 |14[15[16]17[18[*19
2000 | 2004

No. 7 63 1412|2117 |18[16[22|23|26{19]21[28|26]|27 |20

* to 30 September 2019

The biggest problem with turbine fires is that, because of the turbine height, the fire brigade can do
litte but watch it burn itself out. While this may be acceptable in reasonably still conditions, in a storm
it means burning debris being scattered over a wide area, with obvious consequences. In dry
weather there is obviously a wider-area fire risk, especially for those constructed in or close to forest
areas and/or close to housing. Five fire accidents have badly burned wind industry workers.
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Structuraf failure

From the data obtained, this is the third most common accident cause, with 212 instances found.
“Structural failure” is assumed to be major component failure under conditions which components
should be designed to withstand. This mainly concems storm damage to turbines and tower collapse.
However, poor quality control, lack of maintenance and component failure can also be responsible,

By year:

Year | Before |2000-| 05|06 [07 |08 [09 1011 [12[13[14[15[16] 17| 18 [*19
2000 | 2004

No. 15 32 | 7191319 |16] 9 [13|10]|15[13(12[11|14] 9] 5

* fo 30 September 2019

While structural failure is far more damaging (and more expensive) than blade failure, the accident
consequences and risks to human health are most likely lower, as risks are confined to within a
relatively short distance from the turbine. However, as smaller turbines are now being placed on and
around buildings including schools, the accident frequency is expected to rise.

Ice throw

45 reports of ice throw were found. Some are multiple incidents. These are listed here unless they
have caused human injury, in which case they are included under *human injury” above.

By year:

Year | Before {2000-( 05|06 (07 {08 |09 (10|11 (12|13 [14|15]16]17] 18[*19
2000 | 2004

No. { 9 | 8 |4 (3 |0]|3]4|1][1]1]of1]1]3]1]2}3

* to 30 September 2019

ice throw has been reported to 140m. Some Canadian turbine sites have warning signs posted
asking people to stay at least 305m from turbines during icy conditions.

These are indeed only a very smaill fraction of actual incidences — a report* published in 2003
reported 880 icing events between 1990 and 2003 in Germany alone. 33% of these were in the

lowlands and on the coastline.
* ("A Stalistical Evaluation of lcing Failures in Gemnany's ‘250 MW Wind' Programme — Update 2003, M Durstwitz, BOREAS V! 9-11 April
2003 Pyhatunturi, Finland. )

Additionally one report listed for 2005 includes 94 separate incidences of ice throw and two reports
from 2006 include a further 27 such incidences. The 2014 entry refers to multiple YouTube videos
and confirmation that ice sensors do not work.

Transport

There have been 222 reported accidents — including a 45m turbine section ramming through a house
while being transported, a transporter knocking a utility pole through a restaurant, and various turbine
parts falling off and blocking major highways. Transport fatalities and human injuries are included
separately. Most accidents involve turbine sections falling from fransporters, though-turbine sections
have also been lost at sea, along with a £50M barge. Transport is the single biggest cause of public
fatalities and injuries.
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By year:

Year | Before {2000-( 05|06 {07 {08 |09 {10 [11[12]13[14[15] 1617 | 18[*19
2000 | 2004

No. 7 6 [6 119[12 |11 [ 11124171417 ]|14[16[19[14 |15

* to 30 September 2019

Environmental damage (including bird deaths)

283 cases of environmental damage have been reported ~ the majority since 2007. This is perhaps
due to a change in legislation or new reporting requirement. All involved damage to the site itself, or
reported damage to or death of wildlife. 87 instances reported here include confirmed deaths of
protected species of bird. Deaths, however, are known to be far higher. At the Altamont Pass
windfarm alone, 2400 protected golden eagles have been killed in 20 years, and about 10,000
protected raptors (Dr Smallwood, 2004). In Germany, 32 protected white tailed eagles were found
dead, killed by wind turbines (Brandenburg State records). In Australia, 22 critically endangered
Tasmanian eagles were Killed by a single windfarm (Woolnorth). Further detailed information can be
found at: www.iberica2000.org/Es/Articulo.asp?ld=307 1

600,000 bats were estimated to be killed by US wind turbines in 2012 alone. 1.4 million bird fatalities
per annum are estimated if the US reaches it's 20% target for wind generation,

1,500 birds are estimated to be killed per year by the MacArthur wind farm in Australia, 500 of which
are raptors.

By year;

Year | Before (2000-{ 05 |06 |07 |08 [ 0910|4112 |13 |14 15|16 |17 |18 [*19
2000 | 2004

No. 1 11 715 1101211312020 20(16]21]|18]|22[16{24]18

* to 30 September 2019

Other (miscellaneous)

524 miscellaneous accidents are also present in the data. Component or mechanical failure has been
reported here if there has been no consequential structural damage. Also included are lack of
maintenance, electrical failure (not led to fire or electrocution), etc. Construction and construction
support accidents are also included, also lightning strikes when a strike has not resulted in blade
damage or fire. A separate 1996 report** quotes 393 reports of lightning strikes from 1992 to 1995 in

Germany alone, 124 of those direct to the turbine, the rest are to electrical distribution network.
** (Data from WMEP dalabase: taken from report “External Conditions for Wind Turbine Operation — Resulfs from the German ‘250 MW
Wind' Programme”, M Durstewitz, et al, European Union Wind Energy Conference, Goefeborg, May 20-24, 1996}

By year:

Year | Before [2000-| 05| 0607080911011 ]12(13 |14 15|16 |17 |18 [*19
2000 | 2004

No. 13 47 (12|16 (18|24 [27 25|43 36|33 (33|42 (32 (3456632

*to 30 September 2019

Caithness Windfarm Information Forum
30 September 2019
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ABSTRACT

Sethirck distances established by regulatory authorities to minimize the probability of blade fragment impauct with roads,
structures and infrastructure can often have a significant impact on wind farm development. However, these minimum dis-
tance requirements typically rely on arbitrary rules of thumb and are not based on a physical or probubilistic analysis ol
blade throw. The work reported here uses # probabilistic approach w evaluate the effectivencss of current standards and to
propose a new technique for determining setback distances. This is accomplished through the use of a dynamic model of
wind turbine blade failure coupled with Monte Cardo simulalion technigues applied to three dilferent wind tarbines. It is
first shown that common setback standards based on turbine height and blade radius provide inconsistent and inadequate
protection against blude throw. Then, using a simplified dynumic analysis of a thrown blade {ragment. il is shown tht the
release velocity of the blade tfragment is the eritical faclor in determining the maximum distance fragments are likely o
travel. The importance of release velacity is further veritied through simulation results. Finaily, a new method for develop-
ing setback standards is proposed based an an acceptable level of risk. Given specitic wind twrbine operational parameters
and & set of failure probabilities, the new method leverages realistic blade throw modeling to produce setback standards
with a valid physical foundation. Copyright © 2011 John Wiley & Sons, Lud,
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NOMENCLATURE

h height of tarbine rotor hub

I blade fragment moment of inertia matrix about mass center expressed in blade-fixed frame

.73 .7 B. IT{B unit vectors in frame B

L.MN total external moment exerted on blade lragment about mass center expressed in blade-lixed lrame
1 distance from rotor hub to nacelle vertical axis of rotation

] mass of blade fragment

40-41-¢2. 43 quatcrnion orientation parameters of the blade fragment

p.gq.r angular velocity components of the blade fragment expressed in the blade-tixed reference frame

R rotor radius

e distance from blade root to blade

Tig transformation matrix from blade-fixed reference trame 1o inertial reference frame

.U, W translational velocity commponeats of the blade fragment mass center expressed in the hlude-fixed frame
RN N+ position coordinates of the blade fragment mass center expressed in the incriial rame

X. Y.z total external force exerted on blade fragment

f# rotor plane cant angle

W rotor plane azimuthal angle

@ rotor blade roll angle

2 rotor rotational speed

Copyright @ 2011 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Increasing demand for wind energy production has led to unprecedented wind farm development over the pust decade,
Stute and Jocal regulations specifying required setback distances between wind tarbines and property lines. roads and other
infrustructure can have a significant impact on the number of urbines that can be installed on a given site. These setback
standards are intended (o protect peaple and property from rotor blade fragments released from failed wind turbine blades.
However, required setbacks are often based on rules uf thumb involving some combination of tarbine height and blade
vadius and typically have little or no rigorous physical lfoundation. There is currently a strong demand for re-evaluation ol
turbine sethack distances in view of both increased turbine reliability and the desire to install imore large turbines vn small
parcels of land. Specifically. it would be desirable to provide a technique that allows regulators and wind fann developers
to determince sethack requirements given a specitic turbine model, the site parameters and an acceptable level of risk, This
new methodology would provide developers, regulators and insurers with a setback corresponding to a specific risk level
that is generated thraugh probabilistic dynamic modeling echniques rather than arbitrary rules of thumb,

Several investigatoes have stdied blade fragment release from a failed wind turbine blade, beginning with Egawertz
et al.' The authars used a point-ntuss dynamic modet 10 show that the probability of blade impact with the ground beyond
1.8 times the averat] turbine height was low, Similarly, Macqueen er al.? demonstrated through the use of a point-mass
model that 4 person being strack by a blade fragment at a distance greater than 220 m from the turbine base was extremely
unlikely. Turner,® also employing a point-mass model, used Monte Carlo simulation technigues to construct & statistical
distribution of blade fragment impact. Eggers ¢t al.? likewise exercised a point-mass model for blade fragments using
Monte Carlo methods and obtained resulis similar to that of Macqueen e al? The tirst investigation of fragment throw
using full six-degree-ol-freedom maodeling was performed by Monigomerie.> who reporied very high maximum distances.
Serensen®” also anatysed full rigid body motion of the blade fragment and reported how maximum throw distance varied
as i function ol acrodynamic characteristics, fragment center of gravity location, pitch angle and wind velocity. Turner® pro-
vided u similar rigid budy analysis and obtuined results similar (o those of Sprensen.5+7 Finally, Slegers ef al.? investigaled
blade fragment impact with power transmission lines. It was shown that transmission line impact probability is a strong
tunction of line distance from the turbine as well as orientation of the line with respect to the axis of rotor rotation, Whereas
numerous researchers have simulated the blade throw problem to determine expected impact distunces, Rademakers and
Braam'? have conducted a statistical analysis of reported blade failures to determine the overall probability of blade failure
occurring. Their analysis suggests an averall probability of blade failure of 2.6x 1074 per turbine per year, or approximatcly
Iin 3860, This is a non-wivial probability that further highlights the need for universat and effective setback standards
protect against blade throws.

Despite significant rescarch analysing the physics of blade fragment release and Lailure probabilitics, many previous
investigations lack clear guidance in determining safc setback distances. Furthermore, the variety of models and assump-
tions made by each investigator has led to differing technical conclusions. The result is that technical analyses of blade
throw are often ignored and rutes of thumb are employed at a local level. Tn Calitormia, for instance, tive different counties
use a variety of setback standards ali based on overall wrbine height to ensure the safety of the sumounding buildings,
properties and roads. !

The work reported here first demunstrates that many seiback standards eurrenily in use provide liltle or no protection
against blade fragment throw for several example urbine designs. A six-degree-of-freedom model is used to simulate a
failed rotor blade fragment in free flight and is exercised through Monte Carlo simulations to obtain a statistical distribus
tion of blade lragment impact with the ground. 1t is shown that for all three wrbines studied, « significant portion ol blade
{ragments impact outside the distance specified by example setback standards that are currently in use. Then, by using 4
simplified dynamie model of blade fragment mation, it is shown analytically that blade refease velocity plays the larges!
role in maximum throw distance. This is verified through Monte Carlo simulation resuits. Finally, a new methodologzy
is proposed to determine sethack standards based on wrbine physical parameters, failure probabilities and the regola-
tor’s ucceplable ievel of risk. This methodology alows the setback developer to mitigate risk using probabilistic dynamic
modeting of blade faiture, thereby avoiding the use of arbitrary rules of thumb.

2. DYNAMIC MODEL AND SIMULATION METHODOLOGY
2.1. Blade throw dynamic model

An abbreviated version of the dynamic nodel used to simulate the Hight of a relcased blade fragment is presented here, A
full description of the dynamic model can be found in Slegers er al? As shown in Figures [ and 2. three reference frames
are employed in the dynamic model of blade motion, namely, the ground-based frame I, the wrbine-fixed frame R and
the blade-tixed trame B. The biade-fixed reference frame B is ariented such that the Kg axis is aligned with the blade
spanwise axis. The inertial reference frame is oriented such that Ky points straight down and i[ lics in a plane formed by
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Figure 1. Blade reference frame schematic.

Figure 2. Turbine reference frame schematic.

the rotor hub and the turbine nacelle. The R frame is fixed to the turbine, with Ty aligned with the rotor’s axis of ratation,
Figures 2—4 demonstrate blade geometry including turbine azimuth angle yrr, wind azimuth angle yrw. hub cant augle #
and blade roll angle . As shown in Figure 4, blade roll angle is referenced from the I-E'R axis. Note that within this section,
the following shonhand notation with be used for trigonometric functions: sin(e) = sq, cos(a) = ¢q and tan{w) = fy.
The dynamic model of the blade fragment in free flight consists of 13 scalar differential cquations, given by equa-
tions (1)~(4). The states of the system are defined as follows: blade mass center position with respect to the inertial frame
(x. y.2). mass center translational veloeity resolved in the blade-tixed frame (u. v, w), quaternion rotational parameters
describing blade orientation {gg. 41, ¢2. ¢3) and anguiar velocity components resobved in the blade-fixed frame (p. 4. r).

x u
¥ =[Tw]q v (0
z W
79 0 —p —¢ —r 4o
o l_1lp 0 +r -4 a1 @
2 2y ¢ —r 0 p 42
q3 ro ¢ -p 0 43
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Figure 3. Rotor angle definitions.
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Note that in equations (3} and (4}, the terms X, Y. Z and L, M, N, respectively, denote the to1al external force and the
muoment exerted on the blade in the blade-fixed frame. External furce on the blade consists ol the sum of aerodynamic and
gravity forces, whereas acrodynamic moment is the sole source of moments on the blade. The matrix Tig is the transfor-
mation mairix from the blade-fixed (o inertial frames, and the matrix I is the moment of inertia matrix of the blade about its
mass center with respect o blade-lixed coordinates. Aerodynamic forces were caleulated using strip theory by considering
the blade s a lilting surface with a gener angle of attack, This angle of attack is caleulated within the simulation fgiven
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bladc oricntation and velocity and subsequently used 1o gencrate acrodynamic lorces and moments on the blade. Details
of acrodynamic forces. moments as well as the weight force are omitted here for brevity; however, a full description is
provided in Slegers.”

Given a set of blade tragment release conditions, equations {1)-{4) can be integrated numerically forward in time using
a Runge~Kutta algorithm until blade fragment mass center impacted with the ground. The simulation architeciure, wrilten
in FORTRAN, was optimized to run Monte Carlo cases efficicntly. Simulation cases were ran in an automated fashion on
4 computing cluster, allowing thousands of blade throws to be simutated in a reasonuble amount of time.

2.2, Monte Carlo simulation description

The dynamic simulation deseribed previously is used to gencrate a probabilistic analysis of wind turbine seiback standards.
This is accomplished through the use of tens of thousands of simulutions with randomized initial conditions. The Monte
Carlo simulation architecture generates initial conditions for cuch trugment throw by varying six different release parame-
ters in a random fashion, These six parameters are blade roll an gle (¢). cant angle (@), azimuthal angle (1), rotor rotational
speed (£2), wind speed and wind angle (yw). Note that all Monte Carlo results are relative (o 2 nominal prevailing wind
value, with the assuraption that the turbine is nominally facing into the wind. All parameter distributions arc assumed
te be normal with the exception of roll angle and wind speed. Blade roll angle at release is a uniform random variable
between () and 360°, Wind speed is varied according to a Rayleigh distribution assuming a median value of 8.5 m 5!,
Note that this distribution reflects standard winds expected at an Intermnational Electrotechnical Commission Cluss 2 wind
farm installation. Table 1 describes the statistics associated with each parameter for all cuses in Section 3.

Given a randomized set of these six parameters, as well as physical characteristics of the turbine, the initial conditions
for ull the states of the blude (ragment at release were penerated. Blade frugment position and velocity at the time ol release
were determined using

x Teyr 0
y = 1.\'¢,.r + [Ts] 0 (5
F4 -l reg
u 0
Vo= gk (A)
W 0

where rcg represents the distance from the blade root to the blade center of mass and / is the distance between the rotor hub
and the arigin. The initial orientation and the angular velocity of the thrown blade fragmenis were calculuted according to

(7)o Gon(E) () (3 ()

yr a ¢ YTy . ( ¢ )
=cos| — Jeos| = Jeos| = V=sin| — Jsin{ = Jcos [ = %)
g1 =co ( AR 2 2 2
[ . fr ay
g2 = cas (?) sin (-i«) s (%) =+ sin (%) cos (E) sin (%) )
- ] (YA
g3 = sin (%1—) cos (5) cos (%) —Ccos (%) $in (5) sin (%) (m
Table I. Monte Carlo simulation randem parameter statistics.
Parameter Mean Standard deviation
Roll angle, ¢ (degree} 0.0 —180 to 180 (uniformy
Cant angle, ¢ {degree) 4.0 1.0
Azimuthal angle, ¥ {degree} 0.0 10.0
Rotor rotational speed {rad s~} Turbine dependent 0.1
Wind speed im s~ '} Rayleigh distribution, median B.5 ms—! NfA
Wind angle Yy (degree} 0 3.0
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I 2
g ¢=4 0 (I
r 0

In Section 3, Monte Carlo simulations are performed for specific turbines using various blade fragment sizes, Because
of a lack of statistics regarding the likely size of thrown blade trugments, all fragment sizes were considered, Thus, blade
Iragment size was varied using outer 20, 40, 60 and 80% and the entire blade throws.

2.3. Simplified point-mass blade fragment analysis

Although a ballistic peint-mass analysis, especially one that neglects aerodynamic effects, is highly unsuitable for a detailed
dynamic analysis of blade throw, it does provide simptified expressions that can assist in characterizing the most important
factors in maximum lateral throw diswunce (Tongitudinal throw distance is largely a function ol prevailing wind speed and
thus cannot be addressed using an analysis that neglects aerodynamics). Because lateral throw distance is ofien the driving
tuctor in sethack development, this simplified analysis can provide rough bounds on expected setbacks for a given set of
turbine parameters. Consider the scenario shown in Figure 5 in which a blade fragment at the tip of the blade is thrown at
a certain height it and velocity vr. We consider the blade fragment to be a point mass that impacts the ground at 4 lateral
distance D from the turbine base after a time ot flight 7. Neglecting acrodynamics and considering only two dimensions,
two equaticns of molion are given by

| .2
h— Regr, + vpsy, T~ EgT =0 {12

D =vrcyg, T (13
where ¢ denoles acceleration because of gravity. Eliminating T equations (12) and (13) can be combined o yield

gD?
2
LT

2 .
=2{h— Reg, ) cg +2Dsg,cop (14)
Equation (14) is a quadratic tunction of D. {n order 1o find the angle of maximum throw as a tunction of /1, R and v,
one would typically take the derivative of equation (14) with respect to 87, set it equal to zero and sobve for BTy 45 2
function of i, R and ». However, a solution in closed form cannot be found since it is not possible to solve the resulting

Figure 5. Blade fragment throw diagram.
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expression for 87, Therefore, determination of the optimum relcase angle must be found numerically on a turbinc-speeitic
basis. Nevertheless, the roots of equation (14} are given by

2, 2 2 2 2
Uy SgpCop T UF- \/"‘91‘(‘97‘ + 2;%7_- (h— Reg,.) Cr

.4

D= (15)

In equation (t5), it is clear that the range of blade fragment flight is highly dependent on release velocily and release angle
and less dependent on urbine height and blade radius. Specifically, Tateral distance is a lunction of the square of the release
velocity but only of the squate root of turbine height and radius, Although in modern turbines there is some correlation
hetween height, radius and release velocity (since blade fragments at the end of a longer blade travel faster than (he frag-
ments at the end of a shorter blade and longer blades are typically found vn taller wrbines), itis important 1 note that blade
fragment velocity is the real driver behind maximum throw distance. As a resull, setback standards based on mass center
velocity of the minimum size fragment of concern will yield far more effective protection than a sctback distance hased on
radius or height,

3. RESULTS
3.1. Monte Carlo simulation ground impact results

Monte Carlo simulations were perfurmed for three example rbines of varying sizes, namely, (.66, 1.5 and 3.0 MW. These
turbines cover a range of size and power representative of those installed in typical modern wind farms. Table 11 lists the
physical and operational parameters associated with each turbine.

Five Monte Carlo simulations consisting of 10,000 blade throws cach were performed for cach turbine, corresponding to
the five blade fragment sizes of 20, 40, 60, 80 and 100% as previously outtined. As demonstraied in the Monte Carlo sim-
ulation results shown in Slegers,? smaller blade iragments consistently fly farther than larger [ragiments because of higher
initial refease velocity. Figures 6-11 show ground impact results of each Monte Carlo simulation for the three wrbines for
the 40% blade throw case. Figures 6, § und 10 show specitic ground impact points for cuch turbine, whercas Figores 7. 9
and 11 show histograms of cross-range impact point location. Note that in Figures 6, § and ), the wirbine base is located at
the arigin. Also, note that the wind arrows in Figures 6, § and 10 specify the approximate direction of oncoming wind, since
the exact direction is randomly distributed for each blade throw case. Although not shown here, plots of ground impacts
for larger blade fragments showed a similar dispersion pattern but a smaller range of distances. Tn addition, histograms tor
all fragment sizes showed peuks directly below the wrbine and slightly behind the turbine. us well as two lateral peaks near
the muximum range of blade (ragment throw. The peak directly below the wrbine represents fuilures occurring at blade rolt
angles between approximately 235 and 325°, since these trajectories iy roughly straight down and are unaftected by winds
hecause of the short lime of Right. The more scattered distribution behind the turhine is due to fragments released straight
upward (approximately between roll angles of 45 and 135°). The refatively long times of fight exhibited by these cases
mean that they are more uffected by winds.

Table ll. Wind turbine physical and operational parameters.

Parameter 660 KW turbine 1.5 MW turbine 3.0 MW turbine
Bfade radius (m) 23.5 35.0 45.0
Blade weight (N) 21,287 49,050 64,746
Blade CG from root {m) 11.75 175 22.5
Blade Ixx tkg m?) 100,121 511,000 1,115,840
Blade lyy (kg m?) 99,891 510,000 1,113,830
Blade 177 (kg m?) 282 1233 2175
Rotational speed {rad s™1) 2.98 2.3 1.69
Maxirnum blade chord () 2.0 21 3.51
Tip blade chord {m) 0.34 0.94 0.45
Root blade pitch (degree} 10.5 10.5 16.6
Tip blade pitch (degree} —0.5 —0.5 —-0.85
Hub height (m) 50.0 80.0 80.0
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Figure 8. Ground impacts, 0.68 MW turbine, 40% fragment.
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Figure 7 Histogram of cross-range impact location, 0.66 MW turbine, 40% fragment.

3.2. Evaluation of current setback standards

Current setback standards olien rely on muliples of wwer height, blade rudius or both o form the basis {or setback dis-
tances. To demonstrate the shortcomings typical of standards that rely on these parameters, two example setback distances
are evuluated ugainst the Monte Carlo data for three turbines shown in Section 3.1, The first setback originates from
the minimum setback distances [rom the power transmission lines of Southern California Edison (SCE). SCE's Whole-
sale Generation Tnterconnection Techaical Requirement document'? states that ‘the Producer shall not locate any part of a
wind-driven whulesale generating unit .. within three rotor blade diamelers of an existing electric utility 220 or 500 kV
transmission line right of way or fatre electric otitity 220 or 500 kV transmission line right of way for which SCE muay
seek regulatory approval of construction.” The second example setback is taken from a report!? prepared by the State
of New York to provide guidance to local communities developing local ordinances governing wind energy. The report
praposes the following setback requirement: "The minimum setback distance between each wind turbine tower and all the
surrounding property lines, overhead wilily or transmission lines, other wind wurbine towers, electrical substations, meteo-
rological towers, public rouds and dwellings shalt be equal to no less than 1.5 times the sum of proposed structure height
plus the rotor radius.” These two setbacks, given by three times the rotor diameter and one and a half times the total -
bine height, are representative of many current sethack standards and will be evaluated against the three example turbines
deseribed cardicr.
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Figure 8. Ground impacts, 1.5 MW turbine, 40% fragment.
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Figure 9. Histogram of cross-range impact location, 1.5 MW turbine, 40% fragment.

In order o evaluate the elfectiveness of these example setbacks, circles of varying radius, centered at the wrbine base.
were considered for each turhine. For each circle, the percentage of blade fragment impacts that landed within this circle
was detenmined. This was repeuted [or each blade frugment size. and the entire process was performed (ot each of the three
turbines considered. Figures 12-14 show the percentage of impacts within circles of varying radii for cach turbine. Also
shown are the two example setback standards applied to the specific turbine under consideration.

Several interesting leatures are apparent in Figures 12-14. First, note that the percentage ol impacts that [all within a
circle varics somewhat lincarly as the radius of the circle prows until greater than 95% of impacts are considered. especially
for larger fragmenly. For smuller fragments at large throw distances, winds tend (¢ have a more si entticant effect and carry
the fragments farther because of longer times of Aight, causing the non-lincar behavior observed for small fragments at
large throw distances. Second. as expected, smaller blade fragments fly farther, and thus. larger circles must be used to
contain a given percentage of their impacts. Finally, note that neither ol the example setbacks provides protection against
a large percentage of blade fragment ground impacts for any of the three wrbines. For the 0.66 MW turbine. 60-65% of
ground impacts for fragment sizes of 209 Fall outside these example sctbacks. For the 1.5 and 3.0 MW turbines, 40-50%
of ground impacts tor 20% blade tragments fall outside these cxample sctbacks. It is important to note that 20% blade
fragments are close to 10'm long and can pose a significant hazard.

This analysis of representative setback standards leads to the conclusion that currem methods for determining proper
sctback standards are inadequate. In the cases considered here, setback distances provide little or po reasonable protection
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Figure 10. Ground impacts, 3.0 MW turbine, 40% fragment.
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Figure 11. Histogram of cross-range impact location, 3.0 MW turbine, 40% fragment.

against blude fragment impuct since there is a signiticant chance that a thrown blade fragment could impact beyond the
setback distance. Even in the case when a setback might provide adequate protection for a specific turbine. the same set-
back applied to a different turbine could potentiaily provide no protection at all. Therefore, it would be useful o develop a
methodology for determining sctbacks that could provide uniform protection for various turbine sizes.

3.3. Normalization by blade fragment mass center velocity

Overlaying percentage-distance traces from Figures 12-14 for cach wrbine demonstrate how blade fragment throw distance
varies for wrbines of diflferent size. Figure 15 shows the percentage of blade fragment ground impacts contained within
circles of varying radii for 20 and 100% blade throw for ecach turbine. Note that although the curves have similar shape, they
spread out considerably for distances greater than that corresponding to 50% of impacts contained. Furthermore, despite
comventional rules of thumb stipulating that maximum throw distance increases with turbine size, Figure 15 demonstrates
that the 1.5 MW turbine displays a maximum throw distance of approximately 200 m farther than the 3.0 MW turbine for
20% fragments, even though the 3.0 MW turbine has a larger blade radius and identical rotor hub height,

The fact that the largest throw distance occurs for the 1,5 MW turbine is explained by nuting that this turbine has the
largest tip velocity of the thrce examples considered. As described in Section 2.3, blude fragment release velocity is the
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Figure 12. Percentage of impacts within distance versus distance from tower, 0.66 MW turbine.
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Figure 13. Percentage of impacts within distance versus distance from tower, 1.5 MW turbine.

driving factor in the determination of the maximum lateral throw distance. To verify this, the expression in equation (15)
was usetl w numerically determine the maximuni theoretical lateral throw distunce of each example wrbine for a 20%
blade fragment. The results are shown in Table I, The lateral throw distances in Table TIT are somewhat less than the
maximum throw distances determined through Monte Carlo simulation, since the equation does not include the effect of
(ragments being curried by the wind, which causes significant longitudinal displacement ol impacts, However, Lhe estimates
in Table 111 verify that the 1.5 MW turbine should achieve the largest throw distance overall. assuming that blade fragments
rom 211 turbines ure equally affected by wind after refease.

Normalizing throw distance by the velocity of the blade fragment mass center for cach fragment size accounts for varia-
tions in tip speed for different turbine models. This rormalization procedure causes all percentage-distance traces W move
significantly closer to one another regardless of fragment size. Figure 16 shows percentage-distance traces normalized by
fragment mass center velocity for 20 and 100% blade fragments. Unlike Figure 15, traces are much more uniformn, espe-
cially for larger fragment sizes which are less affected by winds. Figure 17 generalizes this result to all fragment sizes,
showing 15 ditferent percentage-distance traces corresponding to the tive difterent Made fragment sizes varying from 20
to 100% for the three turbines considered. For the most part, the traces are similar and close together. However. as (rag-
ment size decreases, wind effects become more pronounced, and fragments are caried tarther. This accounts for the slight
spreading of the curves near maximum range.
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Table lll. Example turbine tip speed and theoretical rmaximum lateral throw distance of 20% fragment.

Turbine (MW} Tip speed {rad ™) Theoretical maximum throw distribution {m}
0.66 70.03 439
1.5 80.50 530
3.0 76.05 526

3.4. Risk-based sethack standard development

The normalized percentage-distance curves shown in Figure 17 form the basis for the developrient of a new turbine sctback
standard. The relationship shown in Figure 17 can be accurately approximated using a best-fit line. This best-fit line, shown
in Figure 18, is given by

Distance irom tower (m)

Percentage of impacts ingide distance = 11,9571 x (16)

Fragment CG release velocity (m s™1)
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Figure 17. Percentage of impacts within distance versus normalized distance for each turbine, all fragment sizes,

It i clear based on the relutionship shownt in eguation (16) that Y9.9% of blade (rugment impacts lufls within a circle
of radius 8.4 times the fragment CG release velocity in meters per second, where the multiplier 8.4 has the unit of seconds.
Note that this can be easily compulted for a specific turbine and a tragment of a given size.

Equation (16) is a powerful ool that can be used 10 compute appropriate setbuck distances [ur u wide variety of turbine
platforms. However, this expression must be used in conjunction with several other parameters in order to produce a mean-
ingful setback. These parameters are the probability that the wrbine (Rrows a blade or blade Iragment over a given perind of
time, the minimum size blade fragment of concern, and the desired probability of timpact greater than or equal to a ceriin
distance if a blade throw does occur. :

The following is an example case demonstrating how equation (16) can be used t determine a risk-based setback.
Suppose a regulator or wind farm developer wishes to determine the proper setback distance for a single Vestas 2.0 MW
turbine (Vestas Wind Systems A/S. Randers, Denmark) such thut in a single year. the probability that a blade (ragment will
be thrown a distance cqual to or beyoend the setback is 5.0 x 1073 (or one eccurrence per year for every 20,000 wirbines).
Further, suppose that the regulator or develaper is concerned only with the impact of fragments greater than or equal to
2 m in length. Table 1V describes specitications of the Vestas 2.0 MW turbine under consideration here. First, by using

the specilications outlined in Table TV, the 2 m blade fragment mass center release velocity is found to be 68.3 m s,
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Figure 18. Linear fit to percentage versus distance data.

Table IV. Specifications for Vestas 2.0 MW turbine.

Rotor radius {m) 40
Tower height (m) 67
Rotor rotational speed {rad s~7) 1.76

assuming the fragment mass center is located in the middle of the fragment. Second, the probability that given a blade
fragment release, the fragment lands owside the setback distance must be computed. This is accumplished by dividing
the desired yearly probability that a fragment will {ly (o or beyond the seiback by the probability that a blade failure will
occur in a given year. A commonly accepted probability of blade failure per turbine per yeir, outlined in Rademakers and
Braam,"? is 2.6 x 10™*. Therefore, the probahility that given a fragment relcase, the fragment will land outside the setback
distance must be equal to 0.1923. The percentage of impacts contained within the setback distance from the wrbine base.
the left-hand-side of equation (9), is given by 100x (1—0.1923} = 80.77%. Thus, equation (16) can be used to compute the
desired setback distance of approximately 463 m. Note that this identicat analysis can be universally applied to & variety of
modern wrbine designs, fragment sizes and accepted risk levels. Also, it should be noted that only the smallest fragment
size of concern should be used in the proposed methud of setback detenmination, since in general, the smallest fragments
will fly farthest becavse of higher releuse velocities at the fragment mass center. Thus, ail latger fragments wifl have a
lower probability of impact ootside the computed setback distance,

It is importaat to note that rofor overspeed situations can lead in some cases to blade throw and are not taken into account
in the selback development proposed here. However, after extensive study of actual wind turbine blade tuilures over the
course of many years, Rademakers and Braam'Y place the probability of blade failure because of an overspeed situation at
5.0x 107 per wrbine per yeur. This probability is far less than the overall blade fragment retease probability of 2.6x 1074,
since such incidents would require the failure of multiple safety mechanisms that are becoming increasingly reliable, and
thus, rotor overspeed scenarios are not included in the analysis conducted here,

4. CONCLUSION

Wind rbine setback standards designed to protect people, property and infragtructure from impact by thrown blade frag-
ments play an important role in wind farm planning and can often be a determining factor in the number of turbines that
can be placed within a given parcel of land. Given the crilical importance of (hese regulations, there is a desive o develop
setback standards based on a physical muodel of blade throw rather than arbitrary rules of thumb. First, a physical model for
full vt partial blade throw based on rigid body dynamics was described. This model, coupled with Monte Carlo simulation
technigues, was used to simulate tens of thousands of blade throws for three cxample wind wirbines of varying size. Tt was
shown that Lypical current setback standards do not provide adequate protection in most cases. Then. the imporance of
fragment release velocity in determining maximum throw distunce was analytically demonstrated, and its effect verified
through anatysis of Monte Carlo results. Normalizing throw distance by fragment release velocity yielded a ncar-lincar
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relationship between this normalized distance and the pereentage of impacts that lic within this distance from the wrbine.
A final example used this relationship to determine a proper setback distance for an example wrbine based on an accept-
able level of risk. Setback development using this methodulogy allows regulators to mitigate risk using valid engineering
analysis rather than arbitrary rules that provide inconsistent and inadeguate protection.
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