
Ref: Lindahl Wind Farm Project.

From: Todd Beasley

To whom it may concern,

My name isTodd Beasley and Iam a land owneron 7077 102"^ avenue north west in Tioga
North Dakota. In the last meeting of the zoning commission the board tabled the vote on the Lindahl

Wind Farm Project in order to get a recommendation letter from the Tioga City Council. As you have

already been notified, they have decided to not recommend this project to go through. Iwhole heartily

agree with Tioga on this. Iam asking you the Board to not allow The Wind Farm Should to proceed.

There are many factors in my request,

1) The Technology is not as good as it should be yet. The wind towers are not very efficient about

50 to 51 % depending on the turbine blade drag. They also start losing efficiency after 5 years.

Ifthe technology was better more companies would be building them without Government

support. ^

2) Government Subsidies, The government is subsidizing each and every Turbine. That means y^
and Iand everyone who pays taxes are payingfor this. Then when they are built the compahyi

building them will be selling to a third party company that you have no control over.

3) Third party Company, The company that is going to purchase the Wind farm is from Italy do we

get tax money from a company out of America?

4) Taxes, it has been reported thattheamount oftaxes will be 2 million but that is amortized over'
the life of the project 25years and that will end up to be 80,000 a year. The newjobs will be
around a 100 for the construction part, most of these, if not all will be from out of state and

probably will pay no county taxes. The permanent employees will be 8, with land prices already

at an all-time high, they will not be purchasing any property. So not much in taxes there. I

relate this to the Oil and Gas Business Iam in. With new people coming and living in mobile

homes, RV's and renting with no intention on purchasing due to high costs.

5) Maintenance, Even with the slow down right now around the state there is still a shortage of ^

qualified people in the state fortechnical jobs. Reasons vary from cold to housing, so theywill §,
(0

need to bring people in from out of area which means they will sit for long periods of time not

producing.
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Ihope you will vote no to the met towers and in the long run the Lindahl wind farm project. ^
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The Internal Revenue Service recently issued the expected Notice 2015-25, which supplements its

earlier notices on the same subject and provides additional guidance to renewable energy facility

developers and investors when evaluating whether their facilities satisfy the "beginning of constructignV

requirement for the Section 45 renewable energy production tax credit (PTC) and the Section 48

investment tax credit (ITC) in lieu of the PTC. The notice follows in the wake of Congress' enactment last

December of the Tax Increase Prevention Act of 2014 (Pub. L. No. 113-295,128 Stat. 4010), which

extended the PTC and ITC for wind, landfill gas, hydropower, geothermal and certain other (excluding

solar) renewable energy facilities, for which construction began before January 1, 2015.

Previously, the IRS issued three notices to provide guidance on the meaning of "beginning of

construction" (Notice 2013-29, Notice 2013-60 and Notice 2014-46). These notices follow similar

concepts begun under the now lapsed Section 1603 cash-in-lieu-of-tax-credits program. Notice 2013-29

offered that the IRS would not consider a project to have "begun construction" unless that project's

developer engaged in "continuous" activity intended to complete construction through the date that the

project is placed in service.

IRS Notice 2013-29 provided two methods for establishing the beginning of construction, specifically (a)

starting "physical work of a significant nature;" and (b) a "safe harbor" by paying or incurring 5% or»

more of the total project cost.^This notice also provided that if the developer elects to embark on the

"physical work of a significant nature" pathway, then the IRS would closely scrutinize the facility and

may determine that construction did not timely begin, if a taxpayer does not maintain a "continuous

program of construction." If the developer avails itself of the 5% safe harbor,the developer must ^
thereafter make "continuous efforts to advance towards completion of the facility" (subject to tollingfoQ

certain causes of delay that are outside the developer's control), which also is subject to IRS scrutiny.



In Notice 2013-60, the IRS further clarified the 5% safe harbor, as well as the "continuous program of

construction" and "continuous efforts" requirements under the two methods. Under this notice, the IRS

essentially provided another "safe harbor" to the effect that qualified facilities that are placed in service

Taefore January 1, 2016, would be deemed to have satisfied the "continuous" standard required under

both methods. In Notice 2014-46, the IRS further clarified that there is no minimum level of work that

must be done to "begin construction" under the "physical work of a significant nature" method, so long

as the work done is of the right nature, e.g., physical work for the project and not engineering or

fmancial planning.

As anticipated following the enactment of the Tax Increase Prevention Act of 2014, Notice 2015-25

confirms that, consistent with the one year extension of the beginning of the construction date, ag

qualified facility that is placed in service before January 1, 2017, will betreated as satisfying the *
"continuous construction" and "continuous efforts" requirements under the sa^iiarbor provided jiF

Notice 2013-60.
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Ref: Lindahl Wind Farm Project.

From: Todd Beasley

To whom it may concern,

My name is Todd Beasley and Iam a land owner at 7077 102"^ Avenue NW in Tioga, North
Dakota. I am asking that you vote no to the variance that is being brought to you. I know that this is an

uphill battle and we who wish this to not go through are being heralded by the community as against

land owner rights. I believe it is the responsibility of everyone to stand up and voice their opinion. Ialso

believe that just because a salesman has the opportunity to talk it doesn't mean he is right. The city of

Tioga voted against the wind farm project then the Williams county Zoning and Planning commission

met the voted against the variances for this project. It seems to me when it went to the Williams county

commission they didn't even look at or take into account what their own board recommended. This is

because a majority had already made up their mind to vote with their friends. It was mentioned by one

of the land owners that they, the board, already knew why he wanted the project because he had gone

to dinner with them. This has the perception of back door politics. On the variance this is motivated by

greed only! They want to put in more towers so they need to have them closer together and closer to

other structures.

Again Iwould like to ask you to deny the Variance request for Tradewinds. For the following

reasons,

1) When asked their represenitive said the minimum they are requesting is 0 ft from any structure.

This is a major concern due to the president this will initiate. The request states it is for an oil

well and it is "unoccupied" but is it? How many times have there been work over rigs,

maintenance personnel, operators, and visitors. How many people drive by on the road

separating the well and the wind tower, are all these lives insignificant?

2) Setbacks are different for all counties in North Dakota, and Williams county has one of the least.
In Ohio due to the unlimited differences from county to county the state instituted a minimum

requirement For any new commercial wind farms, HB 483 will now require a setback of 1,125

feet from the tip of a turbine's blades to the nearest property line. In practice, that will require

setbacks of about 1,300 feet from each turbine's base.

3) 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 overall

probability of blade failure of 2.6X10to the -4, per turbine per year, or approximately

1 in 3800 turbines per year. This is a non-trivial probability that further highlights the need for

universal and effective setback standards to protect against blade throws. I have added this

report for you to look at.

4) Vestas, for example, the Danish company and world leader in wind turbine manufacturing, had

this to say to its own staff in the 2007 Mechanical Operating and Maintenance Manual for its

V90 turbine: "Do not stay within a radius of 400 meters (1,300 feet) from the turbine unless it is



necessary. General Electric, the largest domestic turbine manufacturer, has refused to site

towers that do not meet their own minimum published standards (1.5 times hub height + rotor

diameter) for ice throw, or about 1,300 feet for a 350-foot turbine with a 300-foot rotor. Finally,

the large German turbine manufacturer RETEXO recommends setbacks of 2 km (6,562 feet)

from its turbine hub, citing both safety and noise considerations.

Research is showing that the recommended setbacks are set by industry requests not through

science and research. We are asking an industry which would like to have 0 ft how much of a

setback is acceptable. Ialso understand the owner rights issues but, owners have responsibilities

also. Money will fade away and over time the amount of money these land owners will receive will

be significantly reduces as will any money paid in taxes. Another argument is the oil industry

regulations or the lack there of, Those regulations were set a long time ago and as new wells come

on line new rules come into effect. Wouldn't it have been nice to have been at the beginning of the

that industry knowing what we know now.

We are at the beginning stages of this here in Williams County and wouldn't it be nice if we set

standards that our next generations can look back at and say we were ahead of the curve? Not look

back and be ashamed of these decisions.

In closing I ask that you not only "Vote NO" on this and all variance requests regarding the wind

farms. I also ask you to "Vote NO" on this and all Wind Farm Projects.

Thank You

Sincerely

Todd Beasley

P.O. Box 1311

7077 102"'' AVE NW

Tioga ND 58852

Sincerely

Todd R Beasley
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ABSTRACT

Setback distances established by regulatory authorities to minimize the probability of blade fragment impact 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 probabilistic analysis of
blade throw.The work reported here uses a probabilistic approach to evaluate the effectiveness of cuirent 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 Carlo simulation techniques applied to three different wind turbines. It is
first shown that common setback standards based on turbine height and blade radius provide inconsistent and inadequate
protection against blade throw. Then, using a simplified dynamic analysis of a thrown blade fragment, it is shown that the
release velocity of the blade fragment is the critical factor in determining the maximum distance fragments are likely to
travel. The importanceof release velocity is further verifiedthrough simulationresults. Finally,a new method for develop
ing setback standards is proposed based on an acceptable level of risk. Given specific wind turbine operational parameters
and a set of failure probabilities, the new method leverages realistic blade throw modeling to produce setback standards
with a valid physical foundation. Copyright (D 2011 John Wiley & Sons, Ltd.

Correspondence

Jonathan Rogers, School of Aerospace Engineering, Georgia Institute of Technology, 270 Ferst Drive, Atlanta, Georgia 30332, USA.

E-mail; jrogers8@gmail.com

Received 1 November 2010; Revised 14 February 2011; Accepted 15 February 2011

NOMENCLATURE

h height of turbine rotor hub
I blade fragment moment of inertia matrix about mass center expressed in blade-fixed frame

Kb unit vectors in frame B
L,M,N total external moment exerted on blade fragment about mass center expressed in blade-fixed frame
1 distance from rotor hub to nacelle vertical axis of rotation

m mass of blade fragment

^0- ^1 >̂ 2, ^3 quaternion orientation parameters of the blade fragment
p, q, r angular velocity components of the blade fragment expressed in the blade-fixed reference frame
R rotor radius

rcG distance from blade root to blade
Tib transformation matrix from blade-fixed reference frame to inertial reference frame
u,v,w translational velocity components of the blade fragment mass center expressed in the blade-fixed frame
X, _v, z position coordinates of the blade fragment mass center expressed in the inertial frame
X,Y ,Z total external force exerted on blade fragment
6 rotor plane cant angle
i/f rotor plane azimuthal angle
(p rotor blade roll angle

rotor rotational speed

Copyright © 2011 John Wiley & Sons, Ltd.



A method for defining wind turbine setback standards J. Rogers, N. Siegers and M. Costello

1. INTRODUCTION

Increasing demand for wind energy production has led to unprecedented wind farm development over the past decade.
State and local regulations specifying required setback distances between wind turbines and property lines, roads and other
infrastructure can have a significant impact on the number of turbines that can be installed on a given site. These setback
standards are intended to protect people and property from rotor blade fragments released from failed wind turbine blades.
However, required setbacks are often based on rules of thumb involving some combination of turbine height and blade
radius and typically have little or no rigorous physical foundation. There is currently a strong demand for re-evaluation of
turbine setback distances in view of both increased turbine reliability and the desire to install more large turbines on small
parcels of land. Specifically, it would be desirable to provide a technique that allows regulators and wind farm developers
to determine setback requirements given a specific 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 through probabilistic dynamic modeling techniques rather than arbitrary rules of thumb.

Several investigators have studied blade fragment release from a failed wind turbine blade, beginning with Eggwertz
et al.' The authors used apoint-mass dynamic model to show tliat the probability ofblade impact with the ground beyond
1.8 times the overall turbine height was low. Similarly, Macqueen el alJ- demonstrated through the useof a point-mass
model that a person being struck 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 techniques to construct a statistical
distribution of blade fragment impact. Eggers et al^ likewise exercised a point-mass model for blade fragments using
Monte Carlo methods and obtained results similar to that of Macqueen et al} The first investigation of fragment throw
using full six-degree-of-freedom modeling was performed byMontgomerie,^ who reported very high maximum distances.
Sprensen '̂̂ also analysed full rigid body motion ofthe blade fragment and reported how maximum throw distance varied
asafunction ofaerodynamic characteristics, fragment center ofgravity location, pitch angle and wind velocity. Turner® pro
vided a similar rigid body analysis and obtained results similar to those ofSprensen. '̂̂ Finally, Siegers etal} investigated
blade fragment impact with power transmission lines. It was shown that transmission line impact probability is a strong
function 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 distances, Rademakers and
Braam '̂̂ have conducted a statistical analysis ofreported blade failures todetermine the overall probability ofblade failure
occurring. Their analysis suggests anoverall probability ofblade failure of2.6x10"'̂ perturbine peryear, orapproximately
1 in 3800. This is a non-trivial probability that further highlights the need for universal and effective setback standards to
protect against blade throws.

Despite significant research analysing the physics of blade fragment release and failure probabilities, many previous
investigations lack clear guidance in determining safe 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 rules of thumb are employed at a local level. In CaUfomia, for instance, five different counties
use a variety of setback standards all based on overall turbine height to ensure the safety of the surrounding buildings,
properties and roads.

The work reported here first demonstrates that many setback standards currently in use provide little or no protection
against blade fragment throw for several example turbine 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 distribu
tion of blade fragment impact with the ground. It is shown tliat for all three turbines smdied, a significant portion of blade
fragments impact outside the distance specified by example setback standards that are currently in use. Then, by using a
simplified dynamic model of blade fragment motion, it is shown analytically that blade release velocity plays the largest
role in maximum throw distance. This is verified through Monte Carlo simulation results. Finally, a new methodology
is proposed to determine setback standards based on turbine physical parameters, failure probabilities and the regula
tor's acceptable level of risk. This methodology allows the setback developer to mitigate risk using probabilistic dynamic
modeling of blade failure, 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 model used to simulate the flight of a released blade fragment is presented here. A
full description of thedynamic model can befound in Siegers et at} Asshown in Figures 1and2, three reference frames
are employed in the dynamic model of blade motion, namely, the ground-based frame 1, the turbine-fixed frame R and
the blade-fixed frame B. The blade-fixed reference frame B is oriented such that the axis is aligned with the blade
spanwiseaxis. The inertial reference frame is orientedsuch that points straightdown and /] lies in a plane formedby

wind Energ. (2011) © 2011 John Wiley & Sons, Ltd.
DOI: 10.1002/we
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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 7r aligned with the rotor's axis of rotation.
Figures 1-A demonstrate blade geometry including turbine azimuth angle xj/j, wind azimuth angle Vw. hub cant angle 6
and blade roll angle (p. As shown in Figure 4, blade roll angle is referenced from the axis. Note that within this section,
the following shorthand notation with be used for trigonometric functions: sin(Q?) = Sa, cos(a) = Ca and tan(a) = /«•

The dynamic model of the blade fragment in free flight consists of 13 scalar differential equations, given by equa
tions (l)-(4). The states of the system are defined as follows: blade mass center position with re.spectto the inertial frame
(jc,y, z), mass center translational velocity resolved in the blade-fixed frame (u, v, w), quaternion rotational parameters
describing blade orientation {qo,q\, qx, qi) and angular velocity components resolved in the blade-fixed frame (p, q, r).
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Figure 3. Rotor angle definitions.

Figure 4. Blade roll angle definition.
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(3)
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Note that in equations (3) and (4), the terms X,Y,Z and L, M. N, respectively, denote the total external force and the
moment exerted on die blade in die blade-fixed frame. External force on the blade consists of the sum of aerodynamic and
gravity forces, whereas aerodynamic moment is thesolesource of moments on the blade. The matrix Tib is the transfor
mation matrix from the blade-fixed to inertial frames, and the matrix I is the moment of inertia matrix of the blade about its
mass center with respect toblade-fixed coordinates. Aerodynamic forces were calculated using striptheory byconsidering
the blade as a lifting surface with a general angle of attack. Thisangle of attack is calculated within the simulation given

Wind Energ. (2011)© 2011 John Wiley & Sons. Ltd.
DOI; 10.1002/we
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J. Rogers, N. Siegers and M. Costello A method for defining wind turbine setback standards

blade orientation and velocity and subsequently used to generate aerodynamic forces and moments on the blade. Details
of aerodynamic forces, moments as well as the weight force are omitted here for brevity; however, a full description is
provided inSiegers.^

Given a set of blade fragment release conditions, equations (l)-{4) can be integrated numerically forward in time using
a Runge-Kutta algorithiu until blade fragment mass center impacted with the ground. The simulation architecture, written
in FORTRAN, was optimized to run Monte Carlo cases efficiendy. Simulation cases were ran in an automated fashion on
a computing cluster, allowing thousands of blade throws to be simulated in a reasonable amount of time.

2.2. Monte Carlo simulation description

The dynamic simulation described previously is used to generate a probabilistic analysis of wind turbine setback standards.
This is accomplished through the use of tens of thousands of simulations with randomized initial conditions. The Monte
Carlo simulation architecture generates initial conditions for each fragment throw by varying six different release parame
ters in a random fashion. These six parameters are blade roll angle (^), cant angle (0), azimutlial angle (i/f), rotor rotational
speed (f2), wind speed and wind angle (V^). Note that all Monte Carlo results are relative to a nominal prevailing wind
value, with the assumption that the turbine is nominally facing into the wind. All parameter distributions are assumed
to be normal with the exception of roll angle and wind speed. Blade roll angle at release is a uniform random variable
between 0 and 360°. Wind speed is vaiied according to a Rayleigh distribution assuming a median value of 8.5 m s~^.
Note that tliis distribution reflects standard winds expected at an International Electrotechnical Commission Class 2 wind
farm installation. Table I describes the statistics associated with each parameter for all cases in Section 3.

Given a randomized set of these six parameters, as well as physical characteristics of the turbine, the initial conditions
for all the states of the blade fragment at release were generated. Blade fragment position and velocity at the time of release
were determined using

fx:) f /c^ ) f 0 1
(5)

= { -rcG^ (6)

where rco represents the distance from the blade root to the blade center of mass and I is the distance between the rotor hub
and the origin. The initial orientation and the angular velocity of the thrown blade fragments were calculated according to

ftT\ fO\ A
1 — cos 1 — 1cos 1 -
V2 ; \2) V:

0+3i„(lti)si„(0sin(f) (7)

(^)cos(0cos(?- 1 —sin 1 — 1sin 1 — cos | —l) \2) \2J \2j (8)

/iAtA . fe\ (4
1 — sin I — cos I -V2; V2; V2;)+sin(^)cos(0d„(|) (9)

(4fi\ fO\ (4
1 1cos I — 1 COS 1 -V2; \2) \2 (10)

Table I. Monte Carlo simulation random parameter statistics.

Parameter Mean Standard deviation

Roll angle, <0 (degree) 0.0 —180 to 180 (uniform)
Cant angle, 6 (degree) 4,0 1.0
Azimuthal angle, (degree) 0.0 10.0
Rotor rotational speed (rad s~') Turbinedependent 0.1
Windspeed (m s""^) Rayleigh distribution, median 8.5 m s~^ N/A
Wind angle (degree) 0 3.0

Wind Energ. (2011) © 2011 John Wiley & Sons, Ltd.
DOI: 10.1002/we
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(11)

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 fragments, all fragment sizes were considered. Thus, blade
fragment size was varied using outer 20,40, 60 and 80% and the entire blade throws.

2.3. Simplified point-mass blade fragment analysis

Altliougha ballisticpoint-massanalysis,especiallyone that neglects aerodynamiceffects, is highlyunsuitable for a detailed
dynamic analysisof blade throw,it does provide simplifiedexpressions that can assist in characterizing the most important
factors in maximumlateral throw distance (longitudinal throw distance is largely a function of prevailingwind speed and
thus cannot be addressed using an analysis that neglects aerodynamics).Because lateral throwdistance is often the driving
factor in setback 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 heighthj and velocity uj- We consider the blade fragment to be a point mass that impacts the ground at a lateral
distance D from the turbine base after a time of flight T. Neglecting aerodynamics and considering only two dimensions,
two equations of motion are given by

h-Rcq^+VTSej,T--gT =0

D = VTC0J.T

where g denotes acceleration because of gravity. Eliminating T, equations (12) and (13) can be combined to yield

gD
2 =2(h-Rc0^}c0^-h2Dsffj,C0^
T

(12)

(13)

(14)

Equation (14) is a quadratic function of D. In order to find the angle of maximum throw as a function of h, R and v,
one wouldtypically take the derivative of equation (14) with respect to 6t, set it equal to zero and solve for Otmax ^
function of h, R and v. However, a solution in closed form cannot be found since it is not possible to solve the resulting

'h

Figure 5. Blade fragment throw diagram.

Wind Energ. (2011)© 2011 John Wiley & Sons. Ltd.
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expression for dj. Therefore, determination of the optimum release angle must be found numerically on a turbine-specific
basis. Nevertheless, the roots of equation (14) are given by

D = J (15)

In equation (15), it is clear that the range of blade fragment flight is highly dependent on release velocity and release angle
and less dependent on turbine height and blade radius. Specifically, lateral distance is a function of the square of the release
velocity but only of the square root of turbine height and radius. Although in modern turbines there is some correlation
between height, radius and release velocity (since blade fragments at the end of a longer blade travel faster than the frag
ments at the end of a shorter blade and longer blades are typically found on taller turbines), it is important to note that blade
fragment velocity is the real driver behind maximum throw distance. As a result, setback standards based on mass center
velocity of the minimum size fragment of concern will yield far more effective protection than a setback distance based on
radius or height.

3. RESULTS

3.1. Monte Carlo simulation ground impact results

Monte Carlo simulations were performed for three example turbines of varying sizes, namely, 0.66,1.5 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 each were performed for each turbine, corresponding to
the five blade fragment sizes of 20,40, 60, 80 and 100% as previously outlined. As demonstrated in the Monte Carlo sim
ulation results shown in Siegers,^ smaller blade fragments consistently fly farther than larger fragments because ofhigher
initial release velocity. Figures 6-11 show ground impact results of each Monte Carlo simulation for the three turbines for
die 40% blade throw case. Figures 6, 8 and 10 show specific ground impact points for each turbine, whereas Figures 7, 9
and 11 show histograms of cross-range impact point location. Note that in Figures 6,8 and 10, the turbine base is located at
the origin. Also, note that the wind arrows in Figures 6, 8 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. In addition, histograms for
all fragment sizes showed peaks directly below the turbine and slighdy behind the turbine, as well as two lateral peaks near
the maximum range of blade fragment tiirow.The peak directly below the turbine represents failures occurring at blade roll
angles between approximately 235 and 325°, since these trajectories fly roughly straight down and are unaffected by winds
because of the short time of flight. The more scattered distribution behind the turbine is due to fragments released straight
upward (approximately between roll angles of 45 and 135°). The relatively long times of flight exhibited by these cases
mean that they are more affected by winds.

Table H. Wind turbine physical and operational parameters.

Parameter 660 KW turbine 1.5 MW turbine 3.0 MW turbine

Blade radius (m) 23.5 35.0 45.0

Blade weight (N) 21,287 49,050 64,746

Blade CG from root (m) 11.75 17.5 22.5

Blade \xx (kg m^) 100,121 511,000 1,115,840

Blade lyy(kgm^) 99,891 510,000 1,113,830

Blade \zz (kgm^) 282 1233 2175

Rotational speed (rads~^) 2.98 2.3 1.69

Maximum blade chord (m) 2.0 2.1 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

Wind Energ. (2011) © 2011 John Wiley & Sons, Ltd.
DOI: 1O.1OO2/W0
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Figure 6. Ground impacts, 0.66 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 often rely on multiples of tower height, blade radius or both to form the basis for setback dis
tances. To demonstrate the shortcomings typical of standards that rely on these parameters, two example setback distances
are evaluated against the Monte Carlo data for three turbines shown in Section 3.1. The first setback originates from
the minimum setback distances from the power transmission lines of Southern California Edison (SCE). SCE's Whole
saleGeneration Interconnection Technical Requirement document^- states that 'the Producer shall not locate anypartof a
wind-driven wholesale generating unit... within three rotor blade diameters of an ex.isting electric utility 220 or 500 kV
transmissionline right of way or future electric utility 220 or 500 kV transmission line right of way for which SCE may
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 communitiesdeveloping local ordinances governing wind energy. The report
proposes thefollowing setback requirement: 'The minimum setback distance between each wind turbine towerandall the
surrounding propertylines,overhead utilityor transmission lines,other wind turbine towers,electricalsubstations, meteo
rological towers, public roads and dwellings shall be equal to no less than 1.5times the sum of proposedstructure height
plus the rotorradius.' These two setbacks, givenby three times the rotor diameterand one and a half times the total tur
bineheight, are representative of many current setback standards and willbe evaluated against the three example turbines
described earlier.
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Figure 8. Ground impacts, 1.5MWturbine, 40% fragment.
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Figure9. Histogram of cross-range impactlocation, 1.5MWturbine, 40% fragment.

In orderto evaluate the effectiveness of theseexample setbacks, circles of varying radius, centered at the turbine base,
were considered for each turbine. For eachcircle, the percentage of blade fragment impacts that landed within thiscircle
was determined. This was repeated foreach blade fragment size, and the entire process was perfonned foreach ofthethree
turbines considered. Figures 12-14 show the percentage of impacts within circles of varying radii foreach turbine. Also
shown arethetwoexample setback standards applied to thespecific turbine underconsideration.

Several interesting features are apparent in Figures 12-14. First, note that the percentage of impacts that fall within a
circle varies somewhat linearly asthe radius ofthecircle grows until greater than 95% ofimpacts areconsidered, especially
for larger fragments. For smaller fragments atlarge throw distances, winds tend tohave a more significant effect and carry
the fragments farther because of longer times of flight, causing the non-linear behavior observed for small fragments at
large throw distances. Second, as expected, smaller blade fragments fly farther, and thus, larger circles must beused to
contain a given percentage oftheir impacts. Finally, note that neither of the example setbacks provides protection against
a large percentage ofblade fragment ground impacts for any ofthe three turbines. For the 0.66 MW turbine, 60-65% of
ground impacts for fragment sizes of20% fall outside these example setbacks. For the 1.5 and 3.0 MW turbines, 40-50%
of ground impacts for 20% blade fragments fall outside these example setbacks. It is important to note that 20% blade
fragments are closeto 10m longand canpose a significant hazard.

This analysis of representative setback standards leads to the conclusion that current methods for determimng proper
setback standards are inadequate. Inthe cases considered here, setback distances provide little orno 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 blade fragment impact since there is a significant 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 potentially provide no protection at all. Therefore, it would be useful to develop a
methodology for determining setbacks 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 each turbine demonstrate how blade fragment throw distance
varies for turbines of different size. Figure 15 shows the percentage of blade fragment ground impacts contained within
circles of varying radii for 20 and 100% blade throw for each 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
conventional rules of thumb stipulating that maximum throw distance increases with turbine size. Figure 15 demonstrates
that the 1.5 MW turbine displays a ma.ximum 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 noting that this turbine has the
largest tip velocity of the three examples considered. As described in Section 2.3, blade 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 used to numerically determine the maximum theoretical lateral throw distance of each example turbine for a 20%
blade fragment. The results are shown in Table HI. The lateral throw distances in Table III are somewhat less than the
maximum throw distances determined through Monte Carlo simulation, since the equation does not include the effect of
fragments being carried by the wind, which causes significant longimdinal displacement of impacts. However, the estimates
in Table III verity that the 1.5 MW turbine should achieve the largest throw distance overall, assuming that blade fragments
from all turbines are equally affected by wind after release.

Normalizingthrow distance by the velocity of the blade fragment mass center for each fragment size accounts for varia
tions in tip speed for different turbine models. This normalization procedure causes all percentage-distance traces to move
significantly closer to one anotherregardlessof fragment size. Figure 16 showspercentage-distance traces normalizedby
fragment mass center velocityfor 20 and 100%blade fragments. UnlikeFigure 15, traces are much more uniform,espe
cially for larger fragment sizes which are less affected by winds. Figure 17 generalizes this result to all fragment sizes,
showing 15 different percentage-distancetraces coiTesponding to the five different blade 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 frag
ment size decreases, wind effects become more pronounced, and fragments are carried faither. This accounts for the slight
spreading of the curves neai* maximum range.
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Figure 14. Percentage of impacts within distance versus distance from tower, 3.0 MW turbine.
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Figure 15. Percentage of impacts within distance versus distance from tower for each turbine.

Table III. Example turbine tip speed and theoretical maximum lateral throw distance of 20% fragment.

Turbine (MW)

0.66

1.5

3.0

Tip speed (rad s

70.03

80.50

76.05

Theoretical maximum throw distribution (m)

439

590

526

3.4. Risk-based setback standard development

The normalized percentage-distance curves shown in Figure 17 form the basis for the development of a new turbine setback
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

Percentage of impacts inside distance = 11.9s
Distance from tower (m)

Fragment CG release velocity (ms ')
(16)
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It is clear based on the relationship shown in equation (16) that 99.9% of blade fragment impacts falls within a circle
of radius 8.4 times the fragment CO release velocity in meters per second, where the multiplier 8.4 has the unit of seconds.
Note that this can be easily computed for a specific turbine and a fragment of a given size.

Equation (16) is a powerfultool that can be used to compute appropriate setback distances for a wide variety of turbine
platforms. However, this expressionmust be used in conjunction with severalother parameters in order to produce a mean
ingful setback.Theseparametersare the probability that the turbine throwsa blade or blade fragmentover a givenperiod of
time, the minimum size blade fragment of concern, and the desired probability of impact greater than or equal to a certain
distance if a blade throw does occur.

The following is an example case demonstrating how equation (16) can be used to 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 WindSystemsA/S, Randers, Denmark) such that in a single year, the probability that a blade fragment will
bethrown a distance equal toor beyond the setback is 5.0x 10~^ (orone occurrence peryear forevery 20,000 turbines).
Further, suppose that the regulator or developer is concerned only with the impact of fragments greater than or equal to
2 m in length. Table IV describes specifications of the Vestas 2.0 MW turbine under consideration here. First, by using
the specifications outlined in Table IV, the 2 mblade fragment mass center release velocity is found to be68.3 m s~^.

Wind Energ. (2011)© 2011 John Wiley & Sons, Ltd.
DOI: 10.1002/we



A method for defining wind turbine setback standards J. Rogers, N. Siegers and M. Costelio

100

Approxlrriate Fit Line

g 0.66 MW Turbine

1.5 MW Turbine

1 I 3.0 MW Turbine

5 10 15

Distance from Tower/CG velocity (s)
20

Figure 18. Linear fit to percentage versus distance data.

Table IV. Specifications for Vestas 2.0 MW turbine.

Rotor radius (m)

Tower height (m)

Rotor rotationalspeed (rad s~^)

40

67

1.75

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 outside the setback distance must be computed. This is accomplished by dividing
the desired yearly probabihty that a fragment will fly to or beyond the setback by the probability that a blade failure will
occur in a given year. A commonly accepted probability of blade failure per turbine per year, outlined in Rademakers and
Braam,'® is2.6x 10"'̂ . Therefore, theprobability that given a fragment release, thefragment will land outside thesetback
distance must be equal to 0.1923. The percentage of impacts contained within the setback distance from the mrbine base,
the left-hand-side of equation (9), is given by lOOx(1—0.1923) = 80.77%. Thus, equation (16) can be used to compute the
desired setback distance of approximately 463 m. Note that this identical analysis can be universally applied to a variety of
modem turbine designs, fragment sizes and accepted risk levels. Also, it should be noted that only the smallest fragment
size of concem should be used in the proposed method of setback determination, since in general, the smallest fragments
wiU fly farthest because of higher release velocities at the fragment mass center. Thus, all larger fragments will have a
lower probability of impact outside the computed setback distance.

It is important to note that rotor overspeed situations can lead in some cases to blade throw and are not taken into account
in the setback development proposed here. However, after extensive study of actual wind turbine blade failures over the
course of many years, Rademakers andBraam'® place theprobability ofblade failure because of anoverspeed situation at
5.0X10"^ perturbine peryear. This probability is far less than the overall blade fragment release probability of2.6x 10"'̂ ,
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 turbine setback standards designed to protect people, property and infrastructure 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 critical importance of these regulations, there is a desire to develop
setback standards based on a physical model of blade throw rather than arbitrary rules of thumb. First, a physical model for
full or partial blade throw based on rigid body dynamics was described. This model, coupled with Monte Carlo simulation
techniques, was used to simulate tens of thousands of blade throws for three example wind turbines of varying size. It was
shown that typical current setback standards do not provide adequate protection in most cases. Then, the importance of
fragment release velocity in determining maximum throw distance was analytically demonstrated, and its effect verified
through analysis of Monte Carlo results. Normalizing throw distance by fragment release velocity yielded a near-linear
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relationship between this normalized distance and the percentage of impacts that lie within this distance from the turbine.
A final example used tills relationship to detemiine a proper setback distance for an example turbine based on an accept
able level of risk. Setback development using this mediodology allows regulators to mitigate risk using valid engineering
analysis rather than arbitrary rules that provide inconsistent and inadequate protection.
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