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Abstract

An analysis was performed to determine the risk posed by wind turbine fragments on roads and

buildings at the National Wind Technology Center at the National Renewable Energy Laboratory.

The authors used a previously developed model of fragment trajectory and took into account

the wind speed/direction distribution at the site and the probability of rotor failure. The risk was

assessed by determining the likelihood of impact and related consequences. For both the roads

and buildings, the risk varied from low to routine, which was considered acceptable. The analy-

sis was compared with previous recommendations on wind turbine setback distances. The results

showed that a setback to property lines of 2 times the overall turbine height would be acceptable.

However, the setback to dwellings should probably be increased from 3 to 3.5 times the overall

turbine height for an acceptable risk.
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1 INTRODUCTION

At the time of this writing, wind energy is the fastest growing source of new energy production. At the end of 2016 (most current year reported1),

global-installed capacity was 487 GW with 82 GW in the United States. The US wind energy penetration was at 4.8%, a remarkable achievement

considering the amount of total energy production. Although praised for its environmental benefits, wind energy is not without negative impacts.

Examples are discussed in Abbasi and Abbasi2 and in Price et al.3 This article reports on the potential safety risk posed by wind energy production,

which is the possibility of impact of wind turbine blade fragments in the event of structural failure.

Larwood and van Dam4 reported on the history of this risk in the context of safety setbacks for wind turbines. Since their report, there has

been a renewed interest in modeling risk, with several authors reporting on analysis of that risk.5-8 The state-of-the-art modeling approach

is 6 degrees-of-freedom motion of the blade fragments with aerodynamic loading. Simplified models do not match the results of the 6

degrees-of-freedom models; Sørensen9 showed that drag ballistics do not capture the downwind distance and the range for vacuum ballistics is too

far. All of these models have not been validated with experimental data.

This article presents an analysis of a wind energy facility with several turbines of different sizes. The research site is the National Wind Technology

Center (NWTC), which is part of the US Department of Energy's National Renewable Energy Laboratory (NREL). Located south of Boulder, Col-

orado, the NWTC is nestled at the base of the Rocky Mountain foothills. Researchers have been studying wind energy at the NWTC since the 1970s,

originally focusing on small-scale utility turbines. Larger turbines were installed in the 1990s, and with the maturity of the industry, multimegawatt

turbines, based on production models, have been installed in the past decade. The wind season is primarily in the winter with predominant western

winds. The site regularly experiences high-velocity foehn winds in the winter (up to 100 miles per hour), making it an ideal location for investigating

the reliability and performance of wind turbines.

Eggers et al10 reported on a fragment analysis of the NWTC in 2001. Although they made several parametric studies that may pave a path towards

generalizing the problem, their overall model assumed a constant drag coefficient (CD) of 0.5, which would be considered high compared with find-

ings from Sørensen9 and Larwood and van Dam.7 The model was also for a full blade and half blade thrown from a turbine with a 15.2-m radius on 2

tower heights (30.4 and 91.4 m), limited to 2 wind speeds (11.2 and 22.4 m/s), with a Gaussian distribution of rotor speeds from 1.25 to 1.75 times

the rated speed. It is difficult to determine if their results can be scaled to turbines with a higher rating.
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The purpose of the study was to analyze the risk posed by rotor fragments from the wind turbines to roads and buildings at the NWTC based on

methods developed by Larwood and van Dam.7 The analysis showed that the likelihood of impact with catastrophic consequences to be extremely

unlikely, therefore the risk was determined to be low.

2 METHODS

Figure 1 shows a 3-dimensional image of the NWTC. The turbines and data sheds of interest are labeled. The roads of interest are the east-west road

in green (main access road) and the northeast-southwest road (row 4 road) in yellow. CART2 and CART3 are the 2-bladed and 3-bladed Controls

Advanced Research Turbines, respectively.

The purpose of the analysis was to determine the risk of rotor fragments posed by the turbines installed on row 4 on the main entrance road, the

row 4 road, and the 4.1, 4.2, and 4.4 data sheds. Table 1 lists details of the turbines that were analyzed.

The analysis requires blade mass properties as inputs. With the exception of the CART turbines, all blade properties were proprietary. Properties

were estimated using properties from the WindPACT study11 and from the modeling described in Larwood et al.12 The WindPACT models were 1.5

and 3 MW, matching the ratings of the GE and Alstom turbines. The blade properties were matched at values of percentage radius. The Siemens

turbine was scaled from the 1.5 model using scaling laws described in Sarlak and Sørensen8 for mass, mass center, and mass moment of inertia

scaling. The adjustment to the mass was

m = mref(r∕rref)2.3 (1)

where mref is the reference (known) mass and rref is the reference radius. The adjustment to the mass center was

d = dref(P∕Pref)1∕2 (2)

FIGURE 1 National Wind Technology Center row 4 wind turbines [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 1 National Wind Technology Center turbines

Turbine Rating, Diameter, Hub Rated

MW m Height, m rpm

Alstom ECO 110 3 110 90 13.6

CART2 0.6 42.672 36.85 41.7

CART3 0.6 40 36.594 38

Gamesa G97 2 97 90 16

GE 1.5 SLE 1.5 77 80 18.3

Siemens SWT 2.3 2.3 106 80 16

http://wileyonlinelibrary.com
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where dref is the reference (known) distance and Pref is the reference rated power. The adjustment to the mass moment of inertia was

I = Iref(r∕rref)4.3 (3)

where Iref is the reference (known) mass moment of inertia. The mass and inertia exponents come from data of actual blade mass versus radius. The

diameter is related to the square root of the power. The CART turbine properties were provided by NREL; however, mass center and mass moment

of inertia were not available and were therefore scaled from the WindPACT 1.5 model highlighted earlier.

The method used to determine frequency of impact is described in Larwood and van Dam.7 The method models the fragment as a rigid body with

translation and rotation. The translation is modeled with Newton's second law, and the rotation is determined with Euler's rotation equations. The

method also uses equations to determine the changes in the orientation matrix. The fragment is divided into elements to compute the aerodynamic

forces using airfoil tables. This method was based on Sørensen.9 The analysis generates 10 000 throws, with release conditions and probability

listed in Table 2. The blade fragment parameters are independent of the wind parameters. The amount of throws was determined by a sensitivity

analysis in Larwood and van Dam,7 which showed convergence at 5000 throws. The wind magnitude and direction are considered random with the

probability distribution based on the wind rose, which describes the frequency of occurrence for wind speed and wind direction. The wind rose was

from the NWTC M2 meteorological tower (https://www.nrel.gov/midc/nwtc_m2/). Annual wind roses from 2014 and at heights 50 and 80 m were

used (Figure 2). Each rose has 8 wind speed distributions for a 30◦ wind direction sector. The roses show the predominant western wind direction.

The CART wind velocities and turbines with 90-m hub height were sheared to hub height with the standard power law as in

V = Vref(h∕href)𝛼 (4)

where Vref is the reference (known) wind speed, href is the reference height, and 𝛼 is 1/7. Note that atmospheric turbulence has not been included in

the model (was recommended for further study in Larwood and van Dam4).

As an example for a single turbine, Figure 3 shows the impacts for the CART2 at nominal rpm. The impacts are clustered to the south and east of

the turbine, which indicates alignment of the turbine with the wind rose.

TABLE 2 Release condition probability

Input Variable Probability Distribution

Blade pitch Based on wind speed

Rotor rotational speed Based on wind speed

Rotor azimuth at break Uniform between 0◦ and 360◦

Blade break position Uniform between hub radius and blade tip

Yaw error Uniform between −10◦ and 10◦

50 m height 80 m height

FIGURE 2 NWTC M2 2014 annual wind roses, with circles representing percent of time. NREL, National Renewable Energy Laboratory; NWTC,
National Wind Technology Center

https://www.nrel.gov/midc/nwtc_m2/
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FIGURE 3 Impacts for CART2 at nominal rpm. East is positive x and north is positive y in this and following plots [Colour figure can be viewed at
wileyonlinelibrary.com]

TABLE 3 Rotor failure probabilities from Braam et al14

Operating Condition Probability Per Turbine Per Year

Nominal operating rpm 4.2 × 10−4

Braking (1.25 times nominal rpm) 4.2 × 10−4

Emergency (2.0 times nominal rpm) 5 × 10−6

The probability of impact at a particular ground location is determined by using methods described in Larwood and van Dam7 and was based on

work by Turner.13 The probability of impact from a blade fragment is for a point (used for the roads—impact with vehicle/personnel) and for a target

of 25 m×25 m×3.67 m height (for data sheds). Three separate 10 000 throw runs were conducted at rated rpm, braking rpm (1.25 times rated), and

emergency rpm (2 times rated). The probability from these runs was multiplied by the failure probability as reported in Braam et al14 and listed in

Table 3.

As an example, Figure 4 shows contours (using the MATLABcontour function) of constant probability of impact from the CART2 fragments with

a point on the ground and for a data shed. For example, the probability of a blade fragment from the CART2 impacting data shed 4.2 is approximately

1 in 10 000 or (0.0001) per year. Again, the alignment of the contours is with the wind rose, with the majority of the impacts occurring perpendicular

and downwind from the prevailing wind direction. The uneven contour of the lower probabilities (eg, 1e-07) is due to a low number of impacts; these

contours would be smoother with more throws added to the analysis.

The overall risk was assessed by determining the likelihood and consequence of the impacts. The NREL values for likelihood (Table 4) and con-

sequence (Table 5) were adapted from methods specified in the US Department of Defense Standard Practice for System Safety.15 In the case of

the CART2 fragments impacting the 4.2 data shed, the likelihood is considered extremely remote. Note that this example is only for impacts from

CART2. The consequence of the impact can vary from negligible to catastrophic depending on several factors including the kinetic energy of the

impact and if the shed is occupied at the time of impact. Kinetic energy of the impact can be determined; however, the analysis does not currently

include a measure of damage.

The likelihood and consequence are combined into the NREL risk matrix (Figure 5) that NREL researchers adapted from methods specified in the

US Department of Defense Standard Practice for System Safety.15 National Renewable Energy Laboratory considers levels “low” and “routine” risk

to be acceptable. Fragment impacts with personnel may result in death and therefore are considered catastrophic consequences; however, if the

likelihood is extremely remote, the risk is considered low.

3 RESULTS AND DISCUSSION

3.1 Risk assessment

All throws for the 6 turbines were combined to determine the overall risk for the site. Figure 6 shows the probability of impact for the roads. The

probability is between 1×10−5 and 1×10−6, which indicates an “extremely remote” likelihood in Table 4 and a “low” to “routine” risk in Figure 5. The

risk as a result of impact from blade fragments on the roads is therefore considered acceptable.

http://wileyonlinelibrary.com
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Point impact

Shed impact

FIGURE 4 Probability of impact for CART2 [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 4 National Renewable Energy
Laboratory likelihood values

Level Frequency

Frequent F ≥ 1.0∕y

Reasonably probable 1.0 > F ≥ 0.1∕y

Occasional 0.1 > F ≥ 0.01∕y

Remote 0.01 > F ≥ 10−4∕y

Extremely remote 10−4
> F ≥ 10−6∕y

Improbable F < 10−6∕y

Figure 7 shows the probability of impact for the sheds. The sheds are very close to the 1×10−4 probability line, which places the likelihood between

“remote” and “extremely remote” in Table 4. The sheds will, at most, be occupied one-third of a year, which would make the likelihood of injury from

blade fragments less than 1×10−4 (1∕3×1×10−4) and therefore “extremely remote.” Depending on the severity of the injury (consequence), the risk

http://wileyonlinelibrary.com
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TABLE 5 National Renewable Energy Laboratory consequence
valuess

Level Consequence

Catastrophic Death; permanent total disability; loss > $10 million

Critical Partial disability; loss > $1 million

Marginal Injury; loss > $100 000

Negligible Minor injury; loss < $100 000

FIGURE 5 National Renewable Energy Laboratory risk matrix [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 6 Probability of impact for roads (– – –). Turbines are indicated by open diamonds (◊) [Colour figure can be viewed at
wileyonlinelibrary.com]

is “low” to “routine” in Figure 5. Impact from fragments may cause damage to the sheds; however, it would not likely exceed $1 million. Therefore, the

damage (consequence) at most will be considered “negligible” to “marginal” in Table 5. With a “remote” likelihood, the risk for damage to the sheds

from blade fragments is “low” to “routine.” The risk as a result of impact from blade fragments on the sheds is therefore considered acceptable.

3.2 Comparison with turbine setbacks

As an extension of this work, the results were compared with setbacks recommended in Larwood and van Dam.7 A proposed acceptable risk for

the general public is “routine.” Row 4 of the NWTC approximates the spacing of a typical wind plant, with 3-rotor-diameter spacing along the row.

The results of the analysis can be analogous to a generic wind plant. The exception is the positioning of the 2 smaller turbines: CART2 and CART3.

Row-to-row spacing can vary from 5 to 10 diameters; therefore, the probability of impact from other upwind/downwind rows would be negligible

http://wileyonlinelibrary.com
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FIGURE 7 Probability of impact for sheds (□). Turbines are indicated by open diamonds (◊) [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 8 Probability of point impact; turbines are indicated by open diamonds (◊) with circles of radius 2 times the overall height [Colour figure
can be viewed at wileyonlinelibrary.com]

at a particular row. Figure 8 shows the probability of point impact (same as Figure 6 for the roads), with circles of radius that are 2 times the overall

height of the turbine. The overall height is defined as the hub height plus the rotor radius. This was a setback proposed by Larwood and van Dam
7 for property line setbacks. For the most part, the probability of impact at this setback is 1 × 10−6 and therefore considered “improbable” with a

“routine” risk level. The exception to this is the area surrounding the CARTs, which increase the probability of impact upwind of the Siemens turbine

(second most southerly turbine).

Figure 9 shows the probability of building impact (same as Figure 7 for the shed), with circles of radius that are 3 times the overall height of the

turbine. This was a setback proposed by Larwood and van Dam7 for distances to dwellings. The probability of impact is at or above 1 × 10−6 and

therefore would not result in a “routine” risk level. Increasing the setback to 3.5 times the overall height would lower the risk to a “routine” level.

http://wileyonlinelibrary.com
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FIGURE 9 Probability of building impact; turbines are indicated by open diamonds (◊) with circles of radius 3 times the overall height [Colour
figure can be viewed at wileyonlinelibrary.com]

4 CONCLUSIONS

An analysis was performed on the risk associated with wind turbine blade fragments from wind turbines at the NWTC at the NREL. The analysis

used a previously developed model for the blade fragment trajectory and the associated probability of impact around the turbines. The likelihood

and consequences of the impacts were assessed, and an overall risk was determined for various roads and structures located in the vicinity of the

turbines. The risk was determined to range from “low” to “routine” and was considered acceptable.

Because the site has a layout typical of a wind energy plant, the results were compared with safety setbacks proposed in previous research. A

setback of 2 times the overall turbine height (hub height plus rotor radius) to a property line resulted in a “routine” risk, which would probably be

adequate for public safety. A setback of 3 times the overall turbine height resulted in a probability of impact with a dwelling that would increase the

risk above “routine.” Therefore, a setback of 3.5 times the overall turbine height is proposed to lower the risk.

As mentioned in previous work, the trajectory model used in this work and other models in the literature could benefit from experimental

validation. The study of this hazard would also benefit from an updated investigation of rotor failure probability.
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