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Executive Summary

A numerical model is developed to simulate the interaction of bats with an operational utility-scale 

wind turbine. The model can predict instances where bats are struck by wind turbine blades and 

ultimately where carcasses land on the ground. The model can be used to estimate the rate at which 

different bat species may be impacted by wind turbines and landing locations. Model results may 

be used to define carcass search areas, correct survey data to account for unsearched areas around 

turbines and to test possible mitigation strategies. Using SCADA data with nearby meteorological 

data and comparing with bat carcass surveys conducted at Iowa wind farms, the most likely 

conditions when bats are impacted by turbines can be quantified. Using a computational fluid 

dynamics code (SOWFA), developed at the National Renewable Energy Laboratory, with an 

offline particle dynamics code, developed at IIHR-Hydroscience & Engineering, bat trajectories 

are modeled considering variations in wind speed, turbine operation, and bat characteristics. The 

model is compared to field data for the survey campaigns of 2015 and 2016 at the Lundgren and 

Macksburg wind farms, and is used to estimate the total mortality by correcting the field data to 

unsearched areas. Limitations and future improvements are discussed.
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1 INTRODUCTION

Wind turbines have been found to impose a risk on wildlife, including birds and bats, as a result 

of collisions with turbine blades and associated infrastructure (Howell and DiDonato 1991, Hall 

and Richards 1972). Recent studies indicate that, in the Midwest and Eastern United States, far 

more bats than birds are killed by wind energy facilities (Pruitt and Okajima, 2014). In fact, bat 

mortality has been reported at each wind facility studied to date (GAO 2005, Kingsley and 

Whittam 2007, Kunz et al. 2007, Kuvlesky et al. 2007, NAS 2007, Arnett et al. 2008). There is 

limited data about the behavior of bats in the proximity of wind turbines. However, some studies 

indicate bats may be attracted to turbines, increasing the risk of bat strike by turbine blades. There 

is some evidence that bats may be drawn to wind turbines, either due to sound produced by the 

turbines (Horn et al. 2008) or insects that concentrate around the turbines (Kunz et al. 2007). 

Additionally, turbines extract energy from the wind leading to enhanced turbulence and reduced 

velocity downwind of the turbine blades (Zhang et al. 2012). This leads to a sudden drop in 

pressure across the turbine rotor, which has been demonstrated to result in barotrauma and possibly 

death to bats (Baerwald et al. 2008).  

Bats generally emerge in the evening around dusk to feed on insects in the understory of 

forested areas. There is reduced risk of bat-turbine interactions under these conditions because 

wind farms generally are not located near forests and rivers corridors, which tend to provide good 

habitat for bats. However, during seasonal migration, and particularly in the late summer to early 

autumn, the risk to bats interacting with wind farms increases. It is likely that the majority of bats 

killed at wind farms will occur during this period (Johnson 2005, Kunz et al. 2007, Arnett et al. 

2008).  

It is not possible to prevent all bat deaths due to turbines and associated infrastructure, however 

bats placed on the Threatened and Endangered Species List must be permitted and monitored to 

ensure allowable mortality rates are not exceeded. Three bat species of particular concern in the 

Midwest region are the Indiana Bat, Northern Long-Eared Bat and Little Brown Bat; the first 

species is listed as Endangered and the second is listed as Threatened. 

The US Fish and Wildlife Service is responsible for permitting and monitoring bat mortality 

at wind farms. Current strategies employed to survey a wind farm for possible bat deaths involve
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searching the ground for bat carcasses within a specified radius around wind turbines. Guidance 

for prescribing the search radius around turbines is based on limited data, possibly leading to 

surveys being conducted where bats are unlikely to be found or alternatively limiting search areas 

and possibly missing bat carcasses that land outside the survey zone (Hull and Muir 2010, Huso 

and Dalthorp 2014). 

There is a need for a reliable method to assess the extent and likely locations where bat 

carcasses may be found around turbines to help guide survey efforts. This report outlines a physics-

based approach that can accurately model the interactions between bats and wind turbines, detect 

blade strike, and track where bat carcasses land on the ground.  Results from this approach can be 

used to define search areas, and to correct survey data to account for unsearched areas around 

turbines. A technically defensible survey is a critical component to determine whether wind 

turbines adversely affect listed species and to evaluate project impacts. 

2 GOALS AND OBJECTIVES

IIHR – Hydroscience & Engineering (IIHR) has developed a numerical modeling framework 

to evaluate and address the potential impact of wind turbines on bats, and determine the most likely 

locations where bat carcasses may be found. The primary objective of the model study described 

in this report is to determine the sampling area where the carcasses of bats are likely to be present 

after collision with a wind turbine. As a first approximation, bats are represented as particles 

without behavioral response. Bats are assumed to approach the front of the rotor with a uniform 

probability. The tasks involve in this study are summarized as follows:

1. Perform a literature review to determine constraints characterizing under what 

meteorological conditions bats are most commonly impacted by turbine blades, and 

determine the flight and fall characteristics of bats. 

2. Perform CFD simulation of a turbine operating with a single wind speed and direction.  

3. Estimate drag coefficient and coefficient of restitution for bat carcasses from measurements.
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4. Perform particle-tracking simulations to determine the spatial distribution of bat carcass 

deposition, assuming an equal probability of turbine blade strike across the rotor area. Use 

results to develop an idealized distribution map that can be used to plan carcass surveys.

5. Perform particle tracking simulations to determine bat carcass deposition as a function of 

migration altitude.

3 LITERATURE REVIEW

3.1 Bat Carcass Surveys 

There are significant variations in the size of prescribed carcass search areas (Sterner 2002, 

Kunz et al. 2007). Gauthreaux (1996) suggested that the search area should be circular, with 

minimum radius proportional to the height of the turbine. The recommendation utilized results 

from Winkelman (1989, 1992) and prescribed the search area within 70 m of turbines. AusWind 

(2005) suggested that the search area should have a radius equivalent to the height of the turbine. 

Hull and Muir (2010) review the variety of search distances used in previous research. Recently, 

many studies have implemented the criteria for the size of fall zone of birds and bats to quantify 

the carcass search area (Erickson et al. 2004, Arnett 2005, Smallwood and Thelander 2005 & 

Hotker et al. 2006). For estimating the search zone, Osborn (2000) performed experiments by 

dropping bird carcasses from wind turbine nacelle and upper limits of the swept area of wind 

turbine blades, on days with brisk wind. The different guidelines for search area quantification in 

past studies indicate that search areas are based on a heuristic understanding of where bat carcasses 

may be found and could be improved based on more rigorous scientific understanding. It is likely 

that insufficient search areas may lead to biased estimates of bat carcasses. 

Huso and Dalthorp (2014) review the various sources of uncertainty for bat carcass surveys 

below turbines and surrounding areas within the search zone. They report that the sources of 

uncertainty come from carcasses falling into unsearched areas or inaccessible areas, carcasses 

removed or destroyed by scavengers before sampling and carcasses in the search area missed by 

the surveyors. Hull and Muir (2010) and Kunz et al. (2007) emphasized the need for quantification 

of the bat carcasses within the search zone providing a reliable estimate of bat mortalities. An
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estimate of the maximum distance that bat carcasses fall away from the turbine base is essential 

for the comparison of the various studies at different wind farms. 

The above description outlines the different approaches and criteria applied to model the search 

area around turbines and source of the associated uncertainties. This emphasizes the need for a 

model that describes the search area for bats of different physical/behavioral features colliding 

with different sized wind turbines. Hull and Muir (2010) hypothesized that search radius around 

turbines is a function of turbine height, rotor rotation rate, and size of bats. Bats approaching the 

turbine from different directions and with different relative velocities are likely to be struck by 

wind turbines with different frequency and the spatial distribution of carcasses post-collision will 

likely vary as well. It will be useful to optimize survey strategies based on knowledge about where 

bat carcasses are most likely to be found. 

3.2 Characteristics of Bats Impacted by Wind Turbines in Iowa 

The physical and behavioral properties of bats are important parameters for understanding how 

bats interact with turbines and where carcasses may ultimately be found on the ground after impact 

with turbine components. These physical properties include mass, dimensions, coefficient of 

restitution (e), and drag coefficient (Cd) of bat bodies. Behavioral characteristics include flight 

speed of the bats and the wind speed at which bats are most active. 

The mass of bat species is important as it governs the weight, which is one of the components 

in force balance describing the movement of bats. Heavy bat species will be confined in the area 

closer around a turbine after collision whereas lighter species will fall farther away from turbines. 

The dimensions of bats (length and wingspan) can be used to account for the area of the flying 

bats, which is used with the drag coefficient for calculating the drag force. Bats have the greatest 

area when their wings are stretched in flaring position and least area with their wing folded back. 

The higher the area exposed to the turbine during strike, the higher will be the drag force on the 

bat. Cd determines the terminal velocity and hence governs time before the bat carcass hits the 

ground. The higher the drag coefficient, the more time the bat carcass will take to eventually reach 

the ground and consequently covers more distance post-collision. 

The mechanics of the impact with turbine components is also important for determining the 

trajectory of the bat after collision. The primary parameter used to describe the dynamics of 

collision is the coefficient of restitution, which describes the way energy is transferred from the
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turbine to the bat. The value of e is between zero and one. A value of one signifies that the object 

bounces off the colliding surface and loses no energy, or in other words the collision is perfectly 

elastic. A value of zero represents a collision that is perfectly inelastic; meaning all the energy of 

the bat is lost during impact. It combines multiple factors, for example, orientation of the animal 

in flight, the nature of blade strike on animal and animal’s contact time with blade. The flight speed 

of bats incorporates the initial pre-collision velocity, which affects the e value depending upon the 

type of collision. Higher magnitude of pre-collision velocity will result in inelastic collision (low 

value of e) leading to less energy transfer and hence less distance travelled after strike. 

There is limited data available for the aerodynamics coefficients for different bat species, and 

in fact only a limited number of studies provide data for any bat species. Noberg (1976) reported 

the drag coefficient of a long eared bat in horizontal flapping flight varies between 0.4 and 1.2. 

Very limited data exists for the impact characteristics of living organisms and none for vertebrate 

species. Taylor et al. (2010) estimated the restitution coefficient of mantis shrimp’s telson as 0.56 

with the uncertainty of ±0.083. Burgin et al. (2014) calculated the coefficient of restitution of 

human articular cartilage with mean value 0.502 and standard deviation being ±0.066. Coburn et 

al. (2013) suggested the restitution coefficient value of 0.47-0.69 for motile cells. Thielen et al. 

(2015) studied the impact behavior of freeze-dried and fresh pomelo peels and suggested the 

restitution coefficient range of 0.27-0.62. Based on the restitution coefficient values of living 

organisms/ tissues suggested in the above studies, the range 0.2-0.8 was selected for restitution 

coefficient in all bat species. 

The values of the mass, length, wingspan, flight speed and wind speed of the bat species under 

consideration were obtained from various sources, including journal papers and reports are 

presented in Table 3-1. 
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Table 3-1 Physical and Behavioral Characteristics of Bats

Mass (g) Length 
(mm)

Wingspan 
(mm)

Flight 
speed 
(m/s)

Wind 
speed 
(m/s)

Drag 
coefficient 

(Flying)

Coefficient of 
Restitution

NLEB 6-9 [10] 76-88 [1] 230-260

[10]

2.35 [60] <6.9 [40] 0.4-1.2 [39] 0.2-0.8 [9], [16],

[53], [55]

Little 
Brown 

5-14 [18] 60-102

[18]

222-269

[18]

11.2 [27] 4-4.5 [24] 0.4-1.2 [39] 0.2-0.8 [9], [16],

[53], [55]

Indiana 5-11 [56] 70.8-90.6

[56]

240-267

[56]

4.8 [50] 5-6.9 [8] 0.4-1.2 [39] 0.2-0.8 [9], [16],

[53], [55]

Hoary 20-35 [48] 130-150

[48]

342-435

[48]

<=7 [22],

[47]

<4.6 [22],

[15]

0.4-1.2 [39] 0.2-0.8 [9], [16],

[53], [55]

Eastern 
Red

7-13 [1], 

[6]

93-117 

[1], [6]

290-332 [1], 

[6]

6.7 [47] 8.9-10.1 

[26]

0.4-1.2 [39] 0.2-0.8 [9], [16], 

[53], [55]

Big Brown 11-23

[21], [6]

110-130

[6]

325-350 [6] 9.5 [62] 3-7 [45] 0.4-1.2 [39] 0.2-0.8 [9], [16],

[53], [55]

Silver-
Haired 

8-12 [6] 90-115 [6] 270-310 [6] 4.8-5 [63] NA 0.4-1.2 [39] 0.2-0.8 [9], [16],

[53], [55]

Evening
Red

6-14 [7],

[35]

85-105

[7], [35]

260-280 [7],

[35]

4.5 [62] NA 0.4-1.2 [39] 0.2-0.8 [9], [16],

[53], [55]

Tri-
Colored

4.6-7.9

[19]

77-89 [19] 220-250

[19]

NA NA 0.4-1.2 [39] 0.2-0.8 [9], [16],

[53], [55]

NA: Not Available

4 MODELING

4.1 Turbine Flow Modeling  

The open source code “Simulator fOr Wind Farm Application” (SOWFA) (Churchfield et al. 

2012a), developed by the National Renewable Energy Laboratory (NREL), was used to simulate 

the unsteady flow and turbulence around a wind turbine. SOWFA is based on the three-
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dimensional Computational Fluid Dynamics (CFD) code OpenFOAM (Churchfield et al. 2012b). 

Turbulence closure in OpenFOAM is possible using Reynolds-Averaged Stress (RAS) or Large 

Eddy Simulation (LES) models. In RAS, the Reynolds Stress is modeled using standard two 

equation turbulence models or a Reynolds Stress equation model.  

 SOWFA includes an actuator line turbine model (ALM) in the library pisoFOAM to predict 

the wake, tip, root and blade-bound vortices. Blades are simplified as a series of lines of constant 

airfoil, chord, and twist angle (Sørensen and Shen 2002) and body forces from the rotor are 

distributed on these lines. Forces are computed from the chord length of the blade, relative blade-

air velocity and drag and lift coefficients, which are provided as tabulated airfoil data. Previous 

studies have demonstrated the ability to accurately reproduce the turbulent flow characteristics 

around wind turbines using the ALM approach to represent the effect of wind turbines on the flow 

field (Sørensen and Shen 2002, Lu and Porté-Agel 2011). The advantage of this method is that a 

very fine grid around turbine blades is not required, considerably reducing computational time. 

However, the ALM method cannot reproduce details about boundary layer turbulence or pressure 

gradients around the blades as these effects are parameterized as aerodynamics forces. In addition, 

lift and drag airfoil data, obtained from experiments or single numerical tests, can be an important 

source of numerical inaccuracy. 

OpenFOAM solves the continuity and momentum equations: 

  0 U (1)

 
 

1 1
2 Tp

t  


         


τ Ω

U
UU U f (2) 

where U is the velocity, p is the pressure,   the density and τ  the shear stress. The terms on the 

left hand side (LHS) of the equal sign represent accelerations, and the first two terms on the RHS 

represent forces due to pressure field and viscosity. The last two terms on the RHS represent the 

Coriolis and aerodynamic forces from the blades.

4.2 Bat Tracking Model 

A particle tracking code was developed to track the motion of bats in the CFD velocity field, 

to estimate bat impact statistics and carcass fate after impact. A brief description of the model and 

implementation for bat tracking is presented here, along with some preliminary results that 

illustrate the capacities of the solver.
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4.2.1 Transport Model

Bats are modelled as Lagrangian entities subject to interaction with fluid forces and with the 

turbine blades through impact and flow-induced pressure. The particle tracking technique, which 

takes into account the characteristics of bats, such as their mass, lift, thrust, pressure force, and 

drag is used to compute their trajectory. A similar technique was extensively used to simulate fish 

trajectories for hydropower studies (Politano et al. 2012, Goodwin et al. 2014, Romero-Gomez 

and Richmond, 2014). A statistically significant number of bat strike events needs to be simulated 

to determine bat carcass distribution patterns. 

The tracking code incorporates three different elements into the calculation. The CFD solution 

generated with SOWFA is read and for each particle, at each time step of the particle simulation, 

the fluid velocity at the particle position is interpolated both in time and space. Based on the 

provided rotation rates for the different surfaces in the domain (blades, hub, and nacelle), the 

position of each surface is also updated at each particle time step. Finally, the particles’ trajectory 

is integrated based on the external forces acting on it (drag, gravity) and those generated by the bat 

as it flies before the impact (thrust, estimated as equal in magnitude to the force needed to balance 

drag for a preset terminal velocity of advance for the bat), and lift to counteract the bat’s weight. 

After impact, these two “internal” forces disappear.

The bats are considered as particles that respond to the fluid and have their own thrust and lift 

forces to fly. The force balance on a bat is:

 p

P p p D P o p R T L

d
V pV V

dt
      

u
F g + F + F + F (3)

where the LHS term is the bat acceleration, the first term on the RHS is the force induced by fluid 

pressure gradients, and the third term on the RHS is the gravitational pull. TF  and LF represent the 

bat thrust and lift forces, respectively. RF  is a repulsive force to prevent the bats from hitting static 

or slowly moving surfaces, as this behavior is natural and well-studied. The drag force DF  can be 

obtained from:

3

4
o D

D p p

p

C

d


 F u u u u (4)
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where pd  is a characteristic size (a typical bat diameter). The drag coefficient 
DC  depends on the 

flow regime and particle shape. In this study, characteristic bat size and drag coefficient are used. 

Accounting for the particular bat shape during flight and after collision with a blade is proposed 

as future model improvement.  

The trajectory after impact with a blade is computed as an inelastic collision. In the inertial earth 

system the bat velocity before the collision is pu , and the blade moves with a velocity ,B  u ω r

where ω  is the rotational speed of the turbine rotor, and r  is the vector joining the rotor shaft with 

the impact point along the blade. Before the collision, the bat velocity in the blade system of 

reference is:

b p B v u u (5)

The collision point has an outward unit normal n . The normal and tangential components of the 

bat velocity before the impact are  bn b v v n n  and bt b bn v v v , respectively. The bat velocity 

after impact in the blade system of reference is: 

a bn bte v v v (6)

where e is the coefficient of restitution. In the earth reference frame the velocity is then: 

pa a B u v u (7) 

Upon impact, the particle trajectory is re-initialized, using the initial velocity after impact in 

Eq. (7) and a new trajectory is tracked using only external forces; the particle motion is tracked 

until it reaches the ground, where its position is recorded. An impact is considered to have occurred 

when a particle is within a pre-determined distance from a grid point defining a solid surface. This 

distance cannot be smaller than the distance between grid points, or otherwise particles can 

“pierce” through the surface. A more accurate estimation of the impact can thus be achieved by 

refining the surface grid as well as the impact distance parameter; however for the purposes of 

obtaining a distribution of carcasses around the turbine, further refining of the grids is not 

recommended given the associated increase in computational cost. 

In Eq. (3) an optional repulsive force field is used to try to deflect particles from static or 

slowly moving surfaces. The force is implemented as inversely proportional to the distance
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between the particle position px  and the position of control points ,CP ix , and only active when the 

particles are at a distance from a surface smaller than a predetermined search radius:

,

2

,

CP i p

R R
i

CP i p

C


 



x x

x x
F (8) 

where RC  is a repulsion coefficient.

4.2.2 Model Parameters

To calibrate the repulsive “behavioral” force in Eq. (8), cases for a stationary turbine were 

simulated. The solidity for this turbine is approximately 3.1%. Using a search radius of 1% of the 

turbine diameter, there are 4.1 % impacts (using 1000 randomly distributed particles upstream of 

the turbine) when no repulsive force is used, and as the strength of such force is increased, 

eventually this value is reduced to zero (see Figure 4-1). Changing the search radius decreases the 

initial number of impacting particles as the “effective” surface of the blades decreases, but 

eventually the decrease occurs due to piercing of the surface, as it becomes under-resolved by the 

grids defining it (see Figure 4-2). Further tests changing both grid density and search radius might 

be necessary to improve the base state. Figure 4-3 shows trajectories of some (approximately 40 

out of 1000 simulated) particles for 0.14RC   (0.6% impacts) and 0.2 (no impacts). 

A few other parameters presented in Eqs. 1 through 6 are required for modeling the bats as 

particles. Based on available literature values, different drag coefficient were used, ranging from 

DC  0.4 to 1.2 for dead bats. Previous to impact the average reported value of 0.8 was used for 

live bats. The restitution coefficient varies in the range e   0 to 1, but only 0.2, 0.5 and 0.8 were 

used in the preliminary simulations. Finally a density of 1000p   kg/m3 (equivalent to fresh 

water) was used to relate mass to diameter, assuming spherical particles.  
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Figure 4-1 Percentage of impacts as a function of strength of repulsive force.

Figure 4-2 Percentage of impacts as a function of search radius size. Black lines shows solidity; 

surface grid size is the same for all cases.
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Figure 4-3 Particle trajectories, stationary surfaces, for CR = 0.14 (0.6% impacts) and 0.2 (no 

impacts).

5 ESTIMATION OF DRAG COEFFICIENT AND COEFFICIENT OF RESTITUTION

As discussed in Section 3.2, the drag coefficient (Cd) and coefficient of restitution (e) are 

important factors required for modeling the distances that bat carcasses will travel after getting hit 

by wind turbine blades. The physical characteristics of bats mentioned in Table 3.1 are based on 

the limited published information available, in all cases for flying bats. In order to perform initial 

simulations, a range of Cd and e values (Table 3.1) were used for all flying bats species. Cd and e

are dependent upon the mass, dimensions, and structural characteristics of the bat. For modeling 

the post-collision distances traversed by bat carcasses, a reliable estimate of Cd and e for individual 

species that takes into account size, shape and mass of the carcasses are needed. 

Experiments were performed on July 21, 2016 at Macksburg wind farm, near Macksburg, 

IA, to estimate Cd and e for freshly discovered bat carcasses. Bat carcasses were searched on the 

day of the experiment and three bats of different species were found, an Eastern Red Bat, a Hoary 

Bat, and an Evening Bat.
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5.1 Drag Coefficient Cd

The bat carcass mass and body dimensions were measured (Table 3.2). To determine Cd, 

the carcasses were dropped from a height of approximately 8 m. A high-speed camera was 

employed for recording the experiments. The carcass fell in front of a wall with distance markings 

taped over a distance of 4.5 m, which was used to calibrate the distance occupied in a single pixel 

of the captured video images, which was 7.1 mm (Figure 5-1). 

Figure 5-1 Experimental setup to measure the carcass drag coefficients.

Marked

Wall

4.5 m

Dropping bat carcass
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The frames with the images obtained from the recordings were used to determine the 

displacement (y) over time (t) for each experiment. The temporal resolution was 0.004 sec. The

bat velocity pu at a given time was calculated using backward differences of the position

measurements. For each species at least two experiments were performed and recorded. From a 

plot of velocity against time, it was found that the terminal velocity was not achieved for any of 

the experiments.  

Eq. (3) applied to a carcass in a quiescent fluid results:

21

2

p

o D p

d
m m C A

dt
 

u
g u (9)

where m is the mass and A is the projected frontal area of the carcass. Eq. (9) can be discretized 

using the first-order Euler’s method, resulting 


21 1

2
t t t
p p o D p

t
t C A

m
 

  u u g u (10)

Cd and the initial velocity 0
pu are adjusted to obtain the best fit of Eq. (10) to the experimental 

data. Bat orientation, and corresponding projected area, are changing during the fall. For this study, 

the projected area is assumed to have an elliptical shape. The Reynolds number (�� = ��/�, with 

� the bat diameter and � the air viscosity), from which Cd depends, is calculated for a range of 

velocities measured during the experiments and for the range of carcass dimensions. The results 

are summarized in Table 5.1. 

Table 5-1 Bat Physical Properties

Species 

Name

Mass (g) Lengths 

(cm)

Projected 

Area (m2)

Re (larger 

length)

Re (smaller 

length)

Evening Bat 1.5 1.905, 3.81 5.70 × 10-4 1×104-2×104 5×103-1×104

Eastern Red 

Bat

9.7 2.54, 5.08 1.01 × 10-3 2.5×104-4×104 1.2×104-2×104

Hoary Bat 24.1 3.81, 7.62 2.28 × 10-3 3.5×104-5.5×104 1.7×104-2.7×104
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The estimated range for Cd is based on fitting Eq. (10) for two drop experiments for each 

bat species, assuming constant Cd, and varying the fitted model from -10% to +10% of the 

minimum error of the best fit curve. The associated range for Cd between the two experiments is 

reported in Table 5.2. 

Table 5-2 Drag Coefficient (Cd) range for different bat species

Species Name Cd

Evening Bat 0.76 – 0.96 0.76 – 0.96 

Eastern Red Bat 0.330.33 - 0.60 

Hoary Bat 0.43 – 0.69 0.43 – 0.69 

The method used to calculate Cd assumes that the drag coefficient is constant in the range 

of measured speeds. However, Cd is a function of Re (see Figure 5-2 for typical values for some 

three-dimensional bodies). For the range of experimental conditions and sizes of bat carcasses in 

this study, Re lies between 5 × 103 and 6 × 104, thus the assumption of constant Cd is valid. 

Figure 5-2 Cd vs Re for different shapes (From F. M. White, Fluid Mechanics, Chapter 7, 7th 

Edition).
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5.2 Coefficient of Restitution e

The coefficient of restitution (e) is defined as the ratio of relative velocity after to relative 

velocity before collision of one object with another. It is an important parameter used in the 

modeling to determine how a bat carcass will “bounce” off a turbine blade after collision. To 

calculate e, bat carcasses were accelerated toward a thick rectangular metal plate, and video 

recorded using the high-speed camera, similar to the free-fall experiments. From the images, 

velocities just before and after the collision were estimated. The following table summarizes the 

coefficients of restitution for each bat species.

Table 5-3 Coefficient of Restitution (e) Range for Different Bat Species

Species Name Coefficient of Restitution Approximate impact velocity (m/s)

Evening Bat 0.11 15 

Eastern Red Bat 0.023 17 

Hoary Bat 0.1 17 

It should be noted that for the Eastern Red Bat the carcass was partially decayed, which 

possibly led to an unrealistic small estimate of the coefficient of restitution e. The approximate 

impact velocity for the experiments to estimate e was between 15 – 17 m/s, which are on the same 

order as bats that hit the inner radius of the rotor, but may not be representative of impacts on the 

outer part of the rotor. 

For Hoary and Evening Bats, the estimated coefficient of restitution is roughly the same, 

approximately 0.1. 

6 SIMULATION OF BAT TRAJECTORIES FOR A TYPICAL TURBINE OPERATION

6.1 Simulation Conditions 

The wind speed for highest bat activity increases the likelihood of bats colliding with turbines. 

Bats are generally most active in the evening when wind speeds are relatively low, often below 7 

m/s. Turbines operate between a cut-in wind speed and maximum cut-out speed. Based on
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observations and following MEC suggestion, the simulations were run for a wind speed of 5 m/s, 

which provides a high likelihood that bats will be active while turbines are operational. 

An analysis was performed for a Siemens 2.3 MW turbine operating at a wind speed of 5 m/s 

in speed control mode. Since geometric data for the Siemens turbine is proprietary and unavailable, 

an NREL 5 MW turbine was scaled to match the main characteristics of the Siemens turbine. 

Notice that this is an approximation, even though turbine radius, RPM and power are matched, 

because the turbine blades are not geometrically similar, and the operational pitch will likely be 

different as well. 

The turbine consists of 3 blades with 54 m tip radius and hub radius 1.5 m. Blades were 

discretized with 64 spanwise points. Overhang is 5.01910 m and tower height is 80 m. 

6.1.1 Operational Curve for Siemens Wind Turbines 

The operational curve of a wind turbine is a plot that indicates the output power at different 

wind speeds. Using SCADA data from MEC wind turbines, the RPM for the most probable wind 

speed at which bats are detected more frequently was determined. The wind speed and RPM data 

from the Lundgren wind farm was used for developing the operational curve of the wind turbines. 

Lundgren wind farm has 107 Siemens SWT-2.3-108 turbines, each with a nameplate capacity of 

2.346 MW. The rotor diameter of the turbines is 108 m and turbine hub height is 80 m.  

The wind speed and RPM data were provided in the form of an irregular time series. Linear 

interpolation at the interval of 10 seconds was used to convert the irregular series into the regularly 

spaced time series. Autocorrelation analysis of the time series yielded the integral time scale of 

approximately 2 minutes for RPM and 40 seconds for the wind speed. The cross correlation 

analysis of the interpolated RPM and wind speed time series revealed the highest correlation 

between the two series at a time lag of 20 seconds, which indicates that the turbine controller 

updates the rotation speed of the turbine at approximately 20 second interval on average. 

The data was then post processed to remove large gaps in the raw time series. Based on cross 

correlation analysis, a 20 second moving average time series for wind speed and RPM was 

calculated. The interpolated RPM data was then removed for gaps greater than 20 seconds over 

the time frame for which gaps exist in the raw data. Similarly, the time filtered wind speed data 

was removed for missing data in the raw series with gaps greater than 10 seconds. After, post 

processing the data, RPM values less than 5 were removed as these were mostly erroneous and 
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likely the turbine does not operate in this range. Finally 10 seconds interpolated data followed by 

20 second moving average for wind speed and RPM with further removing large data gaps and 

data with RPM <5, is used for deriving the operational curve (Figure 6-1). 

Geographical coordinates of the turbines are used for detecting the turbines located at the edge 

of the wind farm as these turbines have the best quality data because they are rarely in the wake of 

other turbines. In Lundgren wind farm, turbines T006, T007, T008, T129 and T130 were identified 

as turbines that experience winds not frequently affected by upwind turbines. The operational 

curve equation for each of these turbines obtained using the methodology outlined above, was very 

similar. Therefore, the data from these turbines were combined for plotting the operational curve. 

The relationship between RPM and wind speed, for RPM values between 5 and 14, can be 

represented by a linear model. To fit the linear model, the mean and standard deviation of the wind 

speeds at each of the individual RPM (5-14) was calculated. Then, using least square regression, 

a linear model is fitted between mean wind speed values and corresponding RPM (Figure 6-1). 

The best fit line is described by the following equation: 

RPM = 0.2 +1.7(WS ) (11) 

where WS represents the wind speed. Cryan et al. (2014) suggested that bats are observed more 

frequently at lower wind speeds and most fatalities occur during late summer and autumn at 

average wind speed of 5-6 m/s. Arnett et al. (2008) also mentioned that bat fatalities are highest 

on nights with low wind speeds less than 6 m/s. Based on these findings, simulations were run at 

wind speed of 5 m/s. From, the best-fit line describing the turbine operation, the RPM value for 5 

m/s wind speed is 8.7. 
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Figure 6-1 Siemens 2.3 MW operation curve based on SCADA data. 

6.2 Numerical Domain 

Figure 6-2 shows a schematic of the numerical domain and boundary conditions. The domain 

is 26 R long (with R the tip radius) and 3 R in height from the rotor hub. The turbine is located 6 

R downstream from the inlet. The tower was not included or modeled in the CFD component of 

this study.

Figure 6-2  Numerical domain and boundary conditions.

R
P
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The boundary conditions used were: 

Inlet (west boundary condition in SOWFA): Dirichlet boundary condition (constant value) for 

velocity, k and epsilon. Zero gradient for pressure. 

Outlet (east boundary condition in SOWFA): inlet-outlet condition (zero gradient if outlet, zero 

quantity if inlet) for velocity, k and epsilon. Zero gradient for pressure. 

Bottom: wall non-slip condition for velocity, and wall law for k and epsilon k. Zero gradient for 

pressure. 

Top: slip condition (zero shear stress) for velocity. Zero gradient for pressure. 

6.3 CFD Grid 

The grid, consisting on hexahedral blocks, was generated using the blockMesh utility of 

OpenFOAM. The x-direction is aligned with the flow and z-direction upwards as required by 

SOWFA. A Cartesian block was first generated using (195x90x90) nodes in the (x,y,z) directions. 

The grid was then refined 4R around the turbine, dividing grid elements in half in each direction 

using the OpenFOAM utility refineMesh. The final grid, shown in Figure 6-3 , contains 5.4 106

cells.  

Figure 6-3 Numerical grid.
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6.4 Flow Field around the Turbine 

The model was run for 250 s (37 rotor revolutions) and the last 2.2 s (1/3 rotation) were saved 

and used to perform the particle simulations. Figure 6-4 shows the velocity magnitude deficit in 

the wake predicted with SOWFA at 250 s. The wake shape predicted with the model is consistent 

with similar simulations using SOWFA found in the literature (Oggiano 2014). High velocity 

deficit are predicted behind the rotor. Further downstream in the wake the region of low velocities 

diminishes as the wake expands. The maximum and average velocity deficit at 1 R downstream of 

the turbine were 0.57 and 0.37, respectively. 

Figure 6-4  Velocity distribution around the turbine predicted with SOWFA.

6.5 Bat Trajectories and Carcass Distribution 

As a preliminary evaluation of the sensitivity of the model described in §4.2 to the simulation 

parameters, particles with typical properties of Indiana and Hoary bats were studied. These species 

were selected because they are on the boundaries of the size spectrum of bats of interest, with the 

Indiana bat very small (approximately 8 g in weight) and the Hoary bat large (around 28 g in 
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weight). Table 6-1 shows parameters used in the example computations. The flow solutions 

presented in §6.4 were used.  

Live bats are injected flying towards the turbine in any direction, and interact with the rotating 

blades when they reach the rotor plane. Though possibly very important, at this time effects of 

turbulence and bat behavior on trajectories are neglected. Turbulence modeling will be added in 

future simulations, while accepted bat behavior models can also be implemented if available.

Table 6-1 Bat Species and Parameters Analyzed 

Species Weight (g) Speed (m/s, 
relative to 

wind)

Drag 
Coefficient 

live/dead (
DC )

Restitution 
Coefficient

Repulsion 
Coefficient 

( RC )

Indiana bat 5, 8, 11 0,2.4,4.8 0.8/0.4-1.2 0.2, 0.5, 0.8 0.2

Hoary bat 28 7.0 0.8/0.8 0.5 0.2

Figure 6-5  shows some example trajectories of Indiana bats that are hit by the blades as they 

travel with the wind head on into the turbine at a relative velocity of 4.8 m/s. Results confirm the 

expected outcome of less bouncing off the blades with smaller restitution coefficient, and more 

straight-down trajectories with higher drag coefficient. 

Figure 6-5 Trajectories of Indiana bats flying with relative velocity of 4.8 m/s with 

0.4, 0.8DC e   (left) and 1.2, 0.2DC e   (right).
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The effects of the flying speed on carcass distribution for 8 g Indiana bats are shown in Figure 

6-6, Figure 6-7 and Figure 6-8. Results are displayed in normalized distributions in space, with the 

wind direction from left to right. Bats are counted in squares 16.6 m in side. As the bat velocity 

decreases, the exposure time to the turbine blades increases and the impact probability increases 

from 12.8% at 4.8 m/s relative velocity to the wind (9.8 m/s relative velocity to the turbine), to 

22.5% at 0 m/s (5 m/s relative to the turbine). 

An increase in restitution coefficient results in bats falling further away from the turbine, 

while an increase in drag coefficient results in bat carcasses concentrating closer to the tower. In 

the worst condition, bats can be found as far as 200 m away from the turbine, but in all cases over 

90% of the bats are found within 100 m from the tower.

Figure 6-6 Bat carcass distribution for Indiana bats flying with the wind into the turbine with 

relative velocity of 4.8 m/s.
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Figure 6-7 Bat carcass distribution for Indiana bats flying with the wind into the turbine with 

relative velocity of 2.4 m/ (right) and spatial and cumulative distribution as a function of the 

distance to the tower (left). 

Figure 6-8 Bat carcass distribution for Indiana bats flying with the wind into the turbine with 

relative velocity of 0 m/s.
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The effect of bat mass and migration direction with respect to wind direction is shown in 

Figure 6-9, where the wind direction is left to right. Because the relative velocity of the bats is 4.8 

m/s, when flying against the wind bats can only approach the turbine if they are inside the wake, 

where the velocity is lower. The low relative velocity with the turbine results in a very high impact 

rate of approximately 33%, and the bats spread on a much wider pattern than when flying with the 

wind. It is interesting to note that heavier bats exhibit narrower distributions when flying with the 

wind, and wider when flying against the wind. 

The Hoary bats are modeled with a mass of 28 g and a relative velocity of 7 m/s. Carcass 

distribution is shown in Figure 6-10 , which shows that the distributions skew in the direction of 

flight of the bats by about 30 m. It is also clear that very few of these heavier bats fall beyond 100 

m from the tower.
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Figure 6-9 Bat carcass distribution for Indiana bats flying with the wind (left) and against the wind 

(right) for masses of 5 g (top), 8 g (center) and 11 g (bottom).
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Figure 6-10 Bat carcass distribution for 28 g Hoary bats flying from different directions respect to 

the turbine at 7 m/s relative to the wind.

Figure 6-11 shows the number of impacts as a function of the direction of incidence of the 

bats, for the upper and lower halves of the rotor. The impact is maximum when flying against the 

wind (180 degrees), and is minimum when bats approach from approximately 45 degrees in the 

half below the hub, and when approaching from 315 degree (-45 degrees) in the half above the 

hub. The bats hit by the blades below hub height fall closer to the tower than those hit above the 

hub, as expected, and also are thrown in the direction of motion of the blades.  
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Figure 6-11 Impacts (top) and carcass distributions for bats hitting the rotor below hub height 

(bottom left) and above hub height (bottom right) for 28 g Hoary bats flying at 7 m/s relative to the 

wind.

6.6 Other Aerodynamic Effects 

Results presented in previous sections highlighted the methodology and parametric 

dependence of the results on particles characteristics, such as mass, speed, restitution and drag 

coefficients. A second set of parameters, related to the aerodynamic problem were also studied to 

determine their relative importance on the results. Variables considered are incoming velocity 

profile, flow turbulence and turbine rotational speed. The effect of the different parameters was
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studied separately. Turbulent fluctuations were considered only in conjunction with a non-uniform 

incoming profile.

6.6.1 Effects of Flow Variability.

In the previous section, uniform incoming flow quantities were used. This idealized 

situation is far from actual conditions in the field, characterized by intermittency (gusts) of the 

incoming wind, both in mean value as a whole and by localized temporal and spatial fluctuations 

typical of the atmospheric boundary layer (ABL). While this idealization might appear unrealistic, 

it is important to consider that the interaction time of the carcass, between blade and ground 

impacts, is relatively short compared to typical scales of the ABL and therefore using a uniform 

incoming velocity provides a reasonable estimate of the typical distribution to be found at a given 

mean wind speed. 

The first effect considered is the inclusion of a dependence of the mean flow with the 

vertical coordinate. A standard logarithmic profile was chosen. This profile is fully determined 

using two parameters, such as roughness and free stream speed, or roughness and velocity at a 

given height. In our case, the velocity at hub height H was set to be equal to the required uniform 

velocity, and roughness height z0 appropriate for cropland was used. The expression used is then 

0

0

ln( / )
( ) ( )

ln( / )

z z
U z U H

H z
 (12)

The profile is shown in Figure 6-12. The variation is most important near the ground where 

the effect on falling particles is less important; for the region affected by the turbine, the profile is, 

within good approximation, linear. The changes in ground distribution of the particles are much 

less important that changes previously observed with other parameters, such as bat coefficients. 

Changes in distribution due to the mean velocity profile chosen, compared to results for uniform 

inlet velocity are shown in Figure 6-13 for a single set of particle parameters (up = 4.8 m/s; m = 8 

g; CD =0.4, e=0.2).
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Figure 6-12 Incoming logarithmic velocity profile

Figure 6-13 Histogram and cumulative as a function of the distance to the tower, for uniform 

incoming velocity (blue), logarithmic profile (orange) and logarithmic profile with random 

fluctuation superimposed to mean profile (green).
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Figure 6-13 also shows a second improvement to the model, which is the simulation of 

fluctuations of the flow field due to turbulence. Different numerical models can be used to resolve 

the different scales of the flow field, with a corresponding increase in model complexity and 

computational requirements. The present model uses a Reynolds-averaged approach to turbulence 

modeling, which in practice means that only the mean and the lowest frequencies/larger amplitude 

fluctuations can be captured, while all other scales are represented by two turbulent scalar 

quantities, the turbulent kinetic energy (k) and the dissipation rate of k (). Figure 6-14 shows 

typical maps of these quantities for a simulation with a logarithmic profile inlet. Scaling estimates 

of velocity fluctuation 'u  and duration 
LT can be obtained as:

2' ~
3

u u u k  (13) 

0.3L
kT


 (14)

Figure 6-15 shows distribution of both the time scale and fluctuation level as percentage 

of the mean velocity. It is easy to see that effects are modest in the free stream, where fluctuations 

are small, and the time scale is fairly large. Regions of high turbulence, typically the wake have 

larger fluctuations, and smaller timescales. 

Finally, as part of the particle tracking model, synthetic fluctuations are created based on 

this scaling. For this particular application a random distribution ri = [0,1] is used to assign a 

fluctuation intensity and duration (��) based on the particle location while integrating fluid forces 

on the particle:

 logs L iT r  (15) 

  2' 2 1
3iu r k  (16) 

In the model, the fluctuation magnitude is maintained over as many time steps are 

necessary to reach the burst duration calculated; only then a new duration and magnitude are 

computed. Results shown in Figure 6-13 support the use of the simpler uniform inlet profile 

approach, as effects of turbulence are secondary to other uncertainty in the simulation. 
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Figure 6-14 Turbulent kinetic energy (k, left) and dissipation rate (e, right) for logarithmic profile 

incoming velocity. Turbine rotor center is located at (x,z) = (0,0) in plots.

Figure 6-15 Fluctuation intensity as a function of the local velocity (left) and integral timescale 

(right) for logarithmic profile incoming velocity. Turbine rotor center is located at (x,z) = (0,0) in 

plots.

6.6.2 Effects of Turbine Rotational Speed 

The final variable considered was the rotational speed of the turbine. As shown in Figure 

6-1, wind turbines in the field do not strictly follow their power curve, but rather operate in a 

broader region, due to their limited ability to react to varying incoming wind conditions. From the
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available SCADA data, the mean and standard deviation of the rotational speed were calculated 

for wind conditions around 5 m/s. The mean speed observed was 9.64 rpm, and the standard 

deviation 1.36 rpm. These values were used to simulate three representative turbine operations for 

low, mean and high rotational speed for the prescribed incoming wind. Figure 6-16 shows the 

results for the three cases. As expected, the higher the rotational speed, the further the carcasses 

are found, as their initial velocity, as imposed during impact with the blade is larger. The total 

number of bats impacted also increases slightly. 

Figure 6-16 Histogram and cumulative as a function of the distance to the tower, for 8.25 RPM 

(blue), 9.64 RPM (orange) and 11.0 RPM (green).

7 COMPARISON AGAINST FIELD DATA

Data from two field survey campaigns (2015 and 2016) were available for comparison to 

simulations. For the first campaign only access roads and clear areas around the turbine (pads) 

were surveyed. The second campaign added square plots around turbines for selected locations. 

Two sizes of plots were considered, one 60 m on the side, and the other with 200 m.  
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7.1 2015 Survey 

In 2015 bat carcass surveys were conducted around 99 turbines at Lundgren and 47 turbines 

at Macksburg wind farms (92% of the total number of turbines), operated in Iowa by MEC. Carcass 

surveys were conducted at access roads and pads around the turbines to a distance of approximately 

100 m for both wind farms. For Lundgren, bat carcass surveys started on 14th April 2015 and ended 

on 26th October 2015. For Macksburg, the survey started on 11th May 2015 and finished on 13th

October 2015. The survey frequency at individual turbines was generally between 1-8 days at both 

wind farms. The cumulative carcass count was 290 for Lundgren and 140 for Macksburg for the 

survey period. The majority of bat species found in 2015 include Eastern Red bats, Hoary bats, 

Little Brown bats and Silver Haired bats. 

Figure 7-1 shows the radial distribution along with the cumulative histogram displaying the 

number of bat carcasses for turbines searched at Lundgren and Macksburg wind farms. Most of 

the bat carcasses fall within 100 m of the turbine tower. There are few instances of bat carcasses 

falling beyond 80 m from the tower, and include Hoary, Eastern Red and Little Brown Bats. Some 

of the carcasses were reported as having been scavenged and some of them were found to be intact. 

About 50% of the bat carcasses were found within a distance of 10 m. 

The spatial distribution of bat carcasses is shown in Figure 7-2, with (0,0) located at the 

turbine tower. There is a clear pattern of carcasses found along the access roads, which corresponds 

to the North-South and East-West axes in Lundgren. 
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Figure 7-1 Histogram (top) and cumulative (bottom) as a function of the distance to the tower for 

all bat species at Lundgren and Macksburg wind farms for the 2015 survey.

Data from the numerical model shown in Figure 6-10 was used to correct the survey data from 

Lundgren from a limited search area (pads plus access roads) to a full circular search area within 

a 100 m radius from the tower. The radius of the pad and width of the access road were estimated 

for a typical Lundgren turbine, shown in Figure 7-3 from Google Maps. The correction performed 

considers that the number of carcasses found within a distance r and  r r  from the tower is 

proportional to the ratio between the circumferential area 2 r r  and the local searched area, with
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the search area computed as 2 r r   within the pad and 5 r  along the access road. In this study, 

2r   m was adopted for the integration. Since the original number of bats injected in the 

simulation was arbitrary, the number of bats impacted was scaled so the total number found in the 

access road matches the 292 bats found in Lundgren.  

Figure 7-2 Spatial distribution of all bat carcasses found in surveys conducted at Lundgren and 

Macksburg wind farms in 2015.
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Figure 7-3 Typical Lundgren pad and access road.

Histograms showing survey and model results are shown in Figure 7-4 and Figure 7-5 . Figure 

7-4  shows the number of bats found in the pad and access road, while Figure 7-5  shows the total 

number of bat carcasses that should have been found if the search area had covered the whole 

circular area with the same collection efficiency. 

The correction procedure concludes that a full search would have found 7107 carcasses at 

Lundgren, of which 292 fell within the pad and access road. The model predicts 6976 bats total, 

of which 292 fall in the search area. Same comparison shows 140 bats for the search area at 

Macksburg, for both data and model and a corrected value of 1942 carcasses, compared to a 

predicted value of 3346. It is important to note that there is significant uncertainty with bats falling 

farther out from the turbine, where the correction factor is very large. Different bat species and 

behavioral assumptions will likely change results considerably.
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Figure 7-4 Measured and predicted histograms for the search area (pad+road) for Lundgren (top) 

and Macksburg (bottom) for 2015 survey.
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Figure 7-5 Measured and predicted histograms for the total circumferential area for Lundgren 

(top) and Macksburg data (bottom) for 2015 survey. 

7.2 2016 Survey 

In 2016, bat carcass surveys were conducted at all wind turbines at Lundgren (107 turbines) 

and Macksburg (51 turbines), operated in Iowa by MEC. For surveying, turbines at the two wind 

farms were divided into four groups: road/pad-only searches, and searches in cleared square plots 

of sizes 60 × 60 m, 100 × 100 m and 200 × 200 m, respectively. Table 7-1 shows the number of 

turbines in each group.
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Table 7-1 Total Number of Turbines in each Group

Facility 60 × 60 m 100 × 100 m 200 × 200 m  Road/Pad # turbines

Lundgren 11 0 10 86 107 

Macksburg 0 0 10 41 51 

The survey started on 15th July 2016 and ended on 14th November 2016. The cumulative 

carcass count was 254 at Lundgren and 129 at Macksburg during the survey period. The majority 

of bat species found in 2016 include Hoary, Eastern Red, Evening and Big Brown Bats. Figure 7-6 

and Figure 7-7 show radial distributions and cumulative histograms for Lundgren and Macksburg 

farms for searches at road/pads and cleared square plots, respectively. Four bat carcasses were 

found at distances greater than 80 m for the turbines that were searched for road and pads, two 

Eastern Red Bats, one Hoary Bat and one unidentified. The Hoary Bat and one Eastern Red Bat 

were reported as scavenged while the other Eastern Red Bats was intact. It is important to notice 

that both Hoary Bat (Heavy species, high Cd) as well as Eastern Red Bat (light species, low Cd) 

show up in the tail of the distribution as was the case in 2015. For square plots (Figure 7-7), bat 

carcass were found no farther than 80 m from the tower. 

Figure 7-8 compares the cumulative distribution function (CDF) for road/pad and square 

plots searches. The percentage of bat carcasses landing within 10 m from the tower for the road/pad 

and square searches is 65% and 42%, respectively. It is interesting that the number of bat carcasses 

found in the first 40 m from the tower was larger for road and pads than for squared plots searches.
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Figure 7-6 Histogram (top) and cumulative (bottom) as a function of the distance to the tower for 

all bat species at roads/pads in Lundgren and Macksburg wind farms for 2016 survey.
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Figure 7-7 Histogram (top) and cumulative (bottom) as a function of the distance to the tower for 

all bat species at square plots in Lundgren and Macksburg wind farms for 2016 survey.
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 Figure 7-8  CDF comparison between Road/Pad and Square plots 

7.3 2015 and 2016 Survey Data Comparison 

Figure 7-9 and Figure 7-10 show the CDF and spatial carcass distribution in the 2015 and 

2016 surveys along roads and pads. As expected, the carcass distribution in both surveys is similar, 

but in 2016 more carcasses were found in the immediate vicinity of the turbine. This similarity 

builds confidence in the field data collected from roads and pads.

Figure 7-9  CDF comparison between 2015 and 2016 surveys
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Figure 7-10  Carcass distribution in 2015 (top) and 2016 (bottom) surveys
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7.4 Comparison of Survey Data with Simulation Results 

129 carcasses (about 33% of the total) were found for turbines with survey plots, however 

a significant number of those carcasses were recovered from locations close to the tower where 

conditions are likely similar to those for turbines where the search area was only pad and road. 

Data provided shows that half of the carcasses from the 200m × 200m plots from Lundgren would 

not have been found using a 60m × 60m plot, but only 10% (6 out of 60) would not have been 

found with the smaller plot at Macksburg. The total number of carcasses in the extended area from 

60m × 60m to 200m × 200m is 20, or 15% of the carcasses from turbines with search plots. 

Therefore, data from the two types of survey plots are combined to improve the quality of the 

dataset, which is fully valid up to a radius of 42m, and has higher uncertainty, due to the reduced 

number of turbines sampled, for larger radii. 

Data for turbines in the roads and pads only subset were analyzed first. Following the same 

procedure described for the 2015 survey, Figure 7-11 through Figure 7-12 show respectively the 

radial distributions for the raw data and comparison to modeled data for each wind farm. As it was 

detailed for the 2015 survey analysis, the simulations were scaled to have the same number of 

carcasses found on the search areas surveyed. The corrected data, following the procedure detailed 

previously, shows a much better agreement between model and data for Lundgren than for 

Macksburg, but overall worse agreement than for 2015. The model over predicts the number of 

carcasses found by 30% for Lundgren (2840 to 3770), yet still predicts correctly that the peak 

distribution occurs at a distance of about 50 m. The prediction from Macksburg is about 2.5 times 

larger than the corrected field data (853 to 2292). No clear peak in the distribution is observed. In 

both cases the model over predicts the quantity of carcasses at larger radii, contributing to the 

larger differences observed compared to 2015. This is not surprising as the distributions from 2016 

are heavily shifted towards smaller radii. Compared to the data from 2015, a larger number of bats 

were found near the turbine: for 2015, 48% and 58% of the carcasses were found within 10 m of 

the tower, while that quantity is 61% and 71% for 2016 for Lundgren and Macksburg, respectively. 

The ratio for the model data is 46% (these quantities referred to the search area of pads and roads). 

These differences can be attributed to a large number of variables, including differences in wind 

speed conditions and bat properties, as well as changes in search efficiency. Unfortunately the 

available data cannot provide a definite answer to explain such differences due to the low number 

of bats found further away from the turbine towers and the resulting poor statistics. In general the
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parameters used in the simulation (considering both aerodynamics conditions, as well as particles 

parameters) appear more appropriate to conditions at the Lundgren wind farm.  

Figure 7-11  Lundgren and Macksburg data for 2016 campaign (pad and road turbines only).
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Figure 7-12  Measured and predicted radial distributions at pads and roads for Lundgren (top) and 

Macksburg  (bottom) for 2016 survey.
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Figure 7-13  Histograms for the total circumferential area including corrected Lundgren data (top), 

Macksburg data (bottom) and model predictions for each case, for 2016 survey.

The 2016 campaign also includes data over the complete area surrounding the turbines up 

to 30 to 100 meters away from the tower. The data has the advantage of not requiring correction 

for areas not searched, as needed for data from access roads, but has a considerably smaller search 

efficiency than the roads and pads have. Comparing the circumferential data to model results 

requires assumptions regarding the search efficiency that were not considered for roads and pads 

(unit efficiency was consider for those cases). A possible way to estimate the search efficiency is 
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to consider that all turbine searches have similar efficiency near the tower (in the turbine tower 

pad). Figure 7-14 compares the distribution of carcasses up to 10 m from the tower. The values 

from the “Pad and roads” group only have been scaled down to have the same total number of 

carcasses as the “Square plots” group. The scaling factor used is 3.05, as 174 carcasses were found 

in the first group and 57 in the second. Another possible scaling, independent of the carcasses 

found would be simply to divide by the number of turbines in each group. That factor would be 

about 3.5 which is roughly comparable with the one used. 

Using this scaling factor, geometrically corrected values for “Pad and Roads” turbine group 

can be compared to “Square plots” data. The result of the comparison is shown in Figure 7-15. 

The ratio of the number of carcasses found for each distance gives an estimate of the relative search 

efficiency for square plots compared to access roads (Figure 7-16). Values found vary from about 

40% close to the tower (r<30m) to about 10% for larger distances. These results are similar to 

estimates of relative searcher efficiency from the field. Based on the uncertainty of the actual 

search efficiencies for the search plots, and the relatively small number of carcasses found 

compared to those on access roads, no further comparison is done to model quantities based on 

these data.

Figure 7-14  Combined Lundgren and Macksburg data for 2016 campaign near the turbine tower. 

“Pad and access road” turbine group data have been scaled by a factor of 3.05 for comparison to 

data from “Square plots” turbine group.
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Figure 7-15  Combined Lundgren and Macksburg data for 2016 campaign (all distances). “Pad and 

access road” turbine group data have been geometrically corrected, and scaled by a factor of 3.05 

for comparison to data from “Square plots” turbine group.

Figure 7-16  Combined Lundgren and Macksburg data for 2016 campaign Relative search 

efficiency between “Pad and access road” turbine group (geometrically corrected and scaled by a 

factor of 3.05 for comparison) to “Square plots” turbine group.
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8 CONCLUSIONS AND FUTURE WORK

Summary results from simulations using the CFD-Lagrangian modeling approach for typical 

conditions when bats may be impacted by wind turbines are as follows: 

 For all the simulation cases discussed above, 90% of the bats fall within 100 m of 

turbine tower. 

 Bats flying faster have lower probability of being struck by a wind turbine, and their 

carcasses distributed more closely around the turbine.  

 Heavier bat carcasses are concentrated closer to the turbine compared to the lighter 

ones.  

 Lower values of carcass drag coefficient and higher restitution coefficient values 

results in more extensive carcass distributions.  

 Flying against the wind, approaching the turbine from behind, greatly increases the 

probability of impact and in distributions covering a larger area. 

 Bats hit on the lower half of the rotor fall closer to the tower than those hit on the 

upper half. 

Assumptions were made regarding various parameters in the bat model and in the context of 

movement of bats approaching the turbine. Additional effort should focus on refining the 

assumptions to develop a robust model that can reliably generate the spatial distribution of bat 

carcasses for different turbine features, bat physical and behavioral characteristics, as well as 

varying meteorological conditions. 

 The drag (Cd) and restitution (e) coefficients were assumed constant for each species, as 

obtained from the field data presented in Section 5. This is an approximation since it is known that 

the drag coefficient will depend on size and speed of the bat. If available, a wider sample of bats 

could be used to determine more accurate values to use in the future. 

Turbulence was added in the CFD model and one condition was tested. While the effects 

observed were secondary to other parameters, turbulence may still affect the behavior of bat flight, 

impact probability, and may affect the fall distribution of bat carcasses. Turbulence also adds a 

random motion characteristic to the bat flight, as has been reported in the field. The simulated 

conditions considered fairly low levels of incoming turbulence, and actual field conditions can 
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occur with stronger levels. However, at this point, turbulent effects are not considered as critical 

as other uncertainties in the model. 

Wind turbine blade rotational speed was shown to have a more significant effect on carcass 

distribution. At the current level of effort, using a constant rotational speed and steady wind is 

appropriate; however combining field data regarding wind and operational conditions, likely to 

have been prevalent during bat impact, will require the simulation of more conditions to better 

assess the probable conditions during impact and the consequences in carcass distributions. 

Ideally, a full range of wind velocity and rotational speed conditions would be simulated to 

generate results that could be used to better determine probabilities of carcasses location, which 

would allow for a better comparison against specific field conditions.  

A uniform distribution of bats was assumed to approach the turbine. Different bat species 

exhibit different behavior and migrate at different preferential altitudes. Implementing migration 

altitude information in the bat model will result in bats striking the rotor above the hub or below 

the hub, which may further change the carcass distribution predictions. 

Regardless of the simple approximations used for the bat properties and the lack of behavioral 

models (other than the well documented ability to avoid static objects) and turbulence, the model 

performed remarkably well when compared with data from the 2015 and 2016 surveys at 

Lundgren, a fairly well when compared to Macksburg data. Figure 7-3 shows that distribution of 

points at Lundgren (due to the location of access road at this facility) covers the different regions 

around the turbine better than at Macksburg, which can explain the better agreement with the 

model. Full search of the area around the turbine produced much lower numbers than expected, 

and the comparison of the model with this data was less useful than comparisons with data from 

access roads.  

Given the low search efficiency in plots, the possible correlation between geometrical 

distribution of data in the two wind farms and their match to model conditions, and general 

remaining questions regarding azimuthal distribution (anisotropy), it is recommended that if 

further field campaigns were considered, strips of high visibility material similar to those for the 

access road are used around selected turbines (in patterns of 4 or 8 rays) to conclusively determine 

angular distributions around a turbine that can be better correlated to wind conditions and turbine 

operation. While such arrangement will have a setup cost, it would greatly reduce the time required 

to search, as well as increase the search success rate. 
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Future work can be focused on two areas. The first is using the model to correct limited area 

field data and compute total mortality rates. This will require tuning the parameters to specific 

prevalent wind and operational conditions to properly predict the spatial distribution of the 

carcasses and allow the model to extrapolate field data limited, for instance, to roads and pads. 

The second area is to add behavioral models, based on observations and field data, to improve 

the model to a predictive impact model. Such a model would be able to predict what is the 

probability of a bat flying near the turbine to be hit by a blade, and can thus be used to evaluate 

mitigation measures.
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	Executive Summary
	A numerical model is developed to simulate the interaction of bats with an operational utility-scale wind turbine. The model can predict instances where bats are struck by wind turbine blades and ultimately where carcasses land on the ground. The model can be used to estimate the rate at which different bat species may be impacted by wind turbines and landing locations. Model results may be used to define carcass search areas, correct survey data to account for unsearched areas around turbines and to test possible mitigation strategies. Using SCADA data with nearby meteorological data and comparing with bat carcass surveys conducted at Iowa wind farms, the most likely conditions when bats are impacted by turbines can be quantified. Using a computational fluid dynamics code (SOWFA), developed at the National Renewable Energy Laboratory, with an offline particle dynamics code, developed at IIHR-Hydroscience & Engineering, bat trajectories are modeled considering variations in wind speed, turbine operation, and bat characteristics. The model is compared to field data for the survey campaigns of 2015 and 2016 at the Lundgren and Macksburg wind farms, and is used to estimate the total mortality by correcting the field data to unsearched areas. Limitations and future improvements are discussed.
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	1 Introduction
	Wind turbines have been found to impose a risk on wildlife, including birds and bats, as a result of collisions with turbine blades and associated infrastructure (Howell and DiDonato 1991, Hall and Richards 1972). Recent studies indicate that, in the Midwest and Eastern United States, far more bats than birds are killed by wind energy facilities (Pruitt and Okajima, 2014). In fact, bat mortality has been reported at each wind facility studied to date (GAO 2005, Kingsley and Whittam 2007, Kunz et al. 2007, Kuvlesky et al. 2007, NAS 2007, Arnett et al. 2008). There is limited data about the behavior of bats in the proximity of wind turbines. However, some studies indicate bats may be attracted to turbines, increasing the risk of bat strike by turbine blades. There is some evidence that bats may be drawn to wind turbines, either due to sound produced by the turbines (Horn et al. 2008) or insects that concentrate around the turbines (Kunz et al. 2007). Additionally, turbines extract energy from the wind leading to enhanced turbulence and reduced velocity downwind of the turbine blades (Zhang et al. 2012). This leads to a sudden drop in pressure across the turbine rotor, which has been demonstrated to result in barotrauma and possibly death to bats (Baerwald et al. 2008). 
	Bats generally emerge in the evening around dusk to feed on insects in the understory of forested areas. There is reduced risk of bat-turbine interactions under these conditions because wind farms generally are not located near forests and rivers corridors, which tend to provide good habitat for bats. However, during seasonal migration, and particularly in the late summer to early autumn, the risk to bats interacting with wind farms increases. It is likely that the majority of bats killed at wind farms will occur during this period (Johnson 2005, Kunz et al. 2007, Arnett et al. 2008). 
	It is not possible to prevent all bat deaths due to turbines and associated infrastructure, however bats placed on the Threatened and Endangered Species List must be permitted and monitored to ensure allowable mortality rates are not exceeded. Three bat species of particular concern in the Midwest region are the Indiana Bat, Northern Long-Eared Bat and Little Brown Bat; the first species is listed as Endangered and the second is listed as Threatened. 
	The US Fish and Wildlife Service is responsible for permitting and monitoring bat mortality at wind farms. Current strategies employed to survey a wind farm for possible bat deaths involve searching the ground for bat carcasses within a specified radius around wind turbines. Guidance for prescribing the search radius around turbines is based on limited data, possibly leading to surveys being conducted where bats are unlikely to be found or alternatively limiting search areas and possibly missing bat carcasses that land outside the survey zone (Hull and Muir 2010, Huso and Dalthorp 2014). 
	There is a need for a reliable method to assess the extent and likely locations where bat carcasses may be found around turbines to help guide survey efforts. This report outlines a physics-based approach that can accurately model the interactions between bats and wind turbines, detect blade strike, and track where bat carcasses land on the ground.  Results from this approach can be used to define search areas, and to correct survey data to account for unsearched areas around turbines. A technically defensible survey is a critical component to determine whether wind turbines adversely affect listed species and to evaluate project impacts.
	2 Goals and Objectives 
	1. Perform a literature review to determine constraints characterizing under what meteorological conditions bats are most commonly impacted by turbine blades, and determine the flight and fall characteristics of bats.
	2. Perform CFD simulation of a turbine operating with a single wind speed and direction. 
	3. Estimate drag coefficient and coefficient of restitution for bat carcasses from measurements.
	4. Perform particle-tracking simulations to determine the spatial distribution of bat carcass deposition, assuming an equal probability of turbine blade strike across the rotor area. Use results to develop an idealized distribution map that can be used to plan carcass surveys.
	5. Perform particle tracking simulations to determine bat carcass deposition as a function of migration altitude.
	3 Literature Review
	3.1 Bat Carcass Surveys

	There are significant variations in the size of prescribed carcass search areas (Sterner 2002, Kunz et al. 2007). Gauthreaux (1996) suggested that the search area should be circular, with minimum radius proportional to the height of the turbine. The recommendation utilized results from Winkelman (1989, 1992) and prescribed the search area within 70 m of turbines. AusWind (2005) suggested that the search area should have a radius equivalent to the height of the turbine. Hull and Muir (2010) review the variety of search distances used in previous research. Recently, many studies have implemented the criteria for the size of fall zone of birds and bats to quantify the carcass search area (Erickson et al. 2004, Arnett 2005, Smallwood and Thelander 2005 & Hotker et al. 2006). For estimating the search zone, Osborn (2000) performed experiments by dropping bird carcasses from wind turbine nacelle and upper limits of the swept area of wind turbine blades, on days with brisk wind. The different guidelines for search area quantification in past studies indicate that search areas are based on a heuristic understanding of where bat carcasses may be found and could be improved based on more rigorous scientific understanding. It is likely that insufficient search areas may lead to biased estimates of bat carcasses.
	Huso and Dalthorp (2014) review the various sources of uncertainty for bat carcass surveys below turbines and surrounding areas within the search zone. They report that the sources of uncertainty come from carcasses falling into unsearched areas or inaccessible areas, carcasses removed or destroyed by scavengers before sampling and carcasses in the search area missed by the surveyors. Hull and Muir (2010) and Kunz et al. (2007) emphasized the need for quantification of the bat carcasses within the search zone providing a reliable estimate of bat mortalities.  An estimate of the maximum distance that bat carcasses fall away from the turbine base is essential for the comparison of the various studies at different wind farms.
	3.2 Characteristics of Bats Impacted by Wind Turbines in Iowa

	The physical and behavioral properties of bats are important parameters for understanding how bats interact with turbines and where carcasses may ultimately be found on the ground after impact with turbine components. These physical properties include mass, dimensions, coefficient of restitution (e), and drag coefficient (Cd) of bat bodies. Behavioral characteristics include flight speed of the bats and the wind speed at which bats are most active.
	The mass of bat species is important as it governs the weight, which is one of the components in force balance describing the movement of bats. Heavy bat species will be confined in the area closer around a turbine after collision whereas lighter species will fall farther away from turbines. The dimensions of bats (length and wingspan) can be used to account for the area of the flying bats, which is used with the drag coefficient for calculating the drag force. Bats have the greatest area when their wings are stretched in flaring position and least area with their wing folded back. The higher the area exposed to the turbine during strike, the higher will be the drag force on the bat. Cd determines the terminal velocity and hence governs time before the bat carcass hits the ground. The higher the drag coefficient, the more time the bat carcass will take to eventually reach the ground and consequently covers more distance post-collision.
	The mechanics of the impact with turbine components is also important for determining the trajectory of the bat after collision. The primary parameter used to describe the dynamics of collision is the coefficient of restitution, which describes the way energy is transferred from the turbine to the bat. The value of e is between zero and one. A value of one signifies that the object bounces off the colliding surface and loses no energy, or in other words the collision is perfectly elastic. A value of zero represents a collision that is perfectly inelastic; meaning all the energy of the bat is lost during impact. It combines multiple factors, for example, orientation of the animal in flight, the nature of blade strike on animal and animal’s contact time with blade. The flight speed of bats incorporates the initial pre-collision velocity, which affects the e value depending upon the type of collision. Higher magnitude of pre-collision velocity will result in inelastic collision (low value of e) leading to less energy transfer and hence less distance travelled after strike. 
	There is limited data available for the aerodynamics coefficients for different bat species, and in fact only a limited number of studies provide data for any bat species. Noberg (1976) reported the drag coefficient of a long eared bat in horizontal flapping flight varies between 0.4 and 1.2. Very limited data exists for the impact characteristics of living organisms and none for vertebrate species. Taylor et al. (2010) estimated the restitution coefficient of mantis shrimp’s telson as 0.56 with the uncertainty of ±0.083. Burgin et al. (2014) calculated the coefficient of restitution of human articular cartilage with mean value 0.502 and standard deviation being ±0.066. Coburn et al. (2013) suggested the restitution coefficient value of 0.47-0.69 for motile cells. Thielen et al. (2015) studied the impact behavior of freeze-dried and fresh pomelo peels and suggested the restitution coefficient range of 0.27-0.62. Based on the restitution coefficient values of living organisms/ tissues suggested in the above studies, the range 0.2-0.8 was selected for restitution coefficient in all bat species.
	The values of the mass, length, wingspan, flight speed and wind speed of the bat species under consideration were obtained from various sources, including journal papers and reports are presented in Table 3-1. 
	4 Modeling
	4.1 Turbine Flow Modeling 
	4.2 Bat Tracking Model
	4.2.1 Transport Model


	The tracking code incorporates three different elements into the calculation. The CFD solution generated with SOWFA is read and for each particle, at each time step of the particle simulation, the fluid velocity at the particle position is interpolated both in time and space. Based on the provided rotation rates for the different surfaces in the domain (blades, hub, and nacelle), the position of each surface is also updated at each particle time step. Finally, the particles’ trajectory is integrated based on the external forces acting on it (drag, gravity) and those generated by the bat as it flies before the impact (thrust, estimated as equal in magnitude to the force needed to balance drag for a preset terminal velocity of advance for the bat), and lift to counteract the bat’s weight. After impact, these two “internal” forces disappear.
	The bats are considered as particles that respond to the fluid and have their own thrust and lift forces to fly. The force balance on a bat is:
	where the LHS term is the bat acceleration, the first term on the RHS is the force induced by fluid pressure gradients, and the third term on the RHS is the gravitational pull.  and represent the bat thrust and lift forces, respectively.  is a repulsive force to prevent the bats from hitting static or slowly moving surfaces, as this behavior is natural and well-studied. The drag force  can be obtained from:
	where  is a characteristic size (a typical bat diameter). The drag coefficient  depends on the flow regime and particle shape. In this study, characteristic bat size and drag coefficient are used. Accounting for the particular bat shape during flight and after collision with a blade is proposed as future model improvement. 
	The trajectory after impact with a blade is computed as an inelastic collision. In the inertial earth system the bat velocity before the collision is , and the blade moves with a velocity  where  is the rotational speed of the turbine rotor, and  is the vector joining the rotor shaft with the impact point along the blade. Before the collision, the bat velocity in the blade system of reference is: 
	The collision point has an outward unit normal . The normal and tangential components of the bat velocity before the impact are  and , respectively. The bat velocity after impact in the blade system of reference is:
	where is the coefficient of restitution. In the earth reference frame the velocity is then:
	4.2.2 Model Parameters

	//
	5 Estimation of Drag Coefficient and Coefficient of Restitution
	5.1 Drag Coefficient Cd

	/
	The frames with the images obtained from the recordings were used to determine the displacement (y) over time (t) for each experiment. The temporal resolution was 0.004 sec. The bat velocity  at a given time was calculated using backward differences of the position measurements. For each species at least two experiments were performed and recorded. From a plot of velocity against time, it was found that the terminal velocity was not achieved for any of the experiments. 
	Eq. (3) applied to a carcass in a quiescent fluid results:
	where m is the mass and A is the projected frontal area of the carcass. Eq. (9) can be discretized using the first-order Euler’s method, resulting
	Cd and the initial velocity  are adjusted to obtain the best fit of Eq. (10) to the experimental data. Bat orientation, and corresponding projected area, are changing during the fall. For this study, the projected area is assumed to have an elliptical shape. The Reynolds number (𝑅𝑒=𝒖𝑑/𝜈, with 𝑑 the bat diameter and 𝜈 the air viscosity), from which Cd depends, is calculated for a range of velocities measured during the experiments and for the range of carcass dimensions. The results are summarized in Table 5.1.
	Species Name
	Mass (g)
	Lengths 
	(cm)
	Projected Area (m2)
	Re (larger length)
	Re (smaller length)
	Evening Bat
	1.5
	1.905, 3.81
	5.70 × 10-4
	1×104-2×104
	5×103-1×104
	Eastern Red Bat
	9.7
	2.54, 5.08
	1.01 × 10-3
	2.5×104-4×104
	1.2×104-2×104
	Hoary Bat
	24.1
	3.81, 7.62
	2.28 × 10-3
	3.5×104-5.5×104
	1.7×104-2.7×104
	The estimated range for Cd is based on fitting Eq. (10) for two drop experiments for each bat species, assuming constant Cd, and varying the fitted model from -10% to +10% of the minimum error of the best fit curve. The associated range for Cd between the two experiments is reported in Table 5.2. 
	Species Name
	Cd 
	Evening Bat
	0.76 – 0.96
	Eastern Red Bat
	0.33 - 0.60
	Hoary Bat
	0.43 – 0.69
	/
	5.2 Coefficient of Restitution e

	Species Name
	Coefficient of Restitution
	Approximate impact velocity (m/s)
	Evening Bat
	0.11
	15
	Eastern Red Bat
	0.023
	17
	Hoary Bat
	0.1
	17
	6 Simulation of Bat Trajectories For a Typical Turbine Operation
	6.1 Simulation Conditions

	The wind speed for highest bat activity increases the likelihood of bats colliding with turbines. Bats are generally most active in the evening when wind speeds are relatively low, often below 7 m/s. Turbines operate between a cut-in wind speed and maximum cut-out speed.  Based on observations and following MEC suggestion, the simulations were run for a wind speed of 5 m/s, which provides a high likelihood that bats will be active while turbines are operational.
	6.1.1 Operational Curve for Siemens Wind Turbines 

	 
	/
	6.2 Numerical Domain
	6.3 CFD Grid
	6.4 Flow Field around the Turbine
	6.5 Bat Trajectories and Carcass Distribution
	6.6 Other Aerodynamic Effects
	6.6.1 Effects of Flow Variability.
	6.6.2 Effects of Turbine Rotational Speed


	7 Comparison Against Field Data  
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