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Abstract

The expansion of wind energy, while essential for the energy transition, poses serious
collision risks to birds, particularly due to the rotating blades of wind turbines. When
conducting environmental impact assessments, accurate quantification of these risks is
challenging, especially offshore, and it relies heavily on collision risk models. This study
investigates the influence of wind turbine geometry and operational parameters on avian
collision probability, utilising the Band model in combination with four well-documented
reference wind turbines. By systematically varying turbine characteristics and bird flight
height distributions, the analysis reveals that both turbine design and the vertical distribu-
tion of bird flight critically affect collision risk estimates. Generally, turbines with higher
power ratings and larger rotor diameters exhibit lower collision probabilities, which is
attributed to their lower rotor speed. The study further introduces an adaptation of the
standard Band model, which incorporates a more detailed blade geometry, including local
airfoil thickness and twist. With a few exceptions, this updated model increases the pre-
dicted collision probabilities. By basing the analysis on open source reference wind turbines,
the present study establishes transparent methodologies and improves reproducibility and
benchmarking in collision risk assessments. The results highlight the need for species- and
site-specific modelling, as well as the value of refined turbine representations, to support
effective mitigation strategies and nature-inclusive wind farm planning.

Keywords: collision risk modelling; reference wind turbines; flight height distribution;
band-type model

1. Introduction

Wind energy is essential to achieving energy transition goals, but the rapid expansion
of onshore and offshore wind farms has increased pressures on ecological systems. There-
fore, offshore wind tenders increasingly require developers to assess ecological impacts. In
particular, the rotating wind turbine blades pose a collision risk for resident and migratory
birds. Both the reasons for collisions and possible mitigation strategies are the subject of a
multitude of studies [1]. In practice, curtailment or a total turbine shutdown is often used
to reduce the impact of wind turbines during peak activity periods. For example, Dutch
offshore wind farms reduce rotor speeds to below two rotations per minute during peak
migration nights [2]. While already challenging onshore, the data-driven quantification
of offshore collision rates is hardly possible. Consequently, collision risk models (CRMs)
are widely used during the environmental impact assessment of wind farms to estimate
collision probabilities and expected fatalities.
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Numerous CRMs exist, whose methodology and implementation vary. Krijgsveld
et al. [3] estimate the collision probability by relating the number of victims found during
field searches to bird fluxes and mean traffic rates measured using radar technology. New
et al. [4] developed a collision risk model, which combines avoidance rate and collision
probability into a single variable homogenously distributed over a cylinder around the
turbine. Kleyheeg-Hartman et al. [5] introduced an empirical flux collision model that
enables the use of a species-specific collision probability, should such data be available. The
model by Bretagnolle et al. [6] calculates the collisions using “spatially explicit estimation
of hazardous flight” and was applied to approximately nine million GPS tracks of bussarts
collected in western France. Another prominent model was developed by Band [7], and is
thus commonly referred to as Band model. This model translates bird and rotor character-
istics into a collision probability. Various models have been developed around the basic
principles of the Band model. Eichhorn et al. [8] calculated the collision risk of a Red Kite
using an agent-based, spatially explicit model, where the collision probability of a turbine
passage is calculated using the Band model equations. Humphries et al. [9] developed a
stochastic wrapper around the Band model, enabling investigations into the sensitivity of
the calculated collisions to the input parameters [10]. Comprehensive reviews of existing
CRMs are provided by Masden and Cook [11] and Cook et al. [12].

CRMs commonly rely on bird- and turbine-related input. Bird flight characteristics,
in particular, are challenging to obtain with sufficient certainty. Visual observations [13],
rangefinder observations [14], or (stereoscopic) camera setups [15,16] can help to locally
identify flight heights and in some cases also species-representation. GPS loggers [17,18]
and radar [14,15,19-22] give a more global picture of flight paths and, to some extent,
also flight height distributions. For the determination of the latter, vertical radar [23] and
airplane-mounted LiDAR [24] have also been employed. Radar and LiDAR technologies bear
the additional challenge of making measurements species-specific, as often desired when
analysing the collision risk that wind turbines pose. Desholm and Kahlert [19] identified
different migrating species based on flight speed and radar echo signature. Cook et al. [24]
combined their LIDAR measurements with camera footage to validate measurements and
identify species. Literature surveys on bird flight characteristics can be found in the work of
Jongbloed [25] and Gyimesi et al. [26]. Additionally, Johnston et al. [27] combined data from
32 potential offshore wind farm development sites to model the flight height distributions of
25 marine bird species.

In contrast to the bird-related input parameters for collision risk models, wind tur-
bines are theoretically well defined, yet detailed geometric and operational data are often
unavailable due to intellectual property restrictions. While basic parameters such as rotor
diameter and hub height are usually reported, blade geometry and wind-speed-dependent
operating conditions are rarely accessible. To solve this, Schaub et al. [18] use a Generalised
Additive Model to parameterise wind turbines in terms of power, maximum chord, mean
rotational speed and tip speed as a function of rotor diameter while fixing the blade pitch
angle. Similarly, IJntema et al. [28] used curve fits to parameterise rotational speed, blade
pitch angle and maximum chord as a function of power rating. Using such fits, turbines
are represented by a single rotational speed and pitch angle, and the blade geometry is
scaled from a generic chord distribution based on the maximum chord value [18,28,29].
Additionally, the Band CRM reduces the blade representation to a zero-thickness sheet
without accounting for the local airfoil shape and twist [7].

An alternative to these data-fitting approaches is to rely on virtual reference wind
turbines (RWTs), which represent contemporary turbine designs and enable reproducible
benchmarking. Widely used examples include the NREL 5 MW [30], IEA 10 MW [31,32], IEA
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15 MW [33,34], and IEA 22 MW [35,36] RWTs. These turbines are extensively documented
and commonly employed in aerodynamic and aeroelastic research [37-39].

The present study investigates the effect of turbine geometry and operational condi-
tions on the collision probability calculated using the Band model equations. Basing the
research on public RWTs facilitates reproducibility and benchmarking of the presented
results. The collision probability is investigated as a function of wind speed and position in
the rotor disc. By comparing the results for both realistic and generic flight height distribu-
tions, the significance of this input parameter is demonstrated. Furthermore, this study
evaluates how a more physical blade representation, i.e., including local airfoil thickness
and spanwise twist distribution, impacts the calculated collision probability.

The remainder of this paper is structured as follows. Section 2 describes the methodol-
ogy, including turbine definitions, bird and wind inputs, and collision probability calcula-
tions. The results are presented in Section 3, followed by conclusions and future research
directions in Section 4.

2. Methodology

In this study, collision risk probabilities are calculated using part of the Band model
as implemented in stochLAB V3 [9], which requires inputs related to the wind turbine
geometry and operation, to the site, and to the investigated bird species. The developed
adaptation of the Band model can be incorporated in the stochLAB framework with
little effort.

2.1. Reference Wind Turbines

For this study, four reference wind turbines commonly used by the wind energy
community are investigated, namely, the NREL 5 MW RWT, IEA 10 MW RWT, IEA 15 MW
RWT, and IEA 22 MW RWT. They are developed to enable benchmarking and comparisons
between different research groups based on open source wind turbine models that are
representative of the (at the date of publication) current state-of-the-art of wind turbines.
Table 1 lists the key characteristics of the four reference wind turbines.

Table 1. Key characteristics of the considered reference wind turbines.

Parameter NREL 5 MW IEA 10 MW IEA 15 MW IEA 22 MW
Rated power Prated [MW] 5 10 15 22
Rotor diameter D [m] 126 198 240 284
Maximum chord Crmax [m] 4.65 6.02 5.76 7.22
Hub height Zhub [m] 90 119 150 170
Ground clearance height  z,,, [m] 27 20 30 28
Rated wind speed U, ated [m/s] 114 11 10.59 11
Maximum rotor speed OQunax [rpm] 12.1 8.68 7.56 7.061
Reference [30] [31,32] [33,34] [35,36]

Each of the RWTs is documented in terms of planform and operating conditions. The
spanwise chord and twist distributions of the four reference wind turbines are shown in
Figure 1a and Figure 1b, respectively.

Additionally, the chord distributions are plotted in normalised form in Figure 2. Next
to the RWTs, the chord distribution of the generic 5MW wind turbine blade used in
stochLAB [9] is plotted, too. This chord distribution would be scaled based on a maxi-
mum chord value defined in the input to stochLAB to generate wind turbine blades of
arbitrary size. The most prominent trend in the normalised chord distribution is that the
location of maximum chord moves closer to the root with increasing power rating. In this
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regard, stochLAB’s generic chord distribution becomes less representative towards high
power rating.
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Figure 1. Chord (a) and twist (b) distribution of the reference wind turbine blades.
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Figure 2. Normalised chord distribution of reference wind turbine blades compared to the generic
turbine blade used in stochLAB.

The RWTs’ operational parameters in terms of rotational speed and pitch angle are
given as a function of the wind speed in Figure 3a and Figure 3b, respectively. Again, the
generic input used in the stochLAB tool is given for reference. Its rotor speed curve is
positioned between the NREL 5 MW RWT and the IEA 10 MW RWT. It exhibits a rather
uncommon gradual increase of the rotor speed for 9m/s < U < 16 m/s. The pitch angle
curve is aligned reasonably well with the RWTs, except for some unexpected kinks at high
wind speeds. It should be noted that stochLAB offers the possibility to input the operating
conditions as a function of the wind speed, as shown here, or as a probability distribution
defined by the mean and standard deviation. The latter significantly reduces the fidelity to
reality by neglecting the dependency on the wind speed.

The IEA 10 MW RWT’s operational parameters are defined from 4 m/s onwards. For
the present study, its pitch and rotor speed curves are linearly extrapolated to 3m/s to
ensure better comparability with the other RWTs.

2.2. Scenarios

The first part of this study (Section 3.1) investigates multiple scenarios in which turbine
geometric parameters are varied and their impact on collision probabilities is determined.
The different scenarios, schematically depicted in Figure 4, are as follows:

*  Scenario A: Comparison of the different RWTs according to their definition.
*  Scenario B: Comparison of the different RWTs at identical hub height. The chosen
common hub height is that of the IEA 22 MW RWT, i.e., zj,;;, = 170m.
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*  Scenario C: Comparison of the different RWTs at identical ground clearance height.
Here, three sub-scenarios are considered with the clearance height varied as
Zelear = (25, 35, 45] m.

For all scenarios, both normal operation and idling conditions as occur during curtail-
ment are investigated.
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Figure 3. Rotor speed (a) and pitch angle (b) of the reference wind turbines as a function of wind
speed compared to the dummy turbine parameters used in stochLAB.
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Figure 4. Scenarios for bird collision rate calculation.

2.3. Wind Input

For the presented calculations, the wind speed probability distribution p;,, is de-
scribed by a Weibull distribution defined as

Puwind(U) = i(%)kl exp [— (g)kl , 1)

where U is the wind speed, A is the scale parameter, and k is the shape parameter. The
scale and shape parameters are chosen as A = 10.86 m/s and k = 2.149, corresponding to
long-term LiDAR measurements conducted by Wouters et al. [40] at the Lichteiland Goeree
platform in the North Sea. The resulting wind speed probability distribution is shown in
Figure 5.

2.4. Bird Input

For the present article, the northern gannet Morus bassanus is chosen as a case study.
This species has been the subject of multiple studies [24,28,41,42] and is well-defined in
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terms of physical and flight characteristics. The values for average body length, wing span,
and flight speed are taken from the KEC 5.0 report [28] and are listed in Table 2.
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Figure 5. Wind distribution based on values reported in Wouters et al. [40].

Table 2. Physical characteristics and flight speed of the northern gannet used for the collision risk
modelling taken from IJntema et al. [28].

Species Northern Gannet
Body length  Ly,qy [m] 0.94
Wing span Lwing [m] 1.73
Flight speed Vi [m/s] 13.69

The FHD of the northern gannet is taken from the data available on the stochLAB
repository [9], which, in turn, is based on the paper by Johnston et al. [27]. The northern
gannet has an FHD characteristic for local seabirds, with the majority of specimens flying
at low altitudes. Other bird species, such as onshore raptors and migratory birds, can
have significantly different FHDs. However, species-specific, tabulated data as provided
by Johnston et al. [27] for seabirds are lacking in the literature. To emulate such flight
behaviour, two generic FHDs are used in this study next to the realistic FHD of the northern
gannet: a uniformly distributed FHD and a normally distributed FHD. The uniformly
distributed FHD'’s value is chosen such that it sums to unity over the height for which the
northern gannet’s realistic FHD given in Humphries et al. [9] is defined. Such an FHD could
be representative of raptors like the short-toed eagle as data presented by Schaub et al. [18]
suggest, albeit based on a limited number of samples. The normally distributed FHD
is defined by a mean of = 130m (average of the NREL 5 MW RWT’s and IEA 22 MW
RWT’s hub heights) and a standard deviation of o = 30 m. It is intended to approximate
species with a distinct peak in their FHD rather than monotonically increasing proportions
towards zero altitude. Such data are, for example, reported by Gyimesi et al. for the great
black-backed gull [26]. To isolate the effect of the FHD, the bird’s characteristics are kept
constant to the values shown Table 2. The three flight height distributions used in this
study are shown in Figure 6.

2.5. Original Band Model

The Band model [7] and “Band-type” models are the most commonly used models
in analysing avian collision risks [12]. For example, they have been applied to study
the collision risk of local and migratory birds in the North Sea and around the British
Isles [26,28,29,41,42]. In this study, the probability of a bird colliding with the wind turbine
is calculated using the equations of the Band model’s second stage, which calculates
the probability of collision for a bird passing through the rotor-swept area (RSA). These
equations are reproduced in the following.
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Figure 6. Flight height distribution of the northern gannet based on values reported in [9,27] and two

generic flight height distributions.

The two non-dimensional parameters a and f relate the bird’s flight velocity Ve
to the blade’s local rotational velocity wr and its body length Ly, to its wing span
Lying, respectively:

Ve
o= flight )
wr
Lbody
= ()
'B Lwing
Using these parameters, the collision length L,;; can be calculated as
Lip + Lop| + Lpog fora < B
coll = | v op’ oy 4)

|Lip + Lop| + Luing f fora > g~

where f = 1 for flapping flight and f = cos ¢ for gliding flight. Here, ¢ is the azimuthal
position in which the bird traverses the rotor disc. Northern gannets are known to alternate
between flapping and gliding flight and their treatment within collision risk modelling
is not standardised [43,44]. For all calculations presented in this study, flapping flight
is assumed. The in-plane and out-of-plane collision length components L;, and L,y are
obtained by projecting the local chord c perpendicular and tangential to the rotor plane

L — +csinf  for upwind flight 5)
v —csinf for downwind flight

Lop = waccosb, (6)

where c is the chord length and 0 is the angle between the local airfoil’s chord line and
the rotor plane. In the original Band model, this angle is equated to the blade pitch angle,
neglecting the local blade twist (and additional aeroelastic torsional deformations). The
in-plane collision length’s sign depends on whether the bird’s flight is aligned with the
wind direction or not, i.e., downwind or upwind flight.

The collision length obtained in Equation (4) is a function of the radial position and,
thus, the collision probability is as follows too:

w

pcoll,st(r) =N Lcoll(r) . (7)

L
27 Vitight

Here, Nj, is the number of blades. The local single transit collision probability p. st
is set to unity should the calculated value exceed that. The original Band model then
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integrates the local collision probability over the rotor disc to obtain an average single
transit collision probability for a single bird transit through the rotor disc

= _ foR Peotl st (r) 2w r dr _ 1 .
Peoll st = fOR 2 rdr =2 /0 pcoll,st(r) ﬁ dE . (8)

Next to these standard equations of the Band model, the local single transit collision
probability can be related to a bird species’” FHD and the local wind conditions. To this
end, the single transit collision probability is calculated for each wind speed using the
corresponding operating conditions (w, 6) and multiplied by the probability of birds flying
at the altitude corresponding to the position of the RSA. By summing over all wind speeds,
a local collision probability specific to the bird and wind characteristics is obtained:

Peott(%,Y) = PEED (V) Y Peott,st (%, Y, U) - Proina(U) - )
0

Here, x = r sin¢ and y = r cos ¢ + zj,,;, are Cartesian coordinates in the rotor disc.
Equivalent to Equation (8), an average p,;; can be calculated based on p,; by integrating
over the RSA.

As discussed in Section 2.4, a single bird species is regarded in this study, represented in
the Band model’s second stage through the four parameters Vjiont, Lpody, Lwing, and f. If the
full Band model were used, the species’ turbine avoidance rate would be another important
factor. Thus, the collision probability can be calculated for any species if representative
values for these parameters are known.

2.6. Adjusted Band Model

Next to the original Band model, an adapted version is used in the second part of
this study. This adaptation improves the fidelity with which the wind turbine blades are
represented during the collision risk modelling. As discussed in the previous section, the
Band model projects the chord line in the in-plane and out-of-plane directions to calculate
collision length parameters. If, for example, the angle between the chord line and rotor
plane is zero, the in-plane projection is zero too, while the out-of-plane projection equals
the local chord. However, if one were to project the local airfoil shape rather than the chord
line, the in-plane projection would be equal to the airfoil thickness, yielding a significantly
different collision length. Figure 7 shows a schematic of the difference between projecting
the chord line (green) or the actual airfoil geometry (light blue).

Based on this observation, the adapted Band model uses a projected airfoil geometry,
expressed in its in-plane projection L, and out-of-plane projection Ly;; o, rather than
the chord line to calculate the collision length L.,

L = + Lyroj,ip  for upwind flight

ip = (10)

— Lproj,ip  for downwind flight
Lop = & Lyyojop (11)

Equations (10) and (11) then substitute Equations (5) and (6) of the original Band
model. Next to this change in projection, the updated Band model calculates the angle
between airfoil chord and rotor plane based on the sum of the pitch angle and the local twist
angle so that 0 = 0p + 7. Thus, the in-plane and out-of-plane collision length components
are a function of the radial position and of the airfoil families used to define the blades of
the various RWTs.

https:/ /doi.org/10.3390/app16147354
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Figure 7. Schematic of the in-plane and out-of-plane projected airfoil length (light blue) compared to
the projected chord length as used in the Band model (green).

3. Results

The results are presented in two stages: Section 3.1 discusses the influence of the
various reference wind turbines, scenarios, and flight height distributions on the collision
probability. Building on this, Section 3.2 demonstrates the impact of the updated collision
length calculation methodology.

3.1. Scenario-Based Assessment of the Collision Probability

Section 2.2 defines three scenarios: Scenario A considers the RWTs as originally defined,
Scenario B enforces a common hub height, and Scenario C enforces common ground
clearance heights. To illustrate the underlying mechanisms, results are first discussed in
detail for Scenario A, followed by a comparative assessment of all scenarios and FHDs.

Figure 8 shows the single transit collision probability distribution over the RSA of the
four considered RWTs. The results are shown for U = 8 m/s, the most frequently occurring
wind speed at the considered site (Figure 5). The most obvious trend is that the collision
probability reduces with an increase in power rating. This can largely be attributed to the
decreasing maximum rotor speed with increasing power rating. Additionally, there is a
relatively high risk of collisions in the region of maximum chord. Towards the blade tip,
where the chord tends to zero, there is a steep gradient in collision probability. Elsewhere
across the RSA, collision probabilities remain approximately uniform.

pcnll,:t [_] : 10_3
1 2 3 4 5
i [ s

IEA 22 MW RWT

& @&
N

x/R [-]
(a)

-1 0 1 -1 0 1 -1 0 1
x/R [] x/R [] x/R []
(b) (c) (d)

Figure 8. Single transit collision probability p,; ; distributed over the rotor disk of the NREL 5 MW
RWT (a), IEA 10 MW RWT (b), IEA 15 MW RWT (c), and IEA 22 MW RWT (d) at a wind speed of
U=8m/s.
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Using Equation (8), the collision probability is integrated over the RSA, resulting in
the average single-transit collision probability 7., s;. These values are shown in Figure 9a
as a function of the wind speed assuming normal turbine operation. Throughout the
investigated wind speed range, the level of collision probability is ordered inversely to
the turbines” power rating. Below approximately U = 14m/s, the curves follow a trend
similar to the RWTs’ rotor speed curves, see Figure 3a. Beyond this wind speed, the average
single-transit collision probability increases as a consequence of the pitch angle increasing,
which in turn leads to a rapidly growing in-plane collision length (L;, = ¢ sin 6) while the
out-of-plane collision length (L,, = a ¢ cos 0) reduces at a lower rate.

Figure 9b shows the collision probability under the assumption of an idling tur-
bine, as could be the case during curtailment. For idling, the rotational speed is fixed at
Q) = 2rpm [2], and the pitch angle is set to §p = 85°. As a consequence, the collision
probability is independent of the wind speed. It can be seen that the idling single transit
collision probability is lower than the minimum values reached during normal operation.
Results are presented under the assumption that a bird has the same ability to avoid a wind
turbine blade at () = 2rpm as it has at, for example, (2,,x. A rotor speed of (3 = 2rpm
corresponds to blade tip speeds ranging from 13.2m/s (NREL 5 MW RWT) t0 29.7 m/s (IEA
22 MW RWT), which is a similar order of magnitude as the birds’ flight speed. Therefore,
this assumption is questionable from an ecological point of view. Furthermore, results
are presented for the northern gannet and, thus, a seabird, while curtailment is a measure
aimed at preserving migratory birds. Therefore, results should be interpreted in terms of
trends for which the northern gannet serves as case study.

[ T T 1 T ‘ T T 1 T ‘ T 1 T 1 ‘ T T 1 T ‘ T 1 T T . 0.050 | ‘ |

0.10 |- . | e |
T 008 § = 00451 g reL s mw
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N i =~ 5 1 | ——1EA 22 MW

=006 R = 0040 |

i | -

004 7\ T S T T I S S T N N B \7 0 035 i | ]

0 5 10 15 20 25 ’ idling

U [m/s]
(a) (b)

Figure 9. Average single transit collision probability p,; s+ as a function of the wind speed during
normal operation (a) and idling (b).

To estimate the species-specific collision risk of the turbines, both the flight character-
istics of the bird species and the wind speed distribution need to be taken into account.
Figure 10 shows this summed collision probability (refer to Equation (9)) distributed over
the RSA of the four considered RWTs. For subfigures (a—d), the realistic FHD of the
northern gannet as shown in Figure 6 is used. Subfigures (e-h) show the results of an as-
sumed uniformly distributed FHD, and subfigures (i-1) show the results using the normally
distributed FHD. For all calculations, the wind distribution as shown in Figure 5 is used.

In Figure 10a—d, the realistic FHD introduces a vertical gradient into the collision
probability distribution. The northern gannet mostly flies at lower heights, leading to
near-zero collisions for altitudes above approximately 50 m. As a consequence, the NREL
5MW RWT with its RSA at relatively low altitudes has a larger collision probability p.
than, for example, the IEA 22 MW RWT with its RSA at higher altitudes.

Using a uniform FHD (Figure 10e-h) results in a summed collision probability directly
proportional to the single transit collision probability shown in Figure 8. The resulting
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values are higher than those of the realistic FHD, as more birds are flying at the height of
the rotor discs of the RWTs.
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Figure 10. Summed collision probability p.,; distributed over the rotor disk. First column (a,e,i):
NREL 5 MW RWT; second column (b,f,j): IEA 10 MW RWT; third column (c,g k): IEA 15 MW RWT;
fourth column (d,h,1): IEA 22 MW RWT. First row (a—d): realistic FHD; second row (e-h): uniformly
distributed FHD; third row (i-1): normally distributed FHD.

Finally, the normally distributed FHD yields the highest summed collision probabilities
for the investigated RWTs, see Figure 10i-1. For the NREL 5 MW RWT, the largest proportion
of birds fly close to the highest possible point of the blade tip, yielding a much higher
chance of collision in the upper half of the RSA than in the lower half. For the other RWTs,
the FHD's peak is around (IEA 10 MW RWT) or just below (IEA 15 MW RWT, IEA 22 MW
RWT) hub height, while barely any birds fly in the RSAs’ top and bottom region. With
an increase in the power rating, the level of summed collision probability reduces, which
again can be attributed to the RWTs’ different operating regimes.

By integrating p.,;; over the rotor disc, the collision probability of a bird with each
RWT can be expressed in a single number p.,;;. These integrated collision probabilities
are shown in Figure 11 for Scenarios A-C and the realistic FHD (a), uniformly distributed
FHD (b), and normally distributed FHD (c). While bar plots represent the results under
normal operating conditions, markers show results during idling conditions. Note that the
y-scales of the subplots differ to improve the readability of the results.
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Figure 11. Average summed collision probability ., for the various scenarios under the realistic
FHD (a), uniformly distributed FHD (b), and normally distributed FHD (c). Bars represent normal
operation, while markers represent idling condition.

For the realistic FHD, variations between the different scenarios can be observed.
Scenario A replicates the trend of the single transit collision probability p..j; s; (see Figure 9),
namely, that the RWTs’ collision risk is ordered inversely to their power rating. During
normal operation, this trend occurs for all scenarios and FHDs with the exception of
Scenario B under realistic FHD. Here, the identical hub height of z;,;, = 170 m entails that
only the IEA 22 MW RWT’s blades pass through regions where a non-negligible proportion
of northern gannets would fly. Also note that, for Scenario A and realistic FHD, the IEA
10 MW RWT exhibits a relatively high collision risk due to its definition with a relatively
smaller ground clearance. Going from Scenario C.i to C.ii and C.iii, the increasing ground
clearance moves the rotors away from the region where many northern gannets would
fly, consequently reducing the collision probability. Idling conditions replicate the trends
seen for normal operation, albeit at lower levels of collision probability. While the observed
influence of the ground clearance is well-aligned with findings by Garvin et al. [45], it is
worth mentioning that they found fatality rates to be positively correlated to rotor diameter
and power rating, thus, contradicting this study. Such discrepancies should, however,
be interpreted with care. While the present study is based on a CRM, Garvin et al. use
empirical data from carcass searches. Additionally, the turbines included in the study by
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Garvin et al. are relatively small (1.0MW < P,y < 3.6MW, 61m < D < 136m, and
55m < zp,;, < 110m) compared to the turbines considered here.

Figure 11b shows the summed collision probability for a uniformly distributed FHD.
This FHD entails that there are no differences between the scenarios. The calculated collision
probabilities are approximately one order of magnitude higher than for the realistic FHD.
During idling, the three largest RWTs have a near-identical collision probability, while the
NREL 5 MW RWT exhibits a slightly elevated level. Considering the equations presented
in Section 2.5, the single transit collision probability p..; ¢ is a function of the chord
normalised by the rotor radius during idling. The normalised chord distribution of the
NREL 5MW RWT is at a slightly higher level than that of the other three RWTs, explaining
the obtained collision probabilities during idling and uniformly distributed FHD.

With a normally distributed FHD, the influence of the different scenarios becomes
apparent again; however, it is not as pronounced as with the realistic FHD. The resulting
collision probabilities are the highest among the three FHDs because, for most rotor config-
urations, the majority of birds fly at altitudes lying in the RSA. Interestingly, the ground
clearance height varied in Scenario C has a different effect for the different RWTs. The
NREL 5 MW RWT, with its small and low RSA, moves towards altitudes where a high
proportion of birds fly if z,,, increases. Therefore, the collision probability increases from
Scenario C.i to C.iii. For the other three considered RWTs, the trend is reversed, and an
increase in ground clearance reduces the collision probability. Similar to Scenario A, the
idling conditions replicate the normal operation trends at a lower collision probability.

It should be noted that the data presented in Figure 11 consider the collision prob-
abilities of individual turbines. If one were to consider the collision risk per megawatt
rated power, the trend of decreasing collision risk for turbines with higher power rating
would be even more pronounced. This could be a relevant consideration when designing
a wind farm with a fixed farm power rating. As an example, under realistic FHD and
considering Scenario A, the NREL 5MW RWT has a summed collision probability p.
approximately 8.22 times higher than the IEA 22 MW RWT. In terms of P,/ Pyateq, this
factor then becomes 8.22 - % = 36.17.

3.2. Impact of Adjusting the Collision Length Calculation Methodology

In this section, the impact of the adjusted collision length calculation methodology, as
described in Section 2.6, is demonstrated.

3.2.1. Difference Between Projecting the Chord Length and the Airfoil Geometry

Figure 12 shows the in-plane (a—d) and out-of-plane (e-h) projected length of the
airfoil geometry for the different RWTs normalised by the local chord value. The lines
per plot are coloured corresponding to the spanwise position. The blades of the various
RWTs are defined using a set of airfoils located at different spanwise positions. As the
RWTs are defined with different numbers of airfoils, the number of lines differs per RWT
in Figure 12. The dashed lines represent the simplified chord projection used in the Band
model: ¢ sin(fp) for the in-plane projection and ¢ cos(6p) for the out-of-plane projection.

The in-plane airfoil geometry projection is almost always larger than the chord line
projection for identical pitch angles in the operational range. Particularly for small pitch
angles, when the airfoil projection tends towards the value of the airfoil thickness while
the chord line projection tends to zero, the difference becomes significant. Note that in
calculating the airfoil geometry projections, the local blade twist angle has been taken
into account. This is why, for some of the IEA 22 MW RWT'’s tip airfoils, the chord line
projection (not considering local twist) can be larger than the airfoil geometry projection.
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Figure 12. In-plane (a—d) and out-of-plane (e-h) projected airfoil length of the various RWTs as
a function of the radial position and the blade pitch angle. Dashed lines represent the chord line
projection used in the Band model.

The out-of-plane airfoil geometry projection is mostly smaller than the chord line pro-
jection. Again, this can be attributed to the omission/inclusion of the twist distribution
depending on the method. The IEA 22 MW RWT has an interesting characteristic, where the
airfoil geometry projection can exceed the value of its chord. This is due to the flatback airfoils
used close to the root. Such airfoils have become a common choice in modern wind turbines
and feature a blunt trailing edge rather than the sharp trailing edge shown in Figure 7. A
rotation of the airfoil can then lead to a projected length larger than the chord value.

3.2.2. Relative Change in the Calculated Collision Probability

Analogously to the results shown in Figure 9, the single transit collision probability
based on the updated collision length (p? ;; ;) is calculated as a function of the wind speed.
To relate this updated collision probabili’éy to the original values, their ratio is plotted
in Figure 13a. The updated collision length calculation usually leads to higher collision
probabilities, particularly for higher wind speeds. For lower wind speeds, a slight reduction
in collision probability can be observed. The IEA 22 MW RWT is an exception to this, where
the ratio between new and old collision probability is close to unity for low wind speeds.
In idling, the increase in predicted collision risk is more significant, yielding close to a 20%
increase for the NREL 5 MW RWT and approximately 10% for the other RWTs.

To understand the increased collision probability, Figure 14 shows the ratio of the
new to the original single transit collision probability distributed over the rotor disc, here
exemplarily shown for U = 20m/s. The increased collision probability primarily stems
from the midboard region, with the highest ratios being reached at approximately 7 /R = 0.4.
Here, the ratio of airfoil thickness to chord is relatively high (approximately 30%), leading
to an increased projection length, particularly in the in-plane direction. Towards the blade
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tip, where the airfoils are thinner, and at the blade root, where the out-of-plane component
dominates, the ratio of new and old collision calculations is closer to unity.
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Figure 13. Ratio of the average single transit collision probability using the new and original collision
length calculation as a function of the wind speed during normal operation (a) and idling (b).
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Figure 14. Ratio of the single-transit collision probability calculated using the new and old collision
length implementation distributed over the rotor disk of the NREL 5 MW RWT (a), [IEA 10 MW RWT
(b), IEA 15MW RWT (c), and IEA 22 MW RWT (d) at a wind speed of U = 20m/s.

Using the same approach as in Section 3.1, the average summed collision probability
p’,; with new collision length is calculated. Figure 15 shows the relative change between
the old and new collision length methodology (7 ;,/ Pcon — 1) across the different scenarios
and FHDs. For the realistic FHD, differences between scenarios are marginal for both normal
operation and idling conditions because birds are only present in the lowest part of the
RSA, see Figure 10a. The low relative thickness of the blade in this region yields only minor
differences in the projected collision length. Between the two methodologies, the calculated
collision risk increases by approximately 1-2%. The relative increase is larger for the turbines
with higher power rating, which can be attributed to the lower original collision probability
Peonr in the denominator, confer Figure 11. In idling, the IEA 15 MW RWT and IEA 22 MW
RWT exhibit a decrease in collision risk. As demonstrated in Section 3.2.1, the inclusion of the
twist angle in the updated collision length calculation method can lead to a lower in-plane
projection towards the tip compared to the chord line projection of the original implementation.
Since for the realistic FHD, birds are only present in the tip region, it is possible to obtain a
reduction in calculated collision risk with the updated methodology.

For the uniform and normal FHDs, and for normal operation, the trend is similar
to that of the realistic FHD, namely, that the smallest increase is observed for the NREL
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5MW RWT while the highest increase is observed for the IEA 22 MW RWT. The relative
change in collision risk for the IEA 10 MW RWT and IEA 15 MW RWT is almost identical.
Generally, the observed increase varies between 1% and 3%. In idling, the impact of
the updated collision length calculation methodology is considerable, yielding relative
increases between 4% and 22% depending on the RWT and scenario.
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Figure 15. Relative change in the average summed collision probability due to the new collision
length calculation, shown for the various scenarios under the realistic FHD (a), uniformly distributed
FHD (b), and normally distributed FHD (c). Bars represent normal operation, while markers represent
idling condition.

4. Discussion and Conclusions

This study examines how wind turbine geometry and operational conditions influence
avian collision risk using the Band model and its adaptation in combination with well-
documented reference wind turbines. Employing open source RWTs ensures reproducibility
and benchmarking, while facilitating integration with other wind energy disciplines such
as aerodynamics.

To correctly interpret the presented results, it is essential to understand the limitations
of the methodology. A major challenge working with any CRM is the limited availability
of validation data and benchmarking [12]. Neither quantifying the number of birds passing
through a rotor disk nor quantifying collisions are easily carried out experimentally, let alone
on a species level and particularly offshore. Recent measurement campaigns [15,16,46] present
steps towards such quantification and encourage future research in this direction. Especially in
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the absence of validation data, benchmarking among various CRMs would help determining
their consistency. The present study is limited to investigating the sensitivity of the Band
model framework to turbine geometry and operation, flight height distribution, and model
formulation. In this context, benchmarking against other CRMs is considered beyond scope.

Another limitation of this study lies in its deterministic nature. The stochLAB frame-
work [9] allows us to define input parameters such as body length, wing span, and flight
speed as probability distributions to account for variation and uncertainty. To isolate
differences between the turbine scenarios and flight height distributions, the input pa-
rameters used in this study are defined as discrete values. Nonetheless, the proposed
methodology—also with the adapted Band model—can be reproduced in stochLAB with
distributed input parameters.

Furthermore, this study limits itself to a single bird species and a single site (repre-
sented through the wind speed distribution). When conducting an environmental impact
assessment for a current or future wind farm, local species distributions and wind climate
should be taken into account to reduce uncertainty in the predicted collision probabilities
and to obtain indications for favourable wind turbine geometrical features such as hub
height and blade tip clearance height.

Acknowledging these limitations, several conclusions can be drawn. The results show
that collision probability is jointly controlled by turbine characteristics and bird flight height
distributions. Turbines with higher power ratings and larger rotor diameters generally exhibit
lower collision probabilities per turbine due to their lower rotor speeds. However, collision risk
strongly depends on the vertical overlap between the rotor-swept area and bird flight heights,
making hub height and ground clearance critical design parameters, particularly for seabirds.

Scenario analyses demonstrate that standardising hub height or ground clearance can
substantially alter collision risk profiles, highlighting the need for site- and species-specific
assessments. Predicted collision probabilities are also highly sensitive to the assumed flight
height distribution, with uniform and normal distributions producing higher risks due to
increased overlap with the rotor-swept area.

A key methodological contribution of this work is the incorporation of local airfoil
thickness and spanwise blade twist into the Band model. This refinement leads to mod-
est but consistent increases in predicted collision probabilities during normal operation.
Considerable increases are observed during idling conditions and with uniformly or nor-
mally distributed FHD. The strongest effects occur where the ratio of airfoil thickness to
chord is highest, underscoring the importance of detailed blade geometry in collision risk
assessments. Given the lack of validation data, it remains unclear whether the refined blade
representation improves the collision prediction accuracy over the original Band model
with respect to reality. Positively, the new implementation does improve fidelity to the
blade geometry with marginal added complexity in inputs and simulation.

Overall, these findings emphasise that robust collision risk modelling requires accurate
representation of both turbine design, operation, and bird flight behaviour. Future research
should focus on further refining bird flight behaviour models and improving species-
specific FHD data, as well as incorporating the effect that wind speed and turbine wakes
have on, for example, the flight speed, altitude, and trajectory. As discussed above, another
focus should be the validation of collision predictions with actual field measurements and
benchmarking CRMs among themselves. Establishing reference bird species, analogous to
reference wind turbines, could further enhance comparability across collision risk studies.
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Nomenclature

Latin letters
Chord
Rotor diameter
Flight type factor
Shape parameter of Weibull distribution
Length
b Number of blades
Power
Probability
Blade tip radius

Z -~ A g o

Radial coordinate

[l |

Free stream velocity

Viligne  Bird flight velocity

X,y Cartesian coordinates in rotor disc

z Height above ground

Greek letters

Ratio of flight speed to local rotational velocity
Ratio of bird body length to wingspan

Angle between chord line and rotor plane
Blade pitch angle

Blade twist angle

Scale parameter of Weibull distribution

Mean of the normal distribution

Standard deviation of the normal distribution
Azimuth angle

Rotational speed

ED®T IR >DPDOWR

Angular velocity

Subscripts & Superscripts

body  Body length

clear ~ Refers to clearance height between lowest blade tip position and ground/water level
coll Collision

FHD  Refers to the flight height distribution

hub Hub height

ip In-plane

max Maximum

op Out-of-plane

proj Projection of the local airfoil

rated At rated conditions

st Single transit

wind Refers to the wind speed
wing  Wing span
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*

Refers to the collision probability with updated collision length calculation methodology
Abbreviations

CRM  Collision risk model

FHD  Flight height distribution

RSA Rotor-swept area

RWT  Reference wind turbine
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