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A B S T R A C T   

The marine renewable energy industry is expanding as countries strive to reach climate targets as set out in the 
Paris Agreement. For tidal energy devices, the potential risk for animals to collide with a device, particularly its 
moving parts such as rotor blades, is often a major barrier in the consenting process. Theoretical work sur
rounding collision risk has commonly made use of a formulaic modelling approach. However, whilst providing a 
platform to assess conventional horizontal axis tidal turbines, the frameworks applied lack the flexibility to 
incorporate novel device designs or more complex animal movement parameters (e.g. dive trajectories). To 
demonstrate the novel simulation-based approach to estimating collision probabilities a hypothetical case study 
was used to demonstrated how the approach can assess the influence that variations in ecological and behav
ioural data had on collision probabilities. To do this, a tidal kite moving in a 3D figure-of-eight trajectory and a 
seal-shaped object were modelled and variations to angle of approach, speed and size of the animal were made. 
To further improve the collision risk estimates, results of the simulations were post-processed by integrating a 
hypothetical dive profile. The simulations showed how variation in the input parameters and additional post- 
processing influence collision probabilities. Our results demonstrate the potential for using this simulation- 
based approach for assessing collision risk, highlighting the flexibility it offers by way of incorporating empir
ical data or expert elicitation to better inform the modelling process. This framework, where device type, 
configuration and animal-related parameters can be varied with relative simplicity, on a case-by-case basis, 
provides a more tailored tool for assessing a diverse range of interactions between marine renewable energy 
developments and receptors. In providing a robust and transparent quantitative approach to addressing collision 
risk this flexible approach can better inform the decision-making process and aid progress with respect to 
developing a renewable energy industry in a sustainable manner. Therefore, the approach outlined has clear 
applications that are relevant to many stakeholders and can contribute to our ability to ensure we achieve 
sustainable growth in the marine renewable energy industry as part of a global strategy to combat climate 
change.   

1. Introduction 

The marine renewable energy industry is expanding as countries 
strive to reach climate targets as set out in the Paris Agreement 
(McCollum et al., 2018), whilst also aiming to achieve the Sustainable 
Development Goals, as outlined by the United Nations (United Nations, 
2015). In regions with sufficiently rapid and energetic tidal flows, such 

as in waters around the UK, US and Canada, tidal energy offers a pre
dictable renewable energy source (Zhou et al., 2017). In many countries, 
the construction of any major marine infrastructure project requires the 
potential ecological impacts to be quantified and, where deemed 
necessary, monitored. Approved mitigation plans also need to be in 
place, prior to the regulator providing consent for the development 
(Moura et al., 2010). Sites identified for tidal energy devices (TEDs) tend 
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to be relatively close to shore and, as one would expect, in tidally dy
namic and energetic environments. These areas are often important to a 
wide range of protected species (Benjamins et al., 2015; Copping et al., 
2016). Therefore, any potential impacts to protected populations 
following the construction and/or operation of proposed developments 
must be considered as part of an environmental impact assessment (EIA) 
(Moura et al., 2010). In progressing the tidal energy industry, one of the 
barriers to consent is the risk of animal collisions with TED(s) (Wilson 
et al., 2006). However, given the logistical challenge of gathering animal 
behaviour data close to TEDs, a modelling approach is often adopted, 
and the assessment typically follows the precautionary principle. 
Consequently, the construction of large-scale arrays of TEDs remains in 
the planning stage, in part due to the increased perceived risk to pro
tected species through potential impacts, namely collision risk. 

Collision risk models (CRMs) estimate the impact of collisions to a 
relevant population or management unit for the receptor of concern. A 
number of models exist to estimate collision risk; including the 
commonly used Band model (Band, 2000; Band et al., 2016) and 
encounter rate model (ERM) (Wilson et al., 2006), with two more recent 
examples, one proposed by Copping and Grear (2018) and another, 
using an agent-based approach, by Rossington and Benson (2020). All 
these models use a geometric model of the rotor, as well as animal shape 
and movement to calculate a theoretical risk of collision. These models 
were designed for horizontal axis turbines (HAT), however other device 
designs have, and are, being developed, including cross-flow turbines 
(ORPC, n.d.), floating turbines (Orbital Marine, n.d.) and tidal kites 
(Zambrano, 2016); the motion and shape of these devices differ to HATs 
(Horne et al., 2019). Consequently, the geometric nature of these models 
means that they are not capable of estimating collision risk for these 
novel TEDs, which can often have more complex movement patterns, 
particularly in the case of a tidal kite (Fig. 1) (Booth et al., 2015; Schmitt 
et al., 2017). 

A simulation-based approach was developed to estimate the collision 
risk for tidal kites using computer-aided-design software, FreeCAD 
(FreeCAD., 2017), built on previous collision risk approaches by incor
porating the simulation of the three-dimensional (3D) figure-of-eight 
movement of the TED (Schmitt et al., 2017). Schmitt et al. (2017) 
used a uniform distribution of an approaching object (based on the basic 
morphology of a swimming seal) over many simulations to calculate a 
collision probability with the TED and tether. Further development of 
this simulation-based approach has been made using Blender (2018), an 
open-source game-engine software, to demonstrate how collision risk 
can be assessed, with ease, for a variety of TED designs including a 
crossflow turbine (Horne et al., 2019). Blender offers advantages over 
FreeCAD, such as an integrated collision detection system, and the 
ability to incorporate additional parameters of interest, such as changing 
the angle of approach. 

The current suite of collision risk models is limited with respect to 

the user’s ability to incorporate the best available information and sci
entific evidence into the model framework, in order to provide a robust 
estimate of collision risk, and the associated uncertainties. A robust es
timate would increase confidence in assessments and better assist reg
ulators in making informed decisions regarding the consenting of marine 
renewable energy projects. For example, previously used collision risk 
models are unable to alter ecological inputs, such as angle of approach, 
where the Band model assumes an animal adopts a single horizontal 
approach to the device (Scottish Natural Heritage, 2016) and the ERM 
assumes an equal probability of approach from any angle (Wilson et al., 
2006). In reality, the angle of approach may differ for different receptors 
of interest (Wilson et al., 2006). In addition, the equations used in these 
models assume linear relationships between ecological inputs (such as 
size and speed of animals) with the risk of collision, which is unlikely to 
accurately represent the true complexity of the situation. Lastly, these 
models have a limited capacity for incorporating additional 
spatio-temporal empirical data, such as the dive profiles of animals. The 
simulation-based approach can help overcome such problems by 
allowing the user to alter input parameters such as the animal size, speed 
and angle of approach. Moreover, it is possible to include additional 
behavioural data, such as dive profiles, during post-processing, to 
further refine collision risk estimates. 

The objective of this paper is to demonstrate how variations in input 
parameters (animal size, speed, angle of approach) can be incorporated 
into the simulation-based approach with relative ease. Furthermore, we 
outline the method for post-processing results from the simulations to 
incorporate additional information on animal behaviour (dive profile). 
For this, we apply hypothetical scenarios using a seal-shaped object and 
a tidal kite address the following questions: 1) How does varying the 
animal speed, size and angle of approach affect collision risk probabil
ities and 2) how does the incorporation of a dive profile further refine 
collision risk probabilities. By addressing these questions, we provide a 
worked example of how the simulation-based approach can allow for a 
comprehensive assessment of collision risk, which is often required for 
assessing the potential ecological impacts of tidal energy projects. 

2. Methods 

2.1. Model development 

The simulated tidal kite was produced from a 3D shapefile of the 
device, previously described in Horne et al. (2019). The shapefile was a 
representation of the Minesto kite with a tether length of 20 m and a 
wingspan of 3 m. The movement of the kite was simulated in Blender 
(version 2.79b) using three angles of rotation around the base of the 
device to create a figure-of-eight motion. The formulas used to calculate 
these angles are described in Schmitt et al. (2017) and were transcribed 
into a python script for use in Blender; this code essentially controlled 
the movement of the kite during simulations. To ensure the reliability of 
results and that there were no issues with the re-coding, results for 
identical scenarios were compared between Blender and the original 
model in FreeCAD, which showed a satisfactory margin of error of <1%. 

Previous simulations were run for a seal-shaped object moving hor
izontally and parallel to the flow direction (Horne et al., 2019; Schmitt 
et al., 2017). However, the investigation of arbitrary directions of travel 
posed a problem, since starting positions must be assigned in such a way 
that all directions of animal movement are considered. To address this, 
starting positions were distributed on the surface of an icosphere, with a 
radius larger than the kite’s swept area and centred on the base of the 
kite’s tether. An icosphere, made up of equilateral triangles, was used to 
create a dome of possible starting positions of the animal (Fig. 2). The 
positions where the lines of the triangles met, were used as the starting 
positions for seal-shaped object approaches during simulations (Fig. 2). 
The number of starting positions were determined by the number of 
subdivisions used to create the dome. The more subdivisions, the more 
complex (higher resolution) the sphere, where a single subdivision 

Fig. 1. Tidal kite schematic showing a wing and tether (light grey) undertaking 
a 3-D figure-of-eight movement (black dashes). The dark grey ellipsoid repre
sents a seal-shaped object moving towards the tidal kite. Note: The co-ordinate 
system uses XYZ axis; where X is the direction of the tidal flow, Y is the hori
zontal distance normal to the flow direction and Z represents the distance from 
the seabed. 
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results in a sphere with 12 starting positions, two subdivisions create 42 
positions, and so on. The number of subdivisions and the radius of the 
sphere combined determine the distance between each starting position. 
After creating the sphere, all points from one half were removed to 
create a dome so that starting positions could originate from no lower 
than the seabed. For the scenarios tested here, the radius of the ico
sphere was 21 m with six subdivisions, which resulted in 5106 starting 
positions with 0.9 m distance between each neighbouring position. 

2.2. Input of ecological parameters 

The values for the ecological parameters, speed, size and angle of 
approach, were chosen to represent feasible scenarios in the way a seal 
could hypothetically approach a turbine. The speed of the animal was set 
using a value for linear velocity and was defined before every simula
tion. Two different speeds were tested, one, representing the mean swim 
speed of an adult harbour seal (Phoca vitulina) (1.8 ms− 1; Scottish Nat
ural Heritage, 2016) which is referred to as the ‘slow’ speed (Table 1). A 
second speed of 4 ms− 1 was chosen to represent a seal travelling in a fast 
flowing tidal stream, such as that of the Narrows tidal channel in 
Strangford Lough, Northern Ireland, UK (Kregting and Elsäßer, 2014) or 
the Bay of Fundy, Canada (Durand et al., 2008). 

An ellipsoid object was used to represent the shape of a harbour seal 
and the dimensions used in the simulations were representative of an 
adult seal (L = 1.41 m, W = 0.3 m) (Scottish Natural Heritage, 2016) and 
a pup (L = 0.8 m, W = 0.2 m) (Cottrell et al., 2002). To change between 
the two, the length (L) and width (W) of the seal-shaped object was 
altered before each run, where required. Two manipulations to the di
mensions of the shapefile were used to display the flexibility of the 
system, however any animal shape or size could be incorporated as a 3D 
shapefile. 

The angle of approach for each seal-shaped object was created using 
yaw and pitch parameters which were input before each simulation 
(Fig. 3). Yaw is the orientation in the X–Y plane, clockwise relative to the 
flow direction (Fig. 1), whereas pitch is the orientation in the vertical 
plane of motion, relative to horizontal. For the scenarios tested herein, 
the orientation of the seal is the same as the direction of travel i.e. the 
seal-shaped objects travelled headfirst however, if required, any orien
tation can be incorporated with ease. Two different inputs for angle of 
approach were tested, one where the seal travelled downstream toward 
the device, parallel to the seabed (Fig. 3A), referred to as the ‘flat’ tra
jectory (Table 1) and the other where the seal travelled downstream 
toward the device with a 45◦ downward trajectory (Fig. 3B) referred to 
as the ‘downward’ trajectory (Table 1). 

2.3. Simulations 

Simulations were run on a Dell OptiPlex 7060 with an Intel Core i5- 
8500 and 16 GB RAM using the step-by-step conceptual outline in Fig. 4. 
The device shapefile was imported into Blender and the python script 
controlling device movement was then configured. The animal shape file 
was then imported, and the starting position of the animal set. Eight 
different scenarios were tested (Table 1) and collisions were deemed to 
occur if the seal-shaped object collided with any part of the tidal kite (e. 
g. wing and/or tether; Fig. 1). These scenarios were set up using three 
combinations of the input parameters: swim speed, size and angle of 
approach. 

Whether the animal collided with the kite or passed unhindered 
depended on both the relative timing of the animal and the device 
movement in the simulations. Therefore, to evaluate collision proba
bilities, animals that were released from the same starting position, were 
varied at time lags distributed evenly between 0s and 8s (the time taken 
for one complete figure-of-eight movement of the kite). Resolution of 
this lag had to be sufficient to capture the true probability of a collision, 
which was defined as the number of collisions at a position divided by 
the overall number of seal-shaped objects released from that position (i. 
e. number of lags). The required resolution could not be established a 
priori and had to be determined by performing convergence studies. For 
this, it was logical to assume that larger and slower animals would run a 
higher risk of collision than smaller, faster ones. Therefore, smaller and 
faster moving animals would need a greater number of lags to resolve 
the fewer instances of collisions. Consequently, the fast (4 ms− 1) and 
small (pup) seal-shaped object on a downward trajectory was used to 
perform the convergence study. 

The reliability of the simulations were tested using the method 
outlined in Eça and Hoekstra (2014), which is used in numerical 
modelling to assess the convergence behaviour of simulations and the 
grid size required for simulations to be accurate. Following this method, 
an R score of less than 1 indicates that convergence had been achieved; 
in this case, convergence was achieved at 100 lags (R = 0.495). There
fore, the scenarios used herein were run with 100 lags (which equated to 
a gap of 0.08 s between each time lag). Consequently, for each of the 
eight scenarios tested, 510,600 individual simulations were required (i. 
e. 5106 starting positions with 100 lags per position). 

Fig. 2. An example of an icosphere created in Blender with the upper right 
panel showing a close-up of the starting positions (dots) of the seal- 
shaped objects. 

Table 1 
Results of the different input scenarios. The three-letter code in the scenario 
column refers to the ecological inputs used: the first letter represents the 
approach speed; 4 ms− 1 (F; fast) or 1.8 ms− 1 (S; slow).,the second letter refers to 
the angle of approach; with a flat (F) or downward (D) trajectory, while the third 
letter refers to the size of the seal; adult (A) or pup (P). Positions are the number 
of starting positions in which at least one collision occurs. Collisions are the 
total number of collisions across those positions and CP is the collision proba
bility calculated using inverse distance weighting.  

Scenario Speed Angle Size Positions Collisions CP 

FFP 4 ms− 1 Flat Pup 174 875 0.0583 
SFA 1.8 ms− 1 Flat Adult 224 4477 0.2004 
FFA 4 ms− 1 Flat Adult 224 2501 0.1155 
SFP 1.8 ms− 1 Flat Pup 177 1520 0.0898 
FDP 4 ms− 1 Down Pup 317 1117 0.0371 
SDA 1.8 ms− 1 Down Adult 353 7587 0.2140 
FDA 4 ms− 1 Down Adult 353 4435 0.1293 
SDP 1.8 ms− 1 Down Pup 333 2176 0.1293  

Fig. 3. The yaw (Y) and pitch (P) of the seal-shaped objects for the baseline 
case (Y = 0, P = 0) (A) and alternative case (Y = 0, P = 45) (B). 
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2.4. Analysis 

All data processing, error checking and analysis was performed in R 
(R Core Team., 2019). Outputs from each scenario were matched to the 
corresponding input file, which created a database for each simulation 
run. Firstly, the number of collisions at an individual starting position 
were divided by the number of time lags (n = 100) to create a collision 
probability for each starting position (Table 1). 

As simulations were run using a dome of starting positions to allow a 
wide range of scenarios to be tested, the positions of collisions must be 
translated from 3D to 2D positions for an average collision probability to 
be calculated. This was achieved by removing the axis in alignment with 
the direction of travel (i.e. the direction of tidal flow; X-axis (Fig. 1) to 
project the results in the YZ plane (Fig. 5)). To translate the downward 
trajectory scenarios into 2D, the positions had to be rotated so that they 
aligned with at least one axis. The axis chosen was the same axis that the 

flat (0◦) scenarios were run in to allow for a direct comparison. There
fore, new positions were calculated by rotating the 3D vectors by the 
trajectory (45◦) to align them with the flat (0◦) scenarios. After this 
conversion, positions no longer maintained equal distances between 
points (Fig. 5B); to account for this, inverse distance weighting (IDW) 
(Pebesma, 2004), which uses the distance between each point to average 
the values over 2D space, was used. The overall collision probability was 
then calculated, using the 2D vectors and the collision probability for 
each individual position. 

2.5. Dive profiles 

The influence of a hypothetical dive profile on the probability of 
collision was investigated during post-processing. For this, a ‘U-shaped’ 
dive profile was used, based on data presented by Thompson et al. 
(2016) for a telemetry tagged adult harbour seal. A time-depth 

Fig. 4. The key processes used in the simulation-based approach, outlining the three discrete steps: creating the input parameters and associated files, running the 
simulations, and the post-processing step (if additional empirical data are available to further refine collision risk estimates). 

Fig. 5. The transformation from 3D A) to 2D B) starting positions. Note that at the edges of the 2D plot the points are closer together (higher density).  
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distribution, at 1 m intervals throughout the water column along the z- 
axis, was incorporated as a post-processing step, using R. Therefore, 
rather than assuming an unrealistic uniform distribution throughout the 
water column (z axis; Fig. 5), incorporating information on the dive 
profile (i.e. the proportion of time spent at a given depth throughout the 
water column) can provide improved estimates of collision risk. Both the 
hypothetical and the uniform (equal probability for each 1 m interval) 
dive profiles were tested for a single scenario: a slow-moving, flat tra
jectory, adult seal. Updated collision risk probabilities were calculated 
by multiplying the collision probability for each starting position by the 
probability for that depth interval. After applying the dive profiles, the 
IDW methods outlined above were used to calculate the overall collision 
probability. 

3. Results 

3.1. Ecological inputs 

Varying the ecological inputs (i.e. the size of animal, speed and angle 
of approach) did change the collision probabilities (CP), with the highest 
chance of collision occurring for a slow (1.8 ms− 1) downward trajectory 
adult (CP = 0.214) (Table 1), as compared to a fast (4 ms− 1) pup on a 
downward trajectory, which had the lowest collision probability (CP =
0.037) (Table 1). 

Across all scenarios, the highest collision probabilities occurred at 
the static base of the device (Fig. 6; supplementary material, Fig. 1). 
There was a larger distribution of collisions over the z-dimension for the 
downward trajectory scenario (Fig. 6B), as compared to the flat trajec
tory scenario (Fig. 6A), whereby approximately 5 m is added on the z- 
axis (Fig. 6B). The increase in the possible area for collisions is due to the 
movement of the tidal kite, whereby, at the largest 2D projected swept 
area, it operates at approximately 45◦, meaning that the device will be 
perpendicular to the 45◦ trajectory of the animal (resulting in an in
crease in the available surface area for collisions). 

Small changes can be seen when comparing across speed of move
ment or size of an animal. For example, a slow-moving adult on a flat 
trajectory (SFA) (CP = 0.2004; Table 1) showed a higher CP throughout 
the swept area, as compared to a fast-moving pup on a flat trajectory 
(FFP) (CP = 0.0898; Table 1). More broadly, and as expected, a faster 
animal had an overall lower CP (Table 1), where the mean CP was 0.086 
(sd = 0.044) and 0.150 (sd = 0.059) for scenarios incorporating fast and 
slow seals, respectively. Similarly, larger seals, on average, were more 
likely to collide with the kite, as compared to their smaller counterparts. 
In this case, the mean CP for an adult and a pup was 0.165 (sd = 0.050) 
and 0.079 (sd = 0.040), respectively. However, when comparing CPs for 
flat trajectories against 45◦ downward trajectories, results were not as 

definitive. While three of the four downward trajectory scenarios 
showed a higher CP, as compared to the flat trajectory equivalents (i.e. 
the same speed and size), in the case of the fast and downward moving 
pup (FDP), a lower collision probability was observed (CP = 0.0371; 
Table 1) as compared to the flat trajectory (CP = 0.0583; Table 1). 

3.2. Dive profiles 

The collision scenarios represent only a single transit probability 
without any information on the animal’s distribution throughout the 
water column. By incorporating a uniform dive profile, giving an animal 
an equal chance of being at any depth, the CP for a slow moving, flat 
trajectory adult is reduced from 0.214 (Table 1) to 0.009. By incorpo
rating a hypothetical dive profile to this scenario, the CP is reduced 
further, to 0.007. Fig. 7 displays the distribution of collisions for the 
uniform time depth distribution (Fig. 7A) and when the hypothetical 
dive profile is included (Fig. 7B) during post-processing. Comparison of 
the two distributions highlighted that the majority of collisions where 
the dive profile has been employed occur near the base of the device, 
which is intuitive, given that the base was static and this was the loca
tion within the water column where the animal has the highest proba
bility of occurrence (Fig. 7C). 

4. Discussion 

This flexible, simulation-based approach to collision risk assessment 
allows the incorporation of device specifications and information on the 
ecology and behaviour of the receptor(s) of interest. These input pa
rameters can be changed with ease when more empirical data become 
available, for example, or if the user wants to assess thresholds or the 
potential impact of variations in the l input parameters, as demonstrated 
herein. Consequently, the simulation-based approach can be used to 
provide more detailed, transparent and robust collision risk probabili
ties, and can therefore contribute to our ability to ensure we achieve 
sustainable growth in the marine renewable energy industry as part of a 
global strategy to combat climate change. 

The approach has potential advantages over other collision risk 
models, such as the ERM and Band model, which use only a horizontal 
approach (equivalent to the flat trajectory tested herein) and a uniform 
distribution of trajectories (Scottish Natural Heritage, 2016). As 
demonstrated here, CPs can be affected considerably by the angle of 
approach, where the 45◦ downward trajectory scenarios showed a larger 
distribution of collisions, due to the movement characteristics of the 
tidal kite. Efforts to incorporate varying angles of approach for wind 
turbines and birds have been made using mathematical equations 
similar to those in the ERM and Band model (Holmstrom et al., 2011). 

Fig. 6. The 2D distribution of the probability of collisions for two of the eight scenarios tested A) Slow, Flat, Adult (SFA) and B) Slow, Downward, Adult, (SDA). The 
other four scenarios are presented in the supplementary material (supplementary material, Fig. 1). The shading of the points relates to the probability of collision for 
that point (with darker shading indicating a higher probability of collision). 
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However, this approach has not been used when assessing TEDs, and it is 
similarly limited in its ability to estimate collision risk with novel tur
bine designs. Given the development of different TED designs, such as 
HATs (Simec Atlantis Energy., n.d.) and cross-flow turbines (ORPC., n. 
d.), investigations into the angle of approach are likely to be important if 
we are to better understand the risk that different TED designs pose to 
receptors of interest. 

Another benefit of the simulation-based approach is that relation
ships between input parameters can be investigated. Herein, to provide a 
basic example of this, three input parameters; animal speed, size and 
angle of approach, were explored. In comparison, both the ERM and the 
Band model use simplified relationships with changes to inputs, where 
the equations used to calculate probabilities assume a linear relationship 
between impact probability and changes to speed or animal length. 
These assumptions may not be correct, as different parameters relative 
to the receptor of interest (e.g. shape, speed or angle of approach) and 
device characteristics (e.g. device type) could alter the relationship be
tween these covariates. Therefore, the dynamic nature of the simulation- 
based approach means these relationships can be explicitly assessed and 
this can be done with a wide range of parameters for any device design 
(Horne et al., 2019). 

The ability to incorporate empirical data into collision risk estimates 
is a valuable attribute of this simulation-based approach. However, 
there are a growing number of studies showing that site-specific varia
tions in the environment and associated animal behaviour are charac
teristic within these high energy environments (Hastie et al., 2016; Joy 
et al., 2018; Lieber et al., 2018; Russell, 2016). Therefore, when 
applying this approach to a real-world scenario, it is likely that 
site-specific data, where available, would generate more robust and 
accurate estimates of collision risk. However, where few empirical data 
exist, as so often is the case, then the simulation-based approach can be 
used to assess worst case scenarios. Within the thresholds of what are 
considered plausible, this would be true for both the receptor and the 
TED (e.g. if a developer wanted to assess the potential ecological impacts 
at the design phase). 

Key behavioural considerations for understanding collision risk are 
avoidance (an animal avoiding the area of a device; ‘far-field’) and 
evasion (an animal evading being struck by the moving part of the de
vice; ‘near-field’) (Wilson et al., 2006). In the case of marine mammals 
and TEDs, there is a lack of empirical data on these behaviours, as such, 
assessments may opt to use the worst case scenario (where there is no 
avoidance or evasion) or, a range of avoidance rates, e.g. 10, 20, 50% of 
animals will avoid collisions (Scottish Natural Heritage, 2016). How
ever, recent studies have shown that harbour seals changed their 
behaviour as a result of the SeaGen device, the first grid-connected 
operational TED (Joy et al., 2018; Sparling et al., 2018). In this case, 
Sparling et al. (2018) found that, during operation there was no 

barrier-effect caused by the device, however, there was a reduction in 
movement of GPS tagged seals passing the TED during operation. Joy 
et al. (2018), also using the GPS tag data from these seals, investigated 
the direction and speed of movement of the animals. Incorporating these 
data within the ERM, Joy et al. (2018) estimated a 90% reduction in 
collision risk. As well as understanding behavioural changes around 
TEDs, observing fine-scale underwater movement in close proximity (e. 
g. <50 m) would improve our understanding of collision risk (Wilson 
et al., 2006). Developments to quantify and better understand under
water movement of animals in these tidally energetic environments is 
being addressed through three different technologies; active acoustic 
monitoring (Hastie et al., 2019; Lieber et al., 2014; Williamson et al., 
2017), passive acoustic monitoring (Gillespie et al., 2020; Macaulay 
et al., 2017; Malinka et al., 2018) and through animal-borne loggers 
(Gabaldon et al., 2019; McKnight et al., 2019). These methods provide 
information on how animals move in three-dimensional space, which 
will provide valuable empirical data, such as angle of approach, animal 
speed, dive profile, and avoidance and evasion behaviours, that can be 
used to better inform this simulation-based approach to collision risk 
models. 

The simulation-based approach was developed to build on previous 
CRMs that have been employed to predict the risk to animals posed by 
tidal energy devices. However, the principles that underpin the 
simulation-based approach can be employed, with ease, to a wide range 
of systems and scenarios that predict wildlife collision risk such as wind 
turbines with birds and bats (Masden and Cook, 2016) or ship strikes 
with whales (Williams and O’Hara, 2010). Therefore, the application of 
this simulation-based approach to provide a quantitative assessment on 
which to address other management and conservation questions is 
extensive. 

4.1. Conclusion 

This proof-of-concept study demonstrates the feasibility of 
simulation-based approaches to quantifying collision risk probabilities 
that can incorporate the best available scientific evidence and, where 
lacking, expert elicitation, to provide robust and transparent outputs 
that can consider uncertainties (i.e. variations in the input parameters). 
The development of this approach is ongoing, aligned with the overall 
aim of creating a user-friendly and flexible collision risk assessment tool. 
The intention is to produce an end product that will be useful to de
velopers and consultants when it comes to undertaking collision risk 
modelling for environmental assessments, and for informing regulators 
and their advisors when considering the potential impacts on receptors 
during the application phase of a development. 

Fig. 7. 2D distribution of collision probabilities with the shading showing the probability of collision for each location (with darker colours indicating a higher 
probability of collision). A) the probability distribution for a uniform time depth profile B) the probability distribution when the hypothetical dive profile presented 
in C) is employed in post-processing. 
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Assessing avian-wind turbine collision risk: an approach angle dependent model. 
Wind Eng. 35, 289–312. https://doi.org/10.1260/0309-524X.35.3.289. 

Horne, N., Culloch, R., Schmitt, P., Kregting, L., 2019. Incorporating different tidal 
energy device designs into 4D collision risk simulations allowing increased flexibility 
for industry. Proc. 13th Eur. Wave Tidal Energy Conf. 12–13. 

Joy, R., Wood, J.D., Sparling, C.E., Tollit, D.J., Copping, A.E., McConnell, B.J., 2018. 
Empirical measures of harbor seal behavior and avoidance of an operational tidal 
turbine. Mar. Pollut. Bull. 136, 92–106. https://doi.org/10.1016/j. 
marpolbul.2018.08.052. 
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