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Ecological Impact of Airborne Wind Energy
Technology: Current State of Knowledge and
Future Research Agenda

Leo Bruinzeel, Erik Klop, Allix Brenninkmeijer and Jaap Bosch

Abstract In this first review on the subject we describe the ecological impact of
airborne wind energy technologies in general, with a particular focus on the rigid
wing system developed by Ampyx Power. The chapter outlines a framework con-
sisting of disturbance, ecological sensitivity, impact and legal aspects. We conclude
that between 2–13 birds will collide annually with the autonomous aircraft alone. A
challenging of the analysis is to estimate the mortality caused by the tether. Based
on data from studies on power lines we find that a tether, that is one kilometer long
and active all year round, will cause approximately 11 bird victims per year. For a
tethered aircraft active only during the day and only with sufficiently strong wind an
estimate of 5–15 bird fatalities per year will be realistic. This estimate is comparable
to the number of fatalities found at average wind turbines. These figures can be ten
times higher or lower depending on the bird activity at the specific deployment site.
We provide a model for the mortality based on the specific characteristics of a bird
species. A challenging future task will be the validation of this model considering
that evidence suggest that birds can survive an encounter with the tether.

28.1 Introduction

Airborne wind energy (AWE) is an emerging renewable energy technology which
accesses wind resources that are at higher altitudes than these in reach of conven-
tional wind turbines. Ampyx Power is developing a novel airborne wind energy sys-
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tem (AWES), which uses a tethered autonomous aircraft for the conversion of wind
energy into electricity. In the coming years Ampyx Power is planning to optimize
the current prototype for commercial exploitation. With this in mind, it is impor-
tant to anticipate on national and international laws and legislation. Many countries
have environmental legislation in place that may be relevant for this type of projects.
This chapter aims to provide a framework for the assessment of the ecological im-
pact of the innovative technology. The impact of tethered aircraft on landscapes is
also important, but not included in this review. This chapter does not provide a full
assessment but rather a guideline on how to identify and assess the relevant ecolog-
ical aspects and possible impacts in order to comply with relevant environmental
legislation.

28.2 Ampyx Power Airborne Wind Energy System Concept

The Ampyx Power AWES converts the kinetic energy of wind into mechanical en-
ergy by having an autopilot-controlled glider aircraft creating pull on a tether by
flying repetitive crosswind patterns at an altitude of 200–450 meters (Fig. 28.1). A
ground-based generator converts this energy during reeling out into electric power.
Once the tether has been unrolled, the glider aircraft is controlled to descent to
lower altitudes, reeling in the tether with a minimal tether tension and a power con-
sumption that is only a fraction of the power produced during the reel-out phase.

Fig. 28.1 Schematic repre-
sentation of the Ampyx Power
AWES. A more detailed out-
line of the technology is
provided in [31–33]

Wind drives the aircraft at
an altitude of up to 450 m

The pulling force causes the
tether to reel out setting a
cable drum into rotation

A generator converts
the rotational motion
into electrical power
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The generator and electronic back end will be of similar dimensions as used in the
nacelle of conventional wind turbines. A more detailed description of the Ampyx
Power AWES and the envisioned roadmap to large-scale deployment is presented in
Chap. 26 of this book.

28.3 Environmental Impact Assessment

An environmental impact assessment (EIA) describes all the impacts the project
has on its surroundings. Effects on flora and fauna are usually described under the
header “ecological impact”. In this review we focus only on the ecological impact.
In general, impact assessments consist of four components. The relation between
these components is illustrated in Fig. 28.2.

Fig. 28.2 Schematic repre-
sentation of the four different
components of the impact
assessment framework
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The first component is the disturbance resulting from the whole project. Distur-
bance is here broadly defined as all stimuli associated with the project that may
cause a reaction among natural systems. This describes along which routes the de-
vice is fundamentally interacting with the environment and will result in a general
overview, summarizing the theoretical pathways how the device interacts or may in-
teract with the environment, this needs to be exhaustive. At a later stage some factors
may be described as being not relevant. However, ignoring these factors beforehand
would lead to an incomplete environmental impact assessment.

The second step is to investigate the ecological values and sensitivity of the site.
The ecological sensitivity is defined by the species, communities and habitats at
the site, their occurrence in a wider context (at regional, national and international
scale), their behavior and their susceptibility to disturbance. The second step should
be focused on natural values occurring at the site, but also on natural values in the
vicinity. Some species have no ecological relation with the site, but can use the
airspace above the site to commute or migrate.
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The third step is the impact assessment of the combined result of disturbance
and the ecological sensitivity of the site. This is not a physical equation, but rather
an interaction term, describing that the impact is related to these two factors. A
reduction of the total impact can be achieved by reducing the disturbance caused
by the device or choosing a site with less ecological sensitivity or both. As the
disturbance caused by the tethered aircraft is caused by mechanistic properties of
the device (speed, noise etc.), we conclude that in general the ecological impact will
vary, to a large extent, as a result of the sensitivity of sites.

In the fourth and last step, the impact on ecological values is mirrored against the
legal protection of flora, fauna and natural sites in general. The ecological impact
may comply with the legal situation, but in some cases a conflict may arise between
one or more specific ecological values being at stake due to the device. In that case
there are in general two routes to follow: mitigation and offset. Mitigation is adjust-
ing the project as such that the disturbance part of the equation will be reduced to
acceptable levels. One can adjust the project in space, time, magnitude or nature. For
instance another location or operation outside specific time periods (e.g the breeding
season of birds). Offset is a method to increase the ecological value of the site as
such that the ecological impact will become less. If mitigation does not suffice, one
can—in general as a last resort—offset the ecological damage by realizing a bonus
for the environment. Offset is in general a challenge, especially when the ecological
cost and benefits are measured in different units.

28.4 Ecological Impact of AWE Projects: Current State

Many AWE initiatives have started and all have in common that they utilize the
wind resources that are available in higher strata above the ground, therefore con-
cepts and approaches developed for one device can be applicable for others. Cur-
rently there is not much information available concerning the environmental impact
of AWE projects. A search in the Web of Science database resulted in 180 publica-
tions for the combined keywords “Airborne Wind Energy” but none of the studies
dealt with environmental effects (Table 28.1). In comparison a total of over 36,000
studies are related to conventional wind energy. Specific internet sites are devoted
to the mechanical and technical side of AWE projects, but not to the ecological or
environmental impacts. Furthermore, directions, suggestions or otherwise helpful
information that might guide us towards finding information on the ecological im-
pacts are currently lacking. We can thus conclude that not much is known about the
ecological and environmental impacts of the novel field of AWE. A more detailed
up-to-date literature analysis has been presented in [40], however, the same conclu-
sion can be drawn from this. To our knowledge we present the first review addressing
the ecological aspects of an AWE project. The most important ecological effects to
be expected are mortality of birds and bats and disturbance of mammals, birds and
bats (and possibly “barrier” effects, blocking migration or commuting routes).
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Keywords (Web of Science) Publications Relevant for this review

Airborne wind energy 180 0
Airborne wind energy + ecology 1 0
Airborne wind energy + impact 22 0
Airborne wind energy + birds 3 0
Airborne wind energy + environment 15 0

Wind energy 36,656 –
Wind energy + ecology 200 –
Wind energy + impact 4,500 –
Wind energy + birds 492 –
Wind energy + environment 3,043 –

Table 28.1 Web of Science results (October 2015) for search entries “Airborne Wind Energy”
in combination with keywords (ecology, impact, birds & environment). As a comparison similar
results are given for conventional wind energy

Since AWE projects use new technologies, the disturbance cannot directly be
deduced from other studies. However, we can break down the technology into func-
tional components and the disturbance effects of these components can be, directly
or indirectly, estimated from literature sources on related subjects, so-called proxies.

28.5 Proxies for the Airborne Wind Energy Systems

In Table 28.2 we identified the components of the Ampyx Power AWES that are re-
sponsible for the main ecological effects, mortality and disturbance, and for which
no direct estimates are available. These components are related to similar compo-
nents or devices that can be used as reference or proxy for the disturbance caused
by the AWES. In this section we discuss the various proxies.

AWES component Similar component (proxy)

Gliding aircraft Glider aircraft (airfield), small aircraft
(ultralights)

Repetitive flight pattern aircraft Glider aircraft (airfield)
Tether (stable vertical object) Television towers, wind turbines, other

towers/vertical objects, power
lines/horizontal objects

Tether (high-altitude moving object) Wind turbines, kite surfers, kites

Table 28.2 The AWES broken down in functional components and the similar component (proxy)
of which disturbance information may be available that might act as a model
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28.5.1 Gliders and Motorized Aircraft

The disturbance associated with the tethered aircraft during the retraction phase is
comparable to that of regular glider aircraft of similar dimensions. However, glider
aircraft in general undertake relatively short flights, while the Ampyx Power aircraft
performs near continuous flights. We could not trace information on the ecological
impacts of specific glider airfields, as a frequently used airfield might be used as
proxy for a continuous flying gliders at one location. The disturbances of glider air-
craft are not thoroughly investigated [36]. In general, evidence from the literature
suggests that the impact is less compared to that of motorized aircraft [36]. Ob-
servations on silent aircraft such as balloons and Zeppelins in Switzerland showed
that waterbirds (ducks, geese, herons, cormorants and gulls) took off on average up
to a balloon height of 300 m or less. Above a balloon height of 300 m usually no
response was visible among the birds. This height threshold to take-off was higher
(500 m) for geese. However, incidentally a Zeppelin at 500 m evoked a response in
all waterbird species, resulting in birds flying around for 10–15 minutes [12].

Motorized aircraft cause visual and audible disturbance. Most impact studies de-
signed to measure the effect of aircraft on animals are investigating the combined
effect [23]. In order to understand only the visual aspects of disturbance (glider air-
craft hardly produce any noise), it is important to separate the influence of these
factors. Several lines of evidence suggest that the disturbance of motorized aircraft
is mainly caused by audible disturbance (noise) and not by visual disturbance. Stud-
ies performed in mountainous terrain showed that the effect of low-flying jet air-
craft was attributable to the noise [28, 49]. Animals displayed a similar response
to artificial jet noise from speakers (lacking the visual cues) compared to the com-
bined effect of real jets. Birds in Australia responded strongly to only aircraft noise
generated by speakers, mimicking aircraft at various altitudes [11]. Another study
measured a difference in the response of geese to aircraft depending on the amount
of noise they produced, which was also apparent with relatively small aircraft [48].
However hang gliders, not producing any sound, can induce a strong flight (escape)
response in mammals such as Chamoix, Red deer and Alpine Ibex [41, 45].

In Germany, research has been undertaken on the disturbance effects of paraglid-
ers on launch sites throughout the country [9]. The density of breeding birds around
take-off positions was studied and results were compared with nearby (undisturbed)
control locations. There were no lower breeding bird densities observed around
launch locations. However, the results were mainly based on small passerines, for
larger species—present in relatively lower densities—the sample size was too lim-
ited to test for an effect, but sufficed to conclude that there was no major effect.
There is in general no information available concerning the disturbance effect of
glider aircraft flying during the night. Disturbance caused by leisure sports, such as
kite surfing, is not well investigated. Studies conducted in the Grevelingen [46] and
Wolderwijd [22], both in The Netherlands, and a general investigation [30] all have
in common that they investigate the effect of an airborne moving object in relation
with a rapidly-moving person near ground level. Therefore, these effects are not
discernible from effects caused by jet ski’s, power boats or other fast-approaching
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humans at water level. To estimate the impact of AWES these studies are not of
much fundamental use.

28.5.2 Stationary and Moving Vertical Objects

Stationary vertical objects such as television towers and communication towers are
well investigated in the USA [18, 19, 37–39] and can be used as a proxy for the
tether. They consist of a monopile, often with accompanying guy wires, and are
equipped with FAA obstruction lights. There is a significant correlation between the
annual bird mortality and the height of the tower, with tall towers resulting in more
casualties among nocturnal migrants and height explains 84% of the variation in
number of fatalities [37]. However, the relation describing the avian casualties as a
function of the height of the tower, is not suited to model the relationship between
the height of the aircraft/tether and the number of bird fatalities, for two reasons:
the guy wires and the lights. Guy wires at communication tower are responsible for
approximately 85% of the victims [19] and the tethered aircraft is lacking additional
guy wires (in fact the tether can be regarded as a single guy wire). For communica-
tion towers the total volume of airspace occupied by guy wires increases nonlinearly
with the height of the tower, providing a mechanistic explanation for the relation-
ship [37]. Communication towers are supplied with red lights that cause birds to
circle around the towers (and to collide with the tower and guy wires), especially in
clouded weather [37, 38]. Furthermore, television towers are mainly causing casu-
alties at night among nocturnal migrants. The Ampyx Power aircraft will initially
only be used during daylight hours.

Moving vertical objects, like rotating wind turbines might act as a proxy for
the tether. The ecological impacts of wind farms are well known and many studies
are available. The main ecological impacts are disturbance during the construction
activities, and mortality (bird and bats) during the operational phase because of
collisions with the rotor blades. In addition, wind farms may cause fragmentation
of habitat, avoidance of the area and may be a barrier in migrating routes of birds
and bats. The species composition of turbine fatalities reflects that of the species
community present in the area [50]. In general, wind farms are responsible for 7
bird victims (median value) per turbine, per year (Table 28.3).

28.5.3 Stationary Horizontal Objects

Stationary horizontal objects such as power lines have an impact both night and
day and are well investigated [6, 7]. A few studies have calculated fatality rates
per km power line per time unit (Table 28.4). A median value of approximately
0.3 fatalities per km per day is reported. Casualties range between 0.02 to 1.89
collisions per km per day (a factor 100 difference). This variation is to a large extent
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Windpark Time period T [months] N [turbine−1 year−1] Source

Vansycle, USA 1999 12 0.6 [15]
Näsudden, Sweden – – 0.7 [21]
Altamont, USA 1988–2000 106 0.9 [44]
Buffalo Ridge, USA 1994–1999 92 1.0 [15]
Nieuwkapelle Diksmuide, Belgium 2005–2006 12 1.0 [16]
Blyth Harbour, UK – – 1.3 [21]
Obersdorf, Austria – – 1.5 [21]
Foote Creek Rim, USA 1998/1999 12 1.8 [15]
Woolnorth Tasmania, Australia 2002/2003 14 1.9 [21]
Gent, Belgium 2004 12 2.8 [16]
Simonsberger Koog, Germany – – >2.2 [21]
San Gorgino, USA – – 2.3 [15]
Friedrich-Wilhelm-L.-K., Germany – – >2.6 [21]
Steinberg-Prinzendorf, Austria – – 3 [21]
Delfzijl-Zuid, The Netherlands 2006–2011 60 2.2–6.8 [10]
Kreekraksluizen, The Netherlands – – 3.3 [42]
Nine Canyon Wind Project, USA 2002/2003 12 3.6 [21]
Alaiz-Echague, Pyrenees, Spain 2000/2001 12 >3.6 [34]
Kluizendok Gent, Belgium 2005–2007 24 6.6 [16]
Urk, The Netherlands 1987–1989 24 7.3–18.3 [51]
Breklumer Koog, Germany – – >7.5 [21]
Eemshaven, The Netherlands 2009–2014 60 7–33 [24]
Guerinda, Pyrenees, Spain 2000/2001 12 >8.5 [34]
Bremerhaven-Fischereihafen, Germany – – 9 [21]
Schelle, Belgium 2002–2004 36 11.3 [16]
Fehmarn, German Baltic Sea 2009 12 13 [8]
Prellenkirchen, Austria – – 13.9 [21]
Oosterbierum, The Netherlands 1986–1991 60 18.3–36.5 [50]
Almere, The Netherlands 2004 3 20 [29]
Zeebrugge, Belgium 2001–2007 84 21.4 [16]
Salajones, Pyrenees, Spain 2000/2001 12 >21.7 [34]
Izco-Aibar, Pyrenees, Spain 2000/2001 12 >22.6 [34]
Brugge (Boudewijnkanaal), Belgium 2001–2006 72 23.7 [16]
Wieringerwerf, The Netherlands 2004 3 27 [29]
Middenmeer, The Netherlands 2004 3 39 [29]
Kleine Pathoekewg. Brugge, Belgium 2005–2006 24 42.3 [16]
Solano County, USA – – 54 [15]
El Perdon, Pyrenees, Spain 2000/2001 12 >63.3 [34]
Minimum estimate 0.6
Maximum estimate >63.3
Median 7
Range 0.6–63.3

Table 28.3 Overview of the (corrected) number of bird casualties N per turbine per year in wind
farms in The Netherlands, Europe, Australia and USA, investigated over a period of T months
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caused by the natural variation in bird numbers at sites. In order to compare power
lines (consisting of a few parallel lines) with the tether (a single line) we divided all
estimates by 10 (assuming a power line consists of on average 10 parallel lines and
mortality is linearly related to the number of lines). In those situations we arrive at a
median value of 0.03 fatalities per km per day per single line (range 0.002–0.189).
We propose to use these figures to model the number of collisions victims by the
tether.

The studies are mainly conducted in the low countries (Netherlands, parts of
Germany) and are worldwide located in the temperate zone and in the center of
the East Atlantic Flyway a migratory highway for birds migrating from northern
Eurasia to Africa [1]. These sites are generally characterized by high densities of
birds year round. Based on these arguments we believe that the estimates are reliable
representatives for many sites on the globe. In general, the number of birds on many
sites will in fact be lower, however finding sites with higher numbers of birds in
space and time will be restricted to areas with very condensed bird migration (see
[1] for locations). Fatalities can be the result of electrocution and collision, although
in many modern power (high voltage) lines the conductors are spaced far apart,
making electrocution unlikely. Birds may also be affected due to fragmentation of
their habitat. The number of collision fatalities varies widely and is dependent on
many factors, including location, spatial configuration of the lines, numbers of birds
and flight movements in the area, season, the surrounding terrain, and the visibility
of the lines. The latter factor is influenced by weather conditions and time of day,
but also the presence of markers [4, 20].

Location N [km−1 day−1] N [km−1 day−1 line−1] Study

Four areas in Mid-Germany 0.02 0.002 [5]
Eemshaven 0.18 0.02 [26]
“Moors”, Netherlands 0.23 0.02 [27]
Polder Mastenbroek 0.26 0.03 [43]
Westerbroekstermadepolder 0.32 0.03 [47]
North Dakota, USA 0.34 0.03 [17]
17 areas in The Netherlands 0.36 0.04 [47]
Mid-Germany 0.43 0.04 [5]
“Meadows” in The Netherlands 0.44 0.04 [27]
Muiden 0.51 0.05 [43]
Eemshaven 0.36–1.11 0.04–0.11 [25]
Locations with high bird density 1.89 0.19 [27]
Minimum estimate 0.02 0.002
Maximum estimate 1.89 0.19
Median 0.3 0.03
Range 0.02–1.89 0.002–0.189

Table 28.4 Bird casualties N caused by power lines and by location, assuming that power lines
consist of 10 separate parallel lines
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28.6 Animal Collision Rate

To model the animal collision rate of the tethered aircraft we distinguish between
the aircraft and the tether.

28.6.1 Mortality by the Tether

In general, the speed of the tether is much higher than the speed of the bird. We
assume that birds cannot anticipate an approaching tether. For a bird which is slowly
approaching the impact zone the probability P= of a lethal encounter with the tether
is proportional to the characteristic dimension lb of the bird

P= ∝ lb. (28.1)

The larger the bird, the larger the contact area and the larger the risk of collision, all
else being equal. However exposure time to the approaching tether is also dependent
on the flight speed vb of the bird. The faster the bird flies, the less time it spends in
de the danger zone, hence we can formulate

P= ∝
1
vb
. (28.2)

In addition, birds can display specific behavior close to the contact zone, that may
increase the chance of a lethal encounter. This can be a range of behavior that all
result in more time spent in the contact zone compared to birds that just fly in a
straight line, for instance soaring birds that are circling in the vicinity

P= ∝ behavior bird. (28.3)

A small bird approaching the tether with a high speed has a low risk of getting
hit by the tether because it passes rapidly through the contact zone and its small
dimensions make a hit less probable. Other birds traveling slow or being large or
displaying flight behavior deviating from a straight line are exposed to a higher risk
of getting hit. Based on this simple model we can estimate collision risks for various
bird species. Power lines are in our opinion the best proxy to estimate bird and bat
mortality of the tether in general. The relative collision risk, i.e. the risk for a bird to
get hit assuming that it is present in the area, is independent of altitude or speed of
the tether. Instead, it is solemnly determined by the size of birds or bats, their speed
and their flight behavior.

The number of casualties per bird species per site can be calculated by first es-
timating the total number of casualties in general as a function whether the site is
categorized as an area with moderate, low or high bird activity (Table 28.5). Subse-
quently, the estimated total number of casualties should be broken down to species
level. This is a function of the species present in the area, the numbers and their
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Bird activity N [km−1 year−1] Source (see Table 28.4)

Low 1.095 10× lower
Moderate 10.95 Median value
High 109.5 10× higher

Table 28.5 Estimated bird casualties N per year for a tether of 1 km length for year-round 24/7-
operation at sites with varying degrees of bird activity

flight behavior. Furthermore it is dependent of species-specific traits, such as bird
size and bird speed that determines the relative collision risk (see Sect. 28.6.3).

28.6.2 Mortality by the Aircraft

The rate of animal collisions with general aviation aircraft in the US is 1.20 colli-
sions per 100,000 movements, which are departures and arrivals [14]. Birds were
involved in 97% of the collisions, terrestrial mammals in only 2.2% and bats in only
0.7%. One aircraft movement consists of various flight phases (park, taxi, take-off
run, climb, en route, descent, approach and landing roll). The “en route” and flight
phases do not pose a real threat since these take place at heights above 1500 ft
(approximately 500 m) where collisions are generally rare [14]. We can relate the
movements of the tethered aircraft to movements by aviation aircraft, assuming that
the aircraft operates mostly in air layers where collisions occur. Therefore, we need
to translate the continuous flight movements of the tethered aircraft into standard
aircraft (airport) movements.

If we assume that one aircraft movement (either take-off run plus climb or ap-
proach and landing roll) takes between 60 and 180 seconds, we arrive for a fully op-
erational tethered aircraft (active 24 hours, 365 days a year) at between one million
movements per year (assuming one general aviation movement takes 30 seconds)
and 175,000 movements per year, assuming that one aviation movement takes 180
seconds (Table 28.6). Under these assumptions the tethered aircraft will cause on
average between 2–13 bird casualties per year. The number of bats that get hit are
negligible. This is under assumption that the characteristics of a tethered aircraft are
comparable with average general aircraft. However, the Ampyx Power aircraft is
considerable smaller and flies slower, which attributes to a lower collision risk, but
are also generally silent, which may attribute to a higher collision risk. Furthermore,
the aircraft will not be active daily and year-round.
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Animal collisions N [year−1]
Assumption
movement
duration [s]

Corresponding AWES
movements per year
(24 hours × 365 days)

Total Birds Bats

30 1,051,200 12.6 12.2 0.3
60 525,600 6.4 6.2 0.1
120 262,800 3.2 3.1 0.1
180 175,200 2.2 2.1 <0.1

Table 28.6 Total animal collisions per year broken down into bird and bat collisions for an Ampyx
Power AWES for year-round 24/7 operation. This was calculated on the basis of four different
assumptions (30–180 s) for the conversion of one airport/aircraft movement into time

28.6.3 Species-Specific Relative Collision Risk

Continuing the derivation outlined in Sect. 28.6.1, we combine Eqs. (28.1) and
(28.2) and use the airspeed ve and wing span b, listed in Table 28.8 in the appendix
of this chapter for a range of European bird species, to formulate the relative colli-
sion risk

P= ∝
b
ve
. (28.4)

The airspeed ve is the flight speed of the bird relative to the air. It is this kinematic
property which characterizes the flight of a bird in a wind field because it is related to
the aerodynamic properties of the animal. However, the risk of collision with a sta-
tionary, ground-attached object depends on the flight speed vb of the bird measured
with respect to the ground. The velocity vectors are related by ve = vb−vw =−va,
where va is the apparent wind speed experienced by the bird. The airspeed was de-
rived in [3] from the flight speed vb of the birds, measured by tracking radar, and
corrected for the wind speed vw at the location of the bird, measured by radar track-
ing balloons at the flight altitude of the birds. We use in our analysis the airspeed of
the bird instead of the flight speed assuming that in average the birds fly in all direc-
tions and also that the wind direction varies such that the effect of the background
wind speed vw is statistically canceled out.

The last entry of Table 28.8 indicates an average airspeed of ve = 14.1 m/s and
average wing span of b= 0.91 m for an average bird (the standard bird in this study),
leading to a ratio

c =
b
ve

= 0.065. (28.5)

On the basis of this reference value we define the relative standardized collision risk

P= ∝
b

vec
, (28.6)
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which allows a species-specific calculation of the relative standardized collision risk
using the tabulated wing span and airspeed data. This probability quantifies the risk
for a bird of a certain species to collide with the tether (given presence of the species
in the area) compared to the risk of a standard bird. This will allow to identify
species with relative high or low collision risks. Based on Eqs. (28.4), (28.5) and
(28.6) we have calculated the relative collision risk and the relative standardized
collision risk and appended this as two extra columns in Table 28.8 to the original
data of [3].

There are two routes providing a relative collision risk for a species that is absent
in the list. The easiest method is to search for a comparable species in the list, based
on size and ecological group, and use these values as estimate for the unlisted bird
species. Or, alternatively, find an estimate for the wing span of the unlisted species
and divide this by the airspeed ve of the bird determined on the basis of body mass
mb by the allometric relation [2]

ve = 15.9 m0.13
b (28.7)

The data listed in Table 28.8 implies the assumption that birds are flying in a straight
line. In reality, however, birds are not always flying in a straight line. Especially
local birds, that breed or forage in the vicinity show deviating flight patterns. During
fieldwork one has to get an impression of the number and species present in the area
and the regular flights they undertake. Ultimately, one needs to get an idea how
much extra time an individual is spending in the collision risk zone, compared to an
individual of the same species flying in a straight line.

28.7 Ecological Impact of Tethered Aircraft

In this section we outline the potential disturbance caused by tethered aircraft. The
potential impact is derived from impact studies on comparable systems. In compli-
ance with environmental impact assessment (EIA) standards we distinguish three
phases: construction phase, utilization phase and decommissioning phase. The ac-
tivities in the decommissioning phase (and maintenance during the utilization phase)
are similar in nature to the construction phase, so not separately treated here. The
main effects in the construction phase are: presence of man, noise, vibrations, emis-
sions and physical activity (ground works, construction works). The main effects in
the utilization phase are: movement (landing, launching of motorized aircraft), con-
tinuous movement (unpowered aircraft noise, movement and glitter/glare) and mor-
tality due to collisions with the aircraft/tether, noise, vibrations, electromagnetism
and glitter/glare (Table 28.7).

The main response variables are habitats (quality and quantity) and species (sur-
vival, breeding and behavior). In compliance with EIA standards the physical effects
of the project are first described. These are broken down into components that are
the fundamental routes through which the project interacts with the environment.
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Table 28.7 Effect indicator
for plants, habitats and small
animals (including fish, in-
sects) (0 No effects, 1 Very
small / negligible effects,
2 Moderate small effects,
3 Medium effects, 4 Large
effects)

A) Plants, habitats, small Quality Quantity
animals

movement (disturbance) 0 0
movement (mortality) 0 0
noise 1 0
vibrations 0 0
emissions 1 1
electromagnetism 0 0
glitter and glare 0 0
B) Birds Survival Breeding Behavior
movement (disturbance) 1 2 1
movement (mortality) 3 1 2
noise 0 2 2
vibrations 0 0 0
emissions 0 0 0
electromagnetism 0 0 0
glitter and glare 0 0 0
C) Bats Survival Breeding Behavior
movement (disturbance) 1 1 2
movement (mortality) 1 0 0
noise 0 0 0
vibrations 0 0 0
emissions 0 0 0
electromagnetism 0 0 0
glitter and glare 0 0 0
D) Ground-based birds, Survival Breeding Behavior
mammals
movement (disturbance) 0 2 1
movement (mortality) 0 0 0
noise 0 2 1
vibrations 0 0 0
emissions 0 0 0
electromagnetism 0 0 0
glitter and glare 0 0 0

For different ecological groups we summarized the magnitude of these effects on
their ecology. As ecological groups we distinguished between A) plants, habitats
and small animals (usually, but not always, species with limited protection on sites
and limited mobility), B) birds and C) bats (both groups of flying animals with
large home ranges and usually well protected species) and D) ground-based birds
and mammals (Table 28.7). The listed effects should be interpreted as a general and
relative susceptibility to the stimulus of an average species within the relevant eco-
logical group. Noise, vibrations, electromagnetism, physical activity, emissions and
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glitter/glare are factors that need to be investigated, but beforehand it is expected
that in general these will not pose a realistic threat for wildlife. Animals can be af-
fected in their survival, their breeding output and in their behavior. In EIAs studying
wind farms, there is usually a fourth factor involved related to connectivity or related
to the device acting as a barrier in the migration route. The barrier effect is not an
affected trait of the birds, but rather the outcome of a change in behavior. Birds for
instance, decide to avoid an area with a tethered aircraft. In fact the barrier effect is
occurring when animals avoid the dangerous object, which in part is a desired effect.
In some cases this may result in longer migration routes (although the increase in
energy expenditure is generally small) or in extreme examples may lead to habitat
loss because certain areas may no longer be used by animals because it is no longer
profitable. This can happen, for instance, when foraging and breeding locations are
spaced apart.

28.7.1 Disturbance

In general, the AWE study sites or testing sites will be located on regular farmland
or other privately owned land where normal human activities take place. In general,
we assume AWE locations to be at intermediate remote locations, at sites where
there is space for the project, but always in proximity to electricity grid connection
points. The activities during building and utilization of the tethered aircraft will be of
similar magnitude. In general, there will be no or very limited additional disturbance
related to human activity, i.e. the movement of humans, on the ground and this will
mainly affect larger and skittish animals. Larger animals tend to be generally more
susceptible to human disturbance. The susceptibility is strongly species-specific. For
the impact one can rely on other EIAs related to infrastructure. In general, we judge
the impact of movement by humans and machines on wildlife as negligible.

The disturbance associated with the tethered aircraft is comparable to that of reg-
ular glider aircraft of similar dimensions. During operation at daytime, the tethered
aircraft will not to cause much disturbance, because it is not generating considerable
noise and flies at higher altitudes in a repetitive and predictive manner. Most local
animals will get used to the aircraft in due time, because they can learn that it is not
harmful (just as animals may get used to regular traffic). There is no information
available concerning the disturbance effect of nocturnal flying glider aircraft. The
effect of a glider aircraft above 300 m will usually not evoke a reaction in breeding
or staging birds on the grounds and the disturbance caused by a silent unmotorized
aircraft is expected to be very small [12, 36]. Foraging bats will detect the flying
aircraft by echolocation and are thus able to avoid collisions. We propose to use an
impact (disturbance) distance of 300 m for both birds and mammals [12, 36].

The disturbance caused by motorized aircraft is mainly due to noise and a lesser
extent to visual cues. During take-off and landing, the tethered aircraft is generating
some noise, at that stage its disturbance may be similar to that of micro light avia-
tion [35]. The noise of the engine is probably small and it is likely that the impact
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contour of the noise (dB contour) is below the disturbance contour of visual cues.
Therefore, one can probably use the disturbance contour of 300 m for the aircraft to
model the disturbance, irrespective whether the engine is on or off.

28.7.2 Mortality

An object that is easily identified as harmful by an animal will result in an appropri-
ate reaction (avoidance) and will result in a certain space that will be permanently
or temporarily unavailable for the animal. In this case disturbance is translated in
(permanent or temporary) habitat loss. An animal that is not responding to the ob-
ject with avoidance behavior might lethally (or non-lethally see Fig. 28.3) collide
with the moving object.

Fig. 28.3 Photo sequence capturing the rare situation of a bird, as part of a group of domestic
pigeons (Columba livia domestica), impacting a tensioned tether, with the tether indenting and the
bird recovering and continuing its flight. We can conclude that 1) birds can survive a tether impact
and 2) the impact is clearly visible and may be used for monitoring. Depicted is the 20 kW kite
power system of Delft University of Technology using a commercially available Genetrix Hydra
LEI tube kite of 14 m2 surface area, steered by a suspended remote-controlled control unit and a
tether of 4 mm diameter made of Dyneema R©. The photo was taken on 28 June 2011 at Valkenburg
airfield, The Netherlands, by Max Dereta
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Increasing the visibility of for instance the tether might decrease the collision
risk, but may increase habitat loss. So in a sense disturbance and mortality are two
sides of the same coin. As described previously, the number of collisions with bats
and birds will strongly depend on the location and should also be interpreted in a
suitable spatial context. The estimated number of casualties per bird species should
be interpreted in a local ecological context. In the EU it is nowadays common prac-
tice to scale the mortality in relation to the normal or background mortality of a
species. If the additional mortality is less than 1% of the natural or background
mortality of a species, the project can be regarded as having for certain no impact
on the species. This does not imply that a mortality level that exceeds this level
has significant or important consequences for the focal species, but this needs to be
investigated.

28.8 Conclusion and Discussion

The studies needed in the construction phase of an airborne wind energy system
(AWES) are not deviating from a regular environmental impact assessment (EIA)
that is aimed at construction at a specific site, the activities and impacts are similar.
The utilization phase is the phase with most uncertainties. The most decisive factor
will be the mortality caused by the moving aircraft and tether. This is (relatively)
ranked as having a medium impact. All other factors are ranked lower, having less
ecological impact. The first theoretical predictions reveal that the number of casu-
alties will be relatively low. The mortality caused by the aircraft can be derived
from aviation statistics and under specific worst-case assumptions we conclude that
between 2–13 birds will collide annually with the glider aircraft. For the moving
tether we conclude that data derived from studies on power lines offer the best basis.
Based on these studies we conclude that a tether will cause—for an average site—
approximately 11 bird fatalities per year. The total number of fatalities are therefore
expected to be between 13–24 per year. This is the prediction for a tethered aircraft
active all year round, 24 hours a day, with a tether of 1 km long and located at a site
with moderate bird activity. For a tethered aircraft active only at daylight hours and
only during days with sufficient wind force and with a shorter tether these figures
are considerable less, an estimate of 5–15 bird fatalities per year will be realistic for
this situation. The conclusion at this stage is that the number of bird fatalities pre-
dicted for a tethered aircraft is comparable with the range of fatalities registered at
conventional wind farms (0.6–63 fatalities per year, median value 7, see Table 28.3).
A future challenge will be to collect empirical data and to compare these with data
collected for wind farms under similar conditions. Ultimately, one needs to scale
the energy production with the ecological footprint to make a sound comparison.
In order to estimate species-specific mortality we provide a simple model based on
species-specific bird traits (size and speed) and presence and flight behavior in the
area.
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Validation of these calculations will be difficult. The common way of valida-
tion is to meticulously search the area for casualties and, after correction for several
factors such as predation risk and detection probability, estimate the casualties for
a year-round situation. Given the large area over which the tethered aircraft is ac-
tive and the predicted low numbers of casualties, this will not be feasible. Instead
impact-triggered cameras (aimed at the aircraft and at part of the tether) could be in-
stalled on the aircraft to monitor collisions. Although anecdotic, the rare photograph
shown in Fig. 28.3 illustrates that these techniques are feasible, since the tether is
clearly showing an aberrant shape after the impact with a bird. Furthermore it proves
that not all collisions with a tether are fatal, so our calculations are worst-case mod-
els, which is common in environmental impact assessments. A next step would be
to compare the ecological footprint (expressed as the magnitude of the footprint
scaled in relation to the generated energy) of AWE projects in comparison with, for
instance, conventional wind farms.

Another gap in the current knowledge and fuel for the research agenda is the
environmental impact when multiple AWE installations are built at one site. Wind-
farms offer here a sound comparison, and there is sufficient information available
on the effects of different constellations and of single wind turbines versus wind
turbines installed in groups to conduct this assessment.
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Appendix

Table 28.8 Airspeed ve, body mass mb, wing span b (maximum wing tip to wing tip distance),
relative collision risk b/ve and relative standardized collision risk P = b/(vec), with c = 0.065.
Birds are arranged in taxonomical groups g, with values 1: swans, geese & ducks, 2 Flamingo,
pigeons, swifts, 3: divers, cormorants, pelican, herons, storks & crane, 4: falcons, crows, songbirds
and 5: hawks, eagles, osprey & bee-eater. Except for the collisions risks, the data originates from
[3], supplemented by data from [13], which is marked by q

g ve mb b b/ve P g ve mb b b/ve P

Species [m/s] [kg] [m] [s] [-] Species [m/s] [kg] [m] [s] [-]

Cygnus olor 1 16.2 10.597 2.3 0.142 2.20 Corvus corone 5 13.5 0.566 0.91 0.067 1.04
Cygnus columbianus 1 18.5 6.637 1.98 0.107 1.66 Corvus corax 5 14.3 1.149 1.21 0.085 1.31
Cygnus cygnus 1 17.3 8.689 2.29 0.132 2.05 Sturnus vulgaris 5 16.2 0.083 0.38 0.023 0.36
Anser fabalis 1 17.3 3.035 1.62 0.094 1.45 Sturnus vulgaris q 5 12.4
Anser albifrons 1 16.1 2.582 1.41 0.088 1.36 Fringilla coelebs 5 12.8 0.022 0.26 0.020 0.31
Anser anser 1 17.1 3.326 1.55 0.091 1.40 Fringilla coelebs q 5 12.8
Branta canadensis 1 16.7 3.628 1.69 0.101 1.57 Fringilla montifringilla 5 15.0 0.024 0.27 0.018 0.28
Branta leucopsis 1 17.0 1.705 1.08 0.064 0.98 Limosa lapponica 3 18.3 0.318 0.73 0.040 0.62
Branta bernicla 1 17.7 1.306 1.01 0.057 0.88 Numenius phaeopus 3 16.3 0.383 1.07 0.066 1.02
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g ve mb b b/ve P g ve mb b b/ve P

Species [m/s] [kg] [m] [s] [-] Species [m/s] [kg] [m] [s] [-]

Tadorna tadorna 1 15.4 1.193 Numenius arquata 3 16.3 0.794 0.97 0.060 0.92
Anas penelope 1 20.6 0.783 0.82 0.040 0.62 Tringa nebularia 3 12.3 0.174 0.61 0.050 0.77
Anas crecca 1 19.7 0.348 0.59 0.030 0.46 Tringa glareola 3 9.6 0.066 0.40 0.042 0.65
Anas platyrhynchos 1 18.5 1.082 0.88 0.048 0.74 Arenaria interpres 3 14.9 0.111 0.47 0.032 0.49
Anas acuta 1 20.6 1.024 0.90 0.044 0.68 Phalaropus lobatus 3 13.1 0.033 0.34 0.026 0.40
Aythya ferina 1 23.6 0.823 0.77 0.033 0.51 Phalaropus fulicarius 3 12.4 0.054 0.42 0.034 0.52
Aythya fuligula 1 21.1 0.694 0.71 0.034 0.52 Stercorarius pomarinus 3 15.2 0.688 1.18 0.078 1.20
Aythya marila 1 21.3 0.931 0.82 0.038 0.60 Stercorarius parasiticus 3 13.8 0.438 1.06 0.077 1.19
Somateria mollissima 1 17.9 2.015 0.98 0.055 0.85 Stercorarius longicaudus 3 13.6 0.297 1.00 0.074 1.14
Somateria spectabilis 1 16.0 1.591 0.93 0.058 0.90 Larus minutus 3 11.5 0.118
Polysticta stelleri 1 21.9 0.805 Larus ridibundus 3 11.9 0.283 0.97 0.082 1.26
Clangula hyemalis 1 22.0 0.874 0.71 0.032 0.50 Larus canus 3 13.4 0.411 1.11 0.083 1.28
Melanitta nigra 1 22.1 0.990 0.85 0.038 0.60 Larus fuscus 3 13.1 0.719 1.34 0.102 1.58
Melanitta fusca 1 20.1 1.743 0.97 0.048 0.75 Larus fuscus q 3 11.9
Bucephala clangula 1 20.3 0.901 0.70 0.034 0.53 Larus argentatus 3 12.8 1.142 1.34 0.105 1.62
Mergus serrator 1 20.0 1.004 0.87 0.044 0.67 Larus glaucoides 3 15.9 0.819
Mergus merganser 1 19.7 1.489 0.93 0.047 0.73 Larus hyperboreus 3 13.4 1.445
Phoenicopterus ruber q 2 15.2 3.053 1.53 0.101 1.56 Larus marinus 3 13.7 1.669 1.67 0.122 1.89
Columba oenas 2 15.8 0.295 0.75 0.047 0.74 Rissa tridactyla 3 13.1 0.408 0.96 0.073 1.14
Columba palumbus 2 16.3 0.490 0.75 0.046 0.71 Sterna caspia 3 12.1 0.655
Columba palumbus q 2 17.6 Sterna paradisaea 3 10.9 0.110 0.80 0.073 1.14
Apus apus 2 9.7 0.038 0.40 0.041 0.64 Chlidonias leucopterus q 3 12.0 0.054 0.65 0.054 0.84
Apus apus q 2 10.6 Gavia stellata 4 18.6 1.505 1.04 0.056 0.87
Apus pallidus q 2 10.5 0.042 0.44 0.042 0.65 Gavia arctica 4 19.3 2.543 1.20 0.062 0.96
Apus melba q 2 12.6 0.078 0.57 0.045 0.70 Gavia adamsii 4 18.7 5.500
Haematopus ostralegus 3 13.0 0.523 0.82 0.063 0.98 Phalacrocorax carbo 4 15.2 2.227 1.40 0.092 1.43
Charadrius hiaticula 3 19.5 0.064 0.41 0.021 0.33 Pelecanus onocrotalus q 4 15.6 8.504 2.91 0.187 2.89
Pluvialis dominica 3 13.7 0.145 Botaurus stellaris 4 8.8 1.133 1.26 0.143 2.22
Pluvialis squatarola 3 17.9 0.219 0.62 0.035 0.54 Nycticorax nycticorax q 4 11.2 0.763 1.06 0.095 1.47
Vanellus vanellus 3 12.8 0.219 0.75 0.059 0.91 Ardeola ralloides q 4 11.7 0.287 0.86 0.074 1.14
Vanellus vanellus q 3 11.9 0.00 Egretta alba q 4 10.2 0.888 1.44 0.141 2.19
Calidris canutus 3 20.1 0.128 0.50 0.025 0.39 Ardea cinerea 4 12.5 1.439 1.73 0.138 2.14
Calidris alpina 3 15.3 0.054 0.36 0.024 0.36 Ardea cinerea q 4 11.2
Philomachus pugnax 3 17.4 0.114 0.55 0.032 0.49 Ardea purpurea q 4 10.8 0.906 1.35 0.125 1.94
Philomachus pugnax q 3 13.6 Ciconia nigra q 4 16.0 3.000 1.50 0.094 1.45
Gallinago gallinago 3 17.1 0.132 0.52 0.030 0.47 Ciconia ciconia q 4 16.0 3.432 1.91 0.119 1.85
Falco vespertinus q 5 12.8 0.165 0.72 0.056 0.87 Plegadis falcinellus q 4 12.6 0.566 0.89 0.071 1.09
Falco subbuteo q 5 11.3 0.238 0.74 0.065 1.01 Platalea leucorodia q 4 14.1 1.857 1.30 0.092 1.43
Falco eleonorae q 5 12.8 0.387 0.95 0.074 1.15 Porzana porzana 4 13.9 0.078 0.38 0.027 0.42
Falco peregrinus q 5 12.1 0.789 1.02 0.084 1.31 Grus grus 4 15.0 5.614 2.22 0.148 2.29
Lullula arborea q 5 9.8 0.027 0.29 0.030 0.46 Grus grus q 4 13.6
Alauda arvensis 5 15.1 0.039 0.35 0.023 0.36 Falco naumanni q 5 11.3 0.151 0.65 0.058 0.89
Alauda arvensis q 5 12.7 Falco tinnunculus 5 10.1 0.203 0.73 0.072 1.12
Riparia riparia 5 14.3 0.015 0.27 0.019 0.29 Fringilla montifringilla q 5 11.6
Riparia riparia q 5 11.3 Carduelis chloris q 5 12.2 0.028 0.25 0.020 0.32
Hirundo rupestris q 5 9.9 0.019 0.32 0.032 0.50 Carduelis carduelis q 5 12.8 0.016 0.24 0.019 0.29
Hirundo rustica 5 10.0 0.016 0.32 0.032 0.50 Carduelis spinus 5 14.5 0.014 0.21 0.014 0.22
Hirundo rustica q 5 11.3 Carduelis spinus q 5 12.4
Delichon urbica 5 9.7 0.015 0.29 0.030 0.46 Carduelis cannabina 5 14.8 0.015 0.24 0.016 0.25
Delichon urbica q 5 11.0 Pyrrhula pyrrhula 5 13.4 0.022 0.27 0.020 0.31
Anthus trivialis 5 12.7 0.022 0.27 0.021 0.33 Pernis apivorus 6 12.5 0.778 1.26 0.101 1.56
Anthus trivialis q 5 12.0 Pernis apivorus q 6 10.1
Anthus pratensis q 5 10.5 0.018 0.26 0.025 0.38 Milvus migrans q 6 11.7 0.815 1.52 0.130 2.01
Motacilla flava q 5 12.7 0.018 0.26 0.020 0.32 Milvus milvus 6 12.0 1.012 1.66 0.138 2.14
Motacilla alba 5 14.1 0.021 0.26 0.018 0.29 Haliaeetus albicilla 6 13.6 4.967 2.18 0.160 2.48
Motacilla alba q 5 13.0 Neophron percnopterus q 6 12.6 2.062 1.65 0.131 2.03
Prunella modularis q 5 12.2 0.020 0.21 0.017 0.27 Circus aeruginosus 6 11.2 0.653 1.16 0.104 1.60
Oenanthe oenanthe q 5 12.8 0.023 0.28 0.022 0.34 Circus aeruginosus q 6 10.1
Turdus pilaris 5 13.0 0.105 0.42 0.032 0.50 Circus cyaneus 6 9.1 0.433 1.10 0.121 1.87
Turdus pilaris q 5 12.4 Circus macrourus q 6 9.6 0.420 1.09 0.114 1.76
Turdus philomelos 5 11.0 0.068 0.36 0.033 0.51 Circus pygargus q 6 8.4 0.291 1.09 0.130 2.01
Turdus philomelos q 5 11.7 Accipiter nisus 6 11.3 0.277 0.67 0.059 0.92
Turdus iliacus 5 13.8 0.061 0.36 0.026 0.40 Accipiter nisus q 6 10.0
Turdus viscivorus 5 11.9 0.114 0.44 0.037 0.57 Accipiter brevipes q 6 11.1 0.195 0.70 0.063 0.98
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g ve mb b b/ve P g ve mb b b/ve P

Species [m/s] [kg] [m] [s] [-] Species [m/s] [kg] [m] [s] [-]

Turdus viscivorus q 5 12.4 Buteo buteo 6 11.6 0.885 1.24 0.107 1.66
Parus ater 5 10.6 0.009 0.18 0.017 0.26 Buteo buteo q 6 13.3
Parus major q 5 13.6 0.019 0.23 0.017 0.26 Buteo lagopus 6 10.5 0.943 1.35 0.129 1.99
Garrulus glandarius 5 6.7 0.162 0.54 0.081 1.25 Aquila pomarina q 6 11.7 1.391 1.47 0.126 1.95
Garrulus glandarius q 5 12.9 Aquila nipalensis q 6 7.7 2.900 2.03 0.264 4.08
Nucifraga caryocatactes 5 13.4 0.173 0.58 0.043 0.67 Aquila chrysaetos 6 11.9 4.069 2.03 0.171 2.64
Corvus monedula 5 12.5 0.245 0.65 0.052 0.81 Hieraaetus pennatus q 6 11.3 0.828 1.11 0.098 1.52
Corvus monedula q 5 14.7 Pandion haliaetus 6 13.3 1.578 1.60 0.120 1.86
Corvus frugilegus 5 11.5 0.488 0.93 0.081 1.25 Pandion haliaetus q 6 11.4
Corvus frugilegus q 5 13.0 Merops apiaster q 6 12.2 0.057 0.47 0.039 0.60

Mean (species) 14.1 1.065 0.91 0.065 1.00
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